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Abstract: Spoil heaps laid from the infrastructure building sites or the mining sites are confoundedly
prone to accelerated soil erosion and inducing debris flows on extreme rainfall occasion, thus
threatening water quality and personal safety. In present study, the roughness and drainage network
evolution of the loess spoil heap (a 33° slope gradient) were investigated via indoor simulation
experiment under three rainfall intensities (60, 90, and 120 mm/h). A detailed scan of the slope
using laser scanner, topographic analysis based on ArcGIS software, and statistical analyses were
the main methods utilized in the study. The results showed that surface roughness increased with
cumulative rainfall. For three rainfall intensity treatments, the proneness of shallow landslide under
90 mm/h intensity resulted in the largest roughness. The drainage density and stream frequency
of the spoil heap slope both decreased with cumulative rainfall and negatively correlated with
surface roughness, which indicated the convergence of the drainage network. Meanwhile, the
individual flow paths presented an increasing sinuosity and a decreasing gradient with cumulative
rainfall. However, drainage network features varied in a less marked degree during different rainfall
intensities, showing comparable fractal dimensions of 1.350-1.454, 1.305-1.459, and 1.292-1.455 for
the three rainfall intensities. Evaluating the response of four hydrodynamic characteristics of runoff
to the drainage network evolution, stream power was found to be most sensitive. The linearity of the
relationships between stream power and drainage density and that between stream sinuosity and
gradient were estimated to have R? between 0.961 and 0.979.

Keywords: spoil heap; flow paths; roughness; simulated rainfall; fractal dimensions

1. Introduction

The extensive development of urbanization has resulted in a dramatic increase in
construction waste in recent years. Spoil heaps exist widely on infrastructure building
sites or the mining sites, with characteristics of multiple porosity, weak consolidation, and
steep slope [1-4]. In the last years, intense erosion acceleration of spoil heaps has received
increasing attention [5,6], including the disasters on spoil heaps, such as debris flows and
landslide on extreme rainfall occasion [7]. The eroded sediments threaten water quality
and the safety of life and property [3,8-10].

Rainfall and overland flow induce erosion and sediment transport. The process-based
erosion prediction models, like WEPP and EUROSEM, for instance, adopt hydrodynamic
parameters of overland flow to simulate rill and inter-rill erosion of slopes [11,12]. Such at-
tempts were based on a formed terrain with distinct rill and inter-rill area, and the hydraulic
features of overland flow can be determined clearly. However, in many cases, surface
morphology of slopes developed gradually in erosion process and led to corresponding
evolution of drainage network as well as rill development [13]. Thus, the adaptability of
hydrodynamic parameters to drainage network changes still needs to be considered.
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High-precision laser scanning and digital photogrammetry have enabled the subtle
study of surface roughness and drainage networks of slope [14,15]. The drainage networks
have a degree of similarity and regularity, and the river principle on a river-basin scale
has been applied on a slope scale in some research [16]. Helming et al. [17] also confirmed
that drainage networks on eroding surfaces (flume scale) were similar to those of river
systems. Based on the theory of river geomorphology [18], some researchers have extracted
the drainage networks of cultivated slope to analyze the convergence levels, density, and
extending direction of the drainage [19,20]. In addition, surface roughness was supposed to
influence overland flow on flow direction and pattern markedly. Gomez et al. [21] studied
the relationship between roughness levels and drainage network orientation, showing
that the effect of the initial microrelief dominated the network structure, and the drainage
density evolved most clearly for low roughness. Results of Luo et al. [20] confirmed that
increasing microrelief had a considerable hindering effect on the evolution of drainage
networks on a ridge tillage landform. These studies are aimed at agricultural land with
gently sloping tillage surfaces (less than 15°), and very few similar studies have been
reported for steep slopes, such as spoil heaps.

Since spoil heap is liable to be eroded because of the weak consolidation and steep
slope, the topographical development is more intense than other soil surfaces, especially
gravitational erosion, which happens occasionally [22]. Consequently, flow paths in the
inter-rill area converge to intensify the incision force, promoting the rills to take shape
more rapidly [19,21,23]. However, few studies have focused on the evolution of drainage
network development and its influence on hydraulic features on spoil heap slopes.

In the present study, an indoor simulation experiment was conducted with a loess
spoil heap (with a 33° slope gradient) under three rainfall intensities (60, 90, and 120 mm/h).
The surface topography of the spoil heap was captured by a laser scanner during four
successive simulated rainfalls. The drainage network and surface roughness were extracted
aided by DEM analysis to investigate the evolution and the relationship between them in
rainfall sequence. What is more, the effect of drainage network characteristics on the runoff
hydrodynamic parameters was also studied.

