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Abstract

Purpose Spoil heaps on newly engineered landforms create extensive artificially accelerated erosion, especially when there are
catchment areas above spoil heaps, erosion caused by runoff will be much greater than that induced by rainfall. This study
investigated the erosional characteristics of clay loam and sandy loam spoil heaps and proposed an appropriate hydraulic
parameter to simulate the variation in erosion rate.

Materials and methods A laboratory scouring experiment was conducted using a soil pan (dimensions 5 m x 1 m % 0.5 m deep)
with a discharging arrangement to test four samples of clay loam and sandy loam containing rock fragments (0%, 10%, 20%, and
30%) by mass. The slope of simulated spoil heaps was 53.2% with a discharging inflow rate of 15 L min . The rock fragments
used were those commonly used in construction works, having a diameter of 2—3 cm and irregular shape. Twenty-four scouring
tests for eight treatments with duplication were accomplished in total.

Results and discussion Average erosion rates showed a negative linear correlation with rock fragment content in clay spoil heaps
(R*=0.94) and a positive linear correlation in sandy loam spoil heaps (R* = 0.92). Rill width evolution of clay loam spoil heaps
mainly developed at the early scouring stage (0—15 min), and rills developed even more rapidly during later scouring times (30—
60 min) in sandy loam spoil heaps. Grey relational analysis showed that sheer stress and stream power both had higher Grey
relational degrees with erosion rate for both soils, regression analysis showed that stream power can efficiently describe the
erosional process of clay loam and sandy loam for each rock fragment content, but sheer stress only did well in sandy loam heaps.
Conclusions Adding rock fragments to spoil heaps resulted in significantly opposite effects in the different soils; great attention
should be paid to sandy loam spoil heaps due to their more severe erosion with increasing rock fragment content; stream power is
an appropriate hydraulic parameter to simulate the soil erosion process of spoil heaps for both soil types.
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Intense erosion acceleration of engineering-disturbed land sur-
faces has received increasing attention in recent years. Such
erosion causes serious environmental problems, deteriorates
the ecological environment, and reduces land productivity
(Tommervik et al. 2012; Trenouth and Gharabaghi 2015;
Nearing et al. 2017). Spoil heaps (e.g., spoil banks formed in
the preparation, construction, and operation periods of con-
struction activities, which contain excavated soil, rock frag-
ments, construction waste materials, and slags) are the source
of severe soil loss on engineered land surfaces (Gilley et al.
1977; Hancock et al. 2008; Peng et al. 2014). In many cases,
they are formed when spoil is dumped onto steep slopes, es-
pecially during linear construction programs such as
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expressway or railway construction and road building (Harbor
1999; Nyssen et al. 2002; Zhang et al. 2015), increasing the
catchment size and causing gullying at most of the culverts
and other road drains (Nyssen et al. 2002). The steep slope,
loose structure, and low vegetation cover lead to the soil of
spoil heaps being easily eroded (Gilley et al. 1977). Areas
disturbed by construction activity have a soil erosion rate from
two to 40,000 times greater than pre-construction conditions
and are important components of non-point source pollution
that degrades surface water quality (Harbor 1999). According
to the China’s Ministry of Water Resources survey released,
the amount of soil loss on engineering-disturbed land surfaces
reached 946 million tons over areas totaling 5.528 x 10° hm®
in China during 2001-2005; worse still, in 2006-2010, these
figures increased by 11.5% over the previous 5 years, leading
to serious soil and ecological degradation.

Rock fragments are a significant component of spoil heaps.
Peng et al. (2014) roughly classified spoil heaps into partial
soil (soil/rock ratio 4:1) and rocky (soil/rock ratio 3:2) spoil
heaps. Field and laboratory studies have shown that the rock
fragment content has a great impact on soil properties and on
the hydrological and erosional processes of the original sur-
faces (Rieke-Zapp et al. 2007; Zhou et al. 2011; Nasri et al.
2015). Jomaa et al. (2012) shows that rock fraction affects
runoff generation and erosion patterns. Nasri et al. (2015)
indicated that the presence of rock fragments produces prefer-
ential flow channels in clay loam soil by increasing
macropores, meanwhile impermeable rock fragments increase
pore tortuosity, which extends the path of soil water move-
ment (Zhou et al. 2011) to decrease water infiltration. The
content of rock fragments can influence soil hydrological pro-
cesses by affecting how the quantity of macropores and the
tortuosity change (Ma and Shao 2008) and further influence
soil erosion. Some studies (Chow and Rees 1995; Urbanek
and Shakesby 2009) indicated that infiltration increased and
runoff generation and soil loss decreased when rock fragment
content increased. But, some studies showed content thresh-
olds of rock fragment on the changes of corresponding hydro-
logical, such as the critical content to be 40% where the satu-
rated hydraulic conductivity is smallest in Zhou et al. (2009)
and the 15% volumetric content where the steady effluent
reached its maximum in Shi et al. (2012). So, the impact of
rock fragments on soil hydrological varied between different
experimental conditions and needs to be addressed for a given
situation.

