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Jacek Róźkowski and Grzegorz Kłys

Received: 27 October 2021

Accepted: 16 November 2021

Published: 19 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 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 Institute of Soil and Water Conservation, Chinese Academy of Sciences and Ministry of Water Resources,
Xianyang 712100, China; baiyun21@mails.ucas.ac.cn (Y.B.); guomingming@iga.ac.cn (M.G.);
wenzhaoguo@nwafu.edu.cn (W.G.)

2 Shaanxi Key Laboratory of Ecological Restoration in Shanbei Mining Area, Yulin University,
Yulin 719000, China; nldmcy@yulinu.edu.cn

3 University of Chinese Academy of Sciences, Beijing 100049, China
4 Key Laboratory of Mollisols Agroecology, Northeast Institute of Geography and Agroecology,

Chinese Academy of Sciences, Harbin 150081, China
5 State Key Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Institute of Water and Soil

Conservation, Northwest A&F University, Xianyang 712100, China; Kang_Abner@nwafu.edu.cn
6 Yunnan Institute of Water & Hydropower Engineering Investigation, Design & Research,

Kunming 650021, China; suhuan@ynwdi.com
* Correspondence: wlwang@nwsuaf.edu.cn

Abstract: Severe gully erosion on spoil dumps, caused by dense concentrated flow derived from
platforms, poses a significant threat to the land management of mining areas. However, little
is known about the development processes and mechanisms of gullies on spoil dumps. A flow
scouring experiment was conducted on an established platform–slope system under 3.6–5.04 m3 h−1.
The soils of the system consisted of a surface sandy loam A layer and anunderlying clay loam B
layer. The results showed that the platform exhibited a gully development process of headcut-
incision–headcut-expansion–stabilization and the steep slope experienced gully development of
A-layer incision–A-layer expansion–B-layer incision–stabilization. The results showed 88.97–100% of
Froude Number (Fr) decrement and 47.90–88.97% of Darcy–Weisbach roughness coefficient increment
finished in the two incision stages on the steep slope. Gully depth has the most sensitive response to
flow hydraulics. A significant linear correlation exists between gully depth and shear stress, runoff
power, Fr, and Reynolds Number (R2 > 0.337). Overall, the optimal hydraulic indicator varies within
different stages for describing the gully morphology development, illustrating the different action
mechanism between flow hydraulics and gully morphology. Our findings provide a theoretical
support for future mechanistic studies of gully erosion and the land management on spoil dump.

Keywords: gully erosion; scouring experiment; morphology change; morphology feedback;
mining area

1. Introduction

Soil erosion has become a global issue. The environmental problems caused by man-
made accelerated soil erosion are becoming serious, and will strongly affect regional, social,
and economic development. Spoil dumps are the main source of sediment during road
construction and coalfield development. Characterized by a lack of soil structure and low
vegetation productivity [1,2], spoil dump output has 11.19–138.67 times the sediment of
the original earth [3]. Gully erosion accounts for 69.2–86.6% of the total sediment [4]. More
seriously, secondary disasters, such as landslides and debris flows, evolve and increase the
sediment transport load in the nearby fluvial networks and their ecosystems [2]. However,
the research on the mechanism of gully erosion on spoil dumps is weak. More research
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is required to optimize the design and layout of soil and water conservation measures in
spoil dumps.

Water erosion progresses from sheets, to rills, gullies, and in-stream erosion [5].
Gullies are easily formed under concentrated flow without effective protection. Gul-
lies develop very rapidly, with their length, depth, width, area, and volume becoming
stable within about 5% of their lifetime [6]. Previous studies have indicated that gul-
lies experience the development processes of headcuts, bed deep cutting, and sidewall
expansion [7,8]. Concentrated flow is the main driver of gully formation and development.
Froude number (Fr) and flow velocity increase with rainfall intensity, catchment area, and
inflow rate [9,10]. The flow regime is turbulent and supercritical with greater flow force,
power, and energy [11,12], which favors the formation of headcuts. Once headcut flows
dominate, runoff velocity decreases because of the feedback between the flow and the
bed [13]. Gong et al. suggested that hydrodynamic parameters change frequently in space
and time owing to the energy consumption concentrated in step pools [14]. A mechanical
relationship exists between flow hydrodynamics and gully morphology. Gully length
development has been systematically studied in terms of its correlation with average daily
rainfall, flow discharge, and catchment area [15–17]. Gully depth and width increase with
flow discharge [18]. A dynamic model of gully erosion, established by Sidorchuk et al.,
is used to predict the development of gully depth and width, and involves longitudinal
profile, flow velocity, water shear stress, and coefficient of flow resistance [6]. The EGEM
mode is also used to predict gully width, gully area, and sediment, established by consider-
ing rainfall property, Manning coefficient, and catchment area [19]. The development of
gully morphology is affected by catchment area [20], topography [21,22], soil texture [23],
and land use [16], which results in complex development and difficult prediction [24].

