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ABSTRACT

Numerous artificial slopes emerged in the watersheds of the Chinese Loess Plateau (LP) after the Gully Land
Consolidation project (GLCP) that cut slopes to create farmland in the gully, which had incurred instabilities over
time and could potentially resulted in soil erosion and geological hazard. This paper explored the characteristics
and prevention mechanisms of artificial slope instability after the GLCP with field investigation in a typical
watershed and the Back Propagation Neural Network (BPNN) method. The results showed that: (1) 439 in-
stabilities induced by infiltration and erosion were found in 79 artificial slopes. (2) The difference of soil
moisture and failure mode resulted in the instability degree of shady slope and lower slope were significantly
higher than that of sunny slope and upper slope. (3) Among the surface condition factors, slope instability
volume was significantly influenced by gradient, soil compactness, height and soil shear strength. Platform
instability volume had great connection with soil compactness and its shear strength. (4) A “Drain-Improve-
Green-Reinforce (DIGR)” system was proposed as the prevention mechanism for artificial slope instability, which
included drainage system, soil improvement, vegetation protection, and reinforcement engineering. Taken
together, this research provides the scientific reference for a better understanding and prevention of artificial

slope instability, which would contribute to ensuring GLCP effectiveness and ecological security in the LP.

1. Introduction

Every year many geological disasters caused by slope instabilities,
such as landslide, collapse, and debris flow, pose a serious threat to
ecological security and human safety all over the world (Guzzetti et al.,
1999; Gomez and Kavzoglu, 2005; Luki¢ et al., 2018; Peng et al., 2019;
Tan et al., 2021). With the intensification of human activities, there is an
obvious trend that many geological disasters that are caused by slope
instabilities are related to human’s engineering works (Sutejo and Gofar,
2015; Peng et al., 2016; Ai et al., 2019). Numerous artificial slopes have
been inevitably produced by the cut-slopes in the infrastructure con-
struction, mine exploitation and land consolidation, especially in the
mountainous and hilly regions (Rupke et al., 2007; Liu and Li, 2017;
Levett et al., 2020). During the process, soil properties of artificial slopes
are degraded given the topsoil and vegetation were destroyed in

comparison with the natural slopes. It is difficult to restore by solely
relying on natural forces over a short-term period (Mota et al., 2004; Lee
et al., 2013; Chen et al., 2016). In addition, artificial slopes are sus-
ceptible to damage from external forces which are very likely lead to
slope instabilities, especially for steeper slopes. These slope insta-
bilitieshave severe impact on the sustainable development of social-
ecological system (Lee et al., 2009; Ai et al., 2019).

Many studies had conducted on the artificial slope instability to
reduce the risk of geological hazards with the increasing number of these
slopes. Some studies assessed the stability of artificial slopes in different
regions through the remote sensing, field monitoring and experimental
simulation (Jia et al., 2015; Shin et al., 2020), and discussed the influ-
ence of it on regional sustainable development (Sutejo and Gofar, 2015).
The soil physic-chemical properties and structural characteristics of
artificial slope were studied using rising shear and triaxial tests methods
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(Chen et al., 2016; Ai et al., 2019; Ai et al., 2021). Several methods have
been applied to identify the critical factors of artificial slope instability,
such as the fuzzy set method, self-organization feature map and artificial
neural network (Lee et al., 2009; Erzin and Cetin, 2012; Erzin et al.,
2016). The development process of slope instability was investigated
through field investigation and in-situ test (Crozier, 1999; Cho and Lee,
2001; Liang et al., 2018). For example, Peng et al. (2016) divided the
landslide process triggered by engineering unloading into four stages:
creep deformation, slip deformation, fissure propagation, and landslide
instability. Meanwhile, extant research discussed the matters needing
attention in the process of artificial slope construction based on the
analysis of typical cases (Rupke et al., 2007). Many prevention measures
of artificial slope instability were proposed based on the physical test,
field monitoring, and engineering demonstration, such as geometry
changes, engineering reinforcement, solidifying agent application and
vegetation restoration (Xu et al., 2012; Zhao et al., 2018; Feng et al.,
2019; Levett et al., 2020). Existing research mainly focused on the
instability of artificial slope created by the highway or railway con-
struction. However, the instability characteristics and mechanisms of
artificial slopes are significantly different across various regions and
engineering types. It is necessary to carry out an in-depth study on the
instability of artificial slopes induced by typical engineering in special
region.

