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Abstract 

Gully sidewall expansion is an important geomorphic natural hazard, and the expansion destroys a large extent 

of agricultural land in the loess regions every year. The main aim of this study was to identify the mechanisms behind 

gully sidewall expansion through a series of simulated rainfall experiments. The results show that land loss on the 

gentle slope was the result caused by the water and gravity erosions, and gravity erosion was the primary driving 

force. The correlation coefficient between the area of land loss on gentle slope and volume of gravity erosion on the 

gully sidewall was 0.93, and the correlation coefficient between the area of land loss on gentle slope and volume of 

water erosion was 0.71. The gravity erosion was the dominant impetus driving the change in slope gradient of the 

gully sidewall. The amount of gravity erosion in 17 of the 19 rainfall events causing a change greater than 5o in the 

slope gradient of the gully sidewall accounted for more than 50% of the total amount of sidewall erosion. Furthermore, 

the dynamic variation of the retreat rates for the gully shoulder line showed a similar trend to that of the total volume 

of sidewall erosion, and exhibited an increase-decrease-increase tendency. The most significant factors affecting the 

change in slope gradient of the gully sidewall and retreat rate of the gully shoulder line were the rainfall duration and 

intensity, of which the sensitivity coefficients were 2.2 and 4.0, respectively. As a result, a combination of vegetation 

measures on the gentle slope, structural and ecological practices on the sidewall, and powerful structural practices, 

e.g., check dams, on the gully floor, is preferred for sidewalls vulnerable to expansion.  
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1 Introduction 

Gully sidewall expansion, particularly in loess terrains, represents an undeniable reality both as a geomorphic 

process and as a type of hazard. Gully sidewall expansion––also known as gully sideward extension (Veness, 1980), 

gully sidewall erosion (Blong et al., 1982) and gully bank retreat (Chaplot et al., 2011)––is attributed to the combined 

effects of gravity erosion (landslides, avalanches and mudslides) and water erosion (by splash and runoff) (Chaplot 

et al., 2011). As a result of these processes, the sidewall retreats towards the gentle slope, releasing sediment to the 

gully, decreasing the cultivated area around the gully, and exposing new gully walls to erosion, eventually threatening 

local ecology and food security (Wijdenes and Bryan, 2001; Spalevic et al., 2013). According to some estimates, 

sidewall expansion can amount to more than 50% of the total sediment produced in gullies (Martínez-Casasnovas et 

al., 2004). Most studies have primarily focused on the expansion rate of the gully sidewall using remote-sensing 

images (Yan et al., 2014), and protection measures to mitigate gully sidewall expansion (Wang et al., 2019). Wang 

et al. (2019) suggested that the effectiveness of existing protection measures to control gully bank retreat was clear 

only in the short-term, while their long-term effectiveness remains unclear. Understanding the processes and 

mechanisms of gully sidewall erosion is important for implementing effective measures to reduce expansion. 

However, few studies have specifically addressed the processes, mechanisms and controls of gully sidewall 

expansion. 

Gully sidewall expansion is influenced and constrained by many factors, such as slope material, topography and 

rainfall (Ali et al., 2014; Xu et al., 2015). Chaplot et al. (2011) indicated that raindrop runoff and splash could directly 

remove soil from the gully sidewall. Rainfall also indirectly causes sidewall instability by increasing the sidewall 

weight due to the addition of moisture (Lomtadze, 1977). The slope height and gradient are important geometric 

parameters of the gully sidewall. An increase in the slope height or gradient will cause stress to concentrate in a zone 

on the slope, resulting in soil mass displacement down from the escarpment (Lu and God, 2013). In addition, the 

downslope component of gravity increases as the slope gradient increases, thus reducing gully sidewall stability. 

Consequently, the processes and mechanisms of sidewall expansion under the influence of multiple factors are 

complicated.  

Gully sidewall extension is an important process in gully development (Blong et al., 1982), and its dynamic 

nature can be assessed from changes in the gully shoulder line (Liu et al., 2016). The gully shoulder line is the line 

that intersects the gentle slope and gully sidewall (Fig. 2), also called the edge-line of gentle slope (Chen and Cai 

2006) or line of gully boundary (Wu et al., 2008). The gully shoulder line is one of the most important landform 

demarcations for geomorphic analysis and land-use planning on the Loess Plateau (Yan et al., 2014). The existing 

research has focused on the methodology extracting the gully shoulder line, and relatively few studies have examined 
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the factors influencing the retreat of the gully shoulder line (Qin et al., 2010; Yan et al., 2014). Thus, in this study, 

the direct effects of topography and rainfall on the retreat rate of the gully shoulder line were examined. 

The extent of change in the slope gradient on the gully sidewall can also mirror the intensity of the sidewall 

expansion and the stage of gully development. The slope gradient influences the scale and intensity of material flow 

and energy conversion at the earth’s surface (Tang et al., 2003). For instance, the infiltration, runoff and flow energy 

of a slope are significantly affected by the slope gradient (Assouline and Ben-Hur, 2006; Zheng and Xiao 2010). 

Consequently, the slope gradient directly restricts the landform morphology, runoff development and soil erosion, 

and also influences, to a relatively great or little extent, the evolution of natural soil and change in the land quality 

(Wang et al., 2005). A change in slope gradient influences the degree of the erosion of soil and migration of surface 

materials, and can also be interpreted as the result of space redistribution among the gully sidewall, channel floor and 

gentle slope. Defined development periods indicate stage-specific features for the slope gradient (Wang et al., 2005). 

