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Abstract

As the central accumulation area of the Loess Plateau in Shaanxi Province, China, Loess landslides
occur frequently, which seriously affect the safety of people’s lives and properties. The prediction
and early warning of landslides are the hot spots of geological disaster research, and the prediction
of the stability of Loess landslides can provide a reference basis for the prevention and management
of landslides. This study takes a typical Loess landslide site in Ganquan County, Yan’an City, as
the research object. By collecting soil samples from the landslide body for indoor simulation tests
and analyzing and testing the changes in the basic physical and mechanical properties of the soil
under different plant root densities and different precipitation conditions, the stability of shallow Loess
landslides on the Loess Plateau was simulated using Geo-Studio software. The analysis shows that
the stability coefficient of the natural root density of Zhangzi slope soil is 0.889, which belongs to
the unstable state, and under the condition of 1.5 times root density, its stability coefficient increases to
1.246, which belongs to the stable state, while at 2 times root density, its stability coefficient decreases
to 0.973, which belongs to unstable state, and the stability of its root-soil complex is 1.5 times root
density > 2.0 times root density > natural root density. Under different soil water content conditions,
the stability of the slope shows a trend of decreasing with increasing water content. Under the condition
of 10% soil water content, the stability coefficient of the landslide slope is 1.123, which is the basic
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stability state; under the condition of 20% soil water content, the stability coefficient drops to 0.886,

which is the unstable state; under the condition of 30% soil water content, the stability coefficient is

0.724, which indicates that precipitation has a great influence on the stability of Loess landslides.

Keywords: loess landslide, slope stability, plant root density, precipitation, geo-studio

Introduction

As the central accumulation area of the Loess Plateau
in the northern region of Shaanxi Province, China,
landslides are a frequent category of geological hazards
in the region, which seriously affects the safety of people’s
lives and properties as well as the high development
of the ecological environment [1, 2]. Due to the relatively
low cost of landslide prediction and early warning, it has been
ahot topic in the field of landslide geological disaster research
in recent years [3—5]. The establishment of a prediction
and early warning mechanism for Loess landslides
has been included as a key objective in the geological
disaster prevention and control plan of Shaanxi Province
[6, 7]. Therefore, in view of the actual natural conditions
of the Loess Plateau in northern Shaanxi, the establishment
of a corresponding Loess landslide prediction and early
warning mechanism under the new geological conditions
brought about by the ecological management of the Yellow
River Basin is an urgent task in the current disaster prevention
and control work. This not only helps to deepen the knowledge
of the ecological environment in the Loess Plateau region
of northern Shaanxi, but also provides a reference basis for
landslide geohazard management and promotes the process
of ecological civilization construction in China [8-10].

The landslide stability prediction mechanism, as an
effective disaster prevention and mitigation measure, is
of great significance to the Loess region. Existing prediction
and early warning methods make it difficult to achieve
the expected results in practical application due to ignoring
the spatial differences in the conditions of vegetation cover
and soil mechanical properties in different areas [11-13].
This study selects the more typical Loess landslide potential
sites in the Loess Plateau and, through field research, takes
soil samples to obtain the soil mechanics and hydrological
parameters of different vegetation affecting the stability
of slopes, combined with the nature of the soil under different
vegetation conditions, to summarize the characteristics
of Loess slope stability and the response to the vegetation. In
this paper, based on the vegetation cover, soil hydromechanical
properties, and geomechanical characteristics of the study
area, a GeoStudio-based Loess landslide prediction model
is established, which makes the system more accurate
in predicting the stability of Loess landslides and easier to
extend to different scenarios. The results of the study can be
applied to Loess landslide disaster prevention and mitigation
projects in the Loess Plateau to promote the high-quality
development of the Yellow River Basin.

Study Area, Materials, and Methods
Study Area

Ganquan County is located in the central area of Yan’an
City, Shaanxi Province (108°45'34 “E — 109°33'46"E,
36°6'57"N — 109°33'46"N), where Loess landslides are
frequent. Ganquan County belongs to the typical northern
Shaanxi Loess Plateau hilly and gully landscape, with
an altitude between 950-1625 m, a semi-humid inland
monsoon climate, and an annual rainfall of 126.3 mm.
The county area is 2284.7 km?, and the forest and grass
coverage rate reaches 78.4% [14].