The loess area is plagued by the geological disasters caused by slope
instability due to the loess characteristics of vertical joints, loose texture,
higher collapsibility, and water sensitivity (Zhang and Liu, 2010;
Zhuang et al., 2018; Feng et al., 2021). Chinese Loess Plateau (LP) is one
of the regions with the most widely distributed loess in the world. The LP
develops many slope instabilities which lead to geological hazards every
year, and has shown an increasing tendency with the intensity of human
activities in recent year (Tu et al., 2009; Peng et al., 2018; Li et al.,
2021). Statistical data reveals that up to 11,768 geological hazards
relating to slope instability occurred in Shaanxi Province of the LP in
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2017. Since 2012, the LP implemented the Gully Land Consolidation
project (GLCP) in 197 watersheds to alleviate the farmland shortage
after the Grain-for-Green project (Chen et al., 2015; Jin et al., 2019; Liu
and Wang, 2019). The GLCP effectively improved the farmland quantity,
while many steep artificial slopes emerged because the GLCP applied the
method of cut slopes and fill gully filled to create farmland (Jin, 2014; Li
et al., 2019; Liu et al., 2020). Some measures have been adopted to
enhance the stability of artificial slopes (Liu and Li, 2017), but many
instabilities were still found in the recent field investigation (Feng and
Li, 2021). The instabilities of artificial slopes might lead to serious soil
erosion, block gully channel and bury newly created farmland. Hence, it
is important to study the characteristics and prevention mechanism of
artificial slope instability after the GLCP to ensure the project effec-
tiveness and ecological security.

In view of this, this study took the Gutun watershed as case study
area and focused on the instability of artificial slopes after the GLCP in
the LP. We applied the field investigation and Back Propagation Neural
Network (BPNN) to an in-depth analysis in this research. Specifically,
this paper aims to: a) identify the characteristics and spatial distribution
of the artificial slope instability; b) analyze the influencing extents of
slope surface condition factors on the instability volume; c) explore the
prevention mechanism of the artificial slope instability.

2. Materials and methods
2.1. Study area

The study area is located in the Gutun watershed (36°45’-36°50'N,
109°46'-109°51'E), Baota District, Yan’an City of Shaanxi Province,
China. Gutun is a typical watershed in the loess hilly-gully region of the
LP. The length and total area of Gutun watershed are 12.50 km and
24.87 km? respectively (Fig. 1). There are ravines, ridges, deep valleys,
and tattered landforms in this watershed, composed of three

Fig. 1. Location of the Gutun watershed in the LP and the investigated artificial slopes: slope number indicates the number of layers on a slope.
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geomorphologies, including ridges, gully slopes, and gully bed. The
elevation of this watershed is between 933 and 1289 m titling from
southeast to northwest. The direction of main gully result in most slopes
orienting west or east. The watershed is covered with quaternary loess,
including Malan loess, Heilu soil and Red clay. Climate in the study area
comprises a semi-arid monsoon climate with an annual average tem-
perature of 9.80 °C and a precipitation of 541 mm. The summer pre-
cipitation accounts for about 50-70% of the annual precipitation and is
often accompanied by high-intensity thunderstorms (Wang et al., 2019).
The GLCP has been implemented since 2013 in the Gutun watershed,
which created 159.06 hm? new farmland in the gully. Many artificial
slopes produced in both sides of the gully in the process of cutting slopes
and filling gullies (Li et al., 2019). The vegetation coverage of artificial
slopes is relatively lower compared to that of natural slopes, and shows
significant differences across different slopes. The dominant species of
vegetation in the artificial slopes are Robinia (Linn.), Caragana kor-
shinskii (Kom.), Hippophae (Linn.) and Stipa bungeana (Trin.).

2.2. Investigation design and data collection

According to the characteristics of artificial slope after the GLCP, the
study designed an investigated method of artificial slope instability. The
investigation contents include the following aspects. 1) Slope situation.
The longitude, latitude, elevation, relative height, slope’s aspect and
layer were recorded with the help of Hand GPS (G120BD). 2) Surface
condition. The slope’s gradient, length and height, platform’s width,
vegetation and soil physical property of each layer were measured on
the spot. The Laster rangefinder (XR-1800C) was used to measure the
gradient and length in the slope middle and sides. The gradient, length
and height of each slope were then obtained by calculating the average
values and trigonometry value. The same method was used to measure
the width of each platform. Three repeated quadrats (area: 2 x 2 m)
were set up to observe the vegetation types, coverage and species in each
slope and platform. The soil compactness of different depths (Slope:
0 and 10 cm; Platform: 0, 10, and 20 cm) and the shear strength of
surface soil at five different points were determined by the Soil
Compactor (SC-900) and the Soil Shear Tester (H-4212MH) in each
quadrat along with an “S” pattern. The average values were calculated to
obtain soil compactness and shear strength of each quadrat. 3) Insta-
bility characteristics. The number of various instabilities were recor-
ded in each slope and platform and their length, width (diameter), depth
(thickness), soil compactness, and soil shear strength were measured.
For the instability with an irregular shape, we adopted the piecewise
method to determine segment volumes and added them to calculate
total volume. The field investigation was conducted in July and August
2019 based on the above investigation method, and 79 artificial slopes
were investigated in the Gutun watershed (Fig. 1). The 4-layers slope
was the highest investigated frequency ratio (29.1%), the following was
5(19.0%), 3 (13.9%), 6 (12.7%), 2 and 8 (6.3%), 1 (5.1%), 7 (3.8%) and
10 (2.5%) layers.