2. Materials and Methods
2.1. Materials

Spoil heaps are often a mixture of soil and rock fragments [4]. The soil and rock
fragments used in the experiment were collected from spoil heaps in a construction area
around Yangling, Xianyang, Shanxi. The soil was passed through a 10-mm sieve to remove
debris. The soil mechanical composition was 27.6% clay, 48.2% silt, and 23.3% sand.
According to the classification of the IUSS Working Group WRB [24], the soil belonged to
the urbic technosol group. The rock fragments were siliceous limestone with diameters
from 1 to 15 c¢m, classified into four categories by size: 1-3.5 cm, 3.5-7 cm, 7-10 ¢cm, and
10-15 cm. Based on the composition of local landslide rock fragments, the classification
groups were at a ratio of 2:3:3:2, respectively, and then mixed with the soil to simulate spoil
heap materials.

2.2. Spoil Heap Simulation

The experiment was conducted at rainfall simulation laboratory of the State Key
Laboratory of Soil Erosion and Dryland Farming on the Loess Plateau, Yangling City,
China. The rainfall simulation system was produced from many rotating sprinkler rainfall
simulator, which is made of pressure pipes attached to nozzles. The pressure pipes and
nozzles are arranged on a plot bed at a height of 18 m on the ceiling of the laboratory. The
height ensures that the droplet diameters and distribution were similar to those of natural
rainfall (rainfall uniformity over 80%). The effective rainfall area of the experiment area
is 27 m x 18 m. The rainfall simulator can simulate rainfall intensities ranging from 30
to 350 mm/h by adjusting the pipe pressure and the nozzle size on a computing control
terminal [25].
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A square steel platform 3.5 m x 3.5 m connected two triangular baffles 2.5-m high to
form the simulation device (Figure 1). The guiding flumes on the edges of the platform,
which was inclined at 5°, allowed runoff to discharge at the outlet. The platform was
inclined 3° to the water outlet for the same purpose. Gauzes were attached to the inside of
the triangular baffles to reduce the boundary effect of the interface between soil and the
baffles.

Steel baffle
./

\ Guiding flume

=

Figure 1. Experimental equipment.

To simulate the formation of spoil heaps, a conveyor belt was first used to transfer the
spoil heap materials to a position 2.8 m above the platform. Then, the soil was dumped to
form a pile naturally under gravity. Finally, a quarter of the conical spoil heap was made
with a bottom radius of 3.5 m. The slope length was 4.2 m, and the slope gradient was the
angle of natural repose (in this case 33° £ 1°). These dimensions reflect the field survey
data in the study area, in which it was reported that for more than 80% of the spoil heaps
being investigated, slope lengths were 2.5-5.5 m, and gradients were 27°-36° [4].

2.3. Experimental Procedure

Each experiment consisted of four consecutive rainfall simulations 24 h apart, with
a constant rainfall intensity. Three simulated rainfall intensities of 60, 90, and 120 mm/h
were designed (rectangular distribution) to be similar to the local rainfall recorded over
many years, which was concentrated in summer and autumn [26]. Each experiment was
repeated three times.

Rainfall intensity was monitored before each rainfall simulation using five rain gauges
located on the flume edges to ensure that the rainfall intensities remained stable (coefficient
of variation 5%). The duration of each rainfall event was 60, 40, and 30 min for 60, 90,
and 120 mm/h intensity, respectively, to ensure consistent simulated precipitation in each
experiment. Runoff samples were taken every minute for the first 4 min and every 2 min
thereafter to enable calculation of the runoff yield in the rainfall event.

Three 1-m long sections were set within a distance of 0.5-3.5 m from the top of the
slope (Figure 1). A tracer dye (KMnOy) was used to time the runoff passing through each
section for every runoff sample. The average velocity of the three sections was adopted as
the runoff velocity on the entire slope.

2.4. Surface Elevation Sampling

Before the first rainfall and after each rainfall, the slope surface was scanned using a
Leica Nova MS50 device mounted on a tripod and positioned at 3—4 m vertically above the
slope surface (Figure 1). The laser beam diameter was 8 mm x 20 mm at 50 m. The ranging
accuracy was 2 mm + 2 ppm (high speed, without prism), and the vertical and horizontal
resolution was up to 0.6 mm.
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Five point-cloud data files were obtained in each complete experiment. Before the
first scan, three points were marked to determine the position of the spoil heap slope in
the set coordinate system. The three points were used as calibration points in subsequent
scans, with the stipulation that the deviations of the three points must be no more than
3”. This ensured that the obtained five point-cloud data files were in the same coordinate
system, and the registration step was saved [27]. Each point-cloud data file contained
~240,000 elevation points covering a slope area of ~11.54 m? at a 5-mm sample interval.

