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Abstract: Forests play a pivotal role within the ecological milieu, with alterations to forested areas not only
impacting the local environment but also serving as a significant contributing factor to the occurrence of
landslide disasters. However, the significance of forests in connection with deep seated landslides is
diminished. In instances of extreme events, heavy rainfall, highly weak slopes, or seismic events, it is
improbable for forest cover to exert any influence. Due to extensive agricultural irrigation, the Heifangtai
terrace of China has experienced a significant rise in groundwater levels, leading to the occurrence of numerous
landslides. Through field investigations and remote sensing interpretation, this study has revealed dramatical
geomorphological changes in the Heifangtai terrace due to the occurrence of widespread landslides. These
changes are likely to disrupt the pre-existing hydrological balance within the study area, thereby altering the
conditions for landslides. Therefore, understanding how the evolution patterns of loess landslides can be
assessed is a crucial scientific issue for predicting the conditions of landslide occurrence. Taking the evolution
of landslides along the edge of the Heifangtai terraces as an example, this study first classified different types
of loess landslides. Subsequently, the temporal and spatial distribution characteristics of these landslides were
analyzed. Finally, utilizing the FLAC3D software, the stability of the loess slopes at the edge of the Heifangtai
terrace was examined under the lateral evolution mode. The research findings indicate that the current loess
landslides in the Heifangtai terrace exhibits longitudinal multi-periodicity and lateral group-occurring
behavior, which is significant for assessing loess landslides along the edge of Heifangtai terraces.

Keywords: loess landslide; agricultural irrigation; loess terrace; geomorphologic evolution; FLAC 3D

1. Introduction

Forests hold a significant position within the ecological environment, capable of substantially
enhancing slope stability and mitigating the emergence of geological calamities, such as debris flows
and landslides [1-3]. With the development of economic in Northwestern China, the Loess Plateau
has become an important base for industrial and agricultural applications [4,5]. However, due to the
practical engineering in Northwestern China, large amount of the forests in these regions has been
significantly disrupted. Consequently, this disturbance has led to the recurrent manifestation of
slope-related geological disasters, such as landslides, debris flows, and collapses (Figure 1). The Loess
Plateau covers an area of about 640,000 km?, accounting for approximately 6.6% of the area of China
[6]. However, due to the unique sedimental environment and the distinctive structural characteristics
of loess [7-9], its mechanical strength sharply decreases once subjected to engineering disturbances
like water infiltration [10-17]. The Loess Plateau is located on the northeastern edge of the Qinghai-
Tibet Plateau, with strong regional tectonic activity and fragmented rocks. Therefore, the geological
and ecological environment of the Loess Plateau is extremely fragile. With the increase in population
and over engineering development, soil erosion and desertification have intensified in the loess
region. Frequent loess landslides have occurred, seriously impacting livelihoods of people and
regional economic development [18-23].

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 1. Photo of a typical landslide on the Heifangtai terrace due to irrigation, Gansu Province,
China.

Forests play a vital role in retaining water, which is crucial for stabilizing slopes and reducing
the risk of geological disasters like debris flows and landslides, lessening their harm. Recently, more
attention has been paid to understanding how forests affect landslides, with studies showing that
forests significantly help prevent landslides [24-26]. However, due to the collapsibility of loess,
landslides triggered by agricultural activities constitute a significant factor in geological disaster of
Heifangtai terrace. The irrigation facilities in these regions have led to a substantial rise in the
groundwater levels of the loess plateau, resulting in the numerous loess landslides. Extensive
research has been conducted on the characteristics of the landslides on the Heifangtai terrace, Gansu
Province. Peng et al. (2018) believe that the types of landslides on the Heifangtai terrace include loess
landslides and loess-mudstone landslides. They pointed out that loess landslides have the
characteristics of high-speed and long-distance movement as well as strong secondary effects. Loess-
mudstone landslides exhibit characteristics of low-speed and short-range movement, as well as
reactivations [27]. Xu et al. (2008) systematically classified Heifangtai landslides into categories such
as loess mudflow, loess sliding, loess-mudstone contact surface landslide, loess-mudstone inclined
layer landslide, and loess-mudstone interbedded landslide [28]. Through experimental studies, Hou
et al. (2018) indicated that loess mudflow landslides exhibit characteristics of fluid movement, with
sliding distances exceeding 300 meters. This is the most severe type of landslide in Heifangtai [29].
In recent years, with the increased attention to the prevention and control of geological disasters in
China, extensive research results on Heifangtai landslides have been obtained [30-35].

