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Abstract: From 2011 to 2013, a mega project, known as the Gully Land Consolidation Project (GLCP),
was implemented in the hilly gully region atop China’s Loess Plateau. However, the GLCP involved
large-scale slope excavation and gully backfilling that changed the local geological environment,
which led to serious geohazards, such as erosion, soil salinization, and dam failure. In this study,
various geohazards caused by the GLCP in the Gutun watershed (GTW) were investigated by
combined remote sensing analysis, geophysical exploration, and field surveys, and the relationships
between the hazards were also explored. According to the achieved results, increased soil erosion
with an average doubling from 2018 to 2020 is widely distributed in the GTW. Furthermore, 195 areas
containing clear evidence of salt precipitates were observed in some of the newly created arable lands,
especially downstream of the dam. This was mainly attributed to the high water table, evaporation,
and soluble salt concentration of the loess. Fifty-nine newly built silt dams, primarily located in the
branch channels and at the gully mouth of the Gutun channel, broke in 2020. The osmotic damage
and softening caused by the combined effect of the incomplete compaction of the dam body and
concentrated heavy rainfall were the main reasons of the dam breaks. The different types of disasters
in the GTW after the implementation of the GLCP show a strong spatial relationship that follows the
surface water flow path and forms a disaster chain consisting of slope erosion, silt dam breaks, and
the soil salinization of near-dam farmlands downstream. This disaster chain amplifies disaster risks
and losses. These findings can guide the improvement of the GLCP and inform geohazard mitigation
strategies in areas impacted by the GLCP.

Keywords: loess plateau; gully land consolidation project; postconstruction geohazards;

disaster chains

1. Introduction

The Loess Plateau in northwestern China encompasses approximately 6.6% of China’s
land area and is an important producer of food in China [1]. However, the Loess Plateau
is undergoing severe soil erosion, and gullies are frequently developing as a result. This
has led to the frequent occurrence of natural disasters in the fragile ecological environment
of the Loess Plateau [2]. In addition, soil erosion has also led to the shrinking of flat
loess tablelands and the increased scarcity of land resources, which severely restricts
local agricultural development [3,4]. Additionally, as society develops and the number of
people rapidly increases, the area available for cultivation and for people to build houses
is becoming increasingly scarce [5]. As a result, the land resource scarcity problem has
intensified the conflict between humanity and nature on the Loess Plateau. Thus, the
habitat and environment have further deteriorated, and local people are faced with serious
problems such as the scarcity of arable land and limited economic development [6].

The “Grain for Green Project” was launched by the Chinese government in 2000
to alleviate soil erosion on the Loess Plateau [7,8]. Over the 20 years that have passed
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since the project was implemented, the ecological environment of the Loess Plateau has
been greatly improved, and the vegetation cover has nearly doubled [9-11]. However,
large-scale reforestation has led to a large reduction in arable land on the Loess Plateau,
which substantially affects the production and livelihood of local residents (Figure 1a) [12].
Recently, the Gully Land Consolidation Project (GLCP) was implemented by the local
government in loess gully areas to alleviate these problems and compensate for the loss
of arable land [6,13-15]. The GLCP is a new type of gully land management approach
that integrates dam construction, wasteland management, and ecological construction [16].
Specifically, the focus of the GLCP is to fill gullies by cutting slopes at the foothills in various
small watershed units [12], thereby leveling and expanding arable land to create large
areas of new agricultural land [17] (Figure 1b). Additionally, related hydraulic projects,
such as dams and reservoirs, were built along the water systems within the watershed to
prevent the flooding of agricultural land and intercept sediments (Figure 1c). Vegetation
was planted along the excavated slopes to provide erosion control (Figure 1d). In princi-
ple, the GLCP conducts reforestation on hillsides while creating new farmland in gullies
through land consolidation [18]. It is undeniable that the GLCP has alleviated the shortage
of arable land on the Loess Plateau and driven the development of the local economy
(Figure le—f) [12]. On the other hand, however, the implementation of the GLCP has
significantly altered the original topography of the project area and transformed land
use patterns [19], resulting in significant changes in the hydrological ecosystem and thus
inducing varying degrees of new natural and environmental hazards, such as erosion, soil
salinization, and dam failure [20-22]. Due to the frequent occurrence of these disasters,
large areas of newly created arable land in the watershed have not been effectively utilized,
which seriously affects the normal operation of the GLCP [23].

The rapidly developing remote sensing techniques have been widely demonstrated to
be useful tools for investigating geological hazards [15]. High-resolution satellite imagery
provides comprehensive and intuitive ground information over large areas and can be
used to characterize the spatial distribution patterns of surface hazards [24]. Many soil
erosion models have been proposed to compensate for the complexity and infeasibility of
measuring soil erosion rates on a regional scale, such as physically-based, empirical and
semi-empirical models [25,26]. Compared to physically-based models with high require-
ments, cost, and complexity, the empirical-RUSLE (revised universal soil loss equation) has
been widely used for soil erosion assessment at different scales, such as regional, catchment,
watershed, and field scales, due to its robust model structure, moderate data requirements
and high compatibility [27-30]. Although the RUSLE model does not consider all the
complex interactions of sediment transport and deposition, it is widely used for soil erosion
assessment at the plot and watershed scales in the Loess Plateau region because of its good
ability to predict average annual erosion [31-34].

Several studies evaluated the effect of the GLCP on soil erosion using the RUSLE
model and found that the GLCP significantly reduced soil erosion in the project area
overall [35]. However, the GLCP exacerbated soil erosion in some areas, such as on the
excavated slopes, field ridges, and natural grasslands. Exacerbated soil erosion in these
areas is usually related to the topography, rainfall intensity, soil type, and vegetation cover
remaining after slope excavation [36]. In addition, the large scope of the GLCP significantly
changed the original hydrogeological environment within the watershed, which led to a
significant rise in the groundwater table and production of soil salinization in the newly
created arable land [12,37]. In addition to erosion and salinization, dam failures have
also been widely reported following the implementation of the GLCP, which highlights
the dominant roles of heavy rainfall and seepage erosion [38,39]. However, the spatial
distribution patterns and interrelationships of the disasters that manifest following the
completion of the GLCP are still unclear. Further research is needed to gain insight into
the spatial distribution patterns and interrelationships of the post-GLCP disasters. This
information will be beneficial for the improvement of the GLCP, disaster mitigation, and
sustainable use of newly created arable land.
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Figure 1. Site photos showing the process and local situation of the GLCP implemented in the Gutun
watershed (GTW). (a) Original landform; (b) cutting foot slopes and filling gully channel; (c) building
dams and reservoirs; (d) leveling farmland and planting cut slopes; (e) landscape of branch channel;
(f) upstream landscape of #3 reservoirs and dam.