2.5. Drainage Network Delineation

Digital elevation models (DEMs) were generated utilizing the scanned points in
ArcGIS (version 10.4, environmental systems research institute, Redlands, California, USA)
software. The drainage network was delineated based on the DEMs using the steepest
descent algorithm, D8 [28]. The procedure consists of three steps: (1) The pits (local
depressions) are filled by increasing the elevation until they drain; (2) the flow direction
is determined for each cell within the DEM: in the D8 algorithm, and the flow direction
is assigned to the particular cell of the eight neighboring cells with the steepest descent;
and (3) the number of cells that drain through each cell (contributing area) is determined
by counting. From the resulting data set, streams are defined as those cells that have a
contributing area above a certain threshold value. Finally, the raster drainage network is
vectorized, and the streams are ordered by the Strahler method [17].

2.6. Drainage Network Characterization
2.6.1. Network Configuration

Drainage density and stream frequency describe the network configuration. The
drainage density Ds (m/m?) is computed as:

L= LG)
Ds =~/ Y/ 1
s= == M
where 7 is the highest stream order; L(j) is the length of the streams of order j (j = 1---n)
(m); 2;1:1 L(j) is the sum of the flow lengths through all network (m); and A is the total
drainage area (m?).
Stream frequency F (/m?) is calculated by

=1 NG)
F==="7 2
A @
where N(j) is the number of the streams of order j (j = 1---n), so Ji_; N(j) is the total

number of the streams in the whole network.

2.6.2. Stream Characteristics

Sinuosity and gradient describe individual stream characteristics. For each drainage
network, three streams were randomly selected on the left-hand, middle, and right-hand
sides of the slope to calculate their sinuosity and gradient (a total of nine streams). The
average values represent the sinuosity and gradient of this network.

For the individual stream, the sinuosity and gradient are determined as follows:

Sinuosity : § = = (©)
Vm =2+ (n—y)”
100(Zxy — Zmn
Gradient : G(%) = M 4

L

where L is the stream length (m); x and y, respectively, denote the horizontal and vertical
coordinates of an endpoint of the stream (m); m and n, respectively, denote the horizontal
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and vertical coordinates of another endpoint of the stream (m); and Z,, and Z,,, are the
elevation of the two endpoints (m).

2.6.3. Fractal Dimension

Fractal dimension (D) describes the network organization. Multifractal characteristics
of drainage networks were calculated by the box counting method [29], which takes a set of
data and attempts to cover (enclose) the entire data set with a minimal number of adjacent,
equal-sized boxes. In this study, to estimate D, the drainage network was covered multiple
times using varying box sizes. In terms of box counting, D is given by

b 1im J0B(N()

=0 log(1/7) ©)

where N(r) is the number of boxes that contain at least one piece of the network; and r is
the size of thebox (r=1,2,4,...,16 cm).

A plot of log (N(r)) vs. log (1/r) should theoretically be a straight line with a slope
equal to D [29].

2.7. Hydrodynamic Parameters of Runoff

The shear stress T (N/m?) is defined as the drag force exerted by the flowing water
on soil surface per unit bed area and is calculated as follows:

T = YmgR] (6)

where 7, is the mass density of the water/sediment mixture (kg/m?); g is the acceleration
due to gravity (g =9.8 m/s?); J is the hydraulic gradient, which is approximately substituted
by the sine of the slope gradient [30]; and R is the hydraulic radius, which is considered to
be equal to the flow depth in overland flow conditions (m) [31]. The flow depth is difficult
to measure because it is too shallow and because of the dynamic conditions [32]. Therefore,
a simplification was made in which the flow depth was assumed to be uniform. Then, the
mean flow depth h (m) was calculated using the procedure in Xiao et al. [31]:
Ry

h= )
where R; is the instant runoff (m3/s); v is the flow velocity (m/s); and W is the mean flow
width (m). Runoff spread evenly on the flat slope surface at the beginning of experiment,
and W in the first rainfall event (W1) was regarded as the average width of the three
measure sections, 2.748 m. In subsequent rainfalls, the flow width was decreased because
of the runoff convergence, and therefore, the mean flow width was calculated as:

Ds
W, = 2.748 x > "

8
. ®)
where Dsj is the drainage density of the first rainfall; n (n = 2, 3, 4) is the sequence number
of the rainfall event.

The unit energy of water-carrying section e (m) reflects the sum of the kinetic energy
and potential energy of the flow at the base of the lowest water-carrying section, which is:

e=——+h )
where a is a kinetic energy correction factor (a = 1).

The stream power w (N/(m-s)) represents the rate of expenditure of the potential
energy of the runoff water on the soil surface per unit bed area, determined as:

w =TV (10)
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3. Results
3.1. Soil Surface Roughness

Surface roughness characterizes the undulations in the micro-topography. As can
be seen in Figure 2, for the three rainfall intensity treatments, roughness increased with
cumulative rainfall and tended to stabilize after 120 mm precipitation. According to
experimental observation, raindrops falling on the exposed rock fragments were gathered
into runoff from the lower edge of the fragments, strengthening the erosion force sufficiently
to develop small rills. At the same time, dispersed soil particles were moved downhill
due to the steep slope. As a result, the initial smooth and level surface gradually became
fragmented during the first two rainfall events due the rill and inter-rill erosion, and the
roughness increased accordingly. After 120 mm of rainfall, the variability of the roughness
decreased, indicating that the erosion pattern had stabilized, and the further development
of rills became dominated.