2.3. Data analysis

Analyzing the characteristics of artificial slope instability: Based on
the field investigation data in the Gutun watershed, the basic features of
artificial slope after GLCP were summarized, including the shape, layer,
gradient, soil properties and vegetation of slope. The occurrence fre-
quency and geometric features of various instabilities were analyzed to
describe the characteristics of artificial slope instability. The slope
aspect was divided into eight orientations according to the principle of
equidistance. The frequency ratio and average volume of instabilities in
the different slope aspects were counted to analyze the spatial distri-
bution of the instabilities. The vertical distribution of the instabilities
was discussed by the statistics of categories and average volumes in each
layer slope and platform.

Analyzing the factors influencing artificial slopes instability:
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Artificial slope instability is the nonlinear interaction result of surface
condition factors. In addition, the influence of different factors is un-
certain (Rupke et al., 2007). In order to precisely estimate the influ-
encing degree of various factors on the instability, this study applied the
Back Propagation Neural Network (BPNN) method to construct a
simulation model. The BPNN is a multilayer feed-forward network
including input layer, hidden layer, and output layer (Fig. 2), which has
strong knowledge acquisition ability and nonlinear mapping function.
This method is getting increasingly more attention in the analysis of
slope stability because it could approach any nonlinear function by the
arbitrary precision (Gomez and Kavzoglu, 2005; Suman et al., 2016).

This study used the SPSS 22.0 statistical software to construct the
BPNN of slope and platform for instability simulation, respectively. The
total volume of instability in each slope and platform was taken as
dependent variable, and it would set as O if no instability occurred in the
slope and platform. The key factors were selected as independent vari-
ables from the perspectives of topography, geological condition, and
surface coverage. The topography obviously determines whether the
slope has the precondition of instability. The slope aspect, the gradient
and height of slope and platform width affect the slope stability by
changing the gravity action and runoff collection (Qiu et al., 2017; Peng
et al., 2018). The geological condition and surface coverage significantly
impact on the properties of surface and deep soil. The weaker soil might
be more prone to instability, while vegetation coverage would enhance
the soil stability to make the slope stable (Chen et al., 2016). Therefore,
slope gradient, aspect and height, soil compaction-0/10 c¢m, and soil
shear strength, arbor/shrub/grass/moss coverage were regarded as in-
dependent variables of slope instability. Platform aspect and width, soil
compaction-0/10/20 cm and soil shear strength, arbor/shrub/grass
coverage are independent variables of platform instability.

Investigated sample P was normalized by the variance standardiza-
tion method, which was randomly set as training and inspection sample
in the proportion of 8:2. Subsequently, the Levenberg-Marquardt algo-
rithm was adopted to train BPNN parameters, and the minimum mean
square error determined the optimal BPNN. To validate the accuracy of
the BPNN, this study used the root mean square error (RMSE) and cor-
relation coefficient (R?) to quantitatively describe the errors between
fitted and measured values. The RMSE and R? were calculated by Egs.
(1) and (2), respectively. Based on the optimal BPNN, we calculated the
mean impact values (MIV) of each surface condition factor to estimate
its influencing degree. The absolute value of the MIV measured the
influencing degree on the volume of instability, and the MIV direction
indicated the positive or negative effect. MIV calculation includes the
following four steps: 1) Factor change. New samples P; and P, being
formed by adding or subtracting 10% of a factor keeping the other
factors constant in the sample P; 2) BPNN simulation. New samples P;
and P, were inputted into the optimal BPNN to obtain the results A; and
A, respectively; 3) MIV calculation. The MIV of this factor was obtained
by the mean value of the difference between A; and A, and the MIV of
other factors were obtained by repeating the previous steps.

Fig. 2. The framework of Back Propagation Neural Network.
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where y;, y; and y are the instability of fitted, measured and average
value respectively, n is the sample number.