Hence, by exploring the changing characteristics of the slope gradient on gully sidewalls and identifying the dominant 

mechanisms for dynamic change in sidewall slopes. 

Understanding of gully sidewall expansion should be considered by further in-situ and modeling studies 

(Chaplot, 2013). Gravity erosion is difficult to predict due to its sudden occurrence, such process-based data of gully 

sidewall expansion are difficult to obtain under natural rainfall conditions. However, a physical model of a selected 

geomorphological feature, produced under closely controlled conditions, would be an effective way to dynamically 

observe the process of gully sidewall expansion in much shorter times, to search for the mechanisms behind gully 

sidewall expansion, and to deeply examine interacting factors and their various influences on expansion processes. 

Chorley (1964) identified three broad classes of physical models – segments of unscaled reality, scale models, and 

analog models – with the former being the most widespread in the field of soil and water conservation. In this study, 

the model slope was made based on field investigations and was a segment of unscaled reality.  

The gully sidewall expansion on the Loess Plateau is remarkable because the gully density in the area is very 

large, of which 270,000 gullies are longer than 500 m (Liu et al., 2013). Loess gully sidewalls, which are gully banks 

usually with gradients of more than 70o (Fig. 1), are prone to erosion under the action of water and gravity during 

rainstorms, because the slope material is mostly silty sandy loam with a loose structure, as well as being highly porous 

and having vertical joints (Xu et al., 2004). Usually, most soil erosion is triggered by short-burst rainfall events, 

where the rainfall intensity is greater than 0.5 mm min-1 and the rainfall duration ranges from 30 to 120 min (Wang 

and Jiao 1996; Wang et al., 2016; Jiao et al., 2001). 

Sensitivity analysis has been widely utilized in soil erosion studies to reveal the relative importance of impact 

factors (Sánchez-Canales et al., 2015; Xu et al., 2015a). Gully sidewall expansion is a complicated process that 

involves a number of interactive factors. When a factor exceeds its critical value, it may become the dominant factor 

to trigger gully sidewall expansion (Yang et al., 2011). The method of sensitivity analysis can help in identifying the 

dominant factors of gully sidewall expansion, including the geology, topography and rainfall. In this study, the 

sensitivity of the developing features of gully sidewall expansion (i.e., variations in the slope gradient of the sidewall 

and retreat rates of the gully shoulder line) on the rainfall and topography have been evaluated based on the increase-

rate-analysis method (Xu et al., 2015a). 

 

 

Figure 1 Photographs showing the representative loess gully sidewall on the Loess Plateau of China. (a) Gravity erosion 

on the gully sidewall, and (b) a typical gully sidewall with a slope gradient of more than 700. 

Using a series of simulated rainfall experiments, this study aimed to understand the principal causes and 

mechanisms of gully sidewall expansion. The impact of gravity erosion on gully sidewall expansion was quantified, 
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and the characteristics of gully sidewall expansion under the actions of gravity and water erosions were explored.  

2 Materials and methods 

A series of gully sidewall expansion experiments were conducted in 2010 and 2012 in the Joint Laboratory for 

Soil Erosion at the Dalian University of Technology and Tsinghua University, located in Beijing, China. Although 

the experiments have been completed by the corresponding author and his team for years, no similar experiments 

have been found by the authors in the references up to the present. The landscape simulator included a rainfall 

simulator, a conceptual landform and a topography meter (Fig. 2). The geometry of the conceptual landform 

was designed based on field investigations on the Loess Plateau. The conceptual landforms were 3 m long, 3 m 

wide and 1 or 1.5 m high, with a gentle slope (above the gully shoulder line) of 3° and a gully sidewall slope (below 

the gully shoulder line) of 70 or 80°. The test soil had a median particle diameter of 0.05 mm and a specific gravity 

of 2.56. Before starting each rainfall event experiment, a small intensity of rainfall was applied to the landform, and 

the experiment would start soon after the surface soil began to runoff generation. An SX2009 sprayer-typed rainfall 

simulator, designed by the authors, was used to simulate the rainfalls in the experiments. The rainfall intensities were 

0.8 and 2.0 mm min-1, with rainfall durations of 30 and 60 min in the experiments.  

(a) 

 

1
30

00

3000
5(ii)

5(i)
4(i) 4(ii)

2(i)

3

2(ii)

Gentle slope

Gully sidewall

 

 

 

Figure 2 Landscape simulator in which the rainfall simulation experiments were conducted. All units in mm. (a) Schematic 

of the topography meter measurement system. (b) An image of the initial gully sidewall in experiment L6. (c, d) Images of 

sidewall retreat after the first and third rainfall events in experiment L6. 1 – rainfall simulator, 2 – topography meter (i – 

camera with collimator, ii – laser source), 3 – equidistant horizontal projections, 4 – model slope (i – initial model slope, ii 

– model slope after sidewall expansion), 5 – gully shoulder line (i – original gully shoulder line, ii – gully shoulder line 

after sidewall expansion), and 6 – positioning marks  

 

 

The uniformity coefficients of the simulated rainfall exceeded 80%. Each conceptual landform was subjected to 

five runs of rainfall, with the interval being approximately 12 h. The experimental setup is listed in Table 1. The MX-
2010-G topography meter included a set of laser sources and a camera with a collimator (Fig. 2), and was applied to 

observe the process of sidewall expansion under the simulated rainfalls. The occurrence time and location of gravity 
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erosion and the behavior of the sidewall expansion were recorded using a video camera. A set of parallel laser lines, 

equivalent to contour lines, were emitted from the topography meter to the sidewall surface, which helped to 

transform the target-plane figures into 3D graphs (Fig. 3). As shown in Fig. 3, after a comparison of the images of 

the gully sidewall, pre- and post-failure, we obtained the erosion data, including the areas of land loss on the gentle 

slope, the volumes of gravity erosion and total soil erosion, the retreat rates of the gully shoulder line, and the slope 

gradients of the sidewalls. The relative error in the volumes recorded with the MX-2010-G topography meter was 

less than 10% (Xu et al., 2015b).  
 