30
Rainfall intensity (mm/h)
25k —— 60
90
20t 12 s— &

Surface roughness (mm)

0 50 100 150 200 250

Cumulative rainfall (mm)

Figure 2. Change of the soil surface roughness with cumulative rainfall (four rainfall sequence in
four days, 60 mm/day, the same below).

Greater rain intensity resulted in increased roughness. The overall surface roughness
for a rainfall intensity of 120 mm /h was about 1.5 times that following 60 mm /h intensity.
However, 90 mm/h rainfall intensity sharply increased the roughness after 60 mm of rain
had accumulated, and it was then much larger than for the other two treatments (Figure 2).
This was due to a partial landslide on the upper slope during the second rainfall event
(accumulated rainfall 60-120 mm) at 90 mm/h intensity (Figure 3). A concave slip-surface
zone remained on the surface after the landslide, increasing the undulation degree and
greatly increasing the roughness.

(m)

Figure 3. Photograph of spoil heap after the second rainfall at 90 mm /h intensity and the DEM of
the landslide profile.
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3.2. Relationship between the Total Stream Length and Critical Flow Accumulation Area

When extracting a drainage stream network from DEM data, it is necessary to identify
a flow accumulation threshold because there is a certain correlation between the value of
the threshold and the generated total stream length [16]. The flow accumulation threshold
is a parameter of the D8 algorithm whose suitable determination allows sectioning of DEM
cells that represent drainage networks. Stream networks are generated from DEMs, and
the total stream length is calculated for a threshold range 0-250 cm?. The total length of
streams decreases when the threshold becomes larger, with a strong exponential correlation
(R? > 0.9) (Figure 4). The optimal threshold is taken to be the corresponding value where
the curve tends to be smooth. In this study, the threshold was 137.5 cm? (dashed vertical
line in Figure 4).

Rainfall intensity (mm/hr)
= 60 90 4 120

The surfade after the 4th rainfall

250
200

150 |-

>m

|

]

I :

100 :
50-_ f’l’l x--2

|

>m
2]
»u

1 1 L |
202 i The surfaée after the 2nd rainfall
150 N
100 .
50 L

>e
P’
>
P P,

Total length of streams (m)

200
150 [}
100
50
O I 1 1 " 1 PR | " 1 1
0 50 100 150 200 250

threshold (cm’)

| 2 ]

I

b 4
____..‘;______.-
-
]

Figure 4. Relationship between critical accumulation areas (threshold) and total stream lengths.

3.3. Characteristics of a Developing Drainage Network
3.3.1. Drainage Density and Stream Frequency

Drainage density and stream frequency reflect the total length and the total number of
flow paths per unit area, respectively.

Figure 5 shows that the drainage density decreased with cumulative rainfall, indicating
the decreasing total length of flow paths. The initial drainage density, 15.42-15.96 m/m?,
was reduced to 11.107-11.884 m/m? after four rainfalls. A decrease of 21.3%, 19.7%,
and 25.0% occurred in the first two rainfalls for the three rainfall intensity treatments,
respectively. This indicated the stronger effect of the first accumulated 120 mm rainfall on
the drainage network structure on the spoil heap slope.
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Figure 5. Changes of drainage density and stream frequency with cumulative rainfall.

The initial slope surface was nearly smooth; after the first rainfall, the soil surface
developed a primary undulating shape as a primary erosive terrain, on which preferential
flow paths (not yet well-developed rills) were observed (Figure 6a). Subsequently, flow
paths gradually converged, and the network became sparser. After the second rainfall,
the scope and structure of the networks was mostly developed (Figure 6b). In the next
two rainfalls, rill incision continued to develop on the primary eroded terrain, which
enhanced the degree of concentration of the drainage networks. As a result, the drainage
density decreased with cumulative rainfall. Moreover, smaller rainfall intensity seemed
to correspond to larger drainage density (Figure 5), but the overall difference between
treatments was not significant (* p > 0.05).

(a) After the 1st rainfall Stream order | | (b After the 2nd rainfall
1

2
3

W / \\

(c) After the 3rd rainfall (d) After the 4th rainfall

Figure 6. Drainage networks evolution for the 90 mm /h rainfall intensity treatment (the stream order was classified by
STRAHLER method), (a—d) respectively shows the drainage network after the first to fourth rainfall.
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The stream frequency was 26-30/m?, slightly decreasing with cumulative rainfall,
and varying insignificantly between treatments (Figure 5). In general, little change was
evident in stream frequency, but conversion of the path order was apparent. All networks
showed a maximum order of three (STRAHLER classification method [17]).