In this study, by means of remote sensing combined with geophysical exploration and
field surveys, the distribution patterns and causative factors of hazards arising from the
implementation of the GLCP within the Gutun watershed (GTW) have been examined,
and hazard chains have also been discussed. The spatial distribution patterns of the three
disasters were first investigated by remote sensing interpretation and field surveys. In
addition, the RUSLE model was utilized to analyze the characteristics of erosion variability
on spatial and temporal scales. Then, geophysical exploration methods were used to reveal
the role of rising groundwater levels in controlling salinization. Next, the deformation and
failure characteristics of silt dams were characterized in detail by using unmanned aircraft
photogrammetry (UAV). Finally, the action process of the hazard chain was revealed by
analyzing the spatial interconnection of three geological hazards. These results will better
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contribute to disaster prevention and control as well as to the efficient implementation of
subsequent large-scale land consolidation.

2. Study Area

The GTW (109°46’E to 109°52'E and 36°45'N to 36°51’N) is located in Baota District,
Yan’an city, Shaanxi Province, approximately 46 km east of the old city of Yan’an (Figure 2).
The total area of the GTW is approximately 42 km?, which is a typical hilly and gully area
within the Loess Plateau. The overall topography of the study area is high in the northwest
and low in the southeast, with an average elevation of 1070 m. The GTW as a whole is
covered by Quaternary loess. Furthermore, the GTW has a continental monsoon climate and
a warm-temperate semi-arid climate zone, with an average annual temperature between
7.7 °C and 11.6 °C. In addition, the average annual rainfall in the GTW is approximately
500 mm, with an uneven rainfall distribution during the year. The rainfall in the GTW
is mainly concentrated from July to September, with mostly sudden and heavy rainfall.
However, the GTW has a high evaporation rate of up to 1000 mm/a, which is twice the
annual rainfall [40].
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Figure 2. Location of the study area. (a) Location of the study area in Shaanxi Province; (b) topography
of the Gutun watershed, including the two main channels of the Gutun and Shenglihe. The illustration
in the upper right corner shows the topography of the A-A’ profile.

The GTW has two major channels, the Gutun channel and the Shenglihe channel, and
the topography of the main channel features a general “U” shape (Figure 2b). The GLCP
was implemented in the GTW in 2012 and was completed in 2013. The GLCP creates new
agricultural land by cutting the foot of slopes and backfilling the spoil into the gullies
for local farmers (Figure 1). After the GLCP was completed in 2013, the area of relatively
flat arable land increased by approximately 27.32 ha and was mainly concentrated in the
gully area. In addition, five reservoirs and dams were built in the Gutun channel during
the implementation of the GLCP for water storage and ecological enhancement of the
watershed. A number of silt dams were built in the branch channels with the main purpose
of retaining surface water and silting up eroded sediment to build up agricultural land. The
project improved land utilization by providing new land use patterns while simultaneously
enabling ecological improvements [41,42]. In general, the implementation of the GLCP has
been widely recognized and supported within the GTW [43]. However, the GLCP has also
significantly modified the original engineering and hydrogeological conditions, triggering
a series of new hazards in the GTW, such as erosion, soil salinization, and dam failure,
which severely limit the engineering benefits of the GLCP.
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3. Data and Methodologies
3.1. Interpretation of Remote Sensing Images and Field Surveys

Overall, the GLCP has largely changed the land use pattern of the GTW, resulting in
significant changes to the topography and eco-environment. In particular, unreasonable
construction in some areas, combined with extreme external environmental conditions,
such as heavy rainfall, has triggered geological hazards of varying degrees, such as soil
erosion, salinization, and silt dam failure. Two optical images with spatial resolutions
of 0.46 m and 0.48 m obtained from Google Earth on 2 October 2018 (Geoeye-1) and
4 October 2020 (WorldView-2) were selected and visually interpreted to obtain the basic
characteristics of the GLCP and the spatial distribution patterns of surface geohazards
such as soil salinization and dam failure. Field surveys were also conducted to verify
the interpretation results. Examples of land use and disaster types identified through
integrated remote sensing interpretation and field surveys are shown in Figure 3.

Remote Sensing Remote Sensing
Images (2018) Images (2020)

Types Field photos

Farmland

Unused
farmland

Reservoir

Dam
failure

Salinized
farmland

Figure 3. Examples of land use and disaster types identified by combining remote sensing images
and field surveys.
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3.2. Erosion

After completion of the GLCP, the GTW was subjected to severe erosion driven by
extreme rainfall conditions due to the undulating topography. The RUSLE model, which
was modified on the basis of the USLE (Universal Soil Loss Equation) [26,44,45], was
selected to study the changes in erosion between 2018 and 2020 in the GTW. Although the
empirically-based RUSLE model cannot reflect the complex interactions involved in soil
erosion and consequently leads to limitations in accurately estimating soil erosion [28],
its applicability and reliability in the Loess Plateau has been widely demonstrated in
applications at different scales [31]. In addition, the main purpose of modeling in this study
is to assess the relative changes in erosion risk in the GTW, so the RUSLE model results can
provide a reasonable and accurate reference [29,30]. Detailed descriptions of the RUSLE
model introduction, calculation, and processing have been extensively reported in previous
studies [28,30]. The computational expression of the RUSLE model is:

A =RKLSCP 1)

where A indicates the average annual soil erosion rate (thm=2-a7!); R is the rainfall
erosivity factor (MJ-mm-hm~2-h~1.a=1); K is the soil erodibility factor (th-MJ~L.mm™1);
LS is the topographic factor (dimensionless); C is the land cover factor (dimensionless); and
P is the conservation practice factor (dimensionless). The result of Equation (1) is multiplied
by 100 to obtain the international system unit (t-km~2-a~1). The spatial data with different
resolutions used for the calculation were resampled to the same pixel size of 5m x 5 m in
the GTW using the nearest neighborhood method [46]. The annual soil erosion volume (t)
is obtained by multiplying the average annual soil erosion rate by the eroded area.

The R-factor is a potential driver of rainfall-induced erosion [31]. Considering the
small area of the GTW, the rainfall is assumed to be uniformly distributed; thus, the
daily rainfall calculation method is used to calculate the R-factor [47]. Daily rainfall data
were obtained from the meteorological station of Yan’an station. In this study, the R-
factor was calculated using a method based on daily rainfall data proposed by Zhang
and Fu (2003), which reduces the bias based on annual or monthly rainfall data and has
been widely used in China [32,48,49]. This method is based on the accumulation of semi-
monthly rainfall erosion erosivity, and its detailed calculation procedure can be found in
previous reports [31,33,48].