The landslide site of Jangzigou is located in Shimen
Town, Ganquan County (109°21'53"E, 36°17'55N), and is
a Loess landslide that has occurred, with the highest part
of the landslide in the shape of a circle chair, the profile
form is convex, the overall slope is about 30°, the east-west
length is about 95 m, and the north-south length is about
170 m. The relative height difference of the landslide is
about 87 m, and the average thickness of the landslide Loess
is about 10 m (Fig. 1). The stratigraphic structure is divided
into Upper Pleistocene Loess of the Quaternary at the back
edge of the landslide, and the main body of the landslide
is Upper Pleistocene stacked Loess of the Quaternary with
a thick bed of massive feldspathic sandstone, which is
a typical Loess-bedrock type landslide [15, 16].

Soil Sample Collection and Remodeling
Sample Preparation

In May 2022, field research was carried out in the study
area, counting the plant species, number, density, and root
distribution in the area, selecting typical Loess landslide
potential sites in the area to take Loess soil samples, selecting
three main plant types from each slope, and setting up bare
ground with similar ground conditions to the sampling
site as a control. A 50 cm x 50 cm square soil profile was
excavated 50 cm downslope from the base of the tree to
collect samples of normal root growth and development
and avoid the influence of mechanical force on the root
system as much as possible in the collection process.
Soil samples were collected using the profile method.
In the vertical profile of each shrub sampling point, soil
samples were taken in layers every 10 cm; the sampling
depth was 50 cm; the mixed sampling method was used
in the same soil depth; and the collected samples were
sealed and preserved [17, 18].
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Fig. 1. Landslide point distribution map in Ganquan County.

The collected soil samples were dried and ground,
and then sieved through 1 mm. The sieved soil samples
were spread in non-absorbent aluminum discs and sprayed
with the expected amount of water addition. The amount
of water addition was calculated using the formula:

m

= m x 0.01(w' —wy) Eq. 1)

my

Where m,, is the amount of water to be added to the soil

sample (g), m is the mass of the soil sample at the air-dry

moisture content (g), wy is the air-dry moisture content

(%), and w' is the required moisture content for the design
(%) [19].

Data Processing and Analysis

In this study, numerical simulations are carried out
based on the vegetation characteristics of landslide hazard
points [20-23] and the relevant engineering and geological
conditions in the area. According to different rainfall
conditions and slope stability, the rainfall threshold for
severe landslide instability under various scenarios is
analyzed, and this rainfall threshold is used as the forecast
and warning threshold. Discuss the change in slope stability
and the threshold value of landslide occurrence under
different rainfall conditions. In this study, the numerical
simulation of slope stability is based on the limit equilibrium
method to analyze the occurrence of potential landslides,
and the slope stability under different conditions is
simulated by inputting relevant soil mechanics information
and hydrological parameter information in GeoStudio
software [24-26].

GeoStudio is a software widely used in scientific
research and engineering construction, and its multi-module
integration feature allows coupled analysis of slope seepage
conditions and stability [27]. A two-dimensional slope
model is established by inputting soil mechanical properties
measured in the field into the software and assigning

the corresponding hydromechanical parameters. After that,
a certain amount of rainfall is set as a landslide inducing
condition for the landslide and brought into SEEP/W for
seepage simulation to obtain the hydrological changes
of'asloped body over a period of time with a given amount
of rainfall [28]. The resulting hydrological information
is then input into the SLOPE/W module, and the time
of landslide damage and the landslide damage surface can
be simulated according to the Spencer limit equilibrium
method [29]. By comparing the simulation results of typical
Loess landslides under different scenarios and setting
the rainfall threshold for landslide occurrence according
to the critical rainfall intensity and rainfall duration at
the time of landslide occurrence, the method of landslide
prediction and warning is proposed by combining this
threshold with meteorological monitoring means [30—
32]. A certain amount of rainfall is set as the landslide
inducing condition, and seepage simulation is carried
out so as to obtain the hydrological changes of the slope
under the rainfall conditions in a certain period of time,
and then the obtained hydrological information is input
into the SLOPE / W module. By comparing the simulation
results of typical Loess landslides under different scenarios,
the characteristics of the Loess landslide destabilization
process are analyzed. Finally, the rainfall threshold for
landslide occurrence is determined based on the critical
rainfall intensity at the time of landslide occurrence.

