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ARTICLE INFO ABSTRACT

Spoil heaps are the main sources of soil erosion on disturbed land surfaces as an artificial accelerated erosion
form, and rock fragments are an important component of spoil heaps. This study examined different fragment
contents (0, 20, 40, 60 mass percentage) and sizes (1-4, 4-7, 7-10 cm) on hydrological processes, sediment
yielding processes and rock fragment cover evolution through three sequential simulated rainfalls with a con-
stant intensity of 1.5 mm min~!. The rock fragments in spoil heaps were found to reduce the soil loss amount by
35.23-76.84% through effects on runoff production and rock fragment cover. Runoff rates decreased with in-
creasing rock fragment content, and size class 4-7 cm had the strongest reduction effect, but for a definite
treatment runoff rates have little change in three rainfall events. The expanding rock fragment cover with cu-
mulative rainfall in the multiple rainfall events, which increased fastest during the first rainfall period led to a
significant decreasing soil detachment rate. Multiple regression analysis shows that the average detachment rate
under each rainfall event could be estimated using a power function of average runoff rate and median rock
fragment cover. These findings indicated that the presence of rock fragments in spoil heaps has an obvious
mitigating effect on soil erosion, with the rock fragment content making a larger percentage contribution than
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1. Introduction

With the high-speed economic development occurring in China,
artificial accelerated soil losses on severely disturbed surfaces caused by
production and construction activities are becoming increasingly ser-
ious. Such erosion causes serious land degradation and leads to tension
between urban construction and ecological protection (Jimenez et al.,
2013; Nearing et al., 2017b; Rodrigues and Silva, 2012; Shi et al., 2016;
G. Wang et al., 2012). Engineering spoil heaps, special landforms on
disturbed land surfaces that are generally piled up in the form of soil-
rock mixtures, are the most important sources of the accelerated soil
losses (Peng et al., 2014; Zhao et al., 2012). Rock fragments resting on
or embedded in the soils have important effects on soil erosion char-
acteristics, including hydrological and sediment yielding processes
(Cerda, 2001; Poesen and Lavee, 1994). Therefore, it is necessary to
understand how rock fragments influence hydrological and sediment
yield from spoil heaps to help predict and further to control soil erosion

and reduce pressure from environmental protection.

Rock fragments change the soil feature and microtopography,
making hydrological processes more complex than occur in homo-
genous soils (Cousin et al., 2003). For clay loam soil, Nasri et al. (2015)
indicated that the presence of rock fragments produce preferential flow
channels by increasing macropores, meanwhile impermeable rock
fragments increase pore tortuosity, which extends the path of soil water
movement (Zhou et al., 2011) to decrease water infiltration. The con-
tent and size of rock fragments both can influence soil hydrological
processes by affecting how the macropores quantity and the tortuosity
change (Ma and Shao, 2008; Zhou et al., 2011). Moreover, Zavala et al.
(2010) suggested that infiltration was promoted because the surface
water storage was increased when the rock fragments rested on the
surface. Studies also showed that the rock fragment cover will reduce
the flow velocity and restricted the splash effect, thus increasing the
time that the runoff flows through the slope and avoiding soil crust,
therefore the infiltration is promoted (Abrahams et al., 2015; Guo et al.,
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2010; Poesen et al., 1990). Through the effects on infiltration and
runoff generating as well as the microtopography, soil loss process is
influenced by rock fragments (Bunte and Poesen, 1993; Nearing et al.,
2017a; X. Wang et al., 2012).

However, different, and even contrasting results, have been ob-
served for the relationship between rock fragments and hydrological
and sediment yielding processes under different experiment conditions
(Rieke-Zapp et al., 2007; Shi et al., 2012; Urbanek and Shakesby, 2009).
Some researchers have shared the view that there is a content threshold
for the influence of rock fragment content on hydrological character-
istics. For example, Zhou et al. (2009) observed the critical rock frag-
ment content to be 40% where the saturated hydraulic conductivity was
smallest though a clay loam penetration test using Mariotte bottles,
which is similar to the results reported by Novék et al. (2011), in-
dicating that the saturated hydraulic conductivity (4 soils, texture from
sandy to clay) decreased as the content increased from 0 to 31.4% using
numerical method. However, Shi et al. (2012) found that steady ef-
fluent reached its maximum at the volumetric content of 15% to a forest
soil depth of 60 cm on the Loess Plateau in China. Nevertheless, in some
studies the influence of rock fragment content on hydrology is mono-
tonic. For example, Urbanek and Shakesby (2009) indicated that in-
filtration increased with increasing rock fragment content by using a
flow chamber to test the sand-stone mix, which is consistent with the
results of Chow and Rees (1995) which indicated that runoff generation
and soil loss decreased when rock fragment content increased from 7 to
25% by volume in a potato-forage rotation sandy loam field. The con-
clusion of Rieke-Zapp et al. (2007) also suggested that rock fragments
dissipate the energy in the flow path on a 5 mm-deep V-shaped flume
surface thus soil loss exhibits a linear reduction with increasing rock
fragment content (0-40%).