The K-factor reflects the sensitivity of the soil to erosion. The erosion-productivity
impact calculator (EPIC) model was selected for the study to calculate the K-factor [50].
The K value was converted from US customary units to international system units by
multiplying by 0.1317 [28]. Soil property data were obtained from the Soil Science Database
(SSD). Unlike most regions with complex soil type distribution characteristics [51], the
GTW is small in area and covered by loess, so the spatial heterogeneity of soil properties is
relatively small. The soil gradation is considered to be unchanged due to the absence of
large-scale engineering activities in the GTW between 2018 and 2020.

The LS-factor usually reflects the effect of slope length (L) and slope gradient (S) on ero-
sion and is the most important factor in determining the rates of erosion [26]. Considering
that the maximum slope in the GTW exceeds 100% and the average slope is approximately
69%, the China Soil Loss Equation (CSLE) was chosen for the estimation of the LS fac-
tor [31,52-54]. A digital elevation model (DEM) with 10 cm spatial resolution obtained
by UAV photogrammetry was used to estimate LS factors based on a flow accumulation
algorithm to reduce bias in erosion estimation [30].

In addition, 10 land use types in the GTW between 2018 and 2020 were observed through
remote sensing interpretation and field surveys. In this study, the C-factor (Table 1) and
P-factor (Table 2) were determined according to different land use types and combined with the
geomorphological characteristics of the GTW with reference to previous related studies [55,56].
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Table 1. Parameters of the C-factor.

Land Use

Residents, Hardened Working Land,

Tvpes Cropland Pavement Nonhardened Pavement, Grassland Woodland Shrubland
yp Water Area, Bare Ground
C 0.28 0.9 1 0.09 0.004 0.02
Table 2. Parameters of the P-factor.
Slope (°) Cropland Grassland Woodland, Nonhardened Pavement, Water Area, Residents,
p P Bare Ground, Working Land, Shrubland Hardened Pavement
0-1 1 1
>1-9 0.3
>9-18 0.5 0.8 1 0
>18-21 0.6
>21 1 1

Figure 4 shows the flow chart of the RUSLE model used to assess the soil erosion rate
in the GTW. Since the processing procedures adopted for the RUSLE factors are all widely
used and validated by field observations in similar loess areas, this paper does not focus
on assessing the uncertainty and applicability of the model. It should be noted that the
soil erosion rate derived from the RUSLE model should be considered the best available
estimate rather than an absolute value since all complex interactions associated with soil
erosion are not considered [57]. Furthermore, due to the number and identical nature of
the data sets, the relative changes in the model estimates for the two periods can be seen as
having a high consistency and reliability [29].

‘ Yan'an Weather Station |

‘Soil Science Database (SSD) ‘

Rainfall data

Daily rainfall
calculation method

_____________ [ I

‘ K-factor: soil erodibility ‘

4{ R-factor: rainfall erosivity

C-factor: land cover H Table 1 ‘

A=R-K-LS-C-P

. P-factor: conservation
‘ LS-factor: tTopographw | e Table 2
‘ ‘ | RUSLE model | i
‘ S: slope ‘ ‘ L: slope length | RUSTEmodcl SBiphing
T values
Steep slope and gentle ‘ Soil erosion rate map ‘ Lan(Ti —
slope stratification ‘ CSLE model |
. types
calculation T
Unmanned Aerial Vehicle
DEM (UAV) Photogrammetry DOM Remote
| sensing
‘ Data source ‘ ‘ Obtaining Data ‘ ‘ Selection method ‘ ‘ Factor ‘ ‘ Result ‘

Figure 4. Calculation method and parameter values of the RUSLE model. All factors and abbrevia-
tions are defined in the text.
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3.3. Salinization

The large-scale implementation of the GLCP has dramatically changed the original
hydrogeological environment in the GTW, leading to a rise in the groundwater table of the
newly created farmlands, which makes the loess farmland rich in soluble salts susceptible
to salinization [12]. During the field survey, severe salinization, consisting of salt precipitate,
was widely observed on the surface of the arable land in the gully after the GLCP. It is
obvious that crops cannot be cultivated on salinized arable land, which results in large areas
of newly created arable land not being able to be used properly (Figure 5b,c). The farmland
with visible salt precipitation on the surface was visually interpreted using Google Earth
images with a spatial resolution of 0.48 m collected in October 2020, and field surveys
were conducted to verify the interpretation results. The interpretation results were used
to characterize the spatial distribution of salinized farmland in the GTW. Hydrological
analysis was also performed to reveal the spatial control factors of salinized arable land.

36°48'0"N

. #5 Reservoir
WsiSeva i Lbas s i kea
L N Y -;

Figure 5. Layout of ERT profiles and field photos. (a) Remote sensing image map of the GTW
showing the location of the five dams and the ERT profile; (b) site map of the #5 reservoir and #5 dam,
with salinized arable land downstream of the dam; (c) local photo of salt precipitate on farmland
located downstream of the #5 dam; (d) site photo of the P2 profile; (e) ERT fieldwork photo.

The #5 dam is located upstream of the GTW channel. The field survey found that
the arable land downstream of the #5 dam is severely salinized, resulting in a large area
of abandoned farmland (Figure 5). To study the cause of the typical salinization of the
arable land downstream of the dam, the electrical resistivity tomography (ERT) method
was used in the field to examine the hydrological characteristics before and after the dam
and in the arable land (Figure 5d). ERT can reflect the subsurface structure and regional
hydrological information by measuring the potential difference of electrodes inserted into
the soil, which has been widely used for groundwater level detection in loess areas [58,59].
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The resistivity of the soil can be regarded as an indicator of the heterogeneity of the soil’s
physical properties [60]. Theoretically, water can be regarded as a good conductor of
electricity, and air can be regarded as an insulator, so when there is a large difference in
the water content and pore space in the soil, the water table can be differentiated based on
significant differences in apparent resistivity measured by ERT. In addition, previous work
has shown that slight differences in salt content in loess have little effect on the resistivity
of loess relative to water content [61]. Thus, the ERT method allows us to explore the
characteristics of groundwater distribution and the causes of soil salinization in the GTW.