As Figure 7 shows, the number of first-order streams decreased by 18, 21, and 24 with
cumulative rainfall for the three rainfall intensity treatments, respectively. For the second-
order stream, the path number first increased and then decreased with cumulative rainfall
for the 60 and 90 mm/h rainfall intensity and gradually decreased at 120 mm /h rainfall
intensity. This indicated that the greater rainfall intensity led to a more intense runoff
convergence process. The number of third-order streams ranged between 2 and 7, which
increased with rainfall sequence and did not differ obviously between rainfall intensity.
The decreasing number of low-level streams and the increase of high-level streams reflected
a process in which low-level runoffs merged into higher-level runoffs as a result of rill
development and the runoff concentration. Therefore, the stream frequency decreased.

Rainfall intensity (mm/h) —%— 60 -

-

90 —&— 120

150 80 10

140 - 75
g
5 130N ;
P N, . >
- 120F T~ .
= A "e S L]
2 110t T ° ne
z e S
Z 100+ A 3

A
90 55 |
Ist-order stream 2nd-order stream| | 3rd-order stream
80 L " " L 50 L 1 L L 0 X L L L
0 50 100 150 200 250 0 50 100 150 200 250 0 50 100 150 200 250

Cumulative rainfall (mm)

Figure 7. Changes of the steam numbers of different orders with cumulative rainfall (the stream order was classified by

STRAHLER method).
3.3.2. Relationship between Roughness and Drainage Density and Stream Frequency
In Figure 8, for the three rainfall intensity treatments, the surface roughness shows
close negative correlations with drainage density (R? = 0.94-0.97) and stream frequency
(R? = 0.67-0.83). On the rougher surface, coarser units (e.g., exposed rock fragments and
rill incision) with sizes greater than the flow depth caused a higher degree of runoff con-
vergence. Rougher surfaces roughness resulted in smaller areas of the surface contributing
to runoff. Hence, drainage density and stream frequency decreased with increasing rough-
ness. However, the degree of roughness had no obvious influence on the network structure
for the different rainfall intensities.
18 - 34
Rainfall intensity (mm/h) Rainfall intensity (mm/h)
17+ O 60 (y=17.433—0.540x) O 60 (y=29.500—0.199x)
= 90  (y=15.849—0.194x) & 32 90  (y=29.773—0.146x)
s A £ :
£ N A 120 (y=16.592—0.347x) o A 120 (y=31.102—0.273x)
2157 N R=0.94-0.97 g ol A R=0.83-0.94
12} b 2yt ~
5 14f RNy = Qa:: N
< N 2 : S
%13- N t 28+ o000 <A
«© \ N =1 AN o
£ 12 °g . 2 = 4
=) = L A 2 a6t A
11t B
l 0 1 1 L 1 24 1 1 1 1
0 5 10 15 20 25 0 5 10 15 20 25
Surface roughness (mm) Surface roughness (mm)

Figure 8. Relationships between surface roughness and drainage networks, stream frequency.
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3.3.3. Flow Path Sinuosity and Gradient

Sinuosity and gradient are indicators that describe the shape of individual flow path.
Sinuosity indicates the degree of meander of the flow path. As shown in Figure 9, the initial
sinuosity was 1.052-1.058 and was not significantly different for the three rainfall intensities
but increased with cumulative rainfall to a final value of 1.107-1.170 (* p < 0.05). It can be
seen from Figure 6 that the increasing sinuosity with rainfall sequence corresponded to

more flow path convergence, which indicates a longer individual path.

1.20 68 e :
Rainfall intensity (mm/hr)
66 —— 60
90
64 —A— 120
g
5
2
:.2
: ; : Qo
Rainfall intensity (mm/hr)
B —— 60
i 90
1.02 —A— 120 |
L 1 | L 54 L 1 L 1
50 100 150 200 250 0 50 100 150 200
Cumulative rainfall (mm) Cumulative rainfall (mm)

Figure 9. Changes of the stream sinuosity and gradient of the stream paths with cumulative rainfall.

As the cumulative rainfall increased, higher orders of streams were collected from the
lower orders in furrows to improve network organization (Figure 6). In this process, as the
network became increasingly sparse, the flow paths became more meandering (i.e., the sin-
uosity increased). Between treatments, the sinuosity was ordered as 2.0 > 1.5 > 60 mm/h,
which may relate to the change of surface roughness between rainfall intensity treatments.
For 60 and 120 mm/h intensities, a larger surface roughness was related to a more broken
surface, resulting in more sinuous flow paths; however, for 90 mm /h intensity, the maxi-
mum roughness caused by the landslide did not correspond to the maximum sinuosity.

This is discussed further below.