Results and Analysis

Vegetation Community Composition
and Root Distribution

Species Composition of the Plant Community

A field survey of the flora of the study area yielded 41
common plant species, most of which belong to the warm
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temperate zone in their zonal nature, with the most species
of Rhamnaceae and Asclepiadaceae, each with a total
of 9 species, accounting for 40% of the total [33, 34],
indicating that the vegetation of the study area is dominated
by plants of certain families and the community is relatively
simple. The community in the study area is divided into
three basic levels: tree layer, shrub layer, and herb layer.
Among them, the shrub layer is the most developed, with
Ziziphus jujube, Periploca sepium, Caragana sinica
(Buc’hoz) Rehder, Sophora davidii (Franch.) Skeels,
Thermopsis lanceolata R.Br., Tamarix ramosissima Ledeb.,
Rosa xanthina Lindl., and others.

Based on the number of plant species in the sample plots
obtained from the survey, the community plant diversity
calculation method was used to derive the community
evenness index (Jg,), diversity index (H'), and ecological
dominance index (C) for each sample plot [35].
The measurement method applied in this paper was to
calculate the diversity indices of herbs, shrubs, and trees
in the plant community separately and summed to derive
the community stratified diversity [36]. The overall
diversity index of the plant community was calculated
using the direct participation of herbaceous, shrub, and tree
species in the diversity calculation (Table 1).

Table 1. Diversity index of plant communities in landslide areas.

Vertical Distribution Characteristics
of Vegetation Root Systems

During the vegetation restoration succession
in the Loess area, the above-ground part of vegetation
and the underground root system continuously restore
organic matter to the soil, which promotes the improvement
and enhancement of soil physicochemical properties [37].
The improvement of the soil growth environment in turn
has an impact on the growth and distribution characteristics
of vegetation, which facilitates the invasion of plant species
and promotes the development of vegetation succession.
As can be seen in Fig. 2, most of the vegetation roots
in the study area are concentrated in the 0—40 cm soil layer
at the surface, and this root distribution characteristic makes
the surface soil gradually dense, changing the loose condition
of the soil at the early stage of vegetation restoration [38].
In addition, without the interference of external factors,
a layer of deadfall will gradually form under the cover
of perennial vegetation, and the joint action of vegetation
roots and deadfall makes the surface The combined effect
of vegetation roots and litter makes the surface soil free
from erosion [39]. However, this dense soil structure
also reduces the infiltration capacity of the soil, which is

Community Type Jsw H' C
1 (Ziziphus jujube + Periploca sepium) 3.1933 3.4745 4.0192
I (Ziziphus jujubei + Ophiopogon bodinier) 4.0510 3.2176 4.2316
1l (Periploca sepium + Caragana sinica (Buc'hoz) Rehder) 3.9192 3.7332 3.9842
IV (Periploca sepium) 3.8124 3.6352 4.1327
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Fig. 2. Root distribution characteristics of vegetation in the study area.
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Table 2. The composition of different vegetation communities on the plot.

Community Natural moisture Saturated moisture Saturated moisture Saturation density Porosity
type content % content % content g/cm’ g/em’ %
I 14.22 32.95 1.44 1.85 52.6
11 16.82 32.56 1.43 1.82 53.2
11 14.84 26.17 1.49 1.83 50.1
v 13.65 23.08 1.83 2.08 39.7
Table 3. Vertical infiltration coefficients of soils in different types of vegetation communities.
Vegetation Communities [ 11 111 v
Vertical permeability coefficient
Ky, (mm/min) 0.74 0.52 0.98 1.45

not conducive to the utilization and storage of rainwater
resources in arid and semi-arid areas [40].