The platform–slope system is the typical topography of spoil dumps in opencast
mining. The upslope inflow is the main force driving the serious erosion of steep slopes on
spoil dumps [25]. The undulating platform acts as a catchment area with low infiltration
and high soil bulk density with uneven subsidence. The steep slope undergoes severe
gully erosion due to poor ridge protection and concentrated inflows from the platform,
which have been reported in mine dumps of coal and Uranium [26,27]. Su et al. found that
the formation of gully follows the sequence of sheet, rill, and gully on the platform-slope
system of spoil dump [4]. Lv et al. found that gullies are formed by a combination of water
and gravity, which provides a favorable topography for further gully development on
the platform–slope system [28]. More studies have focused on rill erosion and its erosion
mechanism on spoil dumps [29–32]. However, the morphological development of a gully
and its response to channel flow hydraulics are still poorly understood.

Given the above scientific gaps, field scouring tests were conducted with inflow rates
of 3.6, 4.32, and 5.04 m3 h−1 on the runoff plots of the platform–slope system. This paper
aims to (1) clarify gully morphological variation and development of the platform–slope
system, (2) clarify the response of gully morphology to flow hydraulics, and (3) establish
the relationship between gully morphology and hydrodynamic parameters to illustrate
the morphodynamic mechanism of gully development on the platform–slope system of
spoil dumps.

2. Materials and Methods
2.1. Study Area

Field scouring experiments were conducted at the Huayuangou Soil and Water Con-
servation Experimental Station of Shaanxi Key Laboratory of Ecological Restoration in the
Shanbei mining area, which is located in Yulin City, Shaanxi Province, China (Figure 1).
A total of 80 spoil dumps belonging to 27 opening coal mines were investigated before
the scouring experiments. The investigation region, belonging to the Shenfu–Dongsheng
Coalfield, is at the junction of the provinces of Shanxi, Shaanxi, and Inner Mongolia, and
the transition zone of the Loess Plateau and Mu Us Desert of China. The mining region
has an arid and semiarid continental monsoon climate [33]. The annual precipitation in
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the study area is 400 mm, mostly occurring between July and September as short-duration
high-intensity rainstorms. All the investigated open-pit coal mining dumps consist of two
domains: platform and steep slope. The platform approximately covers an area of 3.2 to
125.0 hm2. The steep slope varies from 10 m to 40 m (22.5 m on average) in length, with
gradients ranging from 53.2% to 100% (70.6% on average). The soil of opencast mine dumps
is divided into two layers: covered topsoil and sublayer spoil. Topsoil, 20–30 cm thick for
better vegetation restoration, is named A layer in this study. The topsoil is stripped from
the original earth before being mined with a thickness of 20–50 cm that depends on the
fertility of the soil. Sublayer spoil, named B layer in this study, is mainly the Tertiary Red
Clay in northern China. The spoil dumps, underlying the Tertiary Red Clay, account for
62.5% of the total investigated sites. The Tertiary Red Clay mainly contains quartz and
clay minerals with a small amount of feldspar, calcite, and heavy minerals. The dominant
restored species are Chenopodium album L. and Medicago sativa L. Owing to uneven sub-
sidence, the platform concentrates inflow from different areas of the catchment, which
ranges from 65.6 m2 to 492.3 m2, leading to severe gully erosion. Gullies generally occur at
the transition section between the platform and the steep slope, with an evident headcut
near the transition point. Gully depth and width gradually reduce along the steep slope
with maximum values of 2.8 m in depth and 5.2 m in width among all surveyed spoil
dumps. Statistics show that the steep slope, 3–8 m away from the transition point, has
the most severe erosion. Therefore, the steep slope length of the plot is set at 6 m in this
experiment. Moreover, the mining area is located in the water–wind erosion cross-zone,
which causes high soil and water losses in the region.
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Figure 1. (a) Locations of the experimental soils; (b) The platform-slope system of spoil dump; (c) The gully developed on
platform-slope system.

2.2. Experimental Design and Procedures
2.2.1. Inflow Discharge

Three inflow rates of 3.60, 4.32, 5.04 m3 h−1 were used in the experiment, which were
the upstream discharges from 120, 145, 170 m2 platform catchments under once in 5 years’
rainstorm conditions, following the equation for average rainfall intensity with rainfall
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duration according to the statistical analysis of 1710 typical heavy rainfall events in the
Loess Plateau [34]. Before a test was launched, the inflow rate was calibrated 2–3 times
using a flow meter, and the desired quantity for the test was controlled by adjusting the
installed valves. The relative error between the measured and the designed inflow rates was
required to be less than 5%. The duration of each test was set as 45 min. The soil moisture
of each plot was modified to ensure the same levels in all plots before the experiment.

