* water

Article

Impacts of Different Gully Consolidation and Highland
Protection Models on the Runoff and Sediment Yield in Small
Watershed of the Chinese Loess Plateau—A Case Study of
Fengbugou in Qingyang City of Gansu

Zhixin Zhao 12, Aidi Huo "*3*0), Yuxiang Cheng *, Pingping Luo "2{%, Jianbing Peng 7, Ahmed Elbeltagi 50,
Mohamed EL-Sayed Abuarab 6, Ali Mokhtar ¢ and Adnan Ahmed 12

check for
updates

Citation: Zhao, Z.; Huo, A.; Cheng,
Y.; Luo, P; Peng, J.; Elbeltagi, A.;
Abuarab, ML.E.-S.; Mokhtar, A.;
Ahmed, A. Impacts of Different Gully
Consolidation and Highland
Protection Models on the Runoff and
Sediment Yield in Small Watershed of
the Chinese Loess Plateau—A Case
Study of Fengbugou in Qingyang
City of Gansu. Water 2023, 15, 2764.
https:/ /doi.org/10.3390/w15152764

Academic Editor: Roberto Gaudio

Received: 28 June 2023
Revised: 26 July 2023

Accepted: 28 July 2023
Published: 30 July 2023

Copyright: © 2023 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1 School of Water and Environment, Chang’an University, Xi’an 710054, China

Key Laboratory of Subsurface Hydrology and Ecological Effects in Arid Region, Ministry of Education,
Chang’an University, Xi’an 710054, China

Key Laboratory of Mine Geological Hazards Mechanism and Control, Ministry of Natural Resources,

Xi’an 710054, China

College of Geological Engineering and Geomatics, Chang’an University, Xi’an 710054, China

Agricultural Engineering Department, Faculty of Agriculture, Mansoura University, Mansoura 35516, Egypt
Agricultural Engineering Department, Faculty of Agriculture, Cairo University, Giza 12613, Egypt;
ali.mokhtar@agr.cu.edu.eg (A.M.)

*  Correspondence: huoaidi@chd.edu.cn

Abstract: The Gully Consolidation and Highland Protection (GCHP) project is crucial in preventing
gully erosion in the Loess Plateau. However, there are new problems after the completion of the
GCHP project, such as secondary disasters caused by sudden changes in water flow paths. To study
the impact of different GCHP measures on runoff and sediment production, we conducted a series of
scouring experiments using the similarity principle, taking Fengbao Gully, Xifeng District, Qingyang
City, Gansu Province, as a prototype. Moreover, three scenarios in the GCHP project (landfill (LT),
nondrained terraced (NDT), and terrace with a drainage system (DT)) are established. Seasonal
rainfall simulation experiments are conducted with a constant slope. The results showed that during
summer rainfall, the 10 min runoff depth of LT is 67.83~276.03% higher than that of NDT. However,
in spring and autumn, the runoff depth of NDT is 4.12~39.84% higher than LT’s. The sediment yield
of LT is 0.06-5.58 times higher than that of NDT and 1.91-25.58 times higher than that of DT. The
sediment yield of NDT is 0.46—4.02 times higher than that of LT and 2.27-23.93 times higher than that
of DT, indicating that, under the same conditions, the effect of slope replacement with terraces for
GCHP is better than that of gully head landfill in reducing soil erosion and secondary geological
disasters. Furthermore, imperfect terrace construction can result in increased sediment yield. This
study provides a scientific basis for the maintenance and later management of GCHP and helps
implement soil and water conservation measures in similar regions worldwide.