Landslides are natural surface processes that typically begin with localized instability and then
expand to affect the entire slope, ultimately leading to the progressive development of large-scale
destruction. In terms of the evolution and patterns of landslides, numerous scholars have conducted
research on regional or individual landslides, respectively. The evolutionary process of regional
landslides can reflect characteristics such as clustering and overlapping of landslides within a region.
Understanding the evolution of regional landslides holds significant importance for regional
geological hazard prevention and control. Deng et al. (2009) initially focused on the historical
evolution of loess landslides and proposed an evolution model for slope deformation and instability
based on geological evidence [36]. Based on the geological conditions of rockslides on both sides of a
canyon in France, Stéphane et al. (2012) used numerical simulation to reproduce the process of
landslide deformation and evolution [37]. Gonzalez et al. (2014) utilizing drone photogrammetry
technology, conducted detailed aerial surveys of a 7 km? slope in the Cantabrian Mountains of Spain.
Combined with GPS technology, they enhanced the accuracy of image processing results. By
comparing historical multi-temporal images, they revealed the variation trend of landslide
accumulation over time [38]. Peng et al. (2019) provided a comprehensive discussion of the
application of drone photogrammetry technology in landslide investigations. For regional landslide
studies, this technology facilitates the exploration of spatial and temporal distribution patterns as
well as developmental features. For individual landslide studies, comparing models over multiple
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time periods enables a full understanding of the development process [32]. Xu et al. (2023) used drone
photogrammetry to obtain orthophoto images and DEM data. From these data, they extracted
information like boundary of landslides, elevation, area, and slope to analyze the evolution process
of a landslide on the edge of terrace, validating the results with remote sensing data [39]. The above
research provides a comprehensive investigation on the spatiotemporal evolution patterns of
landslides. However, the evolution process of landslides in different locations or even within the
same region tends to be gradual. Frequently, assessing the evolution trends of landslides requires
dynamic data, and the evolution trends may differ across different locations of a landslide.

Through field investigations and remote sensing interpretation, this study reveals dramatical
geomorphological changes in the Heifangtai terrace due to the occurrence of widespread landslides.
Taking the evolution of landslides along the edge of the Heifangtai terraces as an example, this study
first classified different types of loess landslides. Subsequently, the temporal and spatial distribution
characteristics of these landslides were analyzed. Finally, utilizing the FLAC3D software, the stability
of the loess slopes at the edge of the Heifangtai terrace was examined under the lateral evolution
mode. The research findings are significant for assessing loess landslides along the edge of Heifangtai
terraces.

2. Geological settings

The study area is located 40 km west of Lanzhou City in Gansu Province (Figure 2). This region
comprises two loess plateaus known as Heitai and Fangtai, collectively referred to as Heifangtai. Due
to the prevalence of landslide disasters in Heitai, the scope of this study is limited to Heitai region.
The vegetation index map in Gansu Province is presented in Figure 1. The vegetation index serves as
a straightforward, efficacious, and empirically grounded measure of surface vegetation conditions.
It can be observed that the vegetation index of Heifangtai terrace is between 0.5-0.625, which is
intermediate in Gansu Province. Gansu, with its extensive land area, is significantly impacted by
natural conditions, resulting in relatively limited forest resources, categorizing it as a province with
sparse woodland. According to the findings of the 9th National Forest Resources Inventory of China,
the total forest area in Gansu province amounts to 50,973 km?, with a forest coverage rate of 11.33%,
approximately half of the national average. The forest volume is estimated at 251.89 km3, with an
average volume per unit area of 4.942 km?. The significance of forests in the research area impacted
by landslides is also notable, especially concerning their influence on water resources and water
quality. The excessive moisture content in the loess remains a principal catalyst for slope instability,
while steep gradients, fragile soil composition, and landscape features that channel water serve as
chief components heightening the susceptibility to landslides. In addition, the extensive agricultural
irrigation activities in the Heifangtai terrace have also led to a significant rise in the groundwater
level within the research area, consequently triggering a substantial increase in the occurrence of
landslides.
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Figure 2. The vegetation index map of Gansu Province.

The topography and geomorphology of the study area are relatively simple, mainly
characterized by loess platforms, valley, and loess landslide geomorphology. The combined area of
Heitai and Fangtai is approximately 15 km2. Heitai represents a typical loess plateau geomorphology
in Northwestern China, covering an area of about 12 km? within the research area. It predominantly
forms the 4th-order terrace of the Yellow River. The elevation difference between Heitai and the
surface of river is about 100-120 meters. The Heitai extends in an east-west direction, with narrower
sections at its eastern and western ends. The lithological profile of Heifangtai is composed of four
layers (Figure 3): (1) the top layer is made up of upper Pleistocene aeolian Malan loess, with a
thickness of about 25-50 m; (2) the alluvial clay layer, about 4-17 m thick; (3) the third layer is the
fluvial gravel, which is mixed with sands, about 2-5 m in thickness; (4) the bedrocks are composed of
lower Cretaceous mudstone, about 60-80 m thick [16].

Thickness (m)

Qs 25-50 m Malan loess

JLﬁt-l7 m Alluvial clay

| ¥ 2-5m  Fluvial gravels

60-80 m Mudstone

Qs: Upper Pleistocene
K;: Lower Cretaceous

Figure 3. The lithological profile of the Heifangtai terrace.