Moreover, the conclusion of Rieke-Zapp et al. (2007) sug-
gested 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 con-
tent (0-40%). Some studies (Nyssen et al. 2001; Rieke-Zapp
et al. 2007; Guo et al. 2010) also showed that rock fragments
resting on the soil surface protect topsoil from detachment and
the impact of raindrops and reduce physical degradation of the
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soil surface based on the increase in water flow resistance and
friction factor. Therefore, the rock fragments play complex
roles in affecting soil hydrological and erosion processes.
However, few studies have focused on the extent to which
rock fragment content affects the erosional mechanisms and
hydraulic properties of spoil heaps for different soil types.
Runoff generation and sediment yield have been shown to
be affected by rock fragment content in disturbed soil (Peng
et al. 2014), but the erosional mechanism of spoil heaps with
different rock fragment contents still requires clarification.

Prediction of the amount of soil lost from the
engineering-disturbed land surface is essential to allocate
reasonable soil and water conservation measures to reduce
such loss. Kayet et al. (2018) evaluated the soil loss in
hillslope mining areas using the revised universal soil loss
equation (RUSLE) model, which is an empirical model and
suitable for watershed scale. But, Zhang et al. (2015) indi-
cated that the empirical-statistical models based on the
USLE framework (Wischmeier and Smith 1978) were
found to be of large uncertainty because of model concep-
tualization as well as arbitrary choice of model parameter.
Moreover, due to the lack of dynamical located observa-
tions of spoil heaps in details over a long term, the model
factor localization dedicated to spoil heaps is difficult to
achieve, especially for the soil containing rock fragments,
RUSLE have limited usage. Constructing process-based
prediction models is an important way to estimate soil loss
efficiently, for which using simple hydraulic indicators is
an effective and general approach for practical application
(Knapen et al. 2007; Basile et al. 2010). Therefore, labo-
ratory experiments are needed to understand the dynamic
erosion process in order to clarify the suitable parameter
for simulating spoil heap erosion.

Several hydraulic parameters (shear stress, stream power,
unit stream power) are commonly used to estimate soil de-
tachment and the critical conditions for soil erosion, e.g., the
Water Erosion Prediction Project (Nearing et al. 1989), the
Griffith University Erosion System Template (Misra and
Rose 1996), and the European Soil Erosion Model
(Morgan et al. 1998). Although some ecologists have noted
that stream power (w) is the more significant (Zhang et al.
2015; Wang et al. 2016) for characterizing hydrodynamic
mechanisms of spoil heap erosion, they did not take the
effect of rock fragment content into account; besides, the
great differences in the test conditions of these studies give
poor comparability and utility of their results. The conclu-
sions of in situ scouring tests (Zhang et al. 2015) cannot be
generally applied for its greater dependence on the in situ
soil conditions and scale of the tests; the reduced-scale rep-
resentation of actual cone-shaped spoil heaps that Wang
etal. (2016) used in simulated rainfall experiments is judged
to be too small (slope length is 1.1 m) to simulate forms of
erosion other than splash and sheet, such as rill erosion.
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Weak structural stability and the complicated effects of
rock fragments lead to a great difference in hydrological and
erosional characteristics between undisturbed slopes and spoil
heaps. The optimal parameter that best reflects the runoff and
erosional characteristics of the spoil heaps containing rock
fragments still remains to be discussed. Consequently, what
required to be investigated presently are the determination of
runoff and erosional characteristics of spoil heaps with differ-
ent rock fragment concentrations for different soil types and
the identification of the best parameter that best reflects this
through reproducible tests having better control and simula-
tion accuracy. Thus, a laboratory experiment was conducted in
this study under controlled conditions with the specific objec-
tives of

(1) Investigating the sediment yielding process in two kinds
of engineering spoil heap, each consisting of one partic-
ular soil type containing different rock fragment con-
tents, using upper overflow scouring;

(2) Evaluating the relationships between five hydraulic pa-
rameters and soil erosion rate, then proposing the best
parameter for use in modeling to simulate the soil erosion
processes in spoil heaps.