2.2.2. Plot Set-Up

In April 2019, three experimental plots were established. Each experimental plot
consisted of a platform domain and a steep slope domain. The width of the plot was 1.5 m.
The length and the gradient of the steep slope were 6 m and 35◦, with 2 m and 35◦ as
the platform. The plot was bordered using 60 cm high and 2 mm thick steel, and all plot
borders were inserted 50 cm into the soil to prevent water from exchanging across the plot
boundaries. The soil of the A and B layers used in the experiments was obtained from the
spoil dump of Xiwan open-pit mine (38◦37′ N, 109◦57′ E). The A-layer soil is classified
as sandy loam, and the B-layer soil is clay loam based on the international soil taxonomy
classification. Basic physical properties are shown in Table 1. In the course of filling plots,
80 cm was packed in eight 10 cm layers. Two of the surface layers were filled in the sandy
loam and called A layers. The six bottom layers were filled with clay loam and defined
as B layers. The platform bulk density of A and B layers were controlled at 1.40–1.45 and
1.50–1.60 g cm−3, respectively. The soil bulk density of the steep slope was controlled at
1.25–1.35 and 1.40–1.50 g cm−3 (Table 1). The soil surface was raked between layers to
promote cohesion. The earth was allowed to settle naturally for 2 weeks after all the plots
were filled. Before the experiment, the soil surface was repaired to make it concave in the
middle of the plot to ensure that the gully developed in the middle of the plot. A runoff
gathering pit was dug in the outlet of each plot for collecting runoff and sediment samples.

Table 1. Physical properties of experimental soil.

Soil Type
Soil Particle Composition (%) Soil Bulk Density (g cm−3) Antecedent Soil Moisture (%)

Sand
(0.02–2 mm)

Silt
(0.002–0.02)

Clay
(<0.002) Platform Steep Slope Platform Steep Slope

Sandy
Loess 67.815 17.545 14.640 1.42 ± 0.02 1.23 ± 0.02 13.75 ± 3.02 11.63 ± 2.63

Clay loam 42.721 33.089 24.190 1.55 ± 0.03 1.43 ± 0.02 18.57 ± 2.02 17.95 ± 2.34

2.2.3. Experimental Devices

The experimental installation was a combined system of watering equipment, runoff
plot, and collection devices (Figure 2). Specifically, the watering equipment was composed
of a submersible pump, reservoir (length × width × height: 3 m × 3 m × 1 m), valves,
switches, flow meter, overflow flume, and impermeable fabric. Inlet and return pipes were
installed, with valves, switches, and flow meters attached to the reservoir for controlling
and reading the inflow rate. At the upper end of the plot, an overflow flume with an outlet
in a tilted zigzag–shape was installed to dissipate water energy for a steady-state flow
condition. Attached to the outlet of the overflow flume, a piece of 15 cm long impermeable
fabric, with the same width as the plot, was used to naturally simulate the random afflux
upstream of the dump platform catch pit as uniformly as possible. The field plot was
seamlessly connected to the impermeable fabric. As the platform steep slope system
deformed over time, erosion was recorded by two Logitech Pro920 video cameras with
a resolution of 2.0 megapixels, and then the images and videos were imported into a
computer. A soft ruler with 1 mm accuracy was laid along one side of the plot boundary to
provide the reference object.
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2.2.4. Experimental Procedure

Three observation sections were set at 2 m intervals for measuring the downward flow
velocity along the steep slope, and one at 1 m intervals on the platform. The flow velocities
were measured under given conditions, and sheet flow, typically short in duration, was
dominant on the platform and the steep slope in the early phase. Gully flow, appearing
2–3 min after the test began, extended along the flow direction on the steep slope but traced
the flow source on the platform. Thus, the sheet flow ahead of the gully head was selected
to be measured first. Afterward, gully flow velocity was measured once the gully was
longer than 50 cm in each independent observation section. Measurements of flow velocity
on the steep slope were nearly identical. Flow velocities in the flume experiment were
measured using the dye tracing method (Coloration of KMnO4), with the aid of a digital
stop-watch. The velocity in each section was derived by dividing the section distance by the
traveling time with distance. The flow velocities were measured at 1-min intervals during
the first five minutes, and at 2-min intervals thereafter. The mean value of the four sectional
flow velocities, modified by a correction factor of 0.75 according to the flow regimes [35],
was considered as the actual flow velocity. Gully depth was measured at 2-min intervals in
all the test times except the first minute (Figure A1). All measurements were carried out
two times at each observation section using a steel ruler with 1 mm accuracy. The gully
depth observation sections were set at 50 cm intervals along the steep slope.

2.3. Data Calculation and Statistical Analysis

Captured and saved from videos recorded, screenshots of the moment of gully depth
measurement, were imported into Digimezer 2.0. A meter reference was qualitied according
to the soft ruler placed on the in-border of the plot, and the gully width was measured at
each observation section set at 50 cm intervals along the steep slope, and at 25 cm intervals
along the platform. Gully length was equal to the length of the smooth curve in the middle
of the gully.

Hydrodynamic parameters used in the paper were Reynolds Number (Re), Fr, Darcy–
Weisbach roughness coefficient (ƒ), shear stress (τ, Pa), runoff power (ω, N m−1 s−1)),
runoff kinetic energy (e, J), and unit steam power (W, m s−1).