The gradient indicates the rate of change of the flow path elevation change in the
flow direction. Figure 9 shows that the initial gradient was 63.04—63.57%, being close to
the natural slope of spoil heaps (64.94%), for all three treatments. After four rainfalls, the

gradient flattened to 57.17-58.60%, with little difference between treatments.

A longer flow path length or a smaller difference in elevation between the ends of the
flow path both equate to a flatter gradient. For a given rainfall intensity, extension of the
actual flow path (i.e., increased sinuosity) contributed to a flatter gradient with rainfall
sequence. For 60 and 120 mm/h rainfall intensity, the end-to-end elevation differences
of flow paths were comparable, at 1.61-1.74 m and 1.62-1.70 m, respectively. Therefore,
the lesser gradient observed for the 120 mm /h intensity rainfall event was mainly due to
the greater sinuosity. For the 90 mm/h intensity, the gradient was least. In addition to
the median sinuosity, this also coincided with the least end-to-end elevation difference of
the flow path (1.37-1.70 m). For the 90 mm/h intensity treatment, the landslide on the
upper slope caused a partial surface depression, resulting in reduced end-to-end elevation
differences for flow paths at that location. The landslide, which occurred during the second
rainfall event at 90 mm/h intensity, corresponded to the significant drop in the third

gradient point in Figure 9.

3.3.4. Relationship between Roughness and Stream Sinuosity and Gradient

For the three rainfall intensity treatments, surface roughness was correlated well
(positive) with stream sinuosity (R? = 0.94-0.97) and was less clearly negatively correlated
with stream gradient (R% = 0.67-0.83) (Figure 10). Due to surface undulation, the runoff
flowed only along lower places, resulting in longer and more sinuous flow paths. The
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increased sinuosity reduced the rate of change of elevation in the direction of the flow
paths, which is to say that the gradient decreased.

1.20 68
118k Rainfall intensity (mm/hr)

’ A 66 0O 60 (y=64.995—0.607x)
1.16 + /’A 90 (y=64.187—0.324x)
1.14 + N = 64 - 4 A 120 (y=65.175—0.489x)

. - = S 5

£ LI12F ~ A R*=0.94-0.97
z oy g 62r

=} L o SIRSC

.‘:=1 1.10 Y2 g " A

@ 108l £ 60 SRR

' O o9 -~ A
1.06 Rainfall intensity (mm/hr) sg | O N
. O 60 (y=1.029+0.008x) ) PN
’ 90  (y=1.047+0.003x) 561
1.02 - R=093-097 A 12 (y=1.032+0.008x)

100 1 1 1 1 54 1 1 1 1
0 5 10 15 20 25 0 5 10 15 20 25

Surface roughness (mm)

Surface roughness (mm)

Figure 10. Relationships between surface roughness, stream sinuosity, and stream gradient.

3.4. Fractal Dimension of the Drainage Network

Fractal dimensions are a comprehensive indicator of network structure, density, and
organization. Larger fractal dimensions imply a more intricate and intensive network.
Table 1 shows that the fractal dimension varied in the range of 1.350-1.454, 1.305-1.459, and
1.292-1.455, respectively, for the three rainfall intensities. For a given rainfall intensity, the
fractal dimension gradually decreased with rainfall sequence, indicating the convergence
of the drainage network. This confirms the results of the decreasing drainage density and
stream frequency with cumulative rainfall (Figure 5).

Table 1. Fractal dimensions of networks on the surface after each rainfall event (LSD (least significant
difference) test was conducted between three rainfall intensity treatments).

Scan Order
Rainfall Intensity (mm/h) 1 2 3 4 5
60 1.454a 1.400b 1.375b 1.364b 1.350b
90 1.459a 1.387b 1.315a 1.309a 1.305a
120 1.455a 1.333a 1.305a 1.304a 1.292a

The average fractal dimension was 1.389, 1.355, and 1.338, respectively for the three
rainfall intensities, but the difference was not statistically significant overall (* p > 0.05).
However, after the first rainfall, the differences in fractal dimensions for the three treatments
became obvious (* p < 0.05). The fractal dimension was reduced when the rainfall intensity
increased, indicating that the drainage network tended to be concentrated and simplified.
After the second rainfall (third-order scan), the difference between the fractal dimensions
for the 1.5 and 120 mm /h intensity treatments was not significant. This is most possibly
related to the landslide during the 90 mm/h rainfall. The depressed area on the upper
slope caused by the slip surface of the landslide was conducive to the runoff collection
during subsequent rainfall events, leading to fewer branches in the drainage network at
that location. Consequently, the fractal dimension after the second rainfall for 90 mm/h
intensity treatment was lowered and became close to the value for the 120 mm/h intensity
treatment.