2 Materials and methods
2.1 Materials and equipment

A survey of 368 spoil heaps on disturbed land surfaces by
Zhao et al. (2012) showed that most of the slope gradients of
spoil heaps were between 48.8 and 70.0% and slope lengths
were mostly in the range from 2 to 8 m. In the present study, a
53.2% slope and 5 m length were chosen as the design shapes
of the spoil heaps to be tested. The tests of spoil heaps formed
in clay loam (Fig. 1) and sandy loam (Fig. 2) areas of the water
erosion region in China were conducted in the study. Field
surveys also showed that more than 90% of actual spoil heaps

Fig. 1 Photograph of a typical engineering spoil heap in a clay loam area

Fig. 2 Photograph of a typical engineering spoil heap in a sandy loam
area

contain less than 40% by mass of rock fragments (Kang et al.
2016); therefore, four rock-fragment content mass percentages
(0%, 10%, 20%, 30%) were investigated in the experiment.
Consideration of the discharge per unit width produced in an
experimental plot for typical erosive rainstorm in the study
area (rainfall intensity is 120 mm h™' (Fang et al. 2015), and
recurrence interval is 100—150 a) led to a design inflow rate of
15 L min' (Peng et al. 2014).

The indoor runoff scouring experiment was conducted in
the rainfall simulation laboratory at the State Key Laboratory
of Soil Erosion and Dryland Farming on the Loess Plateau,
Yangling City, China, using clay loam from Nanchang,
Jiangxi Province, and sandy loam from Jingbian, Yulin,
Shanxi Province, China. The bulk soil was gently crushed
and passed through a 6-mm sieve before soil pan preparation.
The mechanical compositions of the two soils were deter-
mined using a Mastersizer 2000 laser particle size analyzer
(Malvern Panalytical, Malvern, UK). The results are listed in
Table 1. The rock fragments used were those commonly used
in construction works, having a diameter of 2-3 cm and irreg-
ular shape.

As shown in Fig. 3, the water scouring supply consisted
of an adjustable stabilizing water pump, a pipe, an over-
flow tank, and an experimental soil pan with an adjustable
slope gradient (dimensions 5 m x 1 m % 0.5 m deep) with a
collecting groove at the end of the pan to collect sediment
samples. Water was pumped into the overflow tank and
then flowed from the discharge wall of the tank in a uni-
form thin layer. Numerous small holes in the bottom of the
pan allowed the soil to drain naturally.

Table 1 Mechanical compositions of the two soils (%)

Size (mm)  <0.002 0.002— 0.02— 0.05— 0.1-2.0
0.02 0.05 0.10

Clay loam  19.66 37.96 18.68 23.63 0.17

Sandy loam  5.895 10.196 26.266 35.800 21.844
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Fig. 3 Scouring experimental system

Prior to packing the soil pan, the bulk densities of the rock
fragments and soil were determined to be used to calculate the
quantities needed to obtain the target rock fragment content
and bulk density of each soil layer. Then, these amounts of
gravel and soil were mixed evenly and packed layer by layer.
The bottom layer of 5-cm-thick sand with a gauze covering (to
allow water to drain from the soil) was overlain by a 15-cm-
thick soil layer, artificially compacted to simulate the original
slope before the spoil had been dumped. The bulk density of
this layer was approximately 1.9 g cm > (error < 10%). The
uppermost layer comprised an uncompacted 30 cm thickness
of uniformly mixed soil-rock fragment aggregate similar to
the designed rock fragment content to simulate the dumped
spoil. The surface was then smoothed, and the soil was soaked
using a handheld spray until surface flow occurred to saturate
the soil (slightly less than 25% moisture content for the sandy
loam; slightly more than 25% moisture content for the clay
loam) to reduce any spatial variation between treatments in the
simulated spoil heaps that may have been caused by packing.
The soil pan was then covered with a plastic sheet to seal the
surface and prevent evaporation and allowed to settle for 24 h.