In this case, a total of six transverse ERT profiles (P1-P6) and one longitudinal ERT
profile (P7) were arranged upstream and downstream of the #5 dam, and the locations
of the profiles are shown in Figure 5a. A total of 40 electrodes were deployed along each
transverse ERT profile with an electrode spacing of 1.5 m, and the cumulative length of
the six transverse profiles was approximately 360 m. In addition, 40 electrodes were also
deployed in the longitudinal profile with an electrode spacing of 3.5 m, and the cumulative
length was approximately 140 m. ERT measurements were obtained using a Wenner device
(Figure 5e), which offers good resolution. Res2Dinv software was utilized to conduct the
inversion of the apparent resistivity, and at least 2 iterations of calculations were performed
to reduce the fitting error. In addition, to verify the ERT sounding results, a manual drilling
borehole (Luoyang shovel) was conducted at the junction of the P6 and P7 profiles to
determine the soil water content at different depths.

3.4. Dam Failure

The construction of silt dams is more widely implemented in loess areas. The GLCP
leveled the arable land in the gully and built a large number of silt dams between the arable
land in the branch gully (Figure le). Silt dams are generally distributed on the drainage
channels of each branch gully channel and are used to reduce and mitigate the impact of
soil erosion on farmlands [62]. Specifically, silt dams can be used in gullies to accumulate
surface water for cultivation and to capture eroded sediments in areas of severe soil erosion,
thus retaining the sediments for use on arable land. In the GTW, there are approximately
five silt dams positioned between farmland from the upstream to downstream locations in
each branch gully.

However, the inadequate design of the silt dam, combined with extreme external
rainfall conditions, led to the destabilization of the loess dam foundations and even the
destruction of the silt dams. A large number of silt dams that have failed in some of the
branch gullies within the GTW were located and observed during field investigations. Dam
failure was a typical geohazard in the GTW after the completion of the GLCP. Two optical
images acquired from Google Earth in 2018 and 2020 were used to visually inspect the
failed dams for comparison with field observations, and the interpretation results were
used to study their distribution characteristics and patterns. In addition, a typical case
of a silt dam that broke on 21 August 2018 was selected for specific study and analysis
(Figure 6). The area upstream of the silt dam is a reservoir with sufficient water storage
capacity, and the downstream part consists of agricultural land. It is noteworthy that there
was no waterproofing measure in the silt dam. A crack gauge was installed on the top of
the dam to monitor displacement on 8 July 2018, after the first localized collapse of the
dam. Furthermore, DOM and DEM data with a resolution of 10 cm were acquired by UAV
photogrammetry techniques on July 15 and 7 November 2018, to explore the deformation
failure characteristics of the silt dam in detail (Figure 6e).
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Figure 6. DOM and site pictures of a typical failed dam case. (a) DOM of the failed dam area obtained
by UAV photogrammetry; (b—d) photos downstream of the dam at different times; (e) field work
photos of UAV photogrammetry; (f) top view of the silt dam on 15 July 2018; (g) top view of the silt
dam on 7 November 2018.

4. Results
4.1. Soil Erosion Characteristics

The average soil erosion rate of the watershed was first obtained by superimposing
the erosion factors on the RUSLE model. Then, soil erosion was classified into six classes
according to the Soil Erosion Classification and Grading Standard: micro, mild, moderate,
intense, extreme, and severe erosion. Figure 7a,b shows the soil erosion intensity classifica-
tion maps for the GTW in 2018 and 2020, and Table 3 shows the results of the soil erosion
classification statistics.

36°48'0"N

B Micro erosion
[ Mild erosion
"] Moderate erosion
[ Intense erosion
I Extreme erosion
B Severe erosion

36°48'0"N
36°48'0"N

Soil erosion intensity

I Micro erosion
[ Mild erosion

] Moderate erosion
[ Intense erosion
I Extreme erosion
B Severe erosion

Soil erosion intensity | ¢/ >

I Micro erosion
[ Mild erosion
"] Moderate erosion
[] Intense erosion
[ Extreme erosion
B Severe erosion

109°48'0"E

109°51'0"E 109°48'0"E

109°51'0"E

109°48'0"E

109°51'0"E

Figure 7. Soil erosion intensity classification map of the GTW obtained after applying the RUSLE
model. (a) Soil erosion intensity classification map for the GTW in 2018; (b) soil erosion intensity
classification map for the GTW in 2020; (c) change in soil erosion intensity from 2018 to 2020. The
yellow dashed outlines in panels (a,b) highlight areas of severe erosion.
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Table 3. Classification statistics of soil erosion intensity in the GTW in 2018 and 2020.

Erosion Average Soil ﬁreza AveraIg{e Annll(laliszoilillirosion Erosion Volume
Classification Erosion Rate il ate (tlam™"-a™7) s
(tkm~2-a-1) 2018 2020 Change 2018 2020 Change 2018 2020 Change
Micro-erosion <500 14.41 12.46 —-1.95 185.49 230.94 45.45 2661.41 2877.1 215.69
Mild erosion >500-2500 15.22 15.45 0.23 928.92 955.4 26.48 14,136.84 14,758.6 621.76
Moderate erosion >2500-5000 8.3 8.46 0.16 2828.39  3137.96 309.57 23,649.1 26,541.55 2892.45
Intense erosion >5000-8000 1.5 2.61 1.11 4776.96  5140.75 363.79 7184.79 1343946 6254.67
Extreme erosion >8000-15,000 0.9 091 0.01 8972.74  9542.76 570.02 7458.02 8746.18 1288.16
Severe erosion >15,000 1.64 1.86 0.22 36,400.7 67,766.6  31,365.9 46,104.12 126,0189 79,914.78

The results calculated by the RUSLE model showed that, overall, the GTW suffered
from mild erosion in 2018, with an average soil erosion rate of 2423.57 t-km 2-a~! and a
total erosion of 101,194.29 t. The average soil erosion rate in 2018 was slightly lower than
the previous assessment of 2857.76 t-km~2-a~! in a similar loess area (Beiluo River basin)
using the RUSLE model [31]. In 2020, the overall erosion intensity of the GTW increased
significantly to moderate erosion, with an average soil erosion rate of 4583.79 t-km~2-a~!
and a total erosion of 192,381.75 t. Apparently, the average soil erosion rate in the GTW
increased by 2160.22 t-km~2-a~! from 2018 to 2020, and the total erosion increased by
91,187.46 t. It should be noted that the dominant erosion type in the GTW during both
2018 and 2020 was micro- and mild erosion, with proportional areas of 70.61% and 66.83%,
respectively. The proportional area of the severely eroded area in the GTW in 2018 and
2020 was relatively small at 3.91% and 4.46%, respectively, and was mainly distributed
along the slopes at the gully mouth of the Gutun channel, as shown in the yellow dashed
outline in Figure 7a,b. In addition, the area of micro-erosion in the watershed changed
most significantly from 2018 to 2020, decreasing by 4.51%, while the area of intense erosion
increased by 2.69%.