3.5. Relationship between Hydrodynamic Parameters and Drainage Network Characteristics

The runoff is the main factor affecting the hydrodynamics parameters. In this study,
the total runoff coefficients (ratio of runoff to rainfall) were 0.686, 0.595, and 0.516 for 60, 90,
and 120 mm/h rainfall intensities, respectively. The runoff rate for each rainfall event had
a highly significant positive correlation with shear force, unit energy of the water-carrying
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section, and water flow power (r > 0.9) (Table 2). Therefore, when analyzing the corre-
lation between the characteristic parameters of the flow network and the hydrodynamic
parameters, the influence of runoff rate was eliminated using a partial correlation analysis.

Table 2. Correlations between characteristic parameters of the drainage network (median values of
the drainage density (Ds), stream frequency (F), stream sinuosity (S), and stream gradient (G)) and
hydrodynamic parameters (mean flow velocity (v), shear stress (7), unit energy of water-carrying
section (¢), and stream power (w)).

Average Runoff

2 2 o,
Ds (m/m#) F (/m*) S G (%) Rate (rum/min)
v (m/s) —0.851 **1 —0.881 ** 0.704 * 0.940 ** 0.483 ns
T (N/m?) 0.480 ns —0.062 ns 0.589 ns —0.461 ns 0.960 **
e (m) —0.388 ns —0.683 * 0.509 ns —0.482 ns 0.934 **
w (N/(m-s)) —0.644 * —0.453 ns 0.832 ** —0.719 * 0.932 **

1 ns, not significant; *: p < 0.05; **: p < 0.01.

The flow velocity was significantly correlated with all four drainage network param-
eters (Table 2), indicating the sensitive response of the flow velocity to the evolution of
drainage network. The decreases of the drainage density and stream frequency mean that
the runoff tended to be concentrated and the runoff flux increased; hence, the flow velocity
increased accordingly. The gradient implies the gravitational potential energy of the water
flow, which is positively related to the flow velocity. The larger stream sinuosity means the
more winding path the flow took, to which the flow rate should seemingly have a negative
response. However, the flow velocity also positively correlated with the stream sinuosity.

For the three hydrodynamic parameters, the shear stress was found to have no sig-
nificant relationship with the four drainage network parameters. The unit energy of
water-carrying section only had a significant positive correlation with the stream frequency.
The stream power is the only one hydrodynamic parameter that was more sensitive to the
change of drainage network, which is closely related to drainage density, stream sinuosity,
and gradient (r = —0.644, 0.832, —0.719, respectively). It can be inferred that stream power
is a superior parameter to describe the erosion and hydrological processes for spoil heap
slopes.

Table 3 lists the fitting equations of the lines of best fit for stream power, runoff
rate, and three drainage network parameters. It is seen that linear equations satisfactorily
express the relationships between stream power and the three variables of drainage network
characteristic (R? = 0.961 to 0.979).

Table 3. Fitting equations for stream power (w), runoff rate (R), and three drainage network parame-
ters (median values of the drainage density (Ds), stream sinuosity (S), stream gradient (G)).

Sig.
Regression Equation R-Square F-Value § n
al b c Equation
w =0.503R — 0.019Ds + 0.204 0.961 111.020 0.032 0.000 0.150 0.000 12
w =0.306R + 1.703S — 1.794 0.979 214.539 0.001 0.002 0.001 0.000 12
w =0.537R — 0.011G + 0.590 0.968 135.324 0.000 0.013 0.030 0.000 12

1a, regression coefficient of R; b, regression coefficient of Ds, S, G; c is the constant term.

4. Discussion

The results of the present study show an increasing surface roughness with cumulated
rainfall, which is in contrast to those for tilled surfaces [33,34]. Generally, tilled surfaces
have larger initial roughness due to the artificial soil ridges or excavation [32]. As the
cumulative rainfall increases, the soil at the bulge is eroded and transported to lower-lying
places and deposited. Hence, the undulating soil surface gradually becomes gentle and
less rough under the flattening effect of runoff [35,36]. The initial surface of a spoil heap,
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however, tends to be initially smooth after dumping, with a smaller roughness. Moreover,
the steepness of the slope caused the eroded soil to be transported out of the slope rather
than being deposited there [1], making the spoil heap surface increasingly uneven and
developing rills [37]. As a result, the surface roughness gradually increases with cumulated
rainfall. Under 90 mm /h rainfall, landslide occurred due to a weak layer in the material
that was gradually infiltrated and softened by runoff water [38].

Observations showed visible cracks developing on the slope because the topmost soil
shrank after being soaked in first rainfall. In the following rainfall, rainwater entered the
cracks and infiltrated downhill inside the soil, creating conditions for the formation of
weak layers [39]. The infiltration was least at 60 mm/h rainfall intensity, with a maximum
runoff coefficient of 0.686, and few obvious cracks formed on the slope. At 120 mm/h
rainfall intensity, more cracks were formed, but the rainfall duration (30 min) was too short
for runoff to infiltrate and form the weak layer. Therefore, only at 90 mm/h intensity were
both conditions met to trigger a landslide.