2.2 Experimental procedures

Two soils (clay loam and sandy loam) and four rock fragment
contents (0%, 10%, 20%, and 30% by mass) were investigat-
ed. All the treatments were repeated three times, with 24
scouring tests conducted in total. The water inflow rate was
calibrated before each test to 15 L min ' (error < 5%). The
plastic sheet was then removed to let the slope surface be
subjected to the sheet flow of water. When more than 80%
of'the slope area began to generate runoff, the test was initiated
and the timer was started. During the test, four 1-m-long ob-
servation sections were set from upslope (0.5 m) to downslope
(4.5 m). A dye method (coloration by KMnQO, solution) was
used to measure flow velocity (the average of the measured
values on the four sections multiplied by the error correction
factor of 0.75) (Li et al. 1996). The width of each flow path
and the rill shapes (width, depth, length) were measured in the
four sections using a ruler. The average was taken as the value
for the whole surface. All measurements were performed at
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the same intervals of sediment sampling. Sediment samples
were collected in 5-L buckets every 1 min for the initial 3 min,
then every 3 min until the test was complete. Each sampling
time was between 5 and 15 s. Every scouring test lasted
60 min, producing 22 samples. After each test, the sample
volumes were measured and the sediments were oven-dried
at 105 °C for at least 24 h. Sediment yields were then
calculated.

2.3 Equations and data analysis
2.3.1 Hydraulic parameters

Flow depth is an essential parameter for calculating the other
hydraulic parameters, but unfortunately, it is very difficult to
measure because of its dynamic condition and submillimeter
scale along the slope. Assuming the slope flow is uniform, the
average flow depth can be calculated from

q
h=— 1
. (1)
where / is the flow depth (m), ¢ is the instantaneous runoff
yield (m® s"), b is the average width of flow path (m), and v is
the flow velocity (m s .

Erosion rate is given by

M

- @

where E, is the erosion rate (g m 2 s '), M is the sediment
sample weight (g), B is the slope width (m), L is the slope
length (m), and ¢ is the sampling time (s).

The hydraulic parameters used in the study were the shear
stress (7, Pa), stream power (w, N m! sfl), unit stream power
(P, m sﬁl), unit energy of water-carrying section (£, m), and
Darcy-Weisbach roughness coefficient (/). The shear stress is
given by

T = pugRJ (3)

where py, is the water-sediment mixture density (kg m °); g is
the acceleration due to gravity (m s °); J is the hydraulic
gradient, which is approximately equal to the sine of the slope
gradient; and R is the hydraulic radius (m), given by

bh
T 2h+ b )

Stream power is calculated by
w=1v (5)
Unit stream power is given by

P=vJ (6)
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The unit energy of the water-carrying section is given by

avz
=y tha=1) (7)

The Darcy-Weisbach roughness coefficient is calculated
from

_ Bt (8)

f

1%

2.3.2 Grey relational analysis

In this study, the degrees of correlation between the hydraulic
parameters and erosion rate were evaluated using the Grey
relational analysis (GRA) (Deng 1989), which is the most
widely used component of Grey system theory in information
theory for its less strict requirement of sample size or typical
statistic distribution and the light labor of calculation. It pro-
vides a straightforward approach for analyzing the influence
of different factors on the target factor based on time series,
even where little information is available. The essence of
GRA is quantitative comparison of dynamic development
trends of factors in the system. The procedure in the present
study was as follows:

(1) The factor series were collected, taking the erosion rate
series as the reference sequence (X). The comparison
sequences (X;) were the five hydraulic parameter series.
Specially, the reciprocal of f (the Darcy-Weisbach func-
tion) was used here considering that greater values of f
generally indicated that more runoff energy is needed to
overcome the resistance of surface roughness, with a
consequently smaller sediment yield (Peng et al. 2014).
These are expressed as

X():{X()(k)},kzl,z,...ﬂ’l (9)

Xi={xk)}k=1,2,...,n5i=1,2,...,m (10)

(2) Data standardization: before calculating the Grey rela-
tional coefficient, series data must be standardized be-
cause of the different units. Here, the original series are
standardized as

xoh) =2 i — o (1)
DG LS w
n p=1 n p=1

(3) Calculation of absolute values (A, (k)): Aoi(k) is the ab-
solute value of the difference between X'y and X'; in &k
units expressed as

/

Agi(k) = [Xo(k)=X,(k)| (12)
Amin = moin miin Agi(k) (13)
Apax = max max Agi(k) (14)

(4) The Grey relational coefficient of X’; and X'y is defined in
k units as follows:

Amin + BAmax
'fOi(k) =

= 20,0 + e (15)

where [ is a distinguishing coefficient (3 € [0, 1]) that is used
to weaken the effect of extreme values of A, which would
distort the correlation coefficient; a value of 0.5 is generally
adopted.

(5) The Grey relational degree is the average of the series of
Grey relational coefficients. The Grey relational degree
for the X; series is given by

(16)

2.3.3 Model evaluation

The performances of each of the regression equations obtained
in this study were evaluated by the coefficient of determina-
tion (R%), the normalized root mean square error (NRMSE),
and the Nash-Sutcliffe model efficiency coefficient (NSE).