Keywords: GCHP; soil and water conservation; scenario simulation; Loess Plateau; soil erosion

1. Introduction

Gully erosion is a complex geomorphic process that occurs when water flows along
slopes, cutting through erodible soil and weathered rock to form gullies [1]. Gully erosion
severely impacts land resources and causes various environmental problems and geological
hazards. Specifically, gully erosion can lead to land degradation, resulting in the loss of
valuable land resources [2]. Additionally, the supply and quality of water resources may be
affected, leading to floods and water pollution [3,4]. Furthermore, since gully erosion affects
the water cycle of the land, it may also impact climate change [5]. Finally, gully erosion can
lead to geological hazards such as landslides and debris flows [6]. As one of the world’s
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most severely eroded and ecologically fragile areas, the Loess Plateau has been a hotspot for
researching erosion and its driving mechanisms. Statistics show that gully erosion accounts
for 60-90% of the total sediment yield in the Loess Plateau agricultural areas [7]. The soil
erosion rate in the gully region on the Loess Plateau is 6.83 x 10° t-km?-a~!, and its average
expansion rate is 0.6 m/a [8,9]. In this context, the Gully Consolidation and Highland
Protection (GCHP) project has become a significant national project for controlling soil
erosion in the Loess Plateau in the new era. If successful, it will significantly alleviate and
control the expansion of heavily eroded gullies in the plateau area. Otherwise, it is easy to
cause secondary geological disasters such as loess catastrophes, accelerating the plateau
shrinkage. Therefore, studying the impact of the completion of the GCHP project on runoff
and erosion can help to propose effective GCHP management models and prevention
and control technology systems to address potential risks and has important practical
significance for improving the ecological environment of the Loess region and achieving
sustainable development of energy, food, and economy [10,11].

Several soil and water conservation measures have been adopted worldwide to secure
life and property, agricultural production, and reduce soil erosion, including gully head
landfill, check dams, terraces, vegetation cover, etc. [12-14]. The “GCHP project” was
initiated in 2014 on the Dongzhi Plateau in Qingyang City, Gansu Province. This area is a
significant part of the Loess Plateau, known for being China’s largest area with the thickest
soil layer and excellent preservation. The Chinese government formulated an overall plan
to protect and control the high plateau [15]. By the end of 2019, a total of 1.25 x 10° ha
of soil erosion had been controlled in Qingyang, accounting for 53.67% of the lost area.
The total area of the protected plateau is 1.10 x 10° ha, and a total of 4.86 x 10° ha of
terraced fields have been built [16]. However, what is the effect of such a large area of the
GCHP project after implementation? What is the impact of the national costly project on
future runoff and erosion, and sand production, and what is the prospect of its sustainable
development? All these questions need further study.

The model experiment is an effective method to understand the impact of soil con-
servation measures on the soil erosion process and disaster mechanism. Huo et al. [10]
simulated the response of land use to hydrological processes in the Yanwachuan watershed
of the Loess Plateau. It is found that landfill can reduce runoff and sediment, and the
combination with forest land and grassland will significantly reduce surface runoff. Hu
et al. [17] reported that the average water content of underground soil in the horizontal
gully was 11.32%, 46% higher than that of the slope, mainly due to the redistribution of
rainfall on the slope caused by the terrace, increasing infiltration and reducing runoff [18],
thereby increasing the soil water content. By comparing the Cruz das Almas Landfill and
the Muribeca Landfill, Gharabaghi et al. [19] emphasized that excessive pore pressure or
weak foundation soil can cause landfill failure [20]. Moreover, in the case of continuous
rainfall, the groundwater level of the landfill with poor drainage conditions is subject to
rising, causing landslides [21]. Tahereh et al. [22] investigated the drainage system of a
deep slope in Australia’s second-largest open pit mine and concluded that a good drainage
system could significantly improve the slope strength by reducing the groundwater pres-
sure. However, most of these studies focus on field observations of terraces, landfills,
or experimental research on slopes below 40°. Moreover, researchers tend to pay more
attention to increasing, constant, extreme rainfall patterns in simulated or natural rainfall
conditions [23,24]. There are few quantitative studies on the effects of seasonal rainfall
on soil erosion for soil and water conservation measures with slopes of 40° and above.
The GCHP project is a major soil and water conservation and land remediation project
implemented in the Loess Plateau area under the background of unique geomorphology,
and there is no precedent for reference internationally. On a multispatiotemporal scale,
the GCHP project has wholly reconstructed the original hydrogeological structure of the
construction area, reconstructed the water cycle mode of the site, and combined with
the infiltration and erosion of surface water; it is extremely easy to cause changes in the
properties of loess, directly leading to project instability or secondary geological disasters.
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The emergence of these new problems cannot be separated from the impact process of the
project on runoff and erosion, sediment production, and secondary geological disasters
caused by the project are relatively common in local areas.