It should be noted that the RUSLE model does not consider all erosion types, and
therefore the model estimates are subject to some uncertainty [28]. However, given the
same quality and nature of the input data, the relative changes in the model estimates for
2018 and 2020 are significantly informative [29,30].

4.2. Regional Salinization

The distribution of salinized farmland in the GTW was obtained by remote sensing
interpretation and field verification, as shown in Figure 8. The entire GTW covers an area
of 4200 ha, of which the farmland area reached 328.58 ha in 2020 after the implementation
of the GLCP, and the unutilized farmland area was 34.5 ha, accounting for 10.5% of
the farmland area of the GTW. In addition, up to 195 salinated areas were distributed
throughout the arable land of the GTW, for a total area of 9.42 ha, accounting for 2.9%
and 27.3% of the total area of arable land and unused arable land, respectively. It is worth
noting that the salinized arable land that was visually inspected only represents arable land
with severe salinization and clear evidence of salt precipitation on the surface. Although
many areas adjacent to the inspected salinized farmland have no obvious salt particles on
the surface, the farmland has suffered salinization, which makes it difficult to grow crops
and is thus not utilized.

Furthermore, the kernel density distribution of sites where salt precipitation was
observed in the GTW was obtained by density calculation in the spatial analysis tool
within the ArcGIS environment (Figure 8b). It was found that there are four main areas of
concentrated salinization in the GTW, mainly located at the gully mouth and gully head
areas of the Gutun channel and the gully head areas of the Shenglihe channel. Concentrated
rainfall in the GTW occurs mainly during the summer months and is dominated by sudden
and heavy rainfall, which leads to surface water pooling in relatively flat valley farmland
areas and raises the groundwater table. In addition, there is less human activity in the gully
head area, which makes the arable land in this area more susceptible to salinization due
to the absence of human intervention. Within the Gutun channel, severe soil salinization
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occurred mainly in the farmland downstream of the dam that was in front of the five
reservoirs, and the leakage of reservoir water may play an important role in salinizing the
farmland downstream of the dam.
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Figure 8. Spatial distribution map of salinization in the GTW. (a) Map of unused arable land and
arable land where salt precipitate was observed in the GTW, which also includes water systems and
reservoirs in the GTW; (b) kernel density distribution of salinized arable land in space.

4.3. Distribution Characteristics of Dam Failure

The spatial distribution of all dams and failed dams, mapped by visual interpretation
and detailed field investigation, is shown in Figure 9a. After the GLCP, a total of 238 new
silt dams were built in the GTW, with approximately 206 of them concentrated in the branch
channels. Generally, it seems that the dam failure hazards are mainly distributed in each
branch channel, and the main central trench is largely free of the failed dam hazards, as
shown in Figure 9. In 2018, a total of 20 failed silt dams were observed in the GTW, mostly
concentrated in the branch ditches at the gully mouth of the Gutun channel (Figure 9b).
In the GTW), the largest area of the failed silt dam reached 540.83 m?2, the smallest area
reached 31 m?, and the average area of the failed dam was 164 m?. In 2020, a total of
59 silt dams failed (Figure 9¢), mainly in the branch gully channels and at the gully mouth
locations of the Gutun channel. The largest failed dam area reached an area of 861.19 m?,
and the smallest area was 17.7 m?, with an average area of 142 m?. From 2018 to 2020,
the spatial distribution density of failed dams in the GTW tended to increase, with the
most significant increase in the areas located in the gully head and gully mouth of the
Gutun channel and in the branch gullies on both sides of the Shenglihe channel (Figure 9d).
Additionally, field investigations revealed that all silt dams in some of the branch ditches
failed, which was mostly attributed to the concentrated heavy rainfall in the 2020 rainy
season. When the silt dam failed, the depth of the failure was usually 2-3 m, and the width
was approximately 3 m. After the dam failed, the arable land downstream of the silt dam
was severely affected, resulting in the destruction of some crops. A large amount of surface
water even accumulated in the downstream arable land and could not be drained in time,
which had a large impact on crop cultivation.
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Figure 9. Spatial distribution map of the failed dam. (a) Spatial distribution of the failed dams in
2018 and 2020; (b) kernel density distribution of failed dams in 2018; (c) kernel density distribution of
failed dams in 2020; (d) changes in the kernel density distribution of failed dams from 2018 to 2020.

5. Discussion
5.1. Changes in Erosion

Of the five factors considered by the RUSLE model, the implementation of the GLCP
directly influenced all but the R-factor. The excavation and backfilling undertaken during
the GLCP occurred within the GTW; thus, the change in the K-factor was minimal, while
the change in the LS-factor was significant. The C-factor and P-factor mainly varied with
land use pattern. Soil erosion changes in the GTW in 2018 and 2020 were further examined
by grading statistics of slope, slope aspect, and elevation, and these findings can inform
current erosion mitigation strategies in the GTW.

Erosion in the GTW is classified into six classes in terms of slope. In 2018, the average
soil erosion rate increased with increasing slope within the GTW, peaking at the >35° slope
zone (Table 4). In 2020, the average soil erosion rate showed a trend of increasing and then
decreasing with increasing slope in the GTW, with peak erosion occurring in the >8-15°
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slope zone. The most significant change in the average soil erosion rate in the watershed
from 2018 to 2020 was in the >8-15° slope zone, increasing from 2378.24 tkm2a!to
7984.44 t-km~2-a~!, which was mainly because corresponding vegetation restoration mea-
sures were not implemented in time following slope excavation in this slope zone. In
addition, the >15-35° slope zone decreased from 2018 to 2020 in terms of area and erosion
share, which could be attributed to the increase in the area of woodland and shrubland
in this slope zone (Figure 10b). Conversely, the area and erosion share of the >35° slope
zone increased by 9.76% and 1.82%, respectively, mainly due to the higher hydrodynamic
conditions caused by the larger slope drop.
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Figure 10. Comparison of soil erosion under different classifications. (a) Erosion classification;
(b) slope classification; (c) aspect classification; (d) elevation classification.