Some studies have shown that infiltration was reduced when rock
fragment size increased. For example, Guo et al. (2010) found that
solute transport was higher in soil with small rock fragments (the
bottom face of a stone was a square of 7.6 X 7.6 cm) than in soil with
large rock fragments (18.4 x 18.4 cm) in a loess slope land. Novék et al.
(2011) also reported that saturated hydraulic conductivities slowly
decreased with increasing rock fragment diameter (10-80 cm) in the
numeric simulation. However, Chow and Rees (1995) found that when
rock fragment size was 1.9-5.1 cm, the runoff generation and soil loss
amount were less than those under smaller or larger size. Zhou et al.
(2011) found that for a given rock fragment content in a column of clay
loam soil, saturated hydraulic conductivity decreased when rock frag-
ment size increased from 0.2 to 3 cm and then increased for the size of
3-5cm.

Rock fragment cover is also a key factor affecting hydraulic char-
acteristics and soil loss process. Most studies have implied a negative
correlation between soil loss and rock fragment cover under laboratory
(Abrahams et al., 2015; Cerda, 2001; Zavala et al., 2010) or field
conditions (Mandal et al., 2005; Simanton et al., 1994; X. Wang et al.,
2012), because rock fragments resting on the soil surface protect topsoil
from detachment and the impact of raindrops, and reduce physical
degradation of the soil surface based on the increase in water flow re-
sistance and friction factor (Guo et al., 2010; Nyssen et al., 2001;
Poesen and Lavee, 1994; Rieke-Zapp et al., 2007). However, positive
associations between rock fragment cover and sediment yield and hy-
drological processes have also been observed. For example, Poesen
et al. (1990) showed that when rock fragments were embedded in the
top layer, an increasing rock fragment cover would lead to a larger
runoff volume because of the sealing effect of the rock fragments, which
increased impermeabilized area of top soil. However, for the rock
fragments placed on top of the soil surface, the opposite trend was
shown.

Therefore, rock fragments can affect soil hydrological and erosion
processes differently because of their multiple roles, and it need to be
explained properly what effect of rock fragments prevail under a certain
condition for the high heterogeneity of soil-rock mixture (Tetegan et al.,
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2012).

Although several researchers have addressed the problem of soil
erosion of spoil heaps in recent years (Peng et al., 2014; Zhang et al.,
2015), few have focused on the rock fragments contained, even though
their effects on hydrological and sediment yielding processes in spoil
heaps still require clarification. Peng et al. (2014) suggested that rock
fragment content affected erosion forms in disturbed soils, which re-
sulted in heterogenous runoff generation and sediment yield; however,
the specific role of rock fragments needed further clarification. More-
over, rock fragment cover is not only a factor that affects soil erosion,
but also has the potential to serve as a reference for measuring the soil
loss amount in the field. Because the soil is detached, increasing
amounts of rock fragments are exposed on the surface, and the changes
in coverage area reflect the soil loss amount to some extent. At present,
the relationship between rock fragment cover and soil erosion on spoil
heaps remains unstudied.

Therefore, in this paper, a laboratory experiment was conducted
with the goal of observing and quantifying hydrological and sediment
yielding characteristics affected by different rock fragment contents and
sizes, the changes in rock fragment cover before and after multiple
rainfall events and their correlation with soil loss are examined, too.
The results presented herein provide references for clarification of the
role of rock fragments in soil erosion processes of the spoil heaps, which
will facilitate accurate soil loss prediction and reasonable conservation
measurement allocation on disturbed land surfaces.