In order to reveal the impact mechanism after the completion of the GCHP project on
runoff and sediment yield, this study simulated the response mechanism of different GCHP
engineering measures to runoff and sediment content during seasonal rainfall through large-
scale scouring experiments. Unlike previous studies, this scouring experiment includes
the following: (i) Simulating the process of soil erosion under different GCHP measures
under seasonal rainfall conditions; (ii) Comparing the impact of sudden changes in runoff
on reducing soil erosion; (iii) Clarify the role of drainage systems in reducing erosion
and sediment production. The purpose of this study is to explore the impact of different
engineering measures for GCHP on runoff and sediment yield on a multispatiotemporal
scale and find a scientific solution to the mutual feedback mechanism between GCHP
and hydraulic erosion, as well as the secondary geological disasters induced by them,
and to provide a theoretical basis for the implementation of water and soil conservation
measures in other similar regions. Finally, water-saving and efficient integrated watershed
management technologies will be explored to serve the ecological environment protection
and high-quality development of the Loess Plateau.

2. Materials and Methods
2.1. Experimental Design

Generally speaking, rainfall can be divided into increasing, decreasing, intermittent,
and constant patterns according to rainfall intensity changes with rainfall time [25]. In
the gully region of the Loess Plateau, the rainfall increase model caused more serious soil
erosion than the other three models and was simulated more frequently [26,27]. In reality,
rainfall does not always increase and is seasonal. According to the annual average rainfall
intensity of the Fengbao Gully, all rainfall scenarios in this experiment are divided into
three types: spring, summer, and fall (Table 1).

Table 1. Characteristics of model rainfall intensity.

Simulated Season Simulated Times Simulated Flow (m3 h—1) T".ne Proto?ype Rain
(min) Intensity (mm/d)
Spring 5 0.43 30 33.20
0.32 30 29.20
0.86 10 63.20
Summer 3 1.62 10 118.24
1.24 10 90.72
Fall 1 0.32 30 29.20

To achieve the research objectives, we establish three different land use types (landfill
treatment (LT), nondrained terraced (NDT), and terraced with drainage systems (DT)) on
the Loess slope and conduct six different rainfall intensity scouring experiments (Figure 1).
The size of the soil tank is 4 m x 1.2 m x 3 m. The experimental soil tank is a square
steel pipe welded with glass-fiber-reinforced plastics on both sides. The water is supplied
by a tank full of tap water with a submersible pump at the bottom, and the flow rate
is transmitted to the model by an electromagnetic flowmeter at the designed rate. The
submersible pump model is Q(D)3-35/2-1.1 KW, the flow is 3 m?/h, the electromagnetic
flowmeter model is NRLD-B-50, and the flow range is 0.2-8 m® h~1. Since the actual flow
is also collected into the gully, even with a small amount of sediment, the impact on the
soil with a low proportion of clay particles may be insignificant [27]. The water flow with
the designed flow is pumped from the water tank into the top of the model and flows into
the slope through another triangular weir to achieve uniform water output and avoid the
impact force of the water flow affecting the experimental results.
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Figure 1. Schematic diagram and model diagram of slope scour model test. (a) LT measure; (b) NDT
measure; (¢) DT measure; (d) Scour model diagram.

2.2. Experimental Materials

Fengbao Gully (35°39’9” N, 107°36'27" E) in the Xifeng district was selected as a
typical GCHP project prototype. Reference the particle size distribution of the experimental
soil in Huo et al. [28]. We collected soil from the gully measure area, and the dry density of
the soil sample was 1.4 g/cm?3. Before the experiment started, the soil was sieved through
a 5 mm sieve to remove stones and debris. Then, the moisture content of the Loess was
adjusted to about 12% and isolated for 24 h to disperse the water in the soil evenly.