Re is calculated by Equation (1):

Re =
VR
υ

, (1)
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where V (m s−1) is the mean flow velocity; ν (m2 s−1) is the kinematic viscosity; and R (m)
is the hydraulic radius, which was given for a rectangular rill by Equation (2):

R =
bh

b + 2h
, (2)

where b (m) is the average flow width; and h (m) is the flow depth, which was calculated
for a relatively shallow rill by Equation (3):

h =
q

VbT
, (3)

where q (m3) is the runoff volume measured at the plot outlet at the given sampling time, T
(s) is the given sampling time, and ν is calculated directly from water temperature with
Equation (4):

υ =
0.000001775

1 + 0.0337t + 0.000221t2 , (4)

where t (◦C) is the water temperature.
Fr is calculated by Equation (5):

Fr =
V√
gh

, (5)

where g (m s−2) is the acceleration due to gravity, namely, 9.8 m s−2.
ƒ is given by Equation (6):

f =
8gRJ

V2 , (6)

where J is the hydraulic gradient, which is approximately substituted by the sine of the
slope gradient.

τ is calculated by Equation (7):

τ = γmgRJ, (7)

where γm (Kg m−3) is the mass density of the water–sediment mixture, which is given by
Equation (8):

γm = S + γ(1− s
γs

), (8)

where S (Kg m−3) is the sediment concentration, γ (Kg m−3) is the mass density of clean
water, and γs (Kg m−3) is the sediment density.

ω is calculated by Equation (9):

ω = τV, (9)

e and unit W are calculated by Equations (10) and (11):

W = V J, (10)

e =
γqV2

2g
, (11)

The correlations between gully depth, gully width, and flow hydrodynamic parame-
ters were detected using Pearson correlation analysis. The fitted results were evaluated by
coefficient of determination (R2). All statistical analysis and other graphics were carried
out with SPSS 23.0, R 3.5.4 and Origin 8.5 software, respectively.
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3. Results
3.1. Gully Morphological Development
3.1.1. Gully Dimension

Gully development was triggered by the incision at the bend between the platform
and the slope. The incision became larger in three dimensions, resulting in the morpho-
logical development of gullies. The final gully length, width, and depth were 3.18–3.30 m,
0.25–0.32 m and 0.2 m on the platform, respectively. The platform gully length (PL) experi-
enced three development stages. PL first increased slowly below 0.8 m and then increased
sharply from 0.8 m to 3.0 m, causing the runoff to bifurcate, and finally remained stable
at 3.0 m (Figure 3a). The migration velocity of the headcut, on average, was 7.31–10.63,
16.59–43.74, and 0.57–1.76 cm min−1 in the three stages. The headcut migration length in
the three stages accounted for 24.48–26.91%, 63.65–68.78% and 4.48–10.12%. No steady
headcut migration was observed. The gully depth on the platform (PD) increased rapidly
at the rate of 4 cm min−1 within 5 min and then remained stable (Figure 3b). The platform
gully width (PW) experienced two stages (Figure 3c). In the first 28 min, PW showed an
increase trend at the speed of 0.09–1.16 cm min−1, with fluctuation between 0.11 m and
0.30 m. In the following stable stage, PW no longer changed. PW significantly increased
with the discharge (p < 0.01).
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morphology on the platform in the stages of headcut-incision, headcut- expansion and stabilization, respectively.
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The development of gully depth on the steep slope (SD) was divided into four stages
(Figure 4a). SD quickly increased within 0.2 m, which was equal to the thickness of A
layers. The increasing speed was 2.27–2.89 cm min−1. Then, SD increased slowly at a
speed of 0.36–0.51 cm min−1 after the gully beds reached the B-layer. After the flow
began to concentrate in the B layer completely, SD increased rapidly again with a speed of
0.81–1.10 cm min−1. Finally, SD stabilized. The development of gully width of the steep
slope (SW) was divided into three phases (Figure 4b). In the first phase, SW sharply
increased at the speed of 1.17–1.33 cm min−1 within 0.2–0.22 m. Once the inflow incised in
the B-layer successfully and concentrated on the new gully bed, the sidewall expansion
slowed down. SW showed a slowly stepped growth caused by the gravitational collapse of
the gully sidewall. The step height was between 1.64 and 3.29 cm. Finally, SW stabilized.
No significant difference in SW was found between different inflow rates in the first phase
(p > 0.05), but the differences did exist in the two latter stages (p < 0.01).
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3.1.2. Gully Development

Gully development was a coordinated process of gully width and gully depth. How-
ever, the development of gully width and depth were not completely synchronous. Consid-
ering the development characteristics of gully length, width, and depth, gully development
was divided into three stages on the platform (Figure 3d). First, PL, PD, and PW increased
rapidly within 5 min, which was called the headcut-incision stage. The second stage, in
which PL increased gradually and PW increased with fluctuation from 5 min to 28 min,
was called headcut-expansion. Lastly, PD and PW remained stable after 28 min, which was
called the stabilization stage.