The volume of soil erosion was calculated as follows: 

                  𝑊𝑉𝑗 = 𝑇𝑉𝑗 − 𝐺𝑉𝑗 (1) 

where 𝑗 is the sequence number of the rainfall event in an experiment with 𝑗 = 1, 2, …, 5; 𝑊𝑉𝑗 is the volume of 

water erosion in the 𝑗th rainfall (cm3); 𝐺𝑉𝑗, is the total volume of gravity erosion, which is the sum of the volumes 

of all the gravity erosion events occurring during the 𝑗th rainfall in an experiment (cm3); 𝑇𝑉𝑗, is the total volume 

of sidewall erosion, which is equal to the difference between the slope volume before and after the 𝑗th rainfall in an 

experiment (cm3). 

The steps for extracting the area of land loss on the gentle slope were as follows. First, the picture was loaded 

with the control points in the software R2V, the gully shoulder line was portrayed, and then the two control points 

were connected below the gully shoulder line as a fixed baseline. Second, the above file was output with the format 

*.dxf. respectively. Third, this vector file (*.dxf) was imported into AutoCAD, vertical lines were drawn from the 

shoulder line to the baseline, a closed curve was formed, and then the area was calculated. Then, the total area of land 

endpoints of the gully loss on the gentle slope, 𝐴𝑅, was obtained as follow: 
Table 1 Rainfall and topography conditions for experiments L1–L10. Three rainfalls, two initial slope gradients and two 

slope heights of the gully sidewall were considered in the experiments. 

Test umber 
Sidewall configuration Rainfall 

Height (m) Gradient (o) Intensity (mm min-1) Duration (min) Runs 

L1 1.0 70 2.0 30 5 

L2 1.0 80 2.0 30 5 

L3 1.5 70 2.0 30 5 

L4 1.5 80 2.0 30 5 

L5 1.0 70 0.8 60 5 

L6 1.0 80 0.8 60 5 

L7 1.5 70 0.8 60 5 

L8 1.5 80 0.8 60 5 

L9 1.0 70 0.8 30 5 

L10 1.0 80 0.8 30 5 

 

𝐴𝑅 = ∑ 𝐴𝑅𝑗

𝑁

𝑗=1

 (2) 

where 𝐴𝑅 is the total area of land loss on the gentle slope after five rainfall events in an experiment (cm2); 𝐴𝑅𝑗 

is the area of land loss on the gentle slope between the gully sidewall shoulder line before and after the 𝑗th rainfall 

in an experiment (cm2); and 𝑁 is the number of rainfall events in an experiment. 
The retreat rate of the gully shoulder line, 𝑉𝑅, can be calculated using the following formula: 

𝑉𝑅 = ∑
𝐴𝑅𝑗

𝐿𝑡

𝑁

𝑗=1

5⁄ = ∑ 𝑉𝑅𝑗

𝑁

𝑗=1

5⁄   (3) 

where 𝑉𝑅 is the average retreat rate of gully shoulder line during five rainfall events in an experiment (cm min-

1); 𝑉𝑅𝑗 is the retreat rate of the gully shoulder line during the 𝑗th rainfall in an experiment (cm min-1); 𝑡 is the 

rainfall duration (min); and 𝐿 is the linear distance between the two endpoints of the original gully shoulder line 

(cm). 

Only was the slope gradient of the gully sidewall discussed in the paper because hardly any erosion occurred on 

the gentle slope with the gradient of 3o, and all of the gravity erosions and most of the water erosions happened on 
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the sidewall. The slope gradient of the gully sidewall was measured using the following steps. First, the block 

ArcScene was opened in the software ArcGIS10.6, the 3D surface models––triangulated irregular networks (TINs)–

–were imported and transformed into raster formats, then the slope gradients of the 3D TINs were obtained using the 

command Slope under Raster Surface. Second, the 3D TINs were converted into vector files using the command 

Surface Slope under Triangulated Surface, and the vector files corresponding to the gully sidewall were obtained by 

the command Delete under 3D Editor. Third, the slope gradient of the gully sidewall was calculated using the vector 

data obtained in step 2 as clip features to clip the raster data obtained in step 1. Then, the difference in slope gradient 

of the gully sidewall, 𝐷𝑔, was obtained as follow: 

𝐷𝑔 = ∑ 𝐷𝑔𝑗 = ∑ 𝐷𝑔𝑏

𝑁

𝑗=1

𝑁

𝑗=1

-𝐷𝑔𝑎 (4) 

where 𝐷𝑔 is the difference between the slope gradient of the gully sidewall before the first rainfall and that after 

the fifth rainfall in an experiment (o); 𝐷𝑔𝑗 is the difference in the slope gradient of gully sidewall during the 𝑗th 

rainfall (o); and 𝐷𝑔𝑏 and 𝐷𝑔𝑎 are the slope gradient of gully sidewall before and after the 𝑗th rainfall (o). 