3. The characteristics of landslides in the Heifangtai terrace

There are various types of landslides in the Heifangtai terrace. Based on field investigation and
the typical classification scheme for loess landslides, the landslides in Heitai terrace can be
categorized as loess-bedrock landslides and landslides within loess layer. Loess-bedrock landslides
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further subdivide into loess-bedrock contact surface landslides, loess-bedrock inclined layer
landslides, and loess-bedrock interbedded landslides. Landslides within loess layer can be further
classified as loess collapse and loess mudflow. The schematic diagram of different types of loess
landslide in the study area is presented below (Figure 4).

Landslide within loess layer Loess mudflow

Loess-bedrock interbedded landslide Loess-bedrock inclined layer landslide

Figure 4. Schematic diagram of different types of loess landslides in Heifangtai terrace.

3.1. Classifications of Landslides in the Heifangtai terrace

In recent years, there have been several landslide disasters in the Heifangtai terrace. Based on
in-situ investigations of landslides and remote sensing image interpretation, a total of 36 landslides
have been identified in the Heifangtai terrace (Table 1). Some of these landslides have evolved into
larger landslides over multiple occurrences. Such cases are treated as composite landslides, resulting
in a difference between the number of landslides indicated on the landslide distribution map and the
cumulative landslide in Table 1. Figure 5 presents the distribution of loess landslides in the Heifangtai
terrace. As shown in the figure, loess landslides are primarily concentrated in the eastern part of the
study area, forming distinct clusters with clear grouping characteristics.

N Legend

Landslide cluster Seepage surface
Landslide boundary F
2007) - Landslides
Landslide boundary
(2021) . Reed i

- Revetment

Figure 5. Interpretation of remote sensing images from Heifangtai terrace.


https://doi.org/10.20944/preprints202308.1862.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 August 2023

d0i:10.20944/preprints202308.1862.v1

Table 1. Information and classification of loess landslides in Heifangtai terrace.

Nu . Length  Height Width/  Volume/( )
Location Type of landslides
m. /m /m m 10¢m3)
1 103°18'15"E,36°05' Loess-bedrock
282.75 85 499 223.73
37"N landslide
2 103°17'41"E,36°05' Loess-bedrock
345.55 71 673 523.68
29"N landslide
3 103°18'25"E,36°05' Loess-bedrock
318.9 111 159 531.61
39"N landslide
4 103°18'32"E,36°05'
346.09 106 164 32.03 Loess mudflow
37"N
5 103°18'34"E,36°05'
298.48 104 72 77.32 Loess mudflow
34"N
6 103°18'38"E,36°05'
99.48 75 95 3.11 Loess collapse
32"N
7 103°18'41"E,36°05'
61.14 43 65 2.73 Loess collapse
30"N
8 103°18'41"E,36°05'
156.37 101 80.2 19.15 Loess collapse
30"N
9 103°18'48"E,36°05'
204.03 97 87.6 19.11 Loess collapse
26"N
10 103°18'56"E,36°05'
132.26 90 51 7.9 Loess collapse
23"N
11 103°19'03"E,36°05' Loess-bedrock
244.32 101 \ 77.04
18"N landslide
12 103°19'14"E,36°05' Loess-bedrock
386.18 104 451 553.05
21"N landslide
13 103°19'32"E,36°05' Loess-bedrock
376.44 101 406 610.36
29"N landslide
14 103°19'49"E,36°05' Loess-bedrock
130.4 58.7 \ 6.2
32"N landslide
15 103°19'53"E,36°05' Loess-bedrock
212.16 107 \ 18.24
39"N landslide
16 103°20'05"E,36°05'
226.15 132 144 28.68 Loess mudflow
44"N
17 103°20'08"E,36°05'
181.41 121 81 7.05 Loess mudflow
46"N
18 103°20'11"E,36°05'
217.7 133 74 8.16 Loess mudflow
52"N
19 103°20'13"E,36°05'
163.31 108 26 5.26 Loess mudflow
52"N
20 103°20'13"E,36°05'
201.36 92 117 7.32 Loess mudflow

55"N
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21 103°20'10"E,36°05'

342.2 113 61 8.69 Loess mudflow
59"N
22 103°20'12"E,36°06'
56.58 43 31 0.41 Loess mudflow
00"N
23 103°20'13"E,36°06'
88.26 57 49 0.94 Loess mudflow
02"N
24 103°20'09"E,36°06'
353.43 121 81 34.38 Loess mudflow
04"N
25 103°20'05"E,36°06'
425.66 120 212 88.99 Loess mudflow
09"N
26 103°20'06"E,36°06'
515.48 124 192 92.88 Loess mudflow
16"N
27 103°20'06"E,36°06'
609.55 119 334 333.81 Loess mudflow
24"N
28 103°20'12"E,36°06'
468.73 120 174 152.65 Loess mudflow
33"N
29 103°20'18"E,36°06'
326.17 108 195 33.2 Loess mudflow
37"N
30 103°2020"E,36°06'
322.83 100 83 10.55 Loess mudflow
42"N
31 103°20'18"E,36°06'
390.97 101 137 52.86 Loess collapse
45"N
32 103°20'04"E,36°07"
283.86 104 104 55.65 Loess mudflow
01"N
33 103°19'53"E,36°06'
164.11 99 33 17.75 Loess collapse
58"N
34 103°19'48"E,36°06'
207.58 79 116 15.77 Loess collapse
53"N
35 103°19'53"E,36°06'
199.53 64 157 29.92 Loess mudflow
54"N
36 103°19'46"E,36°06'
50N 154.97 40 133 15.91 Loess mudflow