2. Materials and methods
2.1. Experimental materials

The simulated rainfall experiment was conducted in the rainfall si-
mulation laboratory at the State Key Laboratory of Soil Erosion and
Dryland Farming on the Loess Plateau, Yangling, China. In the simu-
lator, artificial raindrops produced by a rotating sprinkler rainfall si-
mulator with a uniformity of > 80% fall from a height of 18 m. The
disturbed soil used in this study was collected from an urbanization
construction site in Yangling, Shanxi Province, China that developed
from the loess parent material on the Loess Plateau. The disturbed soil
was air-dried to a 12-14% water content and the rock fragments
(> 10mm) were then separated. The spoil materials smaller than
10 mm were evenly distributed along the slope, so no separation was
required in the simulation (Zhao et al., 2012). The selected finer soil in
the spoil materials (< 2mm) is a Urbic Technosol according to [USS
Working Group WRB (2015). The percentages of particles distributed
according to diameters of < 0.002, 0.002-0.02, and 0.02-2 mm, were
27.6%, 48.2%, and 23.3%, and the organic matter accounted for 0.9%.
The rock fragment samples used in this study were siliceous limestone
taken from a quarry in Zhouzhi County, Shaanxi Province. This material
is commonly used in engineering construction and has an irregular
polyhedral shape with low water absorption permeability. Rock frag-
ments were divided into 3 size classes of 1-4, 4-7, and 7-10 cm. The
slope adjustable soil flume was made of steel, with dimensions of 3.5 m
long, 1 m wide and 0.5m deep. Permeable holes with a diameter of
5 mm were drilled into the bottom of the flume to enable free drainage
of the infiltrated water.

2.2. Experiment methods

Experiments involved a combination of three rock fragment con-
tents (20, 40, 60%, mass percentage) and three rock fragment size
classes (1-4, 4-7, and 7-10 cm), as well as a control of bare soil. Ten
treatments were conducted in three replicates for the sake of reducing
random errors. The selected rainfall intensity of 1.5mmmin~" is ty-
pical of intense storms on the Chinese Loess Plateau (Fang et al., 2015).
Three simulated rainfalls events with a constant intensity of
1.5 mm min~! were conducted on successive days for each treatment.
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Fig. 1. Experiment flume setup, the three observation sections were separated by the white lines (white arrow).

The slope of the soil flume (Fig. 1) for simulated spoil heaps was
adjusted to 64.9% considering that field surveys of spoil heaps in-
dicated the angle of repose centering in 48.8-70.0% (Zhao et al., 2012)
and the prevalence of moderately large steepness (Zhang et al., 2015).
In the flume, a 10-cm-thick layer of coarse sand was packed at first to
let the infiltrated water drain naturally. The prepared spoil heap ma-
terials were then uniformly mixed with rock fragments and the sieved
soil according to the designed rock fragment contents, after which the
soil flume was filled with the mixture to a depth of 40 cm. To ensure
consistency, the lower 10 cm of the mixture was tamped, giving a bulk
weight of the soil of around 1.5 g cm ~ 3. Additionally, the upper 30 cm
was filled with the mixture without compaction to simulate the loose
structure of field spoil heaps and a board was lightly run across the
surface to ensure it was flat. After flume preparation, it was covered
with plastic sheeting and untouched for the following 24h to allow
natural settling.

Prior to the experiment, rainfall intensity was calibrated to
1.5 mm min ! and was measured three times to ensure the error < 5%.
When the rainfall intensity was calibrated sufficiently, the plastic
sheeting was removed. Using a timer with a precision of 0.01 s to record
the test time, the time at which runoff flowed out the outlet was re-
corded as the runoff generation time (Seeger, 2007), after which the
timer was reset and the experiment was launched. The duration of each
rainfall event was 45 min, during which time the runoff and sediment
samples were taken every min for the initial 3 min and then every 3 min
for the rest of each rainfall event. During the test, three 1-m-long ob-
servation sections were set from upslope (0.25m) to downslope
(3.25 m), each of which was photographed before and after the rainfall
event, and the rock fragment cover was obtained through image pro-
cessing by Adobe Photoshop CC (the percentage of pixels in the photo
taken by the rock fragments). The average of the three slope sections
was the rock fragment cover of the slope.

A rainfall event was followed by 24 h of sheeting and natural air-
drying without altering the soil surface, after which the above steps
were repeated until completion of the three rainfall events. After the
test was completed, the sediments were oven-dried at 105 °C for > 24 h
to calculate sediment yields.