 

  

  
Figure 3 Comparison of the real slopes and 3D images. (a) A photo of the gully sidewall before the start of mass failure, 

(b) an image of the gully sidewall after a mass failure, and (c) and (d) 3D surface images corresponding to (a) and (b). The 

differences in the volume and gradient of the gully sidewall in the white frame have been calculated with an individual 

event of gravity erosion shown in the small yellow frame. The difference in volume and slope gradient of the two sidewalls 

shown in (c) and (d) are the total amount of soil loss and the average change in slope gradient during a rainfall event, 

respectively 

 

A sensitivity coefficient, which represents the extent of change in a target value triggered by variation in a crucial 

factor while keeping other conditions fixed, is the ratio of the percentage change in the target value to the percentage 

change in the parameter (Xu et al., 2020). A relatively large sensitivity coefficient indicates that the target value is 

highly susceptible to changes in the influencing factor. To assess the influence of the rainfall and topography factors 

on 𝐷𝑔 and 𝑉𝑅, we divided 10 sets of experiments into the following seven experimental groups: Ga (experiments 

L1, L2, L5 and L6) vs Gb (experiments L3, L4, L7 and L8), with the slope height in Ga being 1.0 m, and in Gb being 
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1.5 m; Gc (experiments L1, L3, L5 and L7) vs Gd (experiments L2, L4, L6 and L8), with the initial slope gradients 

being 70 and 80°, respectively; Ge (experiments L5 and L6) vs Gf (experiments L9 and L10), with the rainfall 

duration in Gc being 30 min, and in Ge being 60 min; and Gf (experiments L9 and L10) vs Gg (experiments L1 and 

L2), with the rainfall intensity being 0.8 and 2.0 mm min-1, respectively. The average values of 𝐷𝑔 and 𝑉𝑅 were 

calculated for each experimental group (𝐷𝑔  and 𝑉𝑅 , respectively). We then employed the increase-rate-analysis 

method (Xu et al., 2015a) to evaluate the sensitivity of 𝐷𝑔  and 𝑉𝑅  to rainfall and topography. The sensitivity 

coefficients were calculated as follows: 

𝑆 =
𝑅𝑡

𝑅𝑖
=

(𝑇𝑎 − 𝑇𝑏) 𝑇𝑏⁄

(𝐼𝑎 − 𝐼𝑏) 𝐼𝑏⁄
 (5) 

where 𝑆 is the sensitivity coefficient for assessing the susceptibility of 𝐷𝑔 or 𝑉𝑅 to the influencing factors; 𝑅𝑡 

is the increased ratio of 𝐷𝑔 or 𝑉𝑅;  𝑅𝑖 is the increased ratio of the influencing factor; 𝑇𝑎 represents 𝐷𝑔 or 𝑉𝑅 

after the influencing factor was changed in an experiment group (o or cm min-1); 𝑇𝑏 represents 𝐷𝑔 or 𝑉𝑅 before 

the influencing factor was changed in an experiment group (o or cm min-1); 𝐼 is one of the influencing factors––

initial slope gradient and height, and rainfall duration and intensity; and 𝐼𝑎 and 𝐼𝑏 represent the values of the 

influencing factors, after and before the change in an experimental group, respectively.  

3 Results 

3.1 Variations in the slope gradient of a gully sidewall 

Changes in the slope gradients of the gully sidewalls were obvious in the experiments. Table 2 shows these 

changes during the five rainfall events in experiments L1–L10. After five rainfall events, the slope gradients of the 

gully sidewalls in experiments L1–L10 were 56.4, 54.5, 45.3, 53.3, 35.0, 37.5, 44.3, 55.6, 61.9 and 63.9°, respectively. 

Compared to the initial slope gradient in experiments L1–L10, the slope gradients were decreased by 13.6, 25.5, 24.7, 

26.7, 35.0, 42.5, 25.7, 24.4, 8.1 and 16.1°, respectively. This implies that the landforms in experiments L5 and L6 

tended to stabilize after five rainfall events, probably because the slope gradients were close to the angles of repose 

of dry and wet loess soil (Meng, 1996).  

 
Table 2 Changes in the slope gradient of the gully sidewall after five rainfall events in experiments L1–L10. Compared 

with the initial slope gradient in experiments L1–L10, the slope gradients were decreased by an average of 24.2o. 

Test 

number 

Slope gradient of the gully 

sidewall (o) 
𝐷𝑔 (o) 

Test 

number 

Slope gradient of the gully 

sidewall (o) 
𝐷𝑔 (o) 

Initial After five rainfalls Initial 
After five rainfalls 

L1 70 56.4 13.6 L6 80 37.5 42.5 

L2 80 54.5 25.5 L7 70 44.3 25.7 

L3 70 45.3 24.7 L8 80 55.6 24.4 

L4 80 53.3 26.7 L9 70 61.9 8.1 

L5 70 35.0 35.0 L10 80 63.9 16.1 

Notes: 𝐷𝑔, namely the difference in slope gradient of the gully sidewall, means the difference between the slope gradient 

of the gully sidewall before the first rainfall and that after the fifth rainfall in an experiment. 
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Figure 4 Dynamic changes in 

the slope gradient of the gully 

sidewall in response to the 

volume of gravity and water 

erosion of a landform during 

five rainfall events. (a) First 

rainfall event, (b) second 

rainfall event, (c) third rainfall 

event, (d) fourth rainfall event, 

and (e) fifth rainfall event. The 

initial slope gradient of 

experiments L1, L3, L5, L7 and 

L9 was 70o, while the initial 

slope gradient of experiments 

L2, L4, L6, L8 and L10 was 80o 
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For instance, in the fourth rainfall event of experiments L1–L4, the values of changes in slope gradient of gully sidewall 

were 0.2, 1.9, 0.5 and 2.2o, respectively, and the corresponding volumes of water erosion accounted for 61, 57, 64 and 100% 

of the total volume of sidewall erosion, respectively (Fig. 4d). In addition, the volumes of water erosion in the fifth rainfall 

event of experiments L2 and L6 were comparable, whereas the volumes of gravity erosion in experiment L2 was 11.5 times 

greater than that in experiment L6, and the slope gradient of gully sidewall in experiment L2 (14.6o) decreased more 

significant than that in experiment L6 (6.5o) (Fig. 4e).  