The R? value indicates the percentage of the variation of the
dependent variables that can be explained by the relationship
and is given by

R — [T (XoiXoave) X (Xp,i—Xp,avg)]z
i (Xo,i—Xo,avg)z X Y (le-,i_XlD-,avg)2

(17)

The NRMSE represents the deviation of the measured val-
ue from the predicted value and is given by

NRMSE =

(18)

Xo,avg
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The NSE indicates how well the observed versus simulated
values fit the 1:1 line

" (Xoi~Xoi)
NSE — 1_ nl—l( 0,1 p,l) 5
i=1 (Xo,ion,avg)

(19)

In Egs. (17) to (19), X, ; is the observed values, X}, ; is the
predicted values, X, ,,, is the mean observed value, and X, 5y,
is the mean predicted value. The closer R and the NES are to
1 and the closer the NRMSE is to 0, the better the performance

of the equation in establishing the relationship.

2.4 Data analysis

The statistical analysis was performed using IBM SPSS (ver-
sion 23.0) software (IBM Corp., Armonk, NY, USA) using a
significance level of 0.05, and graphs were plotted by
OriginPro® (version 9) software (OriginLab®, Northampton,
MA, USA). For the hydraulic parameters, 90% of the data was
randomly selected to establish the equations, and the remain-
ing 10% was used to validate them.

3 Results
3.1 Runoff rate and erosion rate change
3.1.1 Runoff rate

Runoff is the driving force of soil erosion and the carrier of
sediment transporting. The changes in runoff for different
treatments are plotted in Fig. 4. Runoff rate gradually in-
creases at the beginning because of the lower water content
and larger infiltration capacity of soil. With the soil becoming
saturated, runoff rate tended to be constant. The time when
runoff rate turned to be stable was around 10 min for clay
loam and 30 min for sandy loam which indicated a stronger
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infiltration capacity of sandy loam. Moreover, the runoff rates
for both soil types showed fluctuations which could be mainly
attributed to the rill formation processes. The undercutting of
rills and random collapse of rill side wall could block the flow
path which caused the fluctuation of runoff rate.

The relationship of total runoff volume and total sediment
yield with rock fragment content varied for the two soils as
displayed in Fig. 5. Overall, the average total runoff volume of
clay loam was 3.5% less than that of sandy loam heaps.
Runoff was promoted by adding rock fragments in sandy loam
but impeded in clay loam spoil heaps, and total runoff volume
had a positive relationship with the total sediment yield for
both soil types (R*=0.91 and 0.75).

3.1.2 Erosion rate

Erosion rate is an important forecasting parameter in process-
based models. In this experiment, the change trends of erosion
rate with time were obtained by measuring and analyzing
sediment samples of each treatment (Fig. 6).

The erosion rates in the ranges 0.94-39.47 g m > s ' and
8.87-57.05 gm > s !, respectively, were found for clay loam
and sandy loam spoil heaps, which both fluctuated greatly
throughout the scouring time. For clay loam spoil heaps
(Fig. 6), the erosion rates for each treatment fluctuated within
a range without any apparent trend during the scouring pro-
cess except that the erosion rate of heap containing 20% and
30% rock fragment changed stably at a lower level in the last
20 min. For sandy loam spoil heaps, erosion rates of rocky
treatments changed smoothly before 18 min, after which they
increased for about 20 min, then erosion rates fluctuated
around relatively higher values; a similar trend of erosion rate
evolution of bare soil heap was not as straightforward as rock
spoil heaps, but the erosion rate after 30 min was still slightly
higher than the previous 30 min. The obvious increase phase
of sandy loam erosion rate implies an apparently intense de-
velopment of rills centered in the mid-term of scouring, which

1
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Runoff rate (L m” min™)
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Fig. 4 Change in runoff rate with time for four values of rock fragment content
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Fig. 5 Relationship between total runoff volume and total sediment yield
for the four rock fragment content

shows that the erosion rate increased at the greatest rate when
rill erosion became the dominant pattern; for clay loam, there
was no such dramatic development of rill erosion. Erosion
rates for clay loam spoil heaps containing 20% and 30% rock
fragments changed at relatively lower levels in the last 21 min,
and those of sandy loam spoil heaps with 10-30% rock frag-
ments decreased for 15-20 min finally. This indicates that the
gradually increasing rock surface cover available as soil was
detached helped to reduce soil erosion (Fig. 7) (Rieke-Zapp
et al. 2007).