3. Results
3.1. Basic features of artificial slope

The artificial slopes created by the GLCP are mainly stepped struc-
tures distributing along the gully (Fig. 3). The top of the artificial slope is
connected with the natural slope, and the toe of the slope is close to the
gully or road. The relative height of the artificial slope is 15-80 m and
the number of layers primarily is 4-5 with the maximum number being
up to 10. Each slope gradient is almost more than 60° that gradually
decreases from top to toe, while slope height and platform width grad-
ually increase. Taking the 4-layers slope as an example, the average
gradient of each slope is 77.4°, 72.9°, 69.6°, and 67.3° from top-slope to
toe-slope, and the slope height and platform width increases from 595.0
and 256.5 cm to 661.9 and 324.8 cm, respectively. The soil types of
artificial slope present layered distribution. The upper, middle, and
lower slope are Malan loess, Lishi loess, and Wucheng loess, respec-
tively. The paleosol exists between different loess types, and the rock
distributes in the toe of slope. The average soil shear strength, soil
compactness-0 cm and —10 cm of slopes are 5.4 kg cm ™2, 361.1 Pa, and
677.1 Pa, respectively. The average soil shear strength, soil compact-
ness-0 cm, —10 cm and —20 cm of platforms are 5.1 kg crn’z, 363.6 Pa,
829.4 Pa, and 1210.6 Pa, respectively. The vegetation coverage of
artificial slope is relatively lower than that of natural slope. The domi-
nant vegetation in the slope is moss, and the vegetation coverage in the
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platform are mainly the combination of arbor, shrub and grass which has
no significant difference among different platforms.

3.2. Instability characteristics of artificial slope

The field investigation founded 439 instabilities in 79 artificial
slopes, of which 328 were in the slope and 121 were in the platform
(Table 1). The erosion gully, sinkhole, landslide, collapse and slump
were the main categories of slope instability, accounting for 41.5%,
11.7%, 14.6%, 23.1%, and 9.2% of total instabilities in the slopes,
respectively. Most of the erosion gullies were rills with an average vol-
ume of 2.3 m®. The sinkholes were mostly distributed in the top or
bottom of the erosion gully with an average volume of 1.2 m®. The size
of landslides, collapses and slumps was relatively small. The landslides
were mainly homogenous loess, retrogressive and shallow landslides
with an average volume of 16.5 m®. Most of the collapses were stripping
collapses, and a few of them were subsiding collapses in the slope with a
lager gradient and height. The slump size between landslide and
collapse, and the average volume of which was 45.2 m>. The categories
of platform instabilities were ground subsidence and sinkhole, and the
proportions of which were 65.0% and 35.0%. The ground subsidence
showed the “Y” or “—” shape, while the size of which was significantly
different. The minimum length, width, depth, and volume of ground
subsidence were 19.6 cm, 14.2 cm, 13.0 cm, 0.1 m®, but the maximum
was up to 34.3 cm, 6.1 cm, 2.0 cm, and 47.6 m°. The platform sinkhole
was on average 84.5 cm in diameter and average 131.1 cm in depth with
an average volume of about 1.5 m>.

3.3. Instability distribution of artificial slope

Fig. 4 showed the variation in instabilities frequency and volume of
the artificial slope with the slope aspect. The maximum frequency ratio
and the average volume of slope instability occurred at the slopes ori-
enting 45-90° (i.e., Northeast to East), which were 40.2% and 40.8 m?
respectively. The frequency ratio of slope instability was the second in
the slopes orienting 225-270° (i.e. Southwest to West), but the average

Malan Loess

Lishi Loess

Wucheng Loess

Paleosol

Rock

-7

990 °t

Fig. 3. The basic features of artificial slope (4-layers) in the Gutun watershed.
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Table 1
The instability characteristics of artificial slope in the Gutun watershed.
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Frequency (%) Length (cm)

Width/Diameter (cm) Depth/Thickness (cm) Volume (m®%)

Slope Erosion gully 41.5 443.6 + 174.0
Sinkhole 11.7 -
Landslide 14.6 538.1 + 247.2
Collapse 23.1 510.4 £ 711.1
Slump 9.2 411.5 £173.7
Platform Ground subsidence 65.0 347.8 + 452.2
Sinkhole 35.0 -

45.5 + 50.3 52.2 +45.2 23+93
64.7 + 38.2 149.1 +£132.8 1.2+ 26
788.7 £ 592.3 33.2+11.8 16.5 + 15.4
878.6 + 780.7 91.3 + 52.9 147.8 &+ 460.1
999.9 £ 1079.2 59.0 £ 49.4 45.2 £ 92.5
128.7 + 159.6 78.5 +48.1 6.2 +£13.7
84.5 +51.3 131.0 £ 116.5 1.5+ 23

volume of which (22.8 m®) was less than that in the slopes orienting 135-
180° (i.e., Southeast to South). There was no obvious difference in the
frequency ratio and average volume of slope instability among other
slope aspects. The highest frequency ratios and average volumes of
platform instabilities were also located in the slopes orienting 45-90°
(55.0% and 3.0 m®). The slopes orienting 225-270° had the next higher
frequency ratio (20.0%) and average volume (2.0 m®) of platform in-
stabilities. The remainder platform instabilities scattered in the other
slope aspects, and average volume was relatively small. Combining with
the direction of the Gutun watershed, the instabilities variation with the
slope aspects indicated the shady slopes were associated with a higher
probability and size of instability than the sunny slopes.