2.3. Data analysis

The runoff rate I, was calculated by:

I, = (M — m)/1000pT @

where I, is the runoff rate (L min~1); M (g) is the weight of each sample;
m (g) is the relevant soil loss weight of the sample; p (g cm ™) is the
density of water, being 1 gem™3; T (min) is the sampling duration.

The runoff coefficient a, which was the ratio of the depth of pro-
duced runoff during any time period to the depth of precipitation that
corresponded to the runoff resulting from this period of time, was given
by:

a = I, T/(bLcos33)IT 2)

where a is the runoff coefficient; b (m) is the width of the flume; L (m)
is the length of the flume; I (mm min~?') is the rainfall intensity.
The soil detachment rate D, was calculated by:

D, = m/bLT 3)

where D, (g m~2s71) is the soil detachment rate.

The analysis of variance (ANOVA) was used to statistically assess
the relationship between each factor and runoff, detachment and sur-
face cover based on the level of significance. The percentage con-
tribution of each factor, pr, was calculated as follows (Sadeghi et al.,
2012):

_ S5 — (DOFViy)

x 100%
Pr SSy 0

@
where SSr represents the factorial sum of square; DOFy, is the degree of
freedom for each factor; Vg, represents the variance of error; SSy is the
total sum of squares.

3. Results
3.1. Runoff and infiltration

3.1.1. General runoff and infiltration characteristics

Infiltration refers to the process of moisture entering the soil which
determines the amount of precipitation that becomes the surface flow
and soil reservoir. The infiltration rate was calculated as the difference
between rainfall intensity and the corresponding runoff intensity. As
shown in Table 1, the accumulative runoff yield of the bare soil spoil
heaps was 560.324 L. The produced runoff accounted for 94.3% of the
total rainfall, with runoff coefficients 0.055-0.221 higher and accu-
mulated infiltration levels 4.298-44.838 mm lower than those of spoil
heaps containing rock fragments. The presence of rock fragments sig-
nificantly enhanced the infiltration capacity of the spoil heaps and re-
duced the runoff on the slope. The difference in runoff rates between
different rock fragment content and size were both significant (Table 2).

The final infiltration rate of each rainfall event was plotted in Fig. 2.
For a given rock fragment content, the final infiltration rate was largest
for size class 4-7 cm, followed by that of the 1-4 cm size class and the
7-10cm size class, which were 0.201-0.335, 0.151-0.323, and
0.099-0.277 mm min ~ }, respectively. As the soil became saturated, the
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Table 1

Runoff, infiltration and sediment production characteristics of each treatment.
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Treatment Average runoff rate (Lmin~')  Accumulated total Runoff Accumulated total Accumulated total soil Increment of the rock
runoff (L) coefficient infiltration (mm) loss amount (kg) fragment cover (%)
Rainfall event
Content (%) Size (cm) 1 2 3
Bare soil 4.126 4.163 4.163 560.324 0.943 11.611 33.397 -
20 1-4 3.810 3.846 3.883 519.281 0.874 25.593 17.143 12.04
20 4-7 3.626 3.643 3.622 490.112 0.825 35.530 13.553 11.36
20 7-10 3.998 4.073 4.094 547.413 0.921 16.010 21.712 12.75
40 1-4 3.702 3.731 3.753 503.382 0.847 31.009 11.294 14.35
40 4-7 3.485 3.519 3.524 473.774 0.797 41.095 10.755 10.98
40 7-10 3.903 3.906 3.919 527.724 0.888 22.717 15.208 15.83
60 1-4 3.331 3.323 3.335 448.620 0.755 49.178 7.765 40.52
60 4-7 3.185 3.176 3.166 428.705 0.721 56.371 8.892 22.85
60 7-10 3.549 3.549 3.516 477.627 0.804 39.783 10.080 31.18
Table 2

Effects of rock fragment size, content and their interaction on runoff, rock
fragment cover and soil detachment based on ANOVA, and percentage con-
tribution of each factor (P — probability, SSr — fractional sum of squares, pr —
percentage contribution).