 

Gravity erosion was the primary driver influencing the change in slope gradient of the gully sidewall in the 

experiments. Fig. 4 illustrates the difference in the slope gradient of the gully sidewall during the five rainfall events 

under the actions of gravity and water erosions. The amount of gravity erosion in 17 of the 19 rainfall events causing 

a change greater than 5o in the slope gradient of the gully sidewall accounted for more than 50% of the total amount 

of sidewall erosion. For example, in the second rainfall event of experiments L4–L8, the slope gradient of the gully 

sidewall decreased by 11.8, 20.6, 11.2, 13.9 and 12.5o, respectively, and the corresponding volumes of gravity erosion 

accounted for 55, 86, 57, 78 and 86% of the total volumes of sidewall erosion, respectively (Fig. 4b). As shown in 

Fig. 4c, the volumes of gravity erosion accounted for 69, 60 and 78% of the total volumes of sidewall erosion during 

the third rainfalls of the experiments L1, L3 and L4, and their slope gradients of the gully sidewalls were reduced by 

6.7, 11.7 and 9.6o, respectively. However, when the volume of water erosion during a rainfall event accounted for a 

large proportion of the total volume of soil erosion, the slope gradients of the gully sidewalls varied only marginally.  

 

3.2 Retreat rate of the gully shoulder line 

The gully shoulder line is always located in the most active part of a gully and its dynamics reflect the 

development of the gully (Liu et al. 2016). The retreat rate of the gully shoulder line mirrors not only the outward 

appearance of the developing gully, but also the internal mechanisms of gully development (Zhang et al. 2012). As 

can be seen from the experimental images (Fig. 2b–d), a retreat in the gully shoulder line was evident. Fig. 5 also 

illustrates the dynamic retreat of the gully shoulder line for the five rainfall events in experiment L8. After the fifth 

rainfall event, the maximum and minimum retreat widths of the gully shoulder line exceeded 100 and 50 cm, 

respectively. As shown in Fig.6, the retreat rate of the gully shoulder line and the total volume of soil erosion showed 

similar variations in experiments L1–L10. Additionally, the total volumes of gravity erosion in experiments L3, L6, 

L7 and L8 were comparable (approximately 600×103 cm3), whereas their total volumes of water erosion were 538.0, 

327.4, 338.6 and 260.9×103 cm3, and their retreat rates of the gully shoulder line were 0.6, 0.4, 0.3 and 0.2 cm min-

1, respectively. This implies that the retreat rate of the gully shoulder line is related to the volume of water erosion. 
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Figure 5 Dynamic changes in the gully shoulder line during five rainfall events in experiment L8. After the fifth rainfall 

event, the maximum retreat width of the gully shoulder line was more than 100 cm, with the minimum retreat width being 

more than 50 cm 

 

The retreat rate of the gully shoulder line showed an increasing-decreasing-increasing trend during the five 

rainfall events in the experiments. For example, as shown in Fig. 7a, in experiment L1, the retreat rate of the gully 

shoulder line reached a peak value of 0.9 cm min-1 in the second rainfall event and reached a minimum value of 0.1 

cm min-1 in the fifth rainfall event. The retreat rate of the gully shoulder line in experiment L2 reached the peak 
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values in the second (𝑉𝑅2 = 1.1 cm min−1) and fifth (𝑉𝑅5 = 2.2 cm min−1) rainfall events, and a minimum value 

in the third (𝑉𝑅3 = 0.3 cm min−1). As shown in Fig. 7b, the retreat rate of the gully shoulder line in experiment L7 

reached the peak values of 0.6 and 0.7 cm min-1 in the second and fourth rainfall events, respectively. Comparing 

Fig. 7a and b, it can be seen that the retreat rates of the gully shoulder lines in the experimental group with a rainfall 

intensity of 2.0 mm min-1 were significantly greater than in the experimental group with a rainfall intensity of 0.8 

mm min-1. 

 

 

Figure 6 Retreat rate of the gully shoulder line in response to the volume and type of soil erosion after five rainfall events 

in experiments L1–L10. The total volume of soil erosion was equal to the sum of the volumes of the gravity and water 

erosion after five rainfall events for each experiment. The retreat rate of the gully shoulder line is the average retreat rate 

of the gully shoulder line during five rainfall events  

 

  
Figure 7 Retreat rate of the gully shoulder line during each rainfall event in experiments L1–L10. (a) Severe rainstorms 

with a density of 2.0 mm min-1, and (b) gentle rainfall with a density of 0.8 mm min-1 

 