2.3. Experiment Procedures

First, the treated Loess is filled into the model box layer by layer. Each filling layer
is tamped with concrete round piers, and the surrounding areas are tamped and levelled
with rubber hammers. Three soil samples were taken using ring cutters during compaction,
and moisture content measurements were taken, maintaining a soil density of 1.4 g/cm?
per layer (Figure 2a). Secondly, before filling the two layers, gently rub the surface with
a brush to ensure that there is no apparent stratification between the two layers of Loess.
After standing, the filled soil layer begins to cut the slope along the slope line outside
the model (the slope line map is drawn for the slope of the Fengbao Gully (Figure 2b).
Among them, four steps were cut out in the nondrained terraced (NDT) (Figure 1b). When
the drained terraced (DT) was filled with loess, the PVC pipe with a diameter of 10 cm
parallel to the slope line was buried under the loess for 30 cm to form a hidden pipe, and
a stilling pool was installed at the bottom of the slope to reduce hydraulic scour. After
the upper thread was cut out with four steps, the antipenetration measure was carried
out. The three measures are represented in Figure 1. Thirdly, after cutting the slope, we
sprayed water into the whole gully with a watering can and stood for more than 24 h to
simulate the phenomenon of soil crust. Before the test, the water pump was repeatedly
adjusted to reach £5% of the flow rate required by the test. The mud collection tank was
placed at the outlet of the gully model, and the total mud volume was recorded every
2 min. Once all the preparations are finished, the flushing process can be initiated. Fourthly,
during rainfall, 15 L buckets were used to collect runoff and sediment. The time between
two bucket changes was recorded to determine the sampling interval, and the runoff and
sediment collected at 2 min intervals were also recorded (Figure 2c).
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Figure 2. Schematic diagram of model design and monitoring. (a) Compacting soil layer; (b) Slope
cutting along predetermined slope line; (c) Recording bucket replacement time; (d) Sampling and
weighing; (e) Taking photos of the channel; (f) Measuring channel changes.

After the experiment was stopped, the weight of each bucket was recorded, the
sediment was recovered after 24 h of settling, and the clear runoff water was removed
via siphoning. Then, the mixture in the buckets was stirred evenly, and each bucket
corresponded to two aluminum boxes. The samples were weighed, dried (105 °C), weighed
again, and the water content of the sediment was calculated. The total runoff and sediment
yield can be determined within each sampling interval. Before and after the rainfall, a 3D
laser scanner and a high-definition camera were used to take pictures of the gully model,
and the gully shape information was obtained by measuring the channel depth change
(Figure 2d,e).

3. Result
3.1. Morphological Changes

In simulated rainfall, the flow collected into the gully on the slope has large kinetic
energy, and the soil blocks in the gully fall in a small range. The changes and characteristics
of the relative depth after rain and the difference between the depth from the bottom of
the model after two rainfalls are shown in Figure 3 and Table 2, respectively. The depth
variation of LT ranges from —32 cm to 15 cm, and the maximum negative value appears
upstream of the gully with the heaviest rainstorm, while the maximum positive value
occurs due to the large-scale increase in relative depth caused by the collapse. The depth
variation range caused by NDT was the largest, ranging from —52.55 cm to 18.6 cm, and the
maximum relative depth was concentrated where the gully slope was changed for the first
rainfall. There are two reasons: firstly, the floating soil on the surface was not thoroughly
cleaned before the experiment started; secondly, there are no protection measures such as
vegetation, gravel, or dust net, and the erosion base level is low and easy to erode. For
the DT measure, due to the drainage system, there is no runoff on the slope surface of the
first three rainfall events, and the relative depth is only calculated for the last three rainfall
events. The maximum depth change in DT is —26.87 cm, which is in the center of the gully.
The reason may be that the PVC pipe is elastic. When buried in the soil, the soil around the
concealed pipe is loose, and the infiltration increases, resulting in significant depth changes.
The overall effect of DT is much better than that of LT and NDT.
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Figure 3. Changes in relative depth after simulated rainfall in different measures. (a) LT measure;
(b) NDT measure; (c) DT measure (Note: since the first three rainfalls in the DT measure, the water
flow is all discharged from the drainage pipe and does not pass through the slope, so only the relative
depth changes in the last three rainfalls are measured).
Table 2. The soil erosion depth at different rain times for LT, NDT, and DT measures.
- Soil Erosion Depth (cm) Proportion of Relative
Measures Rain Time Minimum Maximum Mean Median Depth Greater than 0
1 41.00 122.82 80.03 77.03 0.21
2 49.00 117.06 77.18 73.03 0.43
3 47.00 121.06 79.36 76.44 0.64
LT 4 48.00 117.06 75.14 74.67 0.29
5 48.50 117.06 75.68 73.26 0.57
6 47.00 125.25 73.05 68.40 0.36
1 4290 77.30 61.40 69.15 0.21
2 46.00 75.00 62.15 67.85 0.64
3 45.10 75.40 61.19 68.75 0.29
NDT 4 44.50 80.00 60.92 67.40 0.29
5 45.00 93.50 64.43 69.30 0.93
6 45.70 101.00 65.51 68.00 0.43
4 37.50 131.50 77.80 72.30 0.00
DT 5 38.00 128.50 76.06 69.55 0.17
6 38.20 123.00 75.81 73.15 0.42