Variables Factor P SSk pr (%)
Runoff rate (L min~") Size 0.000%*  4.264 27.57
Content 0.000** 6.748 43.86
Size X content 0.898 ns - -
Error 4.211 28.90
Rock fragment cover (%) Size 1500.836 14.22
Content 5650.665 56.55
Size X content 1682.963 14.98
Error 967.343 14.26
Soil detachment rate Size 0.825 22.67
(gm~2s71) Content 2.244 61.84
Size X content 0.221 5.88
Error 0.332 8.39

** indicates the significant effect of the treatment on variables at P < 0.01.

0.06000
0.1600
0.2600 ‘

» .-l
Average final infitration rate (mm min~)

&,
“%
O 20% Bare soil
o 1~4
2/ Bare soil 4~7
7~10 Gize (cm)

Fig. 2. Average final infiltration rate of each treatment.

final infiltration depended on the structural features of the soil-rock
fragment mixture and corresponded to its saturated hydraulic con-
ductivity. The smaller the rock fragment size was, the more soil-rock
fragment interferences existed, which led to increased macropores
promoting the infiltration; however, the tortuosity of the influent path
increased at the same time, impeding the infiltration (Zhou et al.,
2011). The final infiltration rate was the result of both positive and
negative effects, and our results indicated that size class 4-7 cm con-
tributed to the optimum infiltration capacity of spoil heaps under the
three contents.
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However, for a given size class, the final infiltration rate increased
with the increasing rock fragment content without a certain content
when relationship changed (Fig. 2), which indicates the absolute ad-
vantageous effect of infiltration promotion because of increasing rock
fragment content. When the rock fragment content increased from 0 to
20%, 20 to 40%, and 40 to 60%, the average decreases in the average
runoff rates were 0.307, 0.128, and 0.370 Lmin ™1, respectively
(Table 1). The decrease in runoff rate was smallest when the rock
fragment content increased from 20 to 40%, which showed that the
advantage of infiltration promotion effect of the added rock fragments
part over inhibition effect was not very large. But runoff rates dropped
the most significantly when the content reached 60%. This finding in-
dicated that much more continuous preferential flow paths developed
because of the increasing rock-to-rock connections (Nasri et al., 2015)
when the content increased to 60%, which greatly increased the in-
filtration of the spoil heaps.

3.1.2. Runoff rate changing process

The instant runoff rates of bare soil spoil heaps varied from
3.885-4.223 L min ", while those of spoil heaps containing rock frag-
ments were 2.366-4.159 L min~'. There was no significant difference
in the runoff rates under the three rainfall events for each treatment. As
shown in Fig. 3, for a definite treatment, the runoff rate of the spoil
heaps tended to increase first, after which they stabilized with the ex-
tension of rainfall duration in each rainfall event. The lower rate at the
beginning was because the smaller initial soil moisture content and the
higher infiltration rate in the early stages. Therefore, the much smaller
initial runoff rate of the first rainfall event than those of the last two
rainfall events was because of the relatively much lower initial moisture
content of the soil compared to the soil that had already experienced
precipitation in the last two rainfall events. With the water content of
the spoil heaps gradually becoming saturated a steady infiltration rate
was reached and the runoff rate became relatively constant.

For a given rock fragment content, runoff rate process curves were
arranged between size classes as 4-7 < 1-4 < 7-10cm for the spoil
heaps as a whole. But at the beginning (1-10 min) of the first rainfall
event the runoff rate was lowest for size class 1-4 cm (Fig. 3). This
phenomenon can be explained as follows. The surface fine earth tended
to develop soil crust under the raindrop impact to reduce infiltration at
the beginning of the first rainfall event (Chamizo et al., 2012; Neave
and Rayburg, 2007). At the same time some raindrops splashed rock
fragments to coat them with a layer of water film, and the contact
between the rock fragments and the surrounding soil then became the
preferred infiltration point compared to the bare soil area. Hence,
smaller rock fragment size was associated with a larger exposed area
(rock fragment cover) and more infiltration points for size class 1-4 cm,
resulting in a lower runoff rate at the beginning. As the surface soil
became saturated the infiltration no longer depended on the infiltration
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Fig. 3. Change in runoff rate with accumulated rainfall under different rock fragment contents and sizes.

points, thus during the subsequent rainfall, the rock fragment cover did
not show any effect on infiltration and runoff.

Overall, the rock fragment content had a greater influence on the
runoff of spoil heaps than rock fragment size, with percentage con-
tributions of 43.86% and 27.57%, respectively (Table 2). In addition,
there was no obvious interaction effect.