3.3 Land loss on the gentle slope 

Different types of erosion may significantly influence the area of land loss on the gentle slope. In this study, we 

investigated the relationship between the area of land loss on the gentle slope and volumes of different types of soil 

erosions, namely gravity and water erosions, during the process of sidewall expansion. As shown in Fig. 8, the 

correlation coefficient between the area of land loss on gentle slope and volume of gravity erosion on the gully 

sidewall was 0.93, and the correlation coefficient between the area of land loss on gentle slope and volume of water 

erosion on the gully sidewall was 0.71. This shows that land loss on the gentle slope was the result caused by the 

water and gravity erosions, and the gravity erosion was the primary driving force. The soil on the gentle slope was 

separated from the slope face under the effect of gravity, accumulating on the downslope or gully bottom and resulting 

in an irreversible loss of land. 
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Figure 8 Correlation between the soil erosion on the sidewall and land loss on the gentle slope after five rainfall events in 

experiments L1–L10. (a) Gravity erosion on the sidewall vs. land loss on the gentle slope, and (b) water erosion on the 

sidewall vs. land loss on the gentle slope 

 

3.4 Sensitivity coefficients 

Rainfall duration and initial slope gradient significantly influenced the changes in slope gradient of the gully 

sidewalls in the experiments. As shown in Fig. 9, there were substantial increases in the change in slope gradient of 

the gully sidewall when the rainfall intensity, rainfall duration and initial slope gradient increased. In particular, when 

the other factors were fixed, but the rainfall duration was increased from 30 to 60 min, the change in slope gradient 

of the gully sidewall grew from 12.1 to 38.8o. In contrast, the change in slope gradient of the gully sidewall dropped 

with the increasing slope height. A sensitivity analysis was implemented to assess the influences of topography and 

rainfall on the change in slope gradient of the gully sidewall. The sensitivity coefficients of the change in slope 

gradient of the gully sidewall on rainfall duration, initial slope gradient, rainfall intensity and slope height were 2.2, 

1.4, 0.4 and -0.3, respectively (Fig. 9). These results indicate that rainfall duration and initial slope gradient were the 

most and second-most influential factors on the changes in slope gradient of the gully sidewalls in the experiments. 

Rainfall intensity and initial slope gradient were the most important sensitivity parameters affecting the retreat 

rate of the gully shoulder line in the experiments. Fig. 10 illustrates the variation in the retreat rate of the gully 

shoulder line as rainfall and topography increased. It was found that the retreat rates of the gully shoulder line 

increased with increasing rainfall intensity, rainfall duration and initial slope gradient. For example, when the other 

conditions were fixed, but the rainfall intensity was increased from 0.8 to 2.0 mm min-1, the retreat rate of the gully 

shoulder line increased by 600% (with the retreat rate increasing from 0.1 to 0.7 cm min-1). However, when the slope 

height increased from 1.0 to 1.5 m, the retreat rate of the gully shoulder line was maintained at approximately 0.5 cm 

min-1. Using a sensitivity analysis with the increase-rate-analysis method, the authors found that the sensitivity 

coefficients of the retreat rate of gully shoulder line on rainfall intensity, initial slope gradient, rainfall duration and 

slope height were 4.0, 3.5, 2.0 and -0.1, respectively (Fig. 10). These results suggest that the most significant factors 

affecting the retreat rate of gully shoulder line were the rainfall intensity and initial slope gradient. 

 

4 Discussion 

4.1 Mechanisms of gully sidewall expansion 

The variation in slope gradient of the gully sidewalls was the result of the synergetic effect of water and gravity 

erosions, although significant decreases in slope gradient were caused by gravitational erosion (Fig. 4). Water erosion 

occurred first, increasing the occurrence and development of gravity erosion during the process of sidewall expansion. 

The movement of topsoil towards the downslope position due to runoff was the result of increasing stress and 

decreasing strength at the soil surface during rainfall. This process changed the topography, such as some parts of the 

gully slope becoming steep, thus increasing the possibility of mass failure (Lu and Godt, 2013). Conversely, gravity  
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Figure 9 Sensitivity analysis of changes in the slope gradient of the gully sidewall for the triggering elements. The changes 

in the slope gradients of the gully sidewalls in the experimental groups Ga–Gg ranged from 12.1 to 38.8o 

  

Figure 10 Sensitivity analysis of the retreat rate of the gully shoulder line for the triggering elements. The average retreat 

rates of the gully shoulder line in experimental groups Ga–Gg ranged from 0.1 to 0.7cm min-1 

 

erosion destroyed the original structure of the soil as the structure became loose, providing a major source of water 

erosion. In the experiments, the slope gradient of the gully sidewalls was significantly reduced owing to the 

occurrence of large-scale failure or a large number of small-scale failures that allowed for temporary stability of the 

gully sidewall. Water erosion then became the main erosion pattern of the gully sidewall, as evidenced with the 

erosion from the gully sidewall caused by surface runoff and that from the soil accumulation caused by channel flow. 

Because much of the material produced by the gravity erosion remained at the toe of the gully sidewall, the deposition 

may have increased the instability of the gully sidewall. Liu and Wu (1993) also suggested that the processes of water 

and gravity erosions mutually influence each other in the gully development.  

The retreat of the gully shoulder line was also influenced by a combination of gravitational and hydraulic erosion. 

The gully shoulder is a heavily eroded area, characterized with the rapid retreat of the gully shoulder line. In the 

experiments, soil erosion started from the gully shoulder (Fig. 3a and b). The rapid retreat of the gully shoulder line 

is likely due to two reasons. First, the formation of runoff provides a driving mechanism for soil erosion (Lu and 

Godt, 2013). After the formation of infiltration-excess runoff on the loess gentle slope, the runoff flows through the 

gully shoulder, eroding it, with the intensity of the erosion gradually decreasing from the gully shoulder to the 

downslope. In addition, with an increase in rainfall duration, the stress distribution in a slope is dynamic, whether 

caused by water movement or mass gravity. Tensile cracks form at the top of the slope, owing to a decrease in the 

cohesion and an increase in the downslope component of gravity in the gully sidewall, as the soil water content 

increases under rainfall infiltration. Pore water pressure is generated after rainwater enters these tension cracks, 

causing tension crack propagation and coalescence, followed by the formation of a potential slip surface. When the 

strength at the slip surface decreases with an increase in pore water pressure (Orense, 2004), gravity erosion occurs, 
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accompanied with retreat of the gully shoulder line. 