On the steep slope, gully development was divided into four stages, considering
variation in gully width and depth (Figure 4c). In the first 7 min, SD and SW increased
rapidly, and SD was less than 0.2 m. The development occurring in the A layer was called
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A-layer incision. From 9 min to 16 min, SD increased slowly while SW increased rapidly.
The second development, characterized by sidewall expansion of A layer, was called A-
layer expansion. From 18 min to 39 min, SD increased rapidly again while SW increased in
the shape of step with small increment. This development is called B-layer incision. In the
first three stages, the increment of gully depth accounted for 46.19–54.69%, 12.95–18.75%
and 25.67–39.77% of the total values. In order, the gully width increment accounted for
47.87–54.00%, 25.49–35.61% and 5.14–26.52% of the total score. SD and SW had the fastest
growth of 2.24–2.89 and 1.50–1.67 cm min−1 in A-layer incision, respectively. In the end,
the gully morphological development stagnated. The stage was defined as the stabilization
stage. Linear positive relationships were observed between SW and SD in the first three
stages. The regression equations are Equations (12)–(14).

SW = 0.3256SD + 0.0680, R2 = 0.367, p = 0.111, (12)

SW = 1.5869SD− 0.1810, R2 = 0.841, p = 0.000, (13)

SW = 0.4210SD + 0.1077, R2 = 0.518, p = 0.000, (14)

The slopes in Equations (12) and (14), substantially less than 1.0, indicated that the
gully developed deeper in the A-layer and B-layer incision stages. However, the slope was
greater than 1.0 in Equation (13), indicating that the gully development was wider in the
A-layer expansion. There was no correlation between SW and SD in the stabilization stage.

3.2. Flow Hydraulics
3.2.1. Variations in Flow Velocity

The flow velocity on the platform presented a transitory decrease first, followed
by an increasing change (Figure 5a). In the headcut-incision stage, flow velocity de-
creased by 34.95–53.09%. In the headcut- expansion stage, flow velocity increased from
0.33–0.39 m s−1 to 0.61–0.69 m s−1. Finally, flow velocity increased slowly to a steady level
in the stabilization stage.

Flow velocity generally decreased on the steep slope (Figure 5b). The gully bed had
a low resistance due to the smooth surface in the initial process. Flow velocity increased
moderately at first, and soon decreased by 28.54–41.43% in the A-layer incision stage. In
the A-layer expansion stage, flow velocity decreased by −1.91–21.32% with fluctuation.
Then, flow velocity decreased by 8.01–25.67% in the B-layer incision stage. Eventually, in
the stabilization stage, flow velocity reduced slowly to achieve a steady level, about
0.33–0.53 m s−1, as well as SD and SW. The steady velocity was 33.36–52.65% of the
maximum value.

The flow velocity of the platform and the steep slope significantly increased with the
discharge (p < 0.01). The average flow velocities of the steep slope were 1.40–1.70 times
that of the platform in the first 22 min, which indicated that the flow kinetic energy
increased significantly after entering the steep slope from the platform. However, the
average flow velocities of the steep slope were 0.62–1.03 times those of the platform in the
stabilization stage.

3.2.2. Hydraulic Regime

For open-channel hydraulics, the flow is laminar when Re < 500, turbulent when
Re > 2000, and transitional when Re is between 500 and 2000. The change in platform Re
was divided into three stages (Figure 5c). Re increased rapidly in the headcut-incision
stage, indicating that the flow converted from transitional flow to turbulent flow. Then,
Re had the greatest increase in the headcut-expansion stage. The values at the end of
headcut-expansion were 1.63 to 2.84 times those of the headcut-incision stage. Finally, Re
increased slowly in the stabilization stage. Turbulence flow remained the majority flow
type. The Re of the steep slope increased sharply in the A-layer incision stage. Then, Re
gradually decreased with fluctuation in the three latter stages (Figure 5d). The decrease
process experienced a rising trend from 9 min to 22 min on 5.04 m3 h−1 inflow. Re varied
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from 702.5 to 12,221.9 in all the runs. The turbulence dominated the duration of the runs.
Re < 2000 only occurred within the initial 3 min after runoff generated under conditions
of 3.6 m3 h−1. The Re of the steep slope was 0.90–1.56 times that of the platform on each
inflow rate, while no significant correlation between them was observed.

The average Fr of the platform ranged from 1.71 to 2.06, belonging to supercritical
flow (Figure 5e). Fr decreased sharply in the headcut-incision stage. Then, Fr showed an
evident upward trend in the headcut-expansion and stabilization stage. Fr varied from 0.83
to 10.44 for the steep slope flow, which indicated that the flow belonged to supercritical
flow and barely appeared as subcritical flow (Figure 5f). In the A-layer incision stage, Fr
varied from 2.17 to 10.44, and its minimum values decreased by 74.11%, 73.03%, and 79.17%
on 3.60, 4.32, and 5.04 m3 h−1, respectively. In the A-layer expansion stage, Fr fluctuated
due to the sidewall collapse impaction. During the B-layer incision stage, Fr, ranging from
0.92 to 3.12, decreased by 8.54%, 4.49%, and 9.47%. Fr values in the stabilization stage were
only 16.83%, 12.87%, and 11.45% of the maximum value, which meant that decrements of
Fr in the two incisions accounted for the 88.97–100% of the total reduction. The relationship
between Fr and scouring time is expressed by a logarithm function as follows:

Fr = −1.722Lnx + 7.401, R2 = 0.737, p = 0.000, (15)

where, Fr is the Froude Number of the steep slope.