The 4-layers slope was taken as an example to analyze the vertical
distribution of artificial slope instability because it accounted for the
highest ratio of the investigated slopes (Fig. 5). Statistical results showed
that the frequency ratio, category, and size of slope instability existed
obvious differences among different layer slopes. The frequency ratio of
slope instability was 11.3%, 20.6%, 18.6%, 49.5% from slope 1 to slope
4, respectively. The main instability categories of each layer slope were
as follows: slope 1 was the erosion gully and slump, slope 2 was the
erosion gully and landslide, slope 3 was the erosion gully, collapse, and
sinkhole, slope 4 was the erosion gully, collapse, sinkhole, and few
landslides, respectively. The average volumes of the instability in the
slope 4 was 4.5 m3 (Erosion gully), 1.2 m3 (Sinkhole), 47.9 m3 (Collapse)
and 21.2 m® (Landslide), which were significantly greater than those in
other slopes. The instability size increased layer by layer from slope 1 to
slope 4, as the corresponding average volume of erosion gully was 0.9,
0.5, 0.6, and 4.5 m°>. The instability in the platform 1, 2, 3 accounted for
17.4%, 52.2%, 30.4%, respectively. The ground subsidence and sinkhole
were mainly distributed on the sides or front edges of the platform, and
most of which were connected with the erosion gully and sinkhole of the
slope. The size of platform instability also showed a rising trend along
with the layers. The average volume of ground subsidence and sinkhole
were 0.9 and 0.2 m® in the platform 1, which increased to 1.3 and 0.4 m®
in the platform 2 and 7.4 and 3.3 m? in the platform 3, respectively.

3.4. Influencing degrees of surface condition factors

The optimal BPNN and its parameters of slope/platform instability
were determined through many rounds of training. The mean square
error of the BPNN of slope and platform instability were 3.67% and
2.56%, respectively. The RMSE and R? of fitted and measured values of
slope instabilities’ BPNN were 14.39 and 0.80, and that of platform
instabilities’ BPNN were 2.31 and 0.95 (Fig. 6). Above parameters
indicated the BPNN could truly simulate the dynamic changes of the
instability with multiple surface condition factors.

The MIV order of surface condition factors of slope instability were
gradient > soil compactness-10 cm > height > soil shear strength > soil
compactness-0 cm > aspect > grass/moss coverage > shrub converge >
arbor coverage (Table 2). The gradient, height, aspect, and grass
coverage of slope had a positive effect on its instabilities’ volume, and
the influencing degree of slope gradient (0.45) and height (0.12) were
relatively larger. Other factors had a negative correlation with the vol-
ume of slope instability, and the influencing degrees of soil compactness-

10 cm (-0.14) and soil shear strength (-0.11) were the largest among the
factors. The MIV order of surface condition factors of platform instability
were soil compactness-10 cm > soil compactness-0 cm > soil
compactness-20 cm > soil shear strength > width > aspect > arbor/
shrub coverage > grass coverage. The width (0.05), aspect (0.02), and
grass coverage (0.01) of the platform had a negative impact on the
volume of platform instability, but the influencing degrees of which
were relatively smaller. The volume of platform instability was gradu-
ally decreasing with the increase of soil compactness-10 cm (—0.16),
compactness-0 cm (—0.12), compactness-20 cm (—0.09), and shear
strength (—0.06).

4. Discussion
4.1. Cumulative instability process induced by rainfall

Loess properties and poor drainage lead to the increasing risk of
artificial slope instability with the infiltration and erosion of rainfall.
The loose texture, higher collapsibility, and water sensitivity of loess
easily cause collapse, sliding and other deformation when meeting water
(Acharya et al., 2011; Garakani et al., 2015). Many research indicated
that rainfall infiltration and erosion is the most active inducing factor for
loess landslide (Derbyshire, 2001; Tang et al., 2015; Zhuang et al.,
2018). It is widely known that well-arranged drainage facilities could
reduce the rainfall infiltration and erosion of artificial slope, which
contributes to decrease the risk of slope instability (Xu et al., 2012).
However, the GLCP did not changed the loess prosperities, and it further
broke the original stress equilibrium state with increased gradient,
which provide conditions for cracks, joints, and fissures. Meanwhile,
given drainage facilities were not fully implemented in the artificial
slopes according to the design scheme (Liu and Li, 2017). Therefore, the
ground subsidence were formed on the top of the slope and platform,
and the rainfall infiltrated into the slope along with the cracks, joints and
fissures. The slope surface was also subjected to high-intensity erosion.
During the heavy rainfall or consecutive rainy days, some instabilities
would occur in the artificial slope. The small instabilities would enlarge
and develop into a landslide, collapse, and slump under the long-term
physical, mechanical and chemical effects of the infiltration water
(Peng et al., 2018). Hence, the infiltration and erosion of rainfall caused
by poor drainage were the fundamental reason inducing artificial slope
instability after the GLCP.