3.1.1. Loess Mudflow

This type of landslide exhibits typical flow characteristics, with the shear outlet located at the
bottom of the Q3 loess layer. Under the influence of groundwater, the loess undergoes liquefaction,
leading to a reduction in strength and triggering landslides. Mudflow-type landslides are
characterized by high-speed and long-distance movement. Loess mudflows in the study area have
relatively long sliding distances, proposing the greatest threat to agriculture and roads in the lower
part of the plateau. The No. 1 Dangchuan landslide that occurred on April 29, 2015, is a typical
example of loess mudflow (Figure 6). The occurrence of this landslide can be divided into two stages.
Initially, a landslide mass of approximately 5 x 10* m? slid from Heitai terrace to the second-level
terrace of Yellow River. About three hours later, a faster-moving landslide mass of around 35 x 10¢
m? rapidly moved downstream. The final deposit of the landslide accumulation reached a thickness
of up to 17 m.
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Figure 6. Photos of loess mudflow in Dangchuan region.

The equivalent friction coefficient indicates the mobility of the landslide, defined as the ratio
(H/L) of the height (H) and the length (L) of the landslide. Figure 7(a) shows the relationship between
H and L for the 36 landslides collected in the study area. The average ratio H/L for collapse and
mudflow are nearly the same, equals to about 0.12. For loess-bedrock landslides, the ratio H/L is
smaller than the other two types of loess, equals 0.09, which implies that the height is relatively
smaller than the length for the bedrock landslides. The relationship between H/L and the volume (V)
for the 36 landslides is presented in Figure 7(b). The equivalent friction coefficient and V exhibit a
clear mathematical relationship. The equivalent friction coefficient decreases from 0.75 to below 0.20
as the volume of the landslide increases. According to the research of Wang et al. (2014), when the
equivalent friction coefficient is below 0.60, the landslide is high-speed and long-runout [40]. It can
be seen in Figure 7(b) that for all the loess-bedrock landslides, the ratio H/L is smaller than 0.60. Large
amount of loess mudflow is also classified as high-speed long-runout landslides.

—_ 0.8
150 = ALoess collapse
¥ =0.1223x+66.083 - ; ©® Loess mudflow
= [ ) e . = M Loess-bedrock landslide
E e £ 006 Mg~~~ ===mm--mmmm——mmsSmsms——emm s
= 120 A ® b -’ ° <
= ® = y=0.1219x+64.043 ]
< ° =m .,,5/.‘ ) =) . .
= N .l 2 H/L<0.6, High-Speed Long-Runout Landslides
'§ % A 87T -7y =0.0042x+65.298 204
= . - . 2 L
s P = = n
b1 . . & ° .=
2 6 - N = 02 o -
=] ALoess collapse %
a ©® Loess mudflow =
* BLoess-bedrock landslide =
30 T T T T T T =
0 100 200 300 400 500 600 700 0 (') 1(')0 2(')0 3(')0 4(')0 5(')0 6(;0 700
Length of landslides L (m)
Volume of landslides V (10*m?)
(a) (b)

Figure 7. Parameters of Dangchuan loess mudflow: (a) Equivalent friction coefficient (H/L); (b)
relationship between H/L and the volume (V) of loess mudflow.

3.1.2. Loess Collapse

Loess collapses are widely distributed in the study area, primarily controlled by the cracks near
the edge of the terrace (Figure 8). Loess collapse occur within the unsaturated Q3 loess layer. Their
scale has been gradually increasing, posing an escalating threat. The occurrence of loess collapse is
mainly triggered by the infiltration of irrigation water and rainfall along the cracks near the edge of
the terrace. This process induces the softening of the structure of the unsaturated loess layer and
reduces the matrix suction in loess. In recent years, they have also been infrequently observed in the
Dangchuan and Huangci region. Although the scale and impact of landslide collapse are smaller
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compared to loess mudflow, ongoing collapses often lead to the formation of large through cracks at
the rear of the landslide. Along these cracks, the influence of groundwater can trigger subsequent
landslides.

Figure 8. Photo of loess collapses in Dangchuan region.

3.1.3. Loess-Mudstone Landslide

1. Loess-Mudstone contact surface landslide;

Landslides caused by the contact surface of loess and mudstone are less common in the study
area. Their source material is mainly the loess on the slopes. The movement direction of the landslides
is consistent with the slope direction of the underlying bedrock.