3.2.3. Hydraulic Friction

Platform ƒ ranged from 0.01 to 0.33 (Figure 5g). ƒ increased sharply in the headcut-
incision stage and then rapidly decreased in the headcut-expansion stage. Finally, platform
ƒ decreased slowly in the stabilization stage. The ƒ of the steep slope generally increased
with fluctuation (Figure 5h). ƒ varied from 0.05 to 1.72 in the A-layer incision stage.
Their maximum values increased by 30.19, 12.91, and 17.56 times compared to the mini-
mum values on 3.60, 4.32, and 5.04 m3 h−1, respectively. In the A-layer expansion stage,
ƒ remained approximately unchanged. Up to the B-layer incision stage, ƒ ranged from
0.46 to 4.24. Their maximum values increased by 1.23, 0.28, and 8.19 times compared to
the minimum values, which had a smaller decrementthan the A-layer incision stage. ƒ
increased mainly in the two incision stages as its increments accounted for 47.90–88.97% of
the total. The average ƒ of the steep slope was 12.45–22.11 times that of the platform in each
inflow treatment. Regression analysis showed that ƒ varied with time as a power function:

f = 0.1302x0.7250, R2 = 0.632, p = 0.000, (16)

where ƒ is the Darcy–Weisbach roughness coefficient of the steep slope.

3.2.4. Interrelation of Hydraulic Parameters

For the platform, the correlation between flow velocity and W was the strongest in
the headcut-incision stage and the stabilization stage (Figure 6). Re had the best positive
linear relationship with ω in all three stages (r > 0.99). Fr had a better negative correlation
with ƒ (p < 0.01, r < −0.74) and τ (p < 0.01, r < −0.61), and was positively correlated with
W (p < 0.01, r > 0.76). ƒ had a better relationship with τ and W, and was negatively
correlated with W (p < 0.01, r < −0.73) and positively correlated with τ (p < 0.01, r > 0.62).

The flow velocity of the steep slope had a significant positive linear correlation with W,
E, and e in all the four development stages (Figure 7). Re had the best positive relationship
with ω (p < 0.01, r > 0.94). Fr was best correlated with τ (p < 0.05, r < −0.46). ƒ had a
better negative correlation with Fr (p < 0.01, r < −0.54) and was positively correlated with
τ (p < 0.01, r > 0.62). A significant positive relationship was observed between τ and
ω (p < 0.01, r > 0.81). For the platform and the steep slope, Fr decreased with ƒ and τ, ƒ
decreased with τ, and Re had the best relationship with ω (Table 2).



Land 2021, 10, 1270 11 of 19Land 2021, 10, x FOR PEER REVIEW 10 of 19 
 

 

Figure 5. Temporal variations in flow hydraulics. Note: The red point represents the abnormal point of the hydrodynamic 

parameters after the collapse of gully sidewalls. 

3.2.2. Hydraulic Regime 

For open-channel hydraulics, the flow is laminar when Re < 500, turbulent when Re 

> 2000, and transitional when Re is between 500 and 2000. The change in platform Re was 

divided into three stages (Figure 5c). Re increased rapidly in the headcut-incision stage, 

indicating that the flow converted from transitional flow to turbulent flow. Then, Re had 

the greatest increase in the headcut-expansion stage. The values at the end of headcut-

expansion were 1.63 to 2.84 times those of the headcut-incision stage. Finally, Re increased 

a b 

c d 

e f 

h g 

0 10 20 30 40 50
0

2

4

6

8

10

f  
o
f 

st
ee

p
 s

lo
p
e

Scouring time (min)

 60L/min

 72L/min

 84L/min
IV Stabi-

  lization

III B-layer incisionII A-layer

expansion

I A-layer 

incision

0

1

2

3

4

5

6

Fr=1

I Headcut

  -incision

F
r 

o
f 

p
la

tf
o

rm

III StabilizationII Headcut-expansion

0 10 20 30 40 50

0.00

0.09

0.18

0.27

0.36

f  
o

f 
p
la

tf
o

rm

Scouring time (min)

III StabilizationII Headcut-expansionI Headcut

  -incision

0.2

0.4

0.6

0.8

1.0 III StabilizationII Headcut-expansionI Headcut

   -incision

R
u
n
o
ff

 v
el

o
ci

ty
 o

f 
p
la

tf
o
rm

(m
 s
−
1
)

 3.6 m
3
 h

−1
 4.32 m

3
 h

−1
   5.04 m

3
 h

−1

0.2

0.4

0.6

0.8

1.0

1.2

1.4 IV Stabili-

    zation

III B-layer incisionII A-layer

expansion

R
u

n
o

ff
 v

el
o
ci

ty
 o

f 
st

ee
p
 s

lo
p

e(
m

 s
−
1
)