We propose that artificial slope instability was a long-term cumula-
tive process consisting of three stages: creeping deformation, expanding
deformation, and instability failure (Fig. 7). 1) Creeping deformation
stage. Steep gradient of the artificial slope sharply increased the stress at
the toe of the slope and the traction at the top of the slope, and the
tension zone and small tensile cracks would be formed at the top of the
slope and platform when the traction is greater than the soil shear
strength (Peng et al., 2016). Rainfall could not be drained timely due to
poor drainage, and it would infiltrate along the tensile cracks and
decrease the cohesion of loess which contributes to the forming of
ground subsidence in the slope-top/platform (Tu et al., 2009; Zhuang
et al., 2018). Meanwhile, runoff erosion and rainfall splash resulted in
the destruction, migration, and local deposition of slope surface soil.
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Fig. 4. The spatial distribution of artificial slope instability in the Gutun
watershed: the frequency ratio (a) and average volume (b) of slope instability;
the frequency ratio (c) and average volume (d) of platform instability.

Small erosion gully was gradually formed in the slope with the decline of
soil shear strength (Teixeira Guerra et al., 2017). 2) Expanding
deformation period. Small ground subsidence and erosion gully would
increase in the width and depth over time, which would gradually
evolve into the penetrating sinkhole. The sinkhole provides the more
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convenient channel of rainfall infiltration and surface water infusion
(Zhang and Li, 2011; Zhang et al., 2013). The rainfall staying in loess
pores could lead to the increase of hydrostatic and hydrodynamic
pressure in the slope, which would accelerate the dissolution of salt
soluble material. The cohesion of soil particles further decreases under
the chemical action resulting the decline of soil shear strength. Mean-
while, the self-weight of the slope would rise with the increase of slope’s
moisture, which cause the rising of the slope’s sliding force. Under the
long-term physical, mechanical and chemical actions, the risk of slope
instability would increase gradually (Liang et al., 2018). 3) Instability
failure period. Internal soil shear strength would be completely dis-
solved with the gradually saturated slope loess. When the sliding force
produced by gravitation was close to or greater than its friction force,
the landslide, collapse, and slump will be triggered (Xu et al., 2012;
Guzzetti et al., 2012). Therefore, various categories of artificial slope
instability have internal relevance, small instability might develop into a
geological hazard without taking effective measures to prevent it from
happening.

4.2. Instability distribution affected by soil moisture and failure mode

The difference of soil moisture in varying slope aspects and positions
was an important factor affecting instability distribution of artificial
slope. Researchers founded that water is the power supply in forming
slope instability, there would be no instability without water (Malamud
etal., 2004; Peng et al., 2018). As is widely recognized, loess is sensitive
to the change of soil moisture, and its shear strength decreases sharply
with the increase of soil moisture (Zhang and Liu, 2010; Li. 2018). Thus,
this study compared the soil moisture of 6 artificial slopes with 4 layers
(3 sunny slopes and 3 shady slopes) to analyze whether soil moisture
would affect the instability distribution. Soil moisture at the varying
position of sunny slopes was lower than that of shady slopes, which
might be related to weaker evapotranspiration effect in the shady slopes
(Fig. 8). Higher soil moisture in the shady slopes caused lower soil shear
strength, so the shady slopes were more vulnerable to failure and
instability (Qiu et al., 2017; Peng et al., 2019). Meanwhile, soil moisture
gradually increased from the top to toe, and the maximum occurred at
the slope 4 and the platform 3. In general, soil moisture of lower slopes
and platforms comes from the rainfall infiltration and surface runoff
from the upper slopes. The superimposition effect led to the difference in
soil moisture which affects the vertical distribution of the instabilities
(Rupke et al., 2007). As a result, soil moisture difference had a signifi-
cant effect on the distribution of artificial slope instability.

The different failure modes of varying slope positions in a slope also
had a significant impact on the vertical distribution of the instability. A
tremendous amount of rainfall infiltration was the main reason for the
instability of the top slope (Tang et al., 2015). The ponding of natural
slope flew to artificial slope through the surface runoff during the heavy
rainfall, which caused some deformation with the rapid increase of soil
moisture at the top slope. As the increase of soil weight and the decrease
of soil shear strength, the slump gradually developed in the top slope
with the nearly vertical gradient (Zhang and Li, 2011). The instability of
the middle slope was related to serious soil erosion caused by the su-
perposition effect of rainfall accumulation (Rupke et al., 2007). A large
amount of surface runoff led to the formation of erosion gully in the
slope, causing the expansion of gully size over time. Meanwhile, part of
the runoff infiltrated along cracks, joints, and fissures to form pore water
pressure and produced sliding force, which lead to instability in the
middle slope (Zhou et al., 2014). The instability of the lower slope was
significantly affected by the lateral erosion or manual excavation. The
internal weak surface of the slope was exposed under the lateral erosion
and manual excavation, and the slope was prone to instability due to the
lack of support (Wang et al., 2014; Giordan et al., 2017). It is noteworthy
that the risk of instability in the lower slopes and the platforms would
increase if the instability has occurred in the upper slope.
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4.3. Different influencing degrees of surface condition factors