Note: the data in the table are the depths from the bottom of the model box.

It can be seen from Table 2 that the minimum, maximum, mean, and median distances
from the bottom of LT are higher than those of the NDT, and the proportion of the relative
depth greater than 0 is lower than that of NDT, which indicates that the number of landslides
and collapses of NDT is more than that of LT. However, due to the terrace in NDT, the
falling soil blocks are smaller than LT. In DT, the first three rainfalls did not produce runoff
on the slope because of a good drainage system, and the number of collapses was far less
than that of LT and NDT during the last three rainfalls. Therefore, the protection effect of
DT on the gully is far better than that of NDT and LT.

3.2. Runoff

Figure 4 shows the variation in runoff depth with different rainfall and measures.
The runoff depth range of LT is 397.65~826.14 mm, the runoff depth range of NDT is
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303.64~958.62 mm, and the runoff depth range of DT is 192.49~712.00. The total output of
LT is 57.39~47.14% more than that of NDT and 16.03~151.70% more than that of DT, the
total runoff yield of NDT is 0~275.15% more than that of DT. NDT is 6.24%, 134.67%, and
106.86% higher than LT in the second, fourth, and fifth rainfalls, respectively, and LT is
18.66~47.14% higher than NDT in other rainfall intensities. Therefore, the total runoff of LT
and NDT is higher than DT, and the total runoff of NDT is higher than LT only in the case
of rainstorms.

3000 0
~
o
1
2500 500 e
3
on
2000 1000 =
£ S
£ g
= 1500 | [ 17 I DT [ DT 1500
= 1000 |- 42000 2
5
g
500 42500 B
(]
"
0 3000

1 2 3 4 5 6
Number of rains

Figure 4. Runoff and sediment concentration with three measures during simulated rainfall. (Note:
the bar graph above the figure represents sediment concentration, while the bar graph below repre-
sents runoff.)

During the six rainfall periods, the 10 min runoff depth of the three different measures
showed different trends (Figure 5a). The variation ranges of 10 min runoff depth increased
from 132.55 mm to 484.49 mm in LT, while it increased from 118.56 mm to 287.20 mm in
NDT. Meanwhile, the range of 10 min runoff depth increased from 38.50 mm to 248.12 mm
in DT. The 10 min runoff change in LT is 67.83-276.03% more than the 10 min runoff
depth of NDT, and 1.07-10.20 times more than that of DT in simulated summer rainfall. In
simulated spring and fall rainfall, NDT is 4.12-39.84% more than LT in 10 min runoff depth.
During the simulated spring rainfall, erosion occurred on the slope surface under the LT
treatment, and the water flow path became longer. During the simulated autumn rainfall
process, a large-scale collapse occurred on the slope surface under the LT treatment, which
blocked the channel. Therefore, in these two seasons, the runoff in the NDT treatment was
higher than that in the LT treatment. During the simulated summer rainfall process, slope
failure occurred on the LT treatment slope surface, resulting in more runoff. The 10 min
runoff depth of NDT is 15.75%-567.55% more than that of DT, and DT is 81.70% more than
NDT only in the first summer rainfall due to the falling and collapse of soil in NDT. In
general, the amount of runoff was the least in DT. The runoff depth of LT was higher than
that of the terrace in summer rainfall and lower than that of NDT in spring and fall.
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Figure 5. Ten min runoff changes and sediment content changes on the loess slope with different
measures during simulated rainfall. (a) Ten min runoff changes; (b) Ten min sediment changes. (Note:
Since the rainfall duration in both spring and fall is 30 min, the dots in the box plot represent the mean
values of the changes in runoff and sediment concentration averaged over three 10 min intervals. The
“mean” label below indicates the specific average values.)