Although erosion rate evolution curves did not vary visibly
for the different rock fragment contents, it had a significant
effect on erosion rates (¥p < 0.05). The average erosion rates
of all treatments are plotted in Fig. 8. Average erosion rates for
clay loam and sandy loam spoil heaps were 8.24—
18.55 gm s ' and 19.33-29.55 g m % s ', respectively. It
is apparent that the average erosion rate decreased with in-
creasing rock fragment content in clay loam, and the opposite
occurred in sandy loam (Fig. 8). When rock fragment content
was increased from 0 to 30%, the average erosion rate

Fig. 7 Overview of soil surface after scouring simulation. a Clay loam
spoil heaps with 30% rock fragments. b Sandy loam spoil heaps with
30% rock fragments. ¢, d First observation sections of slopes in a and b,
respectively. Clay loam spoil heaps had less broken surface and a more
stable side wall than sandy loam spoil heaps

decreased by 55.6% for clay loam and increased by 52.8%
for sandy loam. The addition of rock fragments had exactly
the opposite effect on the erosion rate of the two different soils
in the spoil heaps. This supports the idea that, at least to some
extent, increasing the rock fragment content protected clay
loam spoil heaps from erosion but led to the deterioration of
sandy loam spoil heaps.

60
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= 0 o 10
501 —a— 20 —v—30
40 ,.
S /
2 30
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Fig. 6 Change in erosion rate with time for four values of rock fragment content
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Fig. 8 Average erosion rate for four rock fragment contents in clay loam
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(% mass), E,; is the erosion rate of clay loam spoil heap (in g m2s "), and
E,» is the erosion rate of sandy loam spoil heap (in g m >s ")

On the whole, the difference between the average erosion
rates for clay loam and sandy loam spoil heaps was rising with
the increasing rock fragment fraction. In spoil heaps
consisting only of soil, the average erosion rate of clay loam
was 4.1% lower than for sandy loam; once rock fragment
contents were 40%, the difference was 72.1% lower. Linear
relationships were found between the average erosion rates
and rock fragment contents for both soil types (Fig. 8). The
slopes (— 0.340 for clay loam and 0.313 for sandy loam) dem-
onstrated the two distinct effects of rock fragment content on
erosion of the two soils which was consistent with the runoff
variations.

3.2 Rill development

Based on experimental observation, rill incision (gully forma-
tion) began after 3 min of scouring during the experiment. It is

conceivable that rill erosion plays an important role in the
erosion process of spoil heaps. At the end of each test, the
slope surface tended to be highly broken (Fig. 7) rather than
the rills being aligned parallel to the direction of flow as might
be expected. Therefore, it was not easy to measure the exact
rill lengths and depths. Because the rock fragments prevented
undercut erosion, rill deepening was not obvious.
Nevertheless, to some extent, the rill width mirrored the de-
gree of incision of the slope surface, defined here as the aver-
age rill width of the four observed sections.

To provide an overall understanding of rill erosion devel-
opment for different rock fragment contents, the cumulative
effect of each treatment was analyzed at four time intervals: 0—
15 min, 0—30 min, 0—45 min, and 0—60 min (cumulative flow
discharge volume 225 L, 450 L, 675 L, and 900 L, respective-
ly). Figure 9 shows that rill development was less severe in the
clay loam spoil heaps than in the sandy loam spoil heaps.
Increasing the rock fragment content hindered the widening
of the rills in the clay loam spoil heaps but exacerbated it in
sandy loam (Fig. 10), consistent with the observed changes in
erosion rate.

Based on scouring times, the average widening rates were
4.0-5.9 mm min " for the clay loam and 6.3-9.5 mm min ™"
for the sandy loam spoil heaps. In the latter periods of the tests
(30—60 min, Fig. 9), the line slope of soil-rock mixture de-
creased by 38.0% for clay loam but increased by 27.4% for
sandy loam, indicating that rills mainly developed in the clay
loam spoil heaps in the early period, but for sandy loam spoil
heaps, the rills developed more intensely in the later stages.
This also confirms the rise of erosion rate evolution in the
sandy loam evident in Fig. 6. Figure 9 also implies that
large-scale rill expansion caused a notable rise in erosion rate
for the sandy loam spoil heaps but was less common in the
clay loam spoil heaps.