2. Loess-Mudstone inclined layer landslides;

Landslides caused by loess-mudstone interlayer are also relatively scarce in the Heitai terrace,
often being older landslides that have subsequently experienced continuous occurrences of
subsequent landslides. The topography and geomorphology have undergone continuous changes,
and only a few intact inclined layers landslides remain.

3. Loess-Mudstone interbedded landslides;

Landslides caused by loess-Mudstone interbedded layers are the most widespread type of
landslide in the research area. For this type of landslide, the main sliding surface is located on the
surface of the bedrock, and the landslide mass moves along the bedrock surface in a direction
consistent with the inclination of the bedrock layers. The mechanism behind the occurrence of this
type of landslide involves the infiltration of groundwater, which reduces the strength of the
mudstone, leading to deformation and failure. Therefore, these landslides are characterized by a long
incubation period, large-scale occurrences, and relatively short sliding distances. The Huangci
landslide in the study area is an example of this type of landslide (Figure 9).

e

Figure 9. Photo of landslides caused by loess-Mudstone interbedded layers, Huangci region.
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3.1.4. Statistics of Different Types of Landslides

Combining remote sensing interpretation data with on-site investigations, a total of 36 landslide
disasters have occurred in Heifangtai terrace (Table 1). Due to the relatively long history of landslide
disaster in the research area, newly formed landslides often cause damage to previously identified
landslide sites, or several initially separate landslides evolve over time into a larger composite
landslide. Therefore, within this landslide investigation data, some landslides are a result of multiple
smaller landslides coalescing into a larger one.

According to the survey data, there are four types of landslides in the study area: loess collapses
account for 4%, loess landslides comprise 26%, loess mudflows constitute 42% of the total landslide
occurrences, and loess-mudstone inclined and loess-bedrock interlayer landslides together make up
30% of the landslide disasters. Among these, loess-bedrock interlayer landslides are the least
distributed type in the study area, while loess mudflow are the most prevalent.

3.2. Distribution Characteristics of Landslides in the Study Area

3.2.1. Spatial Distribution of Landslides

The spatial distribution of landslides in the Heifangtai terrace is influenced by various factors
such as the terrain, geomorphology, lithology, and stratigraphy of the study area. Analyzing and
understanding the spatial distribution patterns of landslides holds significant importance for the
research of this study, as well as for the prevention and management of landslides in the area. To
better illustrate the patterns of spatial distribution, landslides are categorized into two main types
based on their material composition. The first category is loess landslides, which include loess
collapses and loess mudflows. The second category is loess-bedrock landslides, comprising loess-
mudstone contact surface landslides, loess-mudstone inclined landslides, and loess-bedrock
interlayer landslides.

1. Loess Mudflow;

Based on on-site investigation data, there are 28 occurrences of loess collapses in the Heitai
terrace, accounting for approximately 73% of the landslide disasters in the study area. Among the
types of loess landslides, those characterized by high-speed and long-distance sliding, referred to as
high-speed long-range landslides, are predominant. They are mainly distributed in the area behind
Village cliffs.

2.  Loess-Bedrock Landslides;

Distribution of Loess-bedrock Landslides is mainly concentrated in the area from Yehu Gully to
Hulang Gully, spanning a length of about 4.3 km along the escarpment. There are a total of 10 bedrock
landslides in this section, accounting for 21% of the investigated landslides, with a density of 4.88
slides/km. The topography trends in an east-west direction, with a broader Huanghe River Level II
terrace in front.

3.2.2. Temporal Distribution of Landslides

The precise occurrence time of landslides cannot be obtained through in-situ surveys. However,
due to the extensive landslides in Heifangtai terrace, reports and studies on landslides in this area
have always been a hot topic. Therefore, it is possible to obtain the occurrence time of landslide
disasters in the study area through the collection of a large amount of literature, thus analyzing
landslide distribution patterns on a temporal scale.

1. Annual distribution of landslides;
Under unchanged geological conditions, the occurrence of landslides exhibits certain regularity
in annual frequency. From the 1960s to the present day, landslides have shown an overall increasing

trend with localized decreases on an annual span. This regularity is related to the annual variations
in factors such as rainfall, temperature, and geological activity in the research area (Figure 10).
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Figure 10. Annual distribution of landslides (from 1980 to 2010).

2. Monthly distribution of landslides;

The cause of landslides in Heifangtai terrace is largely attributed to extensive agricultural
irrigation. Agricultural irrigation is a seasonal production auxiliary activity that exhibits clear
regularity. As a result, the occurrence of landslides within the year also demonstrates noticeable
regularity. Based on the collected data, the following Figure 11(a) can be obtained. There is no clear
correlation between the occurrence of landslides and the monthly frequency of rainfall. Rainfall in
the Heifangtai terrace is concentrated in the summer of June to September. However, during these
months, there is no significant increase in the occurrence of landslide disasters. In fact, there seems
to be a decreasing trend compared to other months. The main reason is that the research area is
located in Northwestern China with a semi-arid continental climate. The annual rainfall is relatively
low, and the limited amount of rainfall, combined with the thick loess layer in the area, prevents
water on the surface layer from effectively infiltrating and replenishing groundwater. As a result,
rainfall does not trigger large-scale landslides.