3.3. Sediment

The variation pattern of sediment content of the three measures was similar, and the
maximum sediment content occurred during the heaviest rainstorm. In three measures, the
first rainfall caused a significant sediment content due to floating soil, so the data of the
first rainfall was removed when comparing the amount of sediment. The sediment content
caused by the maximum rainstorm is 5.36~51.10%, 24.39~222.65%, and 9.32~204.86% higher
than other rainfall types, respectively, in LT, NDT, and DT. In the six rainfalls, the variation
of sediment was all NDT >LT > DT. The sediment content of NDT was 1.10~3.02 times
higher than that of LT, 4.17~17.25 times higher than that of DT, and the sediment content of
LT is 2.51~11.19 times higher than that of DT (Figure 4).

The average 10 min sediment content changes in LT were significantly higher than
that of DT, ranging from 14.56 to 62.44 g/cm?, 1.91 to 25.58 times more than that of DT
(Figure 5b). Due to the absence of a perfect drainage system in NDT, the connection between
the steps and the slope is weak, so there are a higher 10 min sediment content changes. The
average 10 min sediment content changes in NDT were significantly higher than that of
the LT and DT, ranging from 19.11 to 188.78 g/cm?, 0.46 to 4.02 times more than that of LT
and 2.27 to 23.93 times more than that of DT. Therefore, the loess slope of DT has lower soil
sediment content and 10 min sediment content changes.
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3.4. Relationship between 10 min Runoff and Sediment Content Changes

Figure 6 shows the relationship between 10 min runoff and 10 min sediment con-
tent changes under different rainfall intensities. The coefficient a of the linear function
y = ax + b can be interpreted as the amount of sediment content changes per unit runoff as
a parameter reflecting soil erosion sensitivity. The result showed that the coefficient a of the
function decreases successively in different slope measures, namely LT > NDT >DT. During
rainfall, the correlation coefficient between 10 min runoff changes and 10 min sediment
content changes in LT was 0.80. When the rain was heavy, the runoff and sediment content
changes generally increased; when the rainfall intensity was small, the runoff and sediment
content changes generally decreased. Due to human activities interference, there is no
linear correlation between 10 min runoff changes and the 10 min sediment content changes
under NDT and DT, and the correlation coefficients are insignificant.

180

e LT e NDT e DT
150
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90 -

-7 Ty=0.08x+33.41 R>=0.18

60 — e
L] S PR

10 min sediment content changes

_--" i -7
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f.o" S * ¢ °
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O i _h T = T T T
0 200 400 600 800 1000

10 min runoff changes

Figure 6. Relationship between 10 min runoff and 10 min sediment content changes in different
measure types under different rainfall.

4. Discussion

This study discussed the effects of different rainfall types and slope measure on runoff
and sediment. Soil and water conservation measures reduce sediment connectivity by
changing meso topography, which reduces local soil erosion and sediment transport [29].
Different measures’ protective ability on tableland surfaces differs, consistent with the
previous research results [30]. The sediment yield of LT and NDT is much higher than
that of DT. On the one hand, continuous rainfall will lead to the generation of high pore
pressure and q reduction in effective stress in the bottom layer, which is prone to landslides
and collapse [31].