Physical Properties of Soils in Different
Types of Vegetation Communities

Based on the soil samples collected from the study area
for testing, the results of soil water content and density
were obtained (Table 2). The permeability coefficient
of the soil in the study area was obtained between 0.52
and 1.45 mm/min, and the size of the vertical permeability
coefficient of the soil was: II <1 <III < IV (Table 3).
The permeability of III and IV is better, which facilitates
the infiltration of rainwater, and in addition to this,
the emergence of a waterfall hole in III also facilitates
the rapid infiltration of rainwater into the soil, which
increases the weight of the slope on the one hand and reduces
the shear strength of the soil on the other [41].

Landslide Stability Evaluation

Landslide Profile and Computational
Profile Construction

In this study, the stability of the landslide at the Zhangzi
landslide site in Ganquan County, Yan’an City, was
evaluated by using the Spencer method applicable to any
slip surface shape, establishing a system of equations
satisfying all force and moment balances, iteratively solving
for the safety coefficients, and then evaluating the stability
of the slope under different conditions [42].

According to the field survey and related geological
data, the landslide body is Quaternary Upper Pleistocene
Loess with an average thickness of about 10m; the slip zone
is a contact zone between Lower Cretaceous sandstone
and Loess; and the slip bed is Cretaceous sandstone.
Accordingly, the evaluation model of the landslide
in Zhangzi is constructed, and the landslide profile is
simplified into Loess accumulation, Loess, and bedrock,
and the front and profile of the landslide are shown in Fig. 3.

Landslide Profile and Computational
Profile Construction

The seismic intensity of the study area is VI degrees,
so the influence of earthquakes on landslide stability is
not considered [43]. Landslide stability mainly considers
the influence of vegetation roots and rainfall, so two cases
of different root densities and different soil water contents
are taken for simulation analysis. The different root densities
simulate the natural surface water content, and the soil
water content where the root system of jujube is located
is 9.5% after field sampling and analysis, and the natural
root density of the jujube is set at 1.5 times the natural
root density and 2.0 times the natural root density, where
the natural root density of the jujube is 0.85 g/100 g soil
[44]. The selected parameters are detailed in Table 4. This
outlines root density conditions with soil water content
at 10%, 20%, and 30% [45]. The selected parameters are
detailed in Table 5.

Calculation Results and Analysis

According to the Code for Landslide Prevention
and Control Engineering Survey (DZ/T0218-2006),
the stability states of landslides and the corresponding safety
coefficients are shown in Table 3 below, and the stability
oflandslides is evaluated by the stability states corresponding
to the safety coefficient values simulated by the model.

The stability coefficients of the slope are calculated by
the parameters of different root densities, and the stability
of the slope under different root densities is shown in Fig.
4. The calculation results show that under the conditions
of different root densities, the stability coefficient
of the natural root density of the slope of Zhangzi ditch is
0.889, which is an unstable state, and under the conditions
of 1.5 times root density, the stability coefficient of the slope
increases to 1.246, which is a stable state, while when
the root density increases to 2 times, the stability coefficient
of the slope decreases to 0.973, which is an unstable state.
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Fig. 3. Topographic profile of the Zhangzi landslidel.
Table 4. Vertical infiltration coefficients of soils in different types of vegetation communities.
Work conditions Rockiness Severe (KN/m?) Cohesion (kpa) Angle of internal friction (°)
Natural root density 14.0 18.22 18.78
Different root 1.5 times root density 14.0 16.03 35.75
density
2.0 times root density 14.0 13.08 25.64
10% 13.9 12.18 32.62
Different soil moisture 20% 141 783 2423
content
30% 14.5 3.57 18.26
Table 5. Landslide stability state grading table.
Stability factor Unstable Less stable Basic stability Stable
Stable state Fs <1.00 1<Fs<1.05 1.05<Fs<1.15 Fs>1.15

Under the condition of 1.5 times root density, its slope
stability coefficient increases to 1.246, which is stable,
and under the condition of 2 times root density, its slope
stability coefficient decreases to 0.973, which is unstable.
Therefore, for the sour date root system, its root-soil
complex shear strength is 1.5 times root density > 2.0
times root density > natural root density.