 I A-layer 

    incision

0

3,000

6,000

9,000

12,000

15,000

R
e 

o
f 

st
ee

p
 s

lo
p
e

IV Stabi-

  lization

III B-layer incisionII A-layer

expansion

I A-layer 

incision

Re=2000

0

1,500

3,000

4,500

6,000

7,500

9,000

Re=2000

III StabilizationII Headcut-expansionI Headcut

  -incision

R
e 

o
f 

p
la

tf
o

rm

0

2

4

6

8

10

12

F
r 

o
f 

st
ee

p
 s

lo
p
e

IV Stabi-

  lization
III B-layer incisionII A-layer

expansion

I A-layer 

incision

Fr=1

Figure 5. Temporal variations in flow hydraulics. Note: The red point represents the abnormal point of the hydrodynamic
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3.3. Hydrodynamic Processes of Gully Development

In the headcut-incision stage, PW and PD were positively correlated with Re and ω
(Figure 6a). PW was better related to Re (0.75 > 0.68) and ω (0.77 > 0.69) than PD. ω was the
best parameter for predicting PW development in this stage. PL had a good relationship
with τ (r = 0.62). In the headcut-expansion stage, a significant correlation was observed
between PW and flow velocity (r = 0.61). PL had a good relationship with ω (r = 0.49).
No correlations were found between PW and PL and hydrodynamic parameters in the
stabilization stage. In short, no stable correlation existed between the gully dimension
and hydrodynamic parameters on the platform. Especially in the stages dominated by the
headcut, the response of gully length to hydrodynamic parameters was insensitive.

Table 2. Correlation of hydraulic parameters.

Parameters Fitted Equation of Platform Fitted Equation of Steep Slope

Fr with ƒ Fr = 0.492 ƒ−0.510, R2 = 0.996 ** Fr = 2.195 ƒ−0.530, R2 = 0.900 **
Fr with τ Fr = 3.601 e−0.240τ , R2 = 0.549 ** Fr = 36.59 τ−0.720, R2 = 0.500 **
ƒ with τ ƒ = 0.022 e0.453τ , R2 = 0.493 ** ƒ = 0.006 τ1.293, R2 = 0.491 **

Re with ω Re = 3325 ω − 31.29, R2 = 0.998 ** Re = 308.9 ω0.835, R2 = 0.826 **

** represents p < 0.01, * represents p < 0.05.

Figure 7 showed that the SD had a negative correlation with V, Fr, W, E, and e, and
a positive correlation with Re, ƒ, τ, and ω except for the A-layer expansion stage. SW
was positively correlated with ƒ and τ except for the A-layer expansion stage, and was
negatively correlated with the other hydrodynamic parameters. The response sensitivity of
SW and SD to hydrodynamic parameters was different between the four erosion stages.
In general, SD, with larger correlation coefficients, was more sensitive to hydrodynamic
parameters than SW. Moreover, SD had a fixed linear correlation with Fr (Figure 8a,e,
p < 0.01, R2 > 0.72) and τ (Figure 8b,f, p < 0.01, R2 > 0.67) in the A-layer and B-layer
incision stages, and ω (Figure 8d,h, p < 0.01, R2 > 0.39) and Re (Figure 8c,g, p < 0.05,
R2 > 0.26) in the A-layer expansion and stabilization stages. By contrast, the hydrodynamic
parameters, the closest related to SW, varied greatly in different erosion stages. Hence, the
relationships between SD and hydrodynamic parameters were more reliable. Studying the
hydrodynamic mechanism of gully depth development is more meaningful.
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Figure 8. (a,b,e,f) are the linear fitting between SD and Fr and τ in the A-layer incision and B-layer
incision; (c,d,g,h) are the linear fitting between SD and Re and ω in the A-layer expansion and
stabilization. Note: The red point represents the abnormal point after sidewall collapse.
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4. Discussion
4.1. Gully Morphological Development on Spoil Dump

The results showed that the gully erosion of spoil dumps exhibited a development pro-
cess of headcut-incision–headcut-expansion–stabilization on the platform, and experienced
a development process of A-layer incision–A-layer expansion–B-layer incision–stabilization
on the steep slope. The development process of gully morphology significantly differed
between platform and steep slope. This difference is mainly related to soil bulk density,
slope gradient and flow hydraulics. The processes and characteristics of gully erosion
on the platform–slope system were supported by some previous studies. Xu et al. also
classified gully erosion into stages of headcutting, bed deep cutting and sidewall expan-
sion [9]. Other studies suggested gully initiation and development involve episodes of
downward scour, headward cutting, rapid enlargement, and stabilization [36]. The division
of gully development stages depends on the dominant erosion forms of incision, headcut
migration, and sidewall expansion. Gully development is a physical process that involves
a certain one, or combination of the gully erosion forms [8]. The gullies were initiated
by flow incision at the transition point between the platform and the steep slope where
the flow hydraulic conditions suddenly changed. A headcut first formed at the transition
point. The headcut migrated upstream on the platform. Meanwhile, the deepening incision
developed to a flow drop, which accelerated the bed incision downslope on the steep slope.
On the platform, the erosion form experienced from the headcut-incision interaction to
headcut-expansion interaction after incision showed on the transition point of the platform
and the steep slope. The bed incision had a short duration due to the limitation of the highly
corrosion-resistant B-layer. The gully formed rapidly on the top of the steep slope within
1 min, with a headcut migration that had a short duration. Consequently, bed incision
was the main erosion form in the A-layer incision stage. The incision speed at this stage
was the greatest due to the higher soil erodibility of the A layer. In the A-layer expansion
stage, sidewall expansion dominated the erosion. The flow concentrated in the B layer and
eroded the sidewall toe, which accelerated gully expansion [37]. In the B-layer incision
stage, gully erosion was again dominated by bed incision, which was mainly due to the
step-pools developed on the gully bed [38–40]. With scour depth increasing, the roughness
of the bed surface and the flow energy consumption increased significantly [41]. The
positive feedback was confirmed by the variation of flow hydraulics in this paper, which
verified the results of the hydrodynamic processes of ephemeral gully erosion [14]. In the
stabilization stage, the soil detachment slowed down toward an equilibrium between the
flow eroding and soil resistive stresses [42]. However, the equilibrium is only maintained
on experimental flow hydraulics. Neglecting the management of concentrated flow and
gully existence may lead to an upgraded gully development in the next rainfall event.
Notably, the linear relationship between gully depth and gully width varied stage by stage,
which implied that the interaction of incision and expansion varied. A further integrated
study on the interactions among the different erosion forms is warranted to precisely clarify
the gully evolution.