For any given rainfall intensity, increasing roughness negatively correlated with
drainage density and stream frequency, leading to a more sinuous flow and a reduced flow
path gradient. This is consistent with the results of the initial smooth slopes in Helming
et al. [17] and Romkens et al. [40]. On a smooth soil bed, such as a spoil heap slope, the
flow becomes concentrated into fewer flow paths, each causing a deeper incision during
rainfall [20].

In the present case, the drainage network gradually became more convergent and
organized in rainfall sequence on spoil heap slope, accompanied by the adjustment of the
low-order streams towards higher-order streams. For other initial rough-surface types,
such as agricultural hillslope or tilled soil surfaces, however, the effects are often reversed;
that is, as rainfall cumulates, drainage density increases, and flow path sinuosity decreases
due to the flattening effect of runoff in those contexts [13,40].

Our results show that drainage density, runoff frequency. and fractal dimension did
not differ greatly for the different rain intensities. The landslide that occurred during
90 mm/h rainfall caused the greatest roughness of the slope surface but had little effect
on the drainage network structure. The reason may be that, first, regardless of whether a
landslide occurred, the erosion processes were the same with rainfall as the driving force.
The inherent runoff generation and routing pattern that formed flow paths (including
rills) along the slope resulted in similar drainage network structures for all three rainfall
intensity treatments. Second, since the landslide occupied a small area on the upper slope,
the influence of increased roughness caused by landslides on the whole drainage network
is not reflected. Rather, its influence lies in expanding the collection area of several flow
paths and in the deeper incision of the paths (including rills) [41].

Moreover, the difference in surface roughness caused by the 60-120 mm /h rainfall
intensity treatments in our study was 2.9-11.3 mm, which was smaller than the contrast in
the initial roughness reported for other studies [20,21]. Hence, it did not lead to obvious
differences in drainage pattern and intensity, which explains why the drainage density did
not vary significantly between different rainfall intensities.

The fractal dimensions of drainage networks were in the range of 1.305-1.455, which is
larger than for some tillage landforms with gentler slope [20,42], indicating a more highly
developed and more highly organized drainage network on spoil heap slopes. In addition,
although the fractal dimension showed a gentle increase with increasing rainfall intensity,
consistent with Luo et al. [20], the small differences in the results for the various rain
treatments also suggests that, for spoil heaps, the mechanisms controlling the evolution of
drainage networks were affected by the rainfall intensities to a relatively minor extent.

The relationship between drainage network development and the dynamic erosive
process of the soil surface relies on concentration of the flow into the fewer drainage
paths [17]. Among the hydrodynamic parameters, the stream power most closely reflected
the drainage network evolution, which became greater with runoff concentration, indicated
by the significant correlations between stream power and drainage density and between
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stream sinuosity and gradient. The sinuosity positively related to the stream power, with
largest correlation coefficient. This result is similar to what was reported by Helming
et al. [17], in which the sinuosity was 1.2-1.4 on a tillage slope, a larger range than the
1.052-1.170 for a spoil heap slope. Therefore, the flow paths on the spoil heap were not
meandering enough to extend the total flow path and increase the energy consumption of
runoff flowing, and thus reduce the flow velocity and its stream power. In addition, the
steep gradient (57.17-63.57%, much steeper than a tilled field) is another reason that the
sinuosity did not play a negative role [17,42]. Instead, the erosive terrain development
on a spoil heap slope gradually changing from flat to a complex terrain of rills led to an
increase in flow velocity [42]. Hence, the increase in sinuosity accompanied by flow path
convergence enhanced the hydrodynamic forces acting on the runoff.

5. Conclusions

Drainage network features and surface roughness on spoil heaps were investigated
by simulating successive rainfall at different intensities. Surface roughness increased with
cumulative rainfall at each rainfall intensity and had significant negative correlations with
both drainage density and stream frequency. Correspondingly, flow paths gradually tended
to converge during rainfall, leading to increased sinuosity and a decreasing gradient of
individual streams.

Generally, the greater rainfall intensity roughness resulted in a larger surface rough-
ness on the spoil heaps, but during the 90 mm/h intensity rain event (the median value in
this study), a landslide occurred on the upper slope of the spoil heap, resulting in the largest
roughness. The difference in roughness for the different simulated rainfall intensities did
not cause distinctly different drainage network features. Comparable fractal dimension
also indicated that the effect of different rainfall intensity on drainage network structure
was not significant.

Of the hydrodynamic parameters, stream power was found to be more closely related
to the characteristic parameters of the drainage network than others. The relationships
between stream power and the three characteristic variables of drainage network were
expressed by linear equations with R? values between 0.961 and 0.979.
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