Figure 11(b) shows the relationship between the occurrence of landslides and agricultural
irrigation in the Heifangtai terrace. It can be observed that the most intensive agricultural irrigation
happens in March each year, with the highest irrigation volume. The occurrence of landslides also
shows a peak. Figure 11(b) indicates a clear correlation between the number of landslides and the
volume of irrigation. Research by Xu et al. (2019) and others suggests that for agricultural irrigation
in March, it needs to pass through the saturated zone of loess with a permeability coefficient of 5x10-
¢ m/s at the surface [13]. Taking the average thickness of the loess layer in the research area as 20 m,
it would take about 46 days of infiltration for surface water to replenish the groundwater system.
This indicates that the occurrence of landslides and the impact of irrigation on groundwater exhibit
a significant lag effect. Therefore, the trend shown in Figure 11 does not necessarily imply a clear
regularity between the formation of landslides and the distribution of irrigation volume.
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(@ (b)

Figure 11. Monthly distribution of landslides: (a) Monthly distribution of landslides considering
rainfall; (b) Relationship between irrigation volume and landslide frequency.

Yang et al. (2022) and Kong et al. (2023) proposed the theory of the seasonal "freeze-thaw-
induced sliding effect” for the mechanism of landslide [41,42]. They believe that the seasonal freeze-
thaw of groundwater in loess areas has a significant impact on the stability of slopes. The rise of
groundwater caused by agricultural irrigation is discharged in the form of springs at the edge of the
plateau. During the winter, the surface water at the drainage channel of the plateau freezes, causing
a reduced discharge, which leads to an increase in groundwater level. The rise of groundwater
significantly reduces the strength and stability of the slope soil, creating hydrostatic pressure. After
the thaw in spring, the permeation of groundwater increases significantly, and the larger hydraulic
head difference generates a greater hydraulic force.

4. Analysis of Geomorphologic Evolution Patterns of Loess Landslides

With the continuous occurrence of landslides, it is observed that loess landslides usually occur
on the back of early landslides, exhibiting the characteristics of geomorphologic evolution. Compared
to the lateral edges of the slope body formed after the landslide, the concave terrain formed by the
landslide has a higher initial risk. Shallow groundwater in the loess plateau tends to accumulate in
these concave areas, leading to a faster increase in water level at the back of the landslide body than
at the edges. The hydrological response caused by landslide occurrence differs from the overall
groundwater system within the loess plateau. Based on field survey and remote sensing
interpretations, the development and evolution of landslides in the Heifangtai terrace have been
categorized into two types: longitudinal evolution and lateral evolution patterns.

4.1. Longitudinal Evolution Patterns of Landslides

The longitudinal evolution pattern of landslides is always considered in relation to individual
landslide. Under factors like agricultural irrigation, small landslides begin to occur on the slopes of
the loess tableland. After a landslide occurs, the accumulated landslide debris liquefies under the
influence of groundwater, and the liquefied debris gradually flows downslope. Cracks appear in the
slope behind the landslide accumulation, and the unstable back wall of the landslide continuously
generates new landslides. Over time, numerous small landslides lead to the expansion of the erosion
area, transforming the initially small landslides into a larger one. As the landslide evolves through
stages, it gradually moves towards a stable state. This type of landslide is widely distributed in the
Heifangtai terrace, mainly characterized by loess mudflows.

Figure 12 shows the Moshigou landslide. Over a span of nine years from 2013 to 2022, small
collapses and landslides have continuously formed along the back edge of the concave terrain. The
accumulated debris flows in a fluid state into the Moshi Gou due to the influence of groundwater,
while the back wall of the landslide undergoes erosion, leading to the gradual enlargement of the
concave terrain.


https://doi.org/10.20944/preprints202308.1862.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 29 August 2023 doi:10.20944/preprints202308.1862.v1

13

2013-05-09 2022-03-22

Figure 12. Photos of the Moshigou landslide in 2013 and 2022.

4.2. The Lateral Evolution Pattern of Landslides

The lateral evolution pattern is another characteristic of landslide in the Heifangtai terrace. The
lateral evolution history of landslides is a feature of landslide clusters. When a landslide occurs, not
only does the rear slope of the landslide become unstable, but the side slopes of the landslide mass
also become unstable. The formation of new landslides on the side slopes causes the landslide to
extend continuously to both sides, transforming a small landslide into a landslide cluster.

In Figure 13(a), the left side of the landslide developed shallow slumping bodies as shown in
Figures 13(b) in 2013. However, with the rise of the water level, the slumping body continuously
extended to both sides, creating a larger lateral sliding surface. This differs significantly from the
landslide pattern shown in Figure 13(c).