As rock fragment content increased, the total sediment
yield changed in concordance with the final rill width
(Fig. 10). The final rill width ranges of the four rock fragment
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Fig. 9 Rill width evolution for different rock fragment contents
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contents were 0.24-0.35 m for clay loam spoil heaps and
0.38-0.56 m for sandy loam spoil heaps. For the sandy loam
spoil heaps with 30% of rock fragments, the channels (0.56 m
wide) occupied more than half of the slope width, reflecting
the severity of the destruction of the spoil heap slope, with an
average final rill width 2.4 times that of the clay loam rills and
a total sediment yield 1.9 times larger.

For each soil type, the final rill width differences became
less obvious as the proportion of rock fragment content was
increased: an increase from 10 to 30% resulted in a rill width
decrease of 0.03 m for clay loam and an increase of 0.04 m for
sandy loam. However, for no-rock-content spoil heaps to soil-
rock fragment mixtures, the rill width gaps rose to 0.09 m for
clay loam and 0.14 m for sandy loam, suggesting that the
presence of rock fragments in the different soils did indeed
have a significant effect on rill erosion development, but the
differences were less noticeable with increasing rock fragment
content.

3.3 Relationships between erosion rate and hydraulic
parameters

The GRA is used to analyze the degrees of effects of effective
factors on a selected target factor based on a geometrical ap-
proach. The GRA was used in this study to assess the influ-
ence of hydrodynamic parameters on erosion rate throughout
the erosion process on the surface of spoil heaps.

Under each treatment, the erosion rate (X;) was se-
quenced chronologically as the corresponding flow shear
stress (X7), stream power (X,), and unit stream power
(X3); the reciprocal of f (the Darcy-Weisbach function)
(Xy); and the unit energy of water-carrying section series
(X5). The matrix of correlation coefficients for the two
soil types is shown in Table 2. As can be seen, sheer
stress (X;) and stream power (X;) both had greater Grey
relational degrees with erosion rate (X,) of the five param-
eters for both soil types (v, = 0.665 and 0.680; v,
= 0.677 and 0.690, respectively), indicating that they both

may potentially be the preferred descriptors of the ero-
sional process. The paired ¢ test was made to sheer stress
and stream power parameters for each soil type, and the
results showed that the difference between the two param-
eters for clay loam is not significant (¥*p =0.070) but sig-
nificant for sandy loam (*p=0.015).

The sheer stress/erosion rate and stream power/erosion rate
pairs are plotted in Fig. 11, and regression analysis was con-
ducted between each parameter and erosion rate; the best fit
equations are shown in Table 3. Linear equation was the best
form to describe the relationships between the two parameters
and erosion rate for both soils. The statistical evaluation im-
plied that for clay loam, only stream power could model the
erosion rate change effectively, but for sandy loam, both pa-
rameters were good predictors with satisfactory R, NSE, and
NRMSE values. Figure 10 also shows the fitting results
visually.

Stream power decreased for clay loam and increased
for sandy loam with larger proportions of rock fragments
(Fig. 11), consistent with the changes of detachment rates.
The coefficient of stream power in the equations was

Table2  Grey correlation coefficients of soil erosion rate and hydraulic
parameters for spoil heaps for the four values of rock fragment content

Soil

Rock fragment o1 702 703 o4 Yos
content (% mass)

Clay loam 0 0.645 0.688 0.611 0.593 0.670
10 0.666 0.642 0.600 0.615 0.547
20 0.705 0.699 0.681 0.641 0.651
30 0.642 0.679 0.704 0.635 0.635
Yoi 0.665 0.677 0.649 0.621 0.626

Sandy loam 0 0.670 0.692 0.725 0.656 0.703
10 0.697 0.710 0.621 0.579 0.608
20 0.677 0.695 0.649 0.691 0.606
30 0.678 0.661 0.515 0.503 0.501
Yoi 0.680 0.690 0.628 0.607 0.605
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Fig. 11 Relationship between erosion rate and stream power/sheer stress for clay loam (a) and sandy loam (b) spoil heaps (n=79)

13.349 for clay loam and 15.036 for sandy loam, suggest-
ing a higher rate of increase of sandy loam erosion rate
than clay loam erosion as stream power built up. The
critical stream power levels of clay loam were
0.494 s> m % and 0.426 N m ' 5! for sandy loam spoil
heaps (Table 3), indicating a greater soil resistance of the
clay loam spoil heaps to scouring flow erosion.
Meanwhile, the critical sheer stress of sandy loam was
0.840 Pa according to the equation. Figure 12 illustrates
that the validation data points fit the 1:1 line well, dem-
onstrating the high quality of the equations obtained in
this study.