3.2. Rock fragment cover and soil loss amount

Both rock fragment content and size had significant effects on the
rock fragment cover (Table 2). The initial rock fragment cover in-
creased with increasing content and the coefficient of partial correla-
tion was 0.810 (**P < 0.01). Conversely, the cover decreased as the
mean rock fragment diameter decreased (the mean diameter of the rock
fragments for size class 1-4, 4-7, 7-10cm was 2.5, 5.5, 8.5 cm, re-
spectively), with a partial correlation coefficient of —0.687
(*P < 0.05). In general, rock fragment cover was mainly controlled by
the rock fragment content with a percentage contribution of 56.55%,
and the interaction between content and size also had a significant ef-
fect (Table 2).

An increasing number of rock fragments were exposed as the topsoil
was detached during the rainfall events. Fig. 4 presents the evolution of
the rock fragment cover visually as the rainfall events went on. As
shown in Fig. 5, as the accumulated rainfall increased, the rock frag-
ment cover showed first rapid increase, then continued to increase at a
slower rate. The growth rate was fastest during the first rainfall period,
then slower during the latter two rainfall events. These findings
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indicate that soil was primarily eroded in the first rainfall event, after
which the amount of soil loss caused by subsequent rainfall events was
reduced; thus, the newly added rock fragment cover was smaller.

The initial rock fragment cover ranged from 2.71% to 41.12, and
after three rainfall events, the final rock fragment cover range increased
to 14.65%-81.64%. The expansion of the rock fragment cover reflected,
to some extent, the amount of soil erosion that had occurred. As Table 1
shows, the total soil loss amount among the three classes occurred in
the order 7-10 > 1-4 > 4-7 cm, which was in accordance with the
increase in rock fragment cover under 20 and 40% content. However,
when the content was 60%, although the increase in rock fragment
cover was largest for the 1-4 cm size class, the total soil loss amount
was smallest. This is because there was less topsoil when the initial rock
fragment cover of the spoil heap containing 60% rock fragments
reached 41.12%, which was 5-15 times that of other treatments. As
shown in Fig. 6, the cumulative amount of soil loss had a significant
power function relationship with the rock fragment cover for each
treatment.

3.3. Sediment production

3.3.1. Sediment yield and impacting factors

The average soil detachment rates of the bare soil spoil heaps were
1.107-1.315gm ™ %5~ !, while those of the spoil heaps containing rock
fragments were 0.208-1.028gm™2s~! which were reduced by
21.78-81.26% (Fig. 7). It can be concluded that the existence of the

rock fragments in the spoil heaps had obvious benefits on erosion
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Fig. 4. Photographs of the first section observed on the slope of spoil heaps containing 20% (a), 40% (b), 60% (c) rock fragments with a diameter of 4-7 cm (before:
photographed before the first rainfall event; 1st: photographed after the first rainfall event; 2nd: photographed after the second rainfall event; 3rd: photographed

after the third rainfall event).

reduction. Among these benefits, the content of rock fragment played a
dominant role, with a percentage contribution of 61.84%, while the
effects of rock fragment size and their interaction were smaller, con-
tributing 22.67 and 5.88%, respectively (Table 2).

As shown in Fig. 7, for the definite rock fragment size class, the

184

average soil detachment rate decreased as the rock fragment content
increased. Specifically, for a given content, the average detachment rate
was 7-10 > 1-4 > 4-7 cm among size classes, except for 60% con-
tent, for which it was 7-10 > 4-7 > 1-4cm.

Soil erosion is related to erosion dynamics and underlying surface
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conditions. The average detachment rate varied almost consistently
between the different rock fragment content and size with runoff rate.
Runoff is not only the driving force of soil erosion, but also the carrier of
sediment transport; therefore, it had important influences on soil ero-
sion on spoil heaps. The rock fragment cover was also a nonnegligible

N Diameter: 1~4 cm
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underlying factor. Rock fragments exposed to the surface were able to
dissipate the raindrop energy and enhance the resistance of topsoil
(Zavala et al., 2010). The rock fragment cover also caused an increase
in surface roughness. Specifically, the impervious rock fragments pro-
truded from the surface and divided the runoff into multiple flow paths,
increasing the wetted perimeter, which caused an increase in frictional
resistance to reduce the sedimentation capacity of runoff (Lawrence,
1997).