On the other hand, poor drainage conditions lead to the destruction of the sliding
surface, and the landslide deposition will block the drainage channel and increase the
local hydraulic gradient, resulting in new landslides and collapses [21]. Alternatively,
there is no drainage system, so the water flow is transported through the gully, increasing
erosive and sediment transport capacity [32]. In addition, the sediment yield of LT is
1.02~4.55 times higher than that of DT because the terrace makes the slope horizontal,
effectively intercepting part of the rainfall and slowing down the flow rate of surface runoff,
thereby reducing sediment transport [33]. These factors lead to a higher sediment yield
of LT than that of DT, which is consistent with the research results of Chen et al. [18]. The
risk of erosion is higher than that of LT for simple construction of terrace without drainage
treatment, which is consistent with the research results of Lesschen et al. [13].

The slope of LT has a higher runoff than NDT and DT, which is consistent with Ran
et al. [34] but inconsistent with Rodrigo-Comino et al. [35]. The main reason for this
inconsistency may be that the 26 rainfalls simulated by Rodrigo-Comino were all the same
intensities with a low slope. Other studies have shown that the different permeability
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capacities of subsoil and topsoil influence hydrology and soil erosion processes with the
most significant influence [36]. Our results also show that differences in runoff depth are
more evident as rainfall intensity increases (Figure 4), supported by previous studies [37,38].

DT is more effective than NDT in reducing runoff and soil erosion. The drainage
system maintains pore water pressure and slope stability [31]. Cotecchia et al. [39] found
that after the landslide sediment blocked the drainage channel, the pore water pressure
increased, and the local groundwater level rose, thus inducing new landslides. Effective
drainage systems can fundamentally control the occurrence of landslides. This is consistent
with the research results of Ran et al. [34], which found that well-maintained terraces
reduced runoff by 72% compared to ridge-free terraces. In the case of low rainfall intensity,
DT has no overflow on the platform surface due to the drainage system, and the runoff ero-
sion and slope scouring load are significantly reduced, thus reducing the risk of landslides.
This is consistent with the research results of Calsamiglia et al. [40], who also showed
that the advantage of drainage pipelines to protect slopes becomes more evident with the
increase in rainfall intensity.

Different measures responded differently to changes in runoff during rainfall. NDT
is quickly saturated by rainwater. This water then seeps out at all locations of the slope,
producing surface runoff that appears as saturated excess runoff [13], which results in a
trend in runoff changes that is roughly similar to that of LT (Figure 5a). This is consistent
with the results of Wei et al. [37]. With rainstorms, NDT will have different degrees of
collapse, followed by landslide and more mud water mixture, resulting in apparent peak
distribution of runoff. The meso topography of terraces is more complex than landfills,
which alters the direction and turbulence of water flow, thereby reducing runoff, which is
more significant during rainstorms [34,41]. In addition, the richness of surface topographic
features is generally positively correlated with rainfall intensity, which is also a significant
factor affecting runoff changes [42]. Since there are no protective measures such as vegeta-
tion, rock fragments or dust nets on soil and water conservation measures, once the rainfall
intensity exceeds the infiltration capacity of topsoil, the runoff discharge will be activated
immediately, as demonstrated by other authors [43—45].

Therefore, the construction of unscientific soil and water conservation measures and
the lack of maintenance may cause negative impacts. For example, in the Loess Plateau,
the use of construction waste landfill with improper drainage systems leads to a rising
groundwater level and landslides and causes water environment pollution. Soil erosion
processes can also be activated, sometimes with severe consequences, during the first few
years of the new measures, especially when the slope is still bare [46,47]. Ma et al. [48]
showed that 25% of the existing terraces on the Loess Plateau in China face severe damage
due to lack of maintenance. Therefore, the construction of soil and water conservation
measures on the Loess Plateau needs scientific norms to guide the construction. These
specifications should consider soil type, depth, slope, hydrology, and rainfall characteristics.
Adopting new low-permeability material combined with slope protection technology can
reduce the vertical infiltration of surface water in the excavated areas. Before vegetation
restoration, cover with gravel or a dust net to reduce water and sediment content. At the
same time, periodic protection is essential for the later period of soil and water conservation
measures. If there is a problem with the gully, measures should be taken immediately, and
temporary remedial measures such as joint filling and slope cutting should be taken in
time to guide the water flow into the stilling measures in an orderly manner; the new gully
head should be blocked, and the slope at this point should be strengthened to avoid new
geological problems.