 

4.2 Effects of parameters on gully sidewall expansion 

Changes in rainfall and topography significantly influence the process of sidewall extension, such as dynamic 

changes in erosion patterns and slope gradients (Thornes and Alcantara-Ayala, 1998; Sánchez-Canales et al., 2015). 

In this study, rainfall duration and initial slope gradient had significant influences on changes in slope gradient of the 

gully sidewalls (Fig. 9). When the rainfall intensity was constant, but the duration was increased, the dynamic and 

hydrostatic pressure caused by rainfall infiltration had an adverse effect on slope stability (Tu et al., 2009). In addition, 

the matric suction decreased or even disappeared with an increase in water content during rainfall infiltration, 

resulting in a decrease in soil shear strength, eventually leading to the occurrence of gravity erosion (Lomtadze et al., 

1977; Tu et al., 2009). An increase in the initial slope gradient results in the concentration of shear stress at the 

sidewall toe and tension stress at the gully shoulder (Pei et al., 2013), leading to an increase in the absolute values of 

shearing forces, followed by slope failure. This indicates that mass failure led to a remarkable change in slope gradient 

during sidewall expansion. This result supports the finding of Claessens et al. (2013), which also proved that mass 

movement on the sidewall may be responsible for sudden and significant changes in the slope angle. In addition, the 

change in the slope gradient of the sidewall was negatively correlated with initial slope height in the experiments. 

The reason for this phenomenon may be that a higher slope height requires a greater amount of infiltration and more 

time for the rainfall to move from the top to the bottom of the soil profile on the gully sidewall. 

Our results also indicate that the most significant factors affecting the retreat rate of the gully shoulder line were 

rainfall intensity and initial slope gradient (Fig. 10). The main reason for this is that runoff velocity rises with 

increasing slope gradient and rainfall intensity (Chen and Cai, 1990; Wang et al., 2013), which leads to the component 

of the tractive force of flowing water parallel to the slope surface to be greater than the soil resistance, eventually 

causing retreat of the gully shoulder line, leading to gully widening (Xiao and Tang, 2007). Demissie et al. (2019) 

also suggested that heavier and longer-lasting rainfall events had a substantial influence on channel width. As the 

initial slope gradient increases, the retreat rate of the gully shoulder line also increases. It is likely that the steep slope 

gradients encouraged the concentration of tension stresses at the top, which in turn led to the formation of tension 

cracks in the gentle slope near the gully shoulder line, and subsequent mass failure.  

 

4.3 Hazards and defense scenarios 

Gully sidewall expansion always causes land loss on the gentle slope. It is only when gullies threaten humankind 

that they represent a hazard (Ionita et al., 2015). The evolution of gullies has reduced the extent of agricultural land, 

which can diminish crop yields (Frankl et al., 2011; Zgłobicki et al., 2015). Before the ‘Grain-for-Green’ program in 

China, the Loess Plateau had been facing severe land loss due to sidewall expansion. For example, from 1958 to 

1978, the average rate of sidewall retreat was 0.84 m a-1 in the Xingzi River Catchment in Yan'an City, and the annual 

loss of the inner-gully area was approximately 1886.7 hm2 (Meng, 1996). Recently, several studies have shown that 

land loss on the gentle slope, caused by sidewall expansion, is still severe on the Loess Plateau. Li et al. (2015) found 

that, from 2003 to 2010, the maximum retreat rates of gullies in 30 investigated catchments in the southeastern part 

of the Loess Plateau ranged between 0.23 and 1.08 m a-1, with an average of 0.51 m a-1. It has been understood that, 

both before and after the 'Grain-for-Green' program in China, there was severe land loss on the gentle slope, caused 

by gully sidewall expansion. Qin et al. (2018) indicated that gully widening constituted approximately 80% of the 

total soil loss. Gully development caused by sidewall expansion is one of the greatest threats to land loss not only in 

China but also in other countries (Kuhnert et al. 2010). A field investigation in the Umbulo Catchment of southern 

Ethiopia indicated a rapid, downslope development of gullies in the past 30 years, with an average soil loss rate of 

between 11 and 30 t ha-1 a-1 (Moges and Holden, 2008). If gully sidewall expansion had not been controlled, gully 

expansion would have reached its maximum extent, forcing farmers to retreat, and reduce the cultivated area around 

the gullies (Yitbarek et al., 2012). 

Only after the mechanisms of gully sidewall erosion have been understood, can effective measures be designed 

to reduce their expansion. Gully sidewall expansion results from the combined actions of water and gravity erosions. 