The instability of artificial slope was triggered by external factors,
while its size was greatly related to the surface condition factors of the
slope. Our results showed that the volume of slope instability had a
positive correlation with slope gradient and height, which was consis-
tent with previous studies (Trigila et al., 2015; Zhang et al., 2021).
Several researchers had found that a certain slope gradient and height
are the necessary conditions for slope instability. Stress concentration at
the toe of slope and erosion intensity of surface runoff would enhance
with the increasing slope gradient and height based on numerical in-
vestigations and simulations (Frattini and Crosta, 2013; Zhuang et al.,
2016; Qiu et al., 2018). The increase of stress would easily lead to the
formation of tension zone and tensile crack at the top of the slope and
platform, which cause cumulative instability process of artificial slope
(Peng et al., 2016). With the increase of slope gradient and height, the
speed of surface runoff would obviously enhance, which resulted in the
erosion intensity of slope surface were significantly exacerbated and
consequently led to the rising risk of slope instability. Meanwhile, due to
the fact that vegetation is difficult to grow normally in the steep slopes,
which resulted in the lack of effective vegetation protection of slope
surface. Since the artificial slope gradient is usually large aiming for
creating more farmland in the process of the GLCP, which increased the
potential risk of slope instability (Ai et al., 2019).

This study also found that soil stability negatively impacted the
instability volume of slope and platform. Soil compactness is an indi-
cation reflecting the soil ability to resist external forces, which has been
widely applied in the instability evaluation of subgrade and slope of
highway and railway. A higher soil compactness means a lower soil
porosity, which could effectively reduce rainfall infiltration and improve
erosion resistance (Imhoff et al., 2004; Somavilla et al., 2017). Soil shear
strength refers to the ultimate strength of soil to resist shear failure.
Previous research showed that most instabilities of loess slope could be
ascribed to shear failure. Thus, the loess with higher soil shear strength
is more difficult to be damaged under the external forces (Zhuang et al.,

2018; Li, 2018). Meanwhile, there was no obvious connection between
the volume of artificial slope instability and vegetation coverage in this
study. This results might associate with no significantly different vege-
tation coverage among investigated artificial slopes, but the important
role of vegetation coverage in slope stability shall not be ignored (Li
et al., 2016; Zhang et al., 2019).

4.4. Prevention mechanism of artificial slope instability

Previous successful practices and research findings indicated that
instability prevention of artificial slope after the GLCP should improve
slope surface condition to reduce the infiltration and erosion of rainfall.
However, traditional prevention measures of natural slope could not be
completely copied due to the different geometry and stress structure of
artificial slope. In addition, large-scale engineering measures, albeit are
widely used in artificial slope on the sides of highway and railway, are
not suitable because the GLCP aimed to coordinate ecological restora-
tion and agricultural production (Liu et al., 2016; Liu and Li, 2017). To
reduce the risk of artificial slope instability after the GLCP, we suggest
adopting layered prevention and comprehensive measures according to
its characteristics, distribution, and influencing factors. Hence, this
study proposes a “Drain — Improve — Green - Reinforce (DIGR)” system
from landscape coordination and structural stability as the prevention
mechanism of artificial slope instability. The DIGR system is using
various measures including the drainage system, soil improvement,
vegetation protection and reinforcement engineering to realize the aims
of “upper cut-off, lower block, and middle protection” (Fig. 9).

(a) Drainage system. A perfect interception and drainage facility is
the most effective way to reduce infiltration and erosion of the
rainfall. Long-term practices indicated interception drain could
decrease surface runoff of the slope to minimize the erosion in-
tensity (Zhou et al., 2014). Thus, the interception drain must be
excavated along the slope edge at each platform, particularly at
the top of slope. The depth and width of interception drain would
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Table 2

The MIV of influencing factors of artificial slope instability.
Factor MIvV Factor MIV

Slope Instability Aspect 0.02 Platform Instability Aspect 0.02

Gradient 0.45 Width 0.05
Height 0.12 Soil compactness-0 cm —0.12
Soil compactness-0 cm —0.04 Soil compactness-10 cm -0.16
Soil compactness-10 cm —0.14 Soil compactness-20 cm —0.09
Soil hear strength -0.11 Soil shear strength —0.06
Arbor coverage 0.00 Arbor coverage —0.01
Shrub coverage 0.00 Shrub coverage —0.01
Grass coverage 0.01 Grass coverage 0.01
Moss coverage —0.01

decide by the slope condition and catchment area, and its form
could be high in the middle and low in the sides or high in the
sides and low in the middle. The longitudinal drainage ditch must

be arranged at the interception drain position on each slope, and
its end should be connected with the channel at the toe of slope

(Xu et al., 2012; Liu and Li, 2017; He et al., 2020).
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Fig. 8. The soil moisture of artificial slopes in the Gutun watershed.