2011-04-12 2013-05-09 2022-03-22

(a) (b) (@

Figure 13. The lateral evolution pattern of landslide in Dangchuan region.

Figure 14 displays the remote sensing images of a landslide clusters in Dangchuan region,
Heifangtai terrace, from 2004 to 2021. Before 2004, there was no new landslide in this area, mostly
consisting of landslides from the previous century. During that period, the landslide bodies were in
a stable state. It is evident that since 2013, new landslide has occurred. In 2015, it was observed that
the existed landslide expanded longitudinally and more new landslides appeared. After that, the
adjacent landslides continue to expand gradually on the basis of longitudinal landslides, leading to
the development of larger landslide clusters. This phenomenon of landslide cluster evolution is most
pronounced on the Heifangtai terrace, giving rise to the most famous landslide cluster: the
Dangchuan Landslide Cluster. The lateral evolution pattern is evident in the case of Dangchuan
Landslide Cluster, where different sliding sequence can be identified clearly.
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Figure 14. Remote sensing image interpretation of typical loess landslide clusters in Dangchuan,
Heifangtai Terrace.

The remote sensing images of two landslide clusters on the Heifangtai terrace: Jiaojia and
Moshigou landslide clusters, are presented in Figure 15. Before 2008, there were few instances of new
landslides occurring in this area. Be similar to the Dangchuan landslide cluster before 2004, these
landslide bodies were also stable. In Figure 15(b), it is evident that since 2017, new landslides have
occurred every year in the Moshigou landslide cluster. Adjacent landslides continue to expand

gradually on the basis of longitudinal evolution, leading to the development of larger landslide
clusters.

I
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2017-09-11
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Figure 15. Remote sensing image interpretation of typical loess landslide clusters in Heifangtai: (a)
Jiaojia landslide cluster; (b) Moshigou landslide cluster.

5. Numerical modeling of Lateral Evolution Slope Stability

Based on field investigations and remote sensing image interpretation, it can be observed that
landslides on the Heifangtai terrace have evolved into two major landslide clusters, with the lateral
evolution pattern dominating. Therefore, in this section, FLAC3D software is used to simulate the
mechanical response mechanism of the longitudinal evolution mode of slopes, as well as the stability
state of the lateral slope after landslide occurs, in order to reveal the mechanism of lateral evolution
pattern of landslide.

5.1. Three-dimensional Model and Parameters

A three-dimensional model is created using FLAC3D software. The model has the dimensions
of 300 m x 100 m x 100 m. The entire computational model is divided into 37,500 grid cells and 40,716
nodes. The simulation used the Mohr-Coulomb model, considering only the deformation caused by
the self-weight stress of the slope while neglecting the influence of structural stress on stability. Apart
from the slope surfaces, the boundaries and bottom of the model are set as unidirectional constraint
boundaries. The calculation is conducted from the natural state to equilibrium state, and then the
displacement velocity constraints are set to the initial state for further stability calculations after
increasing the groundwater level. The calculation parameters of the model are listed in Table 2,
obtained from triaxial tests.

Table 2. The calculation parameters of the model.

Type of soil K/Pa G/Pa c/kPa @/° o/kg.m-?
Natural unsaturated loess 3.9x10¢ 8x1096 21 30.7 1480

* where K presents the shear strength of loess; G is the modulus of loess; ¢ presents the cohesion; ¢ presents

the friction angle; g is the density of loess.

5.2. Analysis of Simulation Results

Under the influence of irrigation water, the loess undergoes sub-erosion. Due to the prolonged
presence of sub-erosion, the shear strength of the loess gradually decreases, forming plastic and weak
zone. As sub-erosion further develops, cracks in the escarpment connect with loess joints, forming an
arc-shaped sliding surface. The slope will then experience shear failure. The excavated area
represents the portion of the slope that has slid and eroded. After the slope instability and sliding, an
arc-shaped groove forms in the sliding area, creating a new free surface. The concave terrain
facilitates the collection of groundwater, and the concentrated collection and discharge of
groundwater lead to the bottom of the material source of the new landslide remaining in a saturated
state. Consequently, the loess at the bottom of this area remains saturated for a long time, making it
susceptible to landslide.

Additionally, after the initial landslide occurs, the accumulation effect at the foot of the slope
causes the groundwater level to rise, leading to the slope being in a saturated state for an extended
period. The initial landslide disrupts the equilibrium state of the slope, generating W-shaped cracks
at the rear edge. With the development of these cracks, they provide pathways for surface water
infiltration, prompting the development of vertical discontinuities. The simulation results of the
landslide are analyzed in the following results: the shear strain distribution, lateral displacement
along X axis, longitudinal displacement along Y axis, plastic zone distribution, and vertical stress
distribution.
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5.2.1. The Shear Strain Distribution

The shear strain distribution map is shown in Figure 16(a). It displays the position,
characteristics, and distribution range of the sliding surface. The sliding surface is always located in
areas with larger shear strains. This is also the region where the deformation and failure occur during
landslides. The portion of shear strain variation extends from the foot of the slope upward, revealing
potential sliding surfaces and exhibiting significant localized shear deformation. The contour of shear
strains can be used to visualize the distribution position and range of the sliding surface. The
maximum value of shear strain corresponds to the location of the sliding surface, which presents the
region of deformation and movement of the landslide. Larger values near the front edge of the
landslide indicate a greater possibility of deformation and movement occurring.