Erosion in the GTW is divided into four classes in terms of aspect (Table 4). These are
shady slopes (>337.5-22.5°), half-shady slopes (>22.5-157.5°), sunny slopes (>157.7-202.5°),
and half-sunny slopes (>202.5-337.5°). In both 2018 and 2020, the maximum average soil
erosion rate of the GTW was found on the sunny slopes, with rates of 2848.51 t-km~2-a~!
and 7009.55 t-km~2-a~!, respectively. In terms of the average soil erosion rates, the most
intense rates of soil erosion in the GTW occurred on sunny slopes, followed, in descending
order, by half-shady slopes, half-sunny slopes, and finally shady slopes (where the erosion
rate was the lowest). This finding is consistent with the observations of previous work using
the RUSLE model in another typical watershed on the Loess Plateau [31]. The topography
of the GTW was mainly dominated by half-sunny and half-shady slopes, and the area share
in these two aspects was 77.71% and 78.42% in 2018 and 2020, respectively, corresponding
to 79.85% and 72.98% of the total soil erosion volume (Figure 10c).
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Table 4. Statistical table of soil erosion under different classifications.

Erosion Average Annual Soil . Percentage
Indicators Er(g)sion Rates Are;l Area Share Erosion Volume of Erosi(;gn
(tkm-2-a-1) (lem?) (%) ® Volume (%)
Classification 2018 2020 2018 2020 Change Change 2018 2020 Change Change
0-5° 968.24 1630.73 3.41 3.25 —0.16 —0.38 3298.93 5296.89 1997.96 —0.51
>5-8° 2054.55 2921.67 1.01 1.14 0.13 0.3 2084.6 3334.55 1249.95 —0.33
Slope >8-15° 2378.24 7984.44 2.9 2.05 —0.85 —2.03 6901.45 16,396.04 9494.59 1.7
P >15-25° 2472.79 6367.48 6.99 5.08 —-1.91 —4.56 17,283.98 32,369.79 15,085.81 —0.25
>25-35° 2144.84 4145.08 9.77 8.48 -1.29 —-3.09 20,947.22 35,136.19 14,188.97 —2.44
>35° 2867.29 4591.4 17.67 21.75 4.08 9.76 50,678.1 99,848.3 49,170.2 1.82
Shady slope 1499.53 3469.26 4.33 3.16 —-1.17 —2.8 6486.55 10,948.89 4462.34 —0.72
Aspect Half-shady slope 2513.13 4911.51 16.5 17.25 0.75 1.82 41,459.3 84,747.57 43,288.27 3.08
P Sunny slope 2848.51 7009.55 4.98 5.85 0.87 2.1 14,177.32 41,023.53 26,846.21 7.31
Haglj}‘j‘;‘ny 2448.94 3594.19 15.95 15.49 —046 ~1.12 39,071.11 55,661.76 16,590.65 968
900-950 2596.21 3820.11 1.52 1.92 0.4 0.94 3956.7 7324.52 3367.82 —0.1
>950-1000 3617.47 4525.71 5.94 7.99 2.05 4.9 21,493.67 36,150.38 14,656.71 —2.45
>1000-1050 2858.49 5019.27 9.96 11.11 1.15 2.76 28,465.95 55,753.71 27,287.76 0.85
Elevation >1050-1100 2272.16 5758.81 10.03 9.3 —0.73 —1.73 22,778.83 53,572.28 30,793.45 5.34
(m) >1100-1150 1750.28 4094.1 7.47 5.43 —2.04 —4.9 13,074.3 22,210.99 9136.69 —1.37
>1150-1200 1509.7 2367.02 4.77 3.983 —0.787 —1.89 7205.03 9426.27 2221.24 —2.23
>1200-1250 2177.38 3838.93 1.85 1.86 0.01 0.04 4027.53 7157.83 3130.3 —0.26
>1250 920.96 4841.35 0.21 0.16 —0.05 —0.11 192.27 785.77 593.5 0.22
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The erosion of the GTW is divided into eight classifications based on elevation
(Table 4). Overall, it appears that, between 2018 and 2020, the average soil erosion rate in
the watershed tended to increase and then decrease with increasing elevation, with peak
erosion occurring at elevations of >1000-1100 m. The erosion intensity in 2020 was, for each
elevation classification in the GTW, one grade more severe than what it was in 2018. In
the GTW), the largest share of erosion volume was observed in the >1000-1050 m elevation
zone, accounting for 28.13% in 2018 and 29.98% in 2020, which was mainly due to the
sparse vegetation cover in this elevation area. The smallest share of erosion volume was
observed in the >1250 m elevation classification, with only 0.19% in 2018 and 0.41% in 2020.
This was mainly attributed to low human activities and high vegetation cover.

Except for topography-related factors, rainfall is usually an important driver of soil
erosion. The cumulative rainfall in the GTW was 572 mm and 582 mm in 2018 and 2020,
respectively, with maximum daily rainfalls of 40.9 mm and 80.3 mm, respectively (Figure 11).
Although the cumulative rainfall in 2018 and 2020 was comparable, the annual rainfall
erosivity (R-factor) estimated using daily rainfall data was 1761.6 MJ-mm-hm~2-h~1.a~!
and 2052.4 MJ-mm-hm~2-h~!.a~!, both of which are higher than the Chinese average
rainfall erosivity of 1600 MJ-mm-hm~2-h~!.a~! previously reported [49]. The slightly
greater annual rainfall erosivity in 2020 than in 2018 is an important controlling factor for
the increase in soil erosion.
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Figure 11. Daily rainfall in the Gutun watershed in 2018 (a) and 2020 (b).

5.2. Salinization Formation Mechanism

The field survey and hydrological analysis showed that two main factors contribute to
the salinization of arable land within the GTW (Figure 12a). On the one hand, the outfalls
of water systems within the watershed have a significant controlling effect on the spatial
distribution of the salinized arable land. Hydrological calculations revealed that 90.77% of
the salinized areas were mainly located in arable land near the main outfalls of the water
system. A large volume of surface water accumulates on the surface at these locations
due to outfalls, and the lack of timely discharge of surface water and the resultant rise
in groundwater level may be the main cause of the soil salinization of these arable lands.
The average soluble salt concentration in the loess parent material used for the GLCP
in the GTW is as high as 0.87 g/kg, and the main anions and cations are HCO3™~ and
Na*, respectively, which provide an important material source for soil salinization [12]. In
addition, the concentration of soluble salts in the water sources gradually increases due to
the high evapotranspiration caused by the climatic conditions in the area where the GTW
is located. When this water evaporates, salt is precipitated onto the surface of the arable
land, resulting in salinization [12,63].
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Figure 12. Distribution and causative patterns of salinized arable land. (a) Distribution map of
land where salt precipitates were observed, and the top right graph shows the salinized arable
land downstream of the #5 reservoir and #5 dam in greater detail; (b) results for 7 ERT profiles;
(c) groundwater seepage pattern of the #5 dam; GWL: Groundwater level; GW: groundwater.