The importance of vegetation in controlling water erosion is widely accepted (Bochet et al., 2006). Vegetation plays 

a crucial role in intercepting rainfall and runoff, increasing infiltration capacity, stabilizing soil through root growth, 

protecting the soil surface against the direct impact of raindrops, and trapping sediment (Wei et al., 2009). In this 

study, the gully shoulders were eroded by rainfall and surface runoff, which promoted the occurrence and 

development of gravity erosion. Vegetation planted on gully shoulders could stabilize the gully and decrease runoff 

erosion (Nyssen et al., 2007). However, vegetation does not have a significant effect on controlling gravity erosion 

on the gully sidewall (Guo et al., 2019). With vegetation restoration on the Loess Plateau of China, the amount of 

soil erosion on the gentle slope has decreased, but the amount of soil erosion on the gully sidewall has become more 

prominent (Yang et al., 2011). The reasons are some unfavorable influences of vegetation on gully slope stability, 
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including the relatively high near-surface water content both during and after rainfall events (Simon and Collison, 

2002). Our findings suggest that mass failure was the main cause of gully sidewall expansion, which is in agreement 

with the findings of Lohnes (1991) and Rowland et al. (2009). Consequently, treatment of the gravity erosion is the 

key to control gully sidewall expansion. Control measures for gully sidewall expansion cannot be effective, especially 

in the long term, if the gravity erosion is not considered to be the dominant mechanism in the gully sidewall expansion. 

For example, a structural practice implemented in the Yanwachuan Catchment of the Dongzhiyuan tableland on the 

Loess Plateau, involving simply filling the gully head with loess, was proved to be not effective (Wang et al., 2019). 

Simple gully landfill combined with drainage measures were also proved to be ineffective because the surface 

drainage on the downslope side always collapsed, triggered by washing and erosion. However, as a way to mitigate 

the risk of sidewall expansion, combining gully landfill and drainage with ecological slope protection can effectively 

control the mass failures (Wang et al., 2019). In addition, from a long-term perspective, the check dam has become 

an effective practice to control mass failure in gully areas on the Loess Plateau. The expansion of gully sidewall will 

be mitigated when the thalweg in the upper reach of the gully is increased and the height of the sidewall behind the 

check dam is reduced as a result of siltation behind the check dam (Xu et al., 2020). Thus, a combination of vegetation 

measures on the gentle slope, structural and ecological practices on the sidewall, and powerful structural practices, 

e.g., check dams, on the gully floor, is preferred for sidewalls vulnerable to expansion.  

 

4.4 The way forward 

In this study, rainfall and topographic factors were taken into account in an examination of gully sidewall 

expansion, although vegetation may influence and constrain such sidewall expansion. Although the Loess Plateau is 

characterized by low vegetation cover, the vegetation on the slope has recovered well in some areas through 

implementation of the 'Grain-for-Green' program. The roots of trees, shrubs, grasses and other plants play an 

important role in slope stability. Living plant roots can provide mechanical reinforcement to the soil (Chirico et al., 

2013), which can resist the generation of tensile cracks, or can be converted into shear strength to resist shear stress. 

However, several studies have reported that vegetation can promote the initiation of mass movement on gully 

sidewalls during rainfall (Guo et al., 2019; Gao et al., 2020). For instance, Wang (2014) reported that sheet and rill 

erosion on the gentle slope was mitigated effectively through vegetation restoration, but that there was severe gravity 

erosion on gully sidewalls during a rainstorm in the Yanhe watershed on the Loess Plateau. Consequently, in future 

experiments, the effect of vegetation on gully sidewall expansion should be assessed. 

New techniques can supplement traditional fieldwork that is based on visual observations and the use of erosion 

pins or stakes (Martínez-Casasnovas et al., 2004). On one hand, detailed studies and long-term monitoring activities 

on lateral gully expansion are neither frequent nor adequately documented in the existing literature, mainly because 

of the difficulties involved in investing human and economic resources on these phenomena, which are often 

considered a low hazard risk (Pasuto and Soldati, 2013). On the other hand, innovative monitoring techniques, such 

as the global positioning system (i.e., GPS) (Magri et al., 2008) and light detection and ranging (i.e., LiDAR) 

(Vianello et al., 2009), have already been used successfully in several studies dealing with ground deformation due 

to their high accuracy and reliability. Hence, to understand the kinematics, evaluate and mitigate the hazards, and 

predict evolutionary scenarios of gully sidewall expansion, there is a need to couple traditional monitoring with 

innovative monitoring techniques. 

5 Conclusions 

Land loss on the gentle slope was the result of the effect of water and gravity erosions, and gravity erosion was 

the primary cause. A strong positive correlation was found between the area of land loss on the gentle slope and the 

volume of gravity erosion (𝑟1 = 0.93), and the area of land loss on the gentle slope and the volume of water erosion 

also exhibited a positive correlation (𝑟2 = 0.71).  

The gravity erosion is the major impetus of the change in slope gradient of the gully sidewall during the process 

of sidewall expansion in the experiments. As mentioned above, the amount of gravity erosion in 17 of the 19 rainfall 

events causing a change greater than 5o in the slope gradient of the gully sidewall accounted for more than 50% of 

the total amount of sidewall erosion. The retreat rate of the gully shoulder line showed a similar change with the total 

volume of sidewall erosion, exhibiting an increase-decrease-increase trend in the experiments. In addition, the retreat 

rate of the gully shoulder line was related to the volume of water erosion. 

The rainfall duration and initial slope gradient had a significant influence on the change in slope gradient of the 

gully sidewall in the experiments. Meanwhile, the retreat rate of the gully shoulder line was highly susceptible to the 

rainfall intensity and initial slope gradient. The sensitivity coefficients of the change in slope gradient of the gully 

sidewall on the rainfall duration and initial slope gradient were 2.2 and 1.4, and the sensitivity coefficients of the 

retreat rate of the gully shoulder line on the rainfall intensity and initial slope gradient were 4.0 and 3.5, respectively. 
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