5.2.2. Plastic Zones Analysis

Figure 16(b) shows the scattered distribution of plastic zones in the normal condition (before
excavation) of the slope. Most of them are located at the foot of the slope and at the rear of the slope
surface, indicating an already unstable state. Under the influence of rising groundwater levels, the
area of the plastic zones expands further. The plastic zones extend from the base to the top of the
slope, indicating significant shear failure. The plastic zones at the lower part of the sliding mass and
along the slope contact surface represent the sliding zone.

5.2.3. Longitudinal Displacement along Y axis

After the landslides occurred on both sides, there is a noticeable unloading rebound on either
side of the convex body (Figure 16(c)). Field investigations have revealed that numerous cracks form
on the convex body generated by lateral evolution.

5.2.4. Lateral Displacement along X axis

The displacement along the negative X-direction of the slope gradually increases, with the
displacement growing from the toe of the slope towards the crest (Figure 16(d)). This signifies an
increase in the destructive strength of the landslide, indicating heightened instability. The significant
variations of displacements along X axis suggest that the slope has already experienced sliding.

5.2.5. Vertical Stress Distribution

In the original slope, under the influence of self-weight stress, the vertical pressure increases
significantly with depth (Figure 16(e)). When sliding occurs on both sides, the sudden absence of
horizontal compressive stress due to the slope orientation leads to pronounced compressive stress at
the base of the convex-shaped slope on both sides.

By using FLAC3D to analyze the stability of landslides under different triggering conditions, it
has been demonstrated that the lateral evolution of landslides is more pronounced. Under the lateral
evolution mode, landslides exhibit a stronger inhibition on groundwater infiltration, which is more
conducive to slope stability.
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Figure 16. Numerical modeling stability results of slope with lateral evolution pattern: (a) Shear strain
distribution; (b) Distribution of plastic zones; (c) Longitudinal displacement distribution; (d) Lateral
displacement distribution; (e) Vertical stress distribution.

6. Conclusions

Based on a thorough investigation of landslides, this study comprehensively analyzed factors
such as landslide types, topography, geomorphology, hydrogeological conditions, rainfall, and
agricultural irrigation in the Heifangtai terrace. Different types of loess landslides are classified. In
addition, the temporal and spatial distribution characteristics of landslides are analyzed. Utilizing
the numerical simulation software FLAC3D, the stability of slopes under the lateral evolution mode
of landslides is analyzed, leading to the following conclusions:

(1) Landslides are widely distributed in the Heifangtai terrace, exhibiting various forms, including
all typical types of loess landslides: landslides within loess layer and loess-bedrock slides.
Landslides within loess layer can be further categorized into loess mudflows and loess collapse.
Loess-bedrock slides include the loess-bedrock contact surface landslides, loess-bedrock
inclined layer landslides, and loess-bedrock interbedded landslides. Among these, the most
widespread and hazardous landslide type in the study area is the loess mudflow, with a friction
coefficient less than 1.17.

(2) The development pattern of landslides in the study area exhibits both longitudinal evolution
and lateral expansion patterns. Through field investigations, it's evident that lateral evolution is
more widespread in the Heifangtai terrace. The initial stages of landslide often demonstrate
characteristics of longitudinal evolution, with continual occurrence of smaller landslides along
the rear edge of the landslide. However, when the longitudinal sliding reaches a certain extent,
significant cracks develop along the rear edge of the the landslide, leading to lateral expansion.
Lateral expansion has a more pronounced impact on the water level changes in Heifangtai
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terrace, and under this lateral evolution pattern, landslides in the Heifangtai terrace tend to
achieve equilibrium more rapidly.

(3) The simulation results with FLAC3D indicate that when neighboring landslides occur in the
study area, convex landforms without lateral support experience unloading rebound, leading to
the formation of cracks on the convex body. Under the influence of self-weight stress, plastic
deformation occurs within the slope body, resulting in instability and failure of slopes.

(4) Forests play a pivotal role within the ecological milieu, with alterations to forested areas not only
impacting the local environment but also serving as a significant contributing factor to the
occurrence of landslide disasters. However, the significance of forests in connection with deep
seated landslides is diminished. Loess landslide disasters in Heifangtai terrace remains severe.
The continuous geomorphologic evolution of landslide will ultimately lead to a reduction in the
area of the plateau surface. This will have significant impacts on the production and livelihoods
of local people. Therefore, efforts to prevent and mitigate landslide disasters in this area should
continue to be strengthened.
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