(b) Soil improvement. The physical and chemical methods should

be widely applied to improve soil structure and its shear strength
for the decline of the instability risk of artificial slopes. Soil
compaction is a physical method of enhancing soil strength in
engineering construction, which could effectively reduce soil
porosity and improve soil supporting force (Somavilla et al.,
2017; Xia et al., 2019). Thus, the vibration compaction method
should be adopted to conduct layered repeated compaction as the
conditions permit in artificial slopes’ excavation process. Mean-
while, several studies found that using soil stabilizer as a

chemical method could achieve satisfactory results of soil
improvement and slope protection (Stokes et al., 2010; Liu et al.,
2019). We could select a soil stabilizer with economic, environ-
mental, and effectiveness to spray or cover on the surface of
artificial slopes. For example, Zhao et al. (2018) developed a soil
stabilizer using thermally processed wood, bark fibers, and
charcoal, which had achieved relatively good soil improvement
and slope protection effect in Wugi County of the LP.

(c) Vegetation protection. Field experiments showed that slope

erosion and instability probability decrease with vegetation
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coverage and species richness (Wang et al., 2020). One reason is
the interception function of the vegetation weakens the kinetic
energy of raindrops and separates surface runoff (Zhang et al.,
2019). Another explanation is soil compaction and its shear
strength would be enhanced by coiling and consolidating of the
roots (Li et al., 2016). Some studies also found that the shrub and
moss were more effective than the arbor in slope protection, the
reason of which is because of the destructive effect of arbor roots
which might induce preferential flow to reduce soil ability (Xu
et al., 2012). Hence, we recommend that moss and native species
with fast growth, strong resistance and developed root could be
planted to construct three-dimensional vegetation protection on
the artificial slope. Each slope should be fully covered with the
moss and shrub such as Amorpha fruticosa Linn. and Vitex negundo
L. var. heterophylla (Franch.) Rehd.,. The single row of arbor
(Ailanthus altissima (Mill.) Swingle, and Robinia pseudoacacia
Linn.) and shrub (Hippophae rhamnoides Linn. and Caragana kor-
shinskii Kom.) and the hole-sowing grass (Zoysia japonica Steud.
and Stipa bungeana Trin.) should be planted alternately in each
platform.

Reinforcement engineering. Instability deposits should be
cleaned timely in the upper slopes to prevent further instability in
the lower slopes. For the slopes with severe instabilities or rela-
tively larger height, the necessary engineering should be carried
out at the toe of slope, such as constructing a retaining wall
composed of coarse-grained materials, building dry stone stack-
ing sandbags (Peng et al., 2019; Levett et al., 2020). Meanwhile,
the slope gradient should be controlled between 45° to 65° and
the height of each slope needs be contained in 4-6 m in future
GLCP. The practice of neglecting the gradient and height of
artificial slopes to increase the areas of new farmland should not
be encouraged (Liu and Li, 2017; Feng et al., 2019).

@

5. Conclusions

Aiming at the artificial slope instability after the GLCP in the LP, this
paper analyzed the characteristics and distribution of instability after
the GLCP through a field investigation in the Gutun watershed. We
further explored the impacts of surface condition factors on instability
scale through BPNN method and proposed the prevention mechanism.
Our results showed that artificial slope instability is a cumulative pro-
cess induced by infiltration and erosion which causes various categories
of instabilities. Instability degrees in shady slopes were higher than

10

those in sunny slopes and gradually increased from top to toe in the
vertical direction, which were closely related to the difference of soil
moisture and failure mode. The volume of slope instability had a posi-
tive correlation with slope gradient and height, and soil compactness
and shear strength negatively impacted the instability volume of slope
and platform. The prevention mechanism of “Drain-Improve-Green-
Reinforce (DIGR)” system was proposed to effectively reduce the risk of
artificial slope instabilities after the GLCP. Compared with the previous
studies, this paper focused on the artificial slope instability after land
consolidation. The prevention mechanism of “DIGR” system is based on
the ecology, economy, and effectiveness. However, more typical case
studies are still needed to evaluate the stability of artificial slopes
comprehensively. Also, monitoring, in-situ tests, and laboratory exper-
iments are merited to shed light on the process and thresholds of the
instabilities and the effects of the prevention mechanism.
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