Fig. 5 shows the simulation results of the landslide
in Zhangzi, Ganquan County, under different soil water
content conditions. It can be seen from the figure that
the stability of the slope under different soil moisture
content conditions shows a trend of decreasing with

the increase of water content. Under the condition
of 10% soil moisture content, the stability coefficient
of the landslide slope is 1.123, which belongs to the basic
stability state; under the condition of 20% soil moisture
content, the stability coefficient plummets to 0.886, which
belongs to the unstable state; under the condition of 30%
soil moisture content, the stability coefficient is 0.724.
This indicates that precipitation has a great influence on
the stability of the landslide in Zhangzi. Therefore, for
the landslide in Zhangzi, Ganquan County, Yan’an City,
rainfall is one of the main factors in the occurrence of this
landslide.
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Fig. 4. Simulation results of the landslide in Zhangzi, Ganquan County under different root density.
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(a): 10% soil moisture content.

(b): 20% soil moisture content.

(c): 30% soil moisture content.

Fig. 5. Simulation results of landslide in Zhangzi, Ganquan County under different soil water content conditions.
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Discussion

In this paper, some disaster sites in Ganquan County were
selected as research cases, and soil samples of landslides
in the field were collected and analyzed in indoor experiments
to obtain the physical and mechanical properties of the soil
under natural and artificial interventions, and Geo-Studio
software was used to simulate the stability conditions
of landslides under different rainfall conditions.

Landslides are mainly distributed within drylands,
medium-coverage grasslands, and low-coverage grasslands,
indicating that surface vegetation cover can affect landslide
stability, and the number of landslides occurring in places
with poorer vegetation cover increases [46]. The basic
mechanical properties of landslide body soils indicate that
the pore ratio and porosity decrease with increasing dry
density, the cohesion of natural soils is significantly higher
than that of saturated soils, and the internal friction angle
of natural soils is slightly lower than that of saturated soils.
Overall, the shear strength of the natural soil samples was
higher than that of the saturated soil samples, influenced
by the moisture content.

In the three root density gradients set in this study,
the highest shear strength of the root-soil complex was
found at 1.5 times the natural root density for sour date,
and the root-soil complex shear strength was influenced by
the root density and was positively correlated with a certain
range. The value added of root-soil complex cohesion
in this study varied between 2.98% and 127.15%. The water
content corresponding to the optimal root density for
the shear strength of different plants is different, and when
the water content or root density is beyond the optimal
range, the root effect on soil shear strength enhancement
will be reduced or even disappear and even play a counter
effect on slope stability.

Conclusions

In this study, the disaster-prone area of Zhangzi slope
in Ganquan County was used as the research object. Geo-
Studio software was used to simulate the stability of shallow
Loess landslides and monolithic landslides on the Loess
Plateau, respectively. The conclusions drawn in the paper
are as follows:

1. Under different root density conditions, the stability
coefficient of the natural root density of the slope of Zhangzi
ditch is 0.889, which is an unstable state, and under
the condition of 1.5 times root density, its slope stability
coefficient increases to 1.246, which is a stable state,
and when it increases to 2 times root density, its slope
stability coefficient decreases to 0.973, which is an unstable
state, so for the sour date root system, its root-soil complex
Therefore, the shear strength of the root-soil complex is
1.5 times the root density > 2.0 times the root density >
natural root density.

2. Under the condition of 10% soil moisture content,
the stability coefficient of the landslide slope is 1.123,
which is the basic stability state; and under the condition
of 20% soil moisture content, the stability coefficient

plummets to 0.886, which is the unstable state; under
the condition of 30% soil moisture content, the stability
coefficient is 0.724, which indicates that precipitation has
a great influence on the stability of the landslide in Zhangzi.
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