4 Discussion
4.1 Erosion process of spoil heaps

Due to the particular properties of spoil heaps, including com-
position materials and structure, erosion rate fluctuated differ-
ently over time in the experiments. This behavior is very dif-
ferent from that of the original landform, in which detachment
is rapidly stabilized (Wen et al. 2015; Zhang et al. 2017).
Loose soil coupled with scouring conditions made the rill
erosion very intense on spoil heap slopes, and the recurrence
of forming-shaping-stabilizing process of rills was the main

Table 3 Regression results of

hydraulic parameters and erosion Soil Hydraulic Equation Fratio p R NSE  NRMSE
rates and the statistic evaluations parameter value
Clay loam w E,=13349(w—0.494) 260424 0.000 0.769 0.826 0.322
T E,=2.054(7+0.387) 36.866  0.000 0315 0491 0.550
Sandy w E,=15.036(w—0.426) 627.797 0.000  0.889 0.899 0.149
loam T E,=5.925(7—0.840) 818.558  0.000 0913  0.928  0.125
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reason for erosion rate fluctuation (Di Stefano et al. 2017).
Previous studies have suggested that the side wall formed by
rill erosion readily collapses under its own weight when sub-
jected to scour action (Elliot and Laflen 1993; Han et al. 2011)
which is another important reason for the great fluctuations in
erosion rates.

The addition of rock fragments made the erosion rate
change less fluctuating for clay loam but more sharply for
sandy loam heaps (Fig. 6). The presence of rock fragment
reduced soil cohesion in soil cross section, making it easier
for the rill side collapse when lateral erosion was proceeding
after undercutting, but it prevented the undercutting of rills.
Thus, for clay loam, the extremely deep rills that always de-
veloped when the gravel content is 0% were not observed
anymore; but for sandy loam, side wall collapsed more fre-
quently when rock fragments increased despite the reducing
undercutting. Previous findings have indicated that side wall
slumping is related to the principles of soil mechanics and
physics and tends to occur in soils with low cohesion and
compressibility and high capillary pressure (Grabowski et al.
2011; Mahalder et al. 2018). This is consistent with our re-
sults, where the clay loam with higher cohesion and more
aggregate retarded flow and resulted in less rill erosion and
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sediment yield with increasing rock fragments than the sandy
loam (Fig. 10). As to the more severe rill development with
adding rock fragments for sandy loam heaps, soil moisture
content is an important factor in addition to the soil cohesion
reduction. Previous research has demonstrated the importance
of soil moisture content in erosion, with the plasticity index
(PI) being a comprehensive indicator (Hanson and Hunt
2007). Higher PI values indicate soils in a plastic state over
a wider range of water content (Rahimnejad and Ooi 2017);
thus, soils that form more stable side walls have greater ero-
sion resistance. In this study, clay loam had a higher PI than
sandy loam due to its greater content of fine soil particles (<
0.002 mm). When the moisture content of the sandy loam
exceeded its lower liquid limit (LLL), it was reduced to a
viscous, sludge-like material (Fig. 7) prone to both collapsing
and scouring, and the more rock fragments are contained, the
more likely the structure to collapse. This explains the intense
increase in erosion rate (Fig. 6) and rill width (Fig. 9) of the
sandy loam spoil heaps in the later scouring period.

In the present study, the effect of rock fragment content on
erosion depended on soil type: acceleration in sandy loam and
conservation in clay loam (Fig. 8). This is different from the
findings of Chow and Rees (1995) and Rieke-Zapp et al. (2007)
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Fig. 12 Comparison of the observed and simulated values of erosion rates for different variations of stream power (a, b) and sheer stress (c)
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that the increasing rock fragment proportion reduced sediment
yield in agricultural fields, or what Li et al. (2017) concluded
that soil loss was maximal in 25% gravel content and gradu-
ally declined for gravel content beyond 25% in mountain
yellow-brown soil. Soil structure in spoil heaps was destroyed
by severe disturbance, and the erosion mechanisms and effects
of rock fragment content on infiltration and runoff yield are
inconsistent with those of the undisturbed slope. Weak struc-
tural stability made spoil heaps easily to be eroded and tend to
develop gullies when subjected to scouring; but based on the
different physical properties of soils, the multiple effects of
rock fragments performed differently.

Rock fragment content also can influence soil erosion by
affecting the runoff which causes erosion and also transports
the eroded sediment (Gordillo Rivero et al. 2015). Previous
studies have shown that increased rock fragment content em-
bedded in soil produces increased runoff in loamy sand
mixing with a silica silt (Poesen et al. 1990