On the other hand, approximately 6.77% of the salinized area is located in the arable
land downstream of the dams that are in front of the five reservoirs in the Gutun channel.
The five reservoirs and dams were built during the GLCP for water storage and ecological
enhancement of the watershed (Figure 12a). Among these, the #1 reservoir and dam
are located the furthest downstream of the Gutun channel. The dams and reservoirs are
numbered consecutively in the upstream direction, with the #5 reservoir and dam located
the furthest upstream. There is a large difference between the reservoir water level and
the groundwater level (GWL) of the arable land downstream of the dam, and the water
level difference increases in the upstream direction of the Gutun channel. This water level
difference may lead to the leakage of reservoir water along the bottom of the dam and
thus cause the groundwater level of the arable land downstream of the dam to rise, which
is usually the main reason for soil salinization in the Loess Plateau [12,64]. As this is a
common and serious geohazard within the GTW in the wake of the GLCP, it is paramount
to evaluate and investigate in detail the causes of arable land salinization downstream of
the dam.

The arable land downstream of the #5 dam was found to be the largest area of saliniza-
tion in the field survey and remote sensing analysis, and it was selected for detailed study
utilizing geophysical exploration methods. After iterative calculations, the fitting error
root mean square (RMS) of the seven ERT profiles ranged from 0.39-2.2%. Furthermore, by
comparing the apparent resistivity measured by ERT with the soil water content measured
by the field borehole, there is a significant negative correlation between apparent resis-
tivity and water content. In our previous experimental results, it was shown that a small
difference in salt content around the #5 dam had little effect on the variation in apparent
resistivity compared to water content [61]. Therefore, the apparent resistivity is simply
interpreted as the variation in water content in this paper.

Through ERT detection, it was found that the apparent resistivity around the #5 dam
ranged from 0 to 120 Om (Figure 12b). In general, the apparent resistivity profile shows
obvious horizontal stratification within the dam, and the apparent resistivity gradually
decreases from the top to the bottom of the dam. The water content of the soil at the
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top surface of the #5 dam is relatively low, with an apparent resistivity of approximately
100 Om. However, the apparent resistivity at the bottom of the #5 dam is in the range of
24-35 Oim, indicating a substantial increase in the soil water content compared to the top of
the dam. In addition, the apparent resistivity of the arable land downstream of the #5 dam
varied significantly at different depths and horizontal distances. In terms of depth, unlike
the #5 dam, the apparent resistivity gradually decreases from the bottom to the top in the
arable land, and the lowest apparent resistivity is only approximately 20 (m at the surface,
indicating that the surface soil in the area has a high water content. In terms of horizontal
distance, the apparent resistivity of the shallow surface layer of arable land decreases as
distance from the #5 dam decreases, indicating that the water content of the shallow soil is
higher the closer it is to the dam (Figure 12b).

According to UAV photogrammetry, the difference in elevation between the reservoir
water level and the surface of the arable land downstream of the #5 dam is as high as 7 m,
resulting in a large hydraulic gradient between the upstream and downstream regions.
The dams in the GTW were all filled and compacted by loess during the GLCP, and no
waterproof material was used at the base of the dam. Therefore, higher hydraulic gradients
are prone to cause reservoir water to seep around the dam. This explains the gradual
decrease in apparent resistivity from top to bottom in the dam and the gradual increase
in apparent resistivity from top to bottom in the arable land downstream of the dam
(Figure 12b). In addition, arable land closer to the dam has a higher soil water content
and experiences a continuous rise in the groundwater table since the seepage path of the
reservoir water is shorter despite the same hydraulic gradient conditions (Figure 12c) [65].
Under the combined effect of high evapotranspiration in the GTW and the rise in the
groundwater level caused by dam seepage, the capillary rise of shallow groundwater
causes soluble salts of the loess parent material to precipitate and collect on the surface of
arable land, which results in severe soil salinization [63]. Soil salinization could make a
large amount of new arable land created by the GLCP unusable, thus causing large areas to
be abandoned (Figure 5b,c).

5.3. Failure Mode of Silt Dams

A typical failed silt dam was chosen as a case study, and the deformation and failure
patterns of the dam were discussed in detail through long-term observations and UAV
photogrammetry. Figure 6 shows the deformation and damage characteristics of this
typical dam at different time periods. Prior to 7 July 2018, the downstream slope of
the dam collapsed, and a large number of cracks were generated at the top of the dam.
At this stage, the dam remains relatively intact, with only localized collapse, and the
collapsed loess is deposited at the toe of the dam (Figure 6b). Then, from 7-11 July 2018,
the accumulated rainfall in the region reached 87.3 mm, with a maximum daily rainfall of
40.3 mm (Figure 13). The continuous rainfall prompted further damage to the silt dam,
mainly in the form of collapse along the cracks at the top of the dam, with the collapsed
loess sliding along the sloped surface and carrying the accumulated soil from the first
collapse downstream to the arable land (Figures 6¢ and 14a,b). Continued damage also
caused dense cracks in the dam top with cumulative displacements of 82.7 mm, increasing
the incompleteness of the dam and the potential for reservoir water seepage (Figure 6f).
From 7-13 August 2018, continuous rainfall occurred again in the region, with cumulative
and maximum daily rainfall of 47.9 mm and 23.8 mm, respectively (Figure 13). The silt
dam again underwent progressive deformation driven by rainfall during this period, with
the cumulative displacement of the crack gauge reaching 113 mm. Finally, on 21 August
2018, the remaining dam body collapsed completely, the indium wire of the crack gauge
broke, and the reservoir water overflowed, as shown in Figure 6d,g.
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Figure 13. Regional rainfall data and cumulative displacement for typical cases of failed dams in
2018, including the process of dam deformation and failure.
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Figure 14. Topographic changes in the selected silt dam. (a,b) DOM and DEM of the dam on 15 July
2018; (c,d) DOM and DEM of the dam on 7 November 2018; (e) topographic changes in the dam from
15 July 2018, to 7 November 2018. The red polygons in panels (b,d) highlight the deformed areas of
the silt dam.