The multiple regression analysis indicated that the average soil
detachment rate had the following relationship with average runoff rate
and median rock fragment cover:

Dr = 71092 1058R —0392 (R2 = 0.664, F = 23.715,P < 0.001) 5)

where Dr (gm~2s™ ') is the average soil detachment rate of each
rainfall event; I, (L min~!) is the relevant average runoff rate; R, (%) is
the relevant median rock fragment cover.

The exponents of I, and R,, indicate that runoff rate has a greater
effect on soil detachment rate than rock fragment cover.

2

3.3.2. Soil detachment processes

The change processes of soil detachment rates under each treatment
were plotted in Fig. 8, the soil detachment rates of the bare soil spoil
heaps were 0.814-1.402gm™2s™ !, while those of the spoil heaps
containing rock fragments were 0.179-1.205gm~2s~ ', From the
perspective of the overall change process of detachment rate under each
treatment, as the accumulated rainfall increased, the soil detachment

rates of the bare soil spoil heaps decreased slightly, and no significant
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difference in the detachment rate existed between the three rainfall
events. However, the soil detachment rates of spoil heaps containing
rock fragments decreased exponentially as the accumulated rainfall
increased with significant difference between three rainfall events
(**P < 0.01). From the point of erosion power source, the rainfall
intensity was constant, and there was little change in runoff rate under
the three rainfall events for a definite treatment (Fig. 2), the coefficient
of variation of the average runoff rate under each treatment was
0.002-0.012. Therefore, the resistance factor, the increase in rock
fragment cover, primarily led to the significant reduction in the de-
tachment rate of the rocky spoil heaps.

During a single rainfall period, the detachment rate of bare soil spoil
heaps showed a rapid increase followed by a tendency to be stable
(Fig. 8). The initial detachment rate increased mainly because of the
rapidly increasing initial runoff rate (Fig. 2), in addition, the loose soil
flushed down to the slope led to the fastest increase of detachment rate
in the first rainfall event. As rainfall continued, the amount of loose soil
carried by runoff decreased, which may explain the relatively lower
detachment in the later two rainfall events. During the third rainfall
event, there was a peak on the detachment rate curve, which was
caused by development of slender and shallow rills on the slope to
gather the runoff, which in turn contributed to the higher erosivity of
runoff (Shen et al., 2016). After the rill morphology had stabilized, the
detachment rate became stable again. For treatments containing rock
fragments, visual inspection showed there was no rill formation, and
that raindrop and sheet detachment was the dominant erosion process.

For the rocky spoil heaps, the soil detachment rate showed a rapid
increase followed by a gradual decrease during a single rainfall period.
The initial increase of detachment rate is as explained above, in the
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later period of rainfall, the detachment rate gradually decreased mainly
due to the expanding rock fragment cover. It is also because of the lack
of protection of rock fragments that the detachment rate of bare soil
spoil heaps showed a tendency to be stable rather than a reduction
process after a rapid increase.

4. Discussion

Prior work has documented the effects of rock fragment features on
soil hydrological and erosion dynamics; however, few studies have
clarified the role of rock fragments in spoil heaps on the disturbed
landforms. The results of laboratory simulated rainfall experiments in
our study show that there are significant differences in runoff, sediment
production, and rock fragment cover of the spoil heaps under different
rock fragment content and size. The existence of rock fragments in spoil
heaps significantly reduced the runoff and sediment production in
virtually all cases.

Many studies specifically addressed the effects of rock fragment
features on soil infiltration (Novdk and Krnava, 2012; Urbanek and
Shakesby, 2009; Zhou et al., 2011). Our results indicated that, as the
rock fragment content increased from 0 to 60%, the steady infiltration
rate increased, and the corresponding runoff rate decreased, which is
similar to results of some previous studies (Chow and Rees, 1995;
Urbanek and Shakesby, 2009). However, our results differed from those
of Zhou et al. (2009) and Ma and Shao (2008), who found that in-
filtration decreased initially to a minimum value, then increased as rock
fragment content increased. Our findings also differed from those of
Novak et al. (2011), who showed decreasing saturated hydraulic con-
ductivity as the volume content increased from 0 to 31.4%. These
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differences may have occurred for the following reasons. The spoil
heaps are composed of disturbed surface materials whose original
structure was completely destroyed. Therefore, the loose soil in the
spaces between the rock fragments tended to become dense and pin-
ched after being saturated. It is known that the interphase areas be-
tween rock fragments and the surrounding fine earth have high mac-
roporosity with particularly distinct preferential flow features (Nasri
et al., 2015; Urbanek and Shakesby, 2009). The spaces between rock

fragments and the surrounding soil matrix were not completely filled in
when the loose soil was saturated, which further increased the number
of preferential flow channels, coupled with an increase in rock-to-rock
connections with the addition of rock fragments, resulting in increased
infiltration capacity with increasing rock fragment content.