4.2. Morphodynamics of Gully Development on Spoil Dump

Gully depth had the relatively more sensitive response to flow hydraulics than gully
length, width and depth (Figure 7). Ni et al. found the consistent result that rill depth had
better relationships with hydrodynamic parameters than rill width [43]. This comparison
fully indicates that the depth of rills and gullies is directly controlled by flow hydraulics
for both rill and gully. This is related to the different mechanisms among gully lengthening,
expansion and deepening. Gully lengthening was caused by headcut migration, which
relied on upstream flow incision, headwall erosion by on-wall flow and plunge pool erosion
by jet flow [44]. Gully flow was not the direct driver of gully lengthening. Gully expansion
is driven not only by flow incision but also by lateral erosion [45] and mass failure of
the bank [46]. In particular, the expansion was accelerated due to soil layers with higher
anti-erodibility [44,47], such as the loam clay B layer. By contrast, gully deepening was
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more dependent on the flow hydraulics. The bed incision occurred when the shear force
was greater than the soil resistance [48]. The staged variation in flow velocity, Fr, and ƒ
convinced the different response of gully length, width and depth to flow hydraulics. Flow
velocity and Fr had an increasing trend during gully lengthening in the incision-expansion
stage on the platform (Figure 5a,e). Similarly, the flow velocity and Fr fluctuated around
the average values (Figure 5b,f), which were caused by backwater or transient debris flow
after the collapses. However, 88.97–100% of Fr decrement and 47.90–88.97% of ƒ increment
finished in the A-layer incision and B-layer incision stages (Figure 5f,h), indicating that the
gully depth has more evident response to flow hydraulics.

The shear stress, runoff power, Froude number, and Reynolds number can be used to
predict gully depth in the four gully development stages on the steep slope. The optimal
hydraulic indicator varied in different stages. The relationship between gully depth and
shear stress was better than runoff power in the two incision stages (Figure 8b,f). The critical
shear stress is also used as a key factor to estimate gully depth in CREAMS [49]. Besides,
Zhang et al. found consistent results in the rill erosion [50]. All of these results are based
on the same physics [48]. Nevertheless, gully depth had a better relationship with runoff
power than shear stress in the A-layer expansion and stabilization stages (Figure 8d,h),
which indicated that the feedback between gully morphology and flow hydraulics varied
with erosion form. The selection of an optimal hydraulic indicator should be considered
when establishing a process-based predicted model of gully erosion.

4.3. Gully Control on Spoil Dump

Concentrated runoff from a platform is the decisive driver of gully development
on spoil dumps. Gullies complete the active development of the initiation period, and
transition to a relatively stable stage in a heavy rainfall incident. The land management
of spoil dumps should focus on the runoff control on the platform. Segmentation of the
platform is the first priority on an unrestored spoil dump. The measurement aims to
increase infiltration and decrease runoff. Drainage measures based on terrain are another
option to control runoff on the platform. Building the drains after the dump has settled
is suggested in this paper. Storage measures on the platform are more conducive to
the efficient utilization of water resources in restored spoil dumps. Moreover, existing
gullies should be buried in a timely manner to prevent their continuous development and
secondary disaster. The transformation of gullies into drains is a good choice.

5. Conclusions

This paper explored gully morphology development and its response to flow hy-
draulics. A series of scouring experiments were carried out. The gully morphology
developments of the platform and the steep slope have clear staged characteristics due
to changes in the dominant erosion form. Gully depth has a more sensitive response to
flow hydraulics than gully width and length. A significant linear correlation was observed
between gully depth and ω, τ, Fr, and Re. The response of gully morphology to flow
hydraulics varies with the dominant erosion form. Management of concentrated flow is
the key factor in gully control on spoil dumps. Our paper reveals the staged characteristics
of gully development and provides insights into its morphodynamic mechanisms. The
research results provide theoretical support for future mechanistic studies of gully erosion
and land management on spoil dumps.
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