This deformation process is further revealed by the DEM before and after dam failure,
as obtained from UAV photogrammetry (Figures 13d and 14b). The differential results of
the two DEMs on 15 July 2018, and 7 November 2018, showed that the maximum break
depth and width of the dam reached 4.5 m and 16.9 m, respectively, after the overall failure
(Figure 14e). In addition, after the dam failed, the loess of the dam body accumulated in
the downstream arable land with maximum and average thicknesses of 1 m and 0.5 m,
respectively, and in a shape indicative of fluid-driven deposition.
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Because the dam body was not completely compacted during construction, areas of
high permeability existed within it. Under the action of high hydraulic gradients caused by
reservoir water, seepage channels may be formed in the dam, and then internal erosion
may occur, which could significantly reduce the stability of the dam. In addition, the high
correlation between dam damage and precipitation indicates that precipitation has an
important role in controlling the damage of loess dams. First, under continuous rainfall
conditions, the rise in reservoir water level raised the hydraulic gradient and resultant
seepage. On the other hand, the infiltration of rainwater along the cracks at the top of the
dam further weakened the loess dam, eventually leading to localized sliding of the dam
body along the top cracks. Under the long-term osmotic damage and softening effect of
reservoir water and rainfall, the dam continuously accrued local sliding damage, which
expanded the cracks at the top of the dam, while the width of the dam top gradually
decreased or even disappeared (Figure 6). Under this scenario, the reservoir water will be
able to break the dam, regardless of ambient rainfall intensity, and will result in an overall
dam breach that leaves an approximate “V”-shape in the dam remnants (Figures 13 and 14).

Remote sensing interpretation and field investigations indicate that almost every branch
gully in the GTW had a silt dam break in 2020 (Figure 9), which could be attributed to heavy
rainfall during the rainy season. Since there is almost no drainage in the silt dam, under
the conditions of concentrated heavy rainfall, a large amount of rainwater accumulates in
the arable land upstream of the dam and causes the water level to rise. This accumulated
rainwater will generate seepage channels within the loess dam and even lead to damage
through osmosis. In addition, the dam body undergoes progressive collapse due to long-
term immersion and softening by the accumulated rainwater upstream. Under the repeated
action of seepage erosion and rainfall softening, the dam eventually breaks. After the dam
break, the rainwater accumulated in the upstream arable land will rapidly carry the dam’s
loess into the downstream arable land, which not only destroys a large number of crops
but also further raises the surface water level of the downstream arable land. This process
will aggravate downstream dam failure under hydrodynamic action, thus causing a cascade
failure of the dams in the gully and increasing the risk and losses of disaster [66].

5.4. Regional Disaster Chain

After the implementation of the GLCP, different types and degrees of geological haz-
ards occurred in the GTW due to the significant changes in the geological environment. A
comprehensive analysis by combining multiple methods showed that the soil erosion in
the GTW was exacerbated by the excavated slopes since reasonable vegetation restoration
measures were not followed during the GLCP. Large-scale gully land consolidation and
damming significantly altered the local hydrological cycle, leading to a rise in the ground-
water level of arable land and soil salinization. In addition, newly constructed loess silt
dams were subjected to osmotic damage and breaching under continuous heavy rainfall
conditions. The frequent occurrence of these hazards dramatically limits the economic
benefits of the GLCP and poses new and significant challenges to its sustainability on the
Loess Plateau.

Interestingly, the different types of disasters in the GTW following the GLCP show a
strong spatial correlation (Figure 15a). In other words, multiple hazards are spatially linked
within the GTW by surface water flow paths. This results in a hazard chain consisting of
slope erosion, silt dam failure, and soil salinization of proximal farmlands downstream
of the dam (Figure 15b). Specifically, under heavy rainfall conditions, slope erosion first
occurs on a substantial number of steeper slopes excavated during the GLCP in the GTW
(Figure 15c). The eroded soil then follows the rainwater downstream along the gully and
deposits in the relatively gentle newly created arable land upstream of the silt dam. How-
ever, the converged rainwater raises the water level upstream of the silt dam and percolates
through the soil downstream, causing osmotic damage and thus causing the dam to breach
(Figure 15d). Additionally, this raises the groundwater level in the downstream arable land,
which causes soil salinization (Figure 15f). In general, a series of chained geological hazards
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occurred in succession after the GLCP was completed in the GTW with the involvement
and driving effect of surface water. Therefore, a variety of integrated measures to control
the impact of surface water in the GTW are crucial for disaster prevention and control.
The construction of water collection cisterns at the peak of the slopes or increasing the
vegetation restoration on the slope would help reduce the washing and erosion of rainwater
on the slope. In addition, the construction and improvement of drainage channels in gullies
and silt dams would enable the timely discharge of the surface water that accumulates
upstream, which may prevent dam breaks and reduce the soil salinization caused by rising
water levels [67].
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Figure 15. Disaster chain in the GTW and some field photos. (a) Spatial distribution of regional
disasters; (b) spatial distribution of geohazards along the A-B profile; (c) site photo of slope erosion;
(d) site photo of the failed silt dam; (e) surface water accumulation on the surface of arable land;
(f) site photo of saline particles precipitating on the surface of arable land.

6. Conclusions

In this study, a comprehensive investigation and study of the geohazards generated by
the implementation of the GLCP in the GTW was conducted through the combination of
remote sensing analysis, UAV photogrammetry, geophysical exploration, and field surveys.
First, the assessment of soil erosion change characteristics in the GTW by the RUSLE model
showed that soil erosion followed an overall increasing trend from 2018 to 2020 after the
GLCP was completed, and the localized intensity of soil erosion was significantly correlated
with topography and rainfall-related factors. Then, the spatial patterns and mechanisms
of salinized arable land were investigated by combining remote sensing analysis and ERT
detection. A total of 195 areas containing pronounced salt precipitation were identified
in the newly created arable land. This was caused by a combination of external factors,
such as a high water table and high evaporation rate. Next, the spatial distribution and
failure patterns of silt dam breaks were also examined by remote sensing interpretation
and UAV photogrammetry. Up to 20 and 59 silt dams broke in 2018 and 2020 in the GTW,
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respectively. Osmosis damage and softening caused by the interaction of the incomplete
compaction of the loess dam and concentrated heavy rainfall led to the cascading failure of
the gully dam. In addition, strong spatial correlations of the three geohazards detected in
the GTW following completion of the GLCP were observed, which resulted in a hazard
chain consisting of slope erosion, silt dam failure, and salinization of near-dam farmlands
downstream along the surface water flow path. These findings contribute to the decision
making needed for hazard mitigation and to the future sustainability of the GLCP. In
the near future, in situ monitoring data and remote sensing analysis will be integrated
to further understand the hazard patterns and interrelationships to gain comprehensive
and in-depth insight into the hazard effects in the GTW following the implementation of
the GLCP.
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