In addition, the findings noted in our study showed that the in-
filtration rate increased first, then decreased as rock fragment size in-
creased from 1 to 10 cm, which is comparable to the results of Chow
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Fig. 8. (continued)

and Rees (1995). Moreover, the infiltration was smallest when the rock
fragment size was 7-10 cm, indicating that large rock fragments ham-
pered infiltration more than small rock fragments, which was in line
with the viewpoint of Ma and Shao (2008). When the rock fragment
content was given, the smaller size was associated with an increasing
number of rock fragments, which caused higher resistance to flow. In
contrast, the larger the rock fragment size was associated with fewer
rock-soil interferences, which led to reduction of macropores (Novak
and Knava, 2012; Novak et al., 2011). Medium size of rock fragment led
to the best infiltration capacity of spoil heaps, and correspondingly the
smallest runoff rate.

The results of this study also indicated that the soil detachment rates
were affected by changes in the rock fragment cover during multiple
rainfall events. As the rock fragment cover increased, detachment rates
showed a significant decreasing trend (R? = 0.690-0.931). These
findings extend those of X. Wang et al. (2012) and Zavala et al. (2010),
confirming that rock fragments not only protect the fine material from
erosion (Abrahams et al.,, 2015; Cerda, 2001), but also reduce the
transporting capacity of runoff by increasing surface roughness
(Cagnoli and Romano, 2012; Poesen et al., 1994; Rieke-Zapp et al.,
2007).

Notably, our results showed that the accumulated soil loss under
multiple rainfall events was well expressed by the power function of
rock fragment cover (R*= 0.914-0.998), and the expanding rock
fragment cover with the process of rainfall reflected the soil loss
amount that had already occurred. This provides a reference to de-
termine the amount of erosion of spoil heaps in the field.

In summary, rock fragments played a significant erosion-reduction
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role in spoil heaps by affecting the runoff and rock fragment cover. The
runoff rate and rock fragment cover had positive and negative corre-
lations with soil detachment rates, respectively, which were compar-
able to the results of Mandal et al. (2005), Rieke-Zapp et al. (2007) and
Zavala et al. (2010). However, some limitations are worth noting. Al-
though rock fragment cover evolution was considered in our study, it
was not closely related to the process of soil erosion. Further work
should be conducted to obtain more details regarding the microrelief
information pertaining to the slope of spoil heaps to elucidate the runoff
hydraulic properties and detachment characteristics.

5. Conclusion

A simulated rainfall experiment focusing on spoil heaps with four
rock fragment contents (0, 20, 40, 60 mass percentage) and three rock
fragment size classes (1-4, 4-7, 7-10 cm) was conducted to investigate
the hydrological and erosion processes, as well as rock fragment cover
evolution. The results showed that rock fragment content and size both
significantly influenced runoff and soil loss processes, as well as rock
fragment cover.

Rock fragments in spoil heaps reduce soil detachment rate by in-
fluencing runoff production and rock fragment cover. Runoff rates de-
crease with increasing rock fragment content under a given size class as
follows 4-7 < 1-4 < 7-10cm, but has little change in three rainfall
events for a definite treatment. For rocky spoil heaps, rock fragment
cover was obtained by processing images of three sections before and
after rainfall. The initial rock fragment covers ranged from 2.71 to
41.12%, while the final cover was 14.65-81.64%, which increased
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fastest during the first rainfall period and the increase rate slowed down
in the later two rainfall events. Average soil detachment rate can be
expressed by a multiple regression equation of average runoff rate and
median rock fragment cover. For a definite rock spoil heap, as accu-
mulated rainfall increased in response to multiple rainfall events, the
increasing rock fragment cover led to decreased soil detachment
(R? = 0.690-0.931).
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