However, there may be some limitations in simulating soil erosion in the laboratory
due to the constraints of experimental conditions. For example, the slope surface established
in the laboratory is usually artificially created, and its topography, soil type, vegetation
status, and water flow conditions may differ from the natural original slope surface. In
addition, the simulated slope in the laboratory is based on the experimental prototype,
while the slope in the natural environment varies due to factors such as topography and
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landform. Moreover, the simulated rainfall in the laboratory is often conducted according
to the intensity of the region where the prototype is located. However, rainfall in the
natural environment has greater uncertainty and diversity, so the experimental results
may not fully reflect soil erosion under natural conditions. Wang et al. [7] demonstrated
that terraced fields on the slopes of gullies can reduce runoff energy towards the gullies
by changing the slope and increasing infiltration. Gao et al. [49] studied the erosion and
transportation process affected by the spatial distribution of terraces and found a time lag
in the generation of runoff and sediment compared to bare land. Ding et al. [50] found
that different vegetation coverage rates and grass arrangement patterns impact the amount
of runoff and sediment produced during slope—gully erosion. Zheng et al. [51] believed
that vegetation can effectively control surface erosion but cannot effectively control gravity
and gully erosion. In loess areas with high gully density and deep cutting, it is not easy to
control high sediment flow only through slope vegetation measures effectively. Therefore,
it is necessary to study how to maximize the restoration of the actual system slope and
the impact of different slopes on the water and sediment changes in the watershed under
various conditions such as slope, vegetation cover, and land use type in the future.

5. Conclusions

The GCHP project aims to control soil erosion and rationally utilize, develop, and
protect soil and water resources. In this paper, Fengbao Gully is used as the prototype of
the model research, and a series of scouring experiments of equal scale are established to
study the sediment production and discharge process of loess slopes in different measures
of the GCHP project under simulated rainfall conditions. The results show the following:

(1) Under the same conditions, the effect of slope replacement with terraces for GCHP
measures is better than that of gully head landfill in reducing soil erosion. The runoff
depth of LT is more than that of NDT in the simulated summer rainfall process, and
the rainfall in spring and autumn is opposite. In summer rainfall, the runoff depth of
LT is 67.83~276.03% more than that of NDT. In spring and autumn rainfall, the runoff
depth of NDT is 4.12% to 39.84% more than LT’s.

(2) Under the same conditions, the effect of slope replacement with terraces for GCHP
measures is better than that of gully head landfill in reducing secondary geological
disasters. LT and NDT are more prone to collapse than DT. NDT has more collapse
times in the process of rainfall than LT. However, due to the existence of a terrace in
NDT, the falling clods are smaller than LT.

(3) Optimized drainage systems can reduce the occurrence of secondary geological disas-
ters. Under the same conditions, the engineering measures of GCHP with drainage
systems have significant sediment reduction effects. DT is more effective than NDT in
reducing soil erosion, and this advantage is more significant during rainstorms. The
sediment yield of NDT was 2.27-23.93 times higher than that of DT sediment. The
total runoff yield of NDT is 0~275.15% more than that of DT.

Therefore, geological disasters may occur on the loess slope under heavy or long-term
rainfall. When evaluating and predicting the impact of the GCHP project on soil erosion
on the loess steep slope, the integrity of the drainage system should be considered, which
can reduce the risk of GCHP projects. The groundwater level rose due to the flushing
of rainwater, which led to the project’s failure. After the completion of the project, it is
necessary to cover it with gravel or a dust net to reduce soil erosion. In addition, regular
maintenance is required to avoid new geological problems. The results of this study can
provide an essential scientific basis for decision makers and researchers of the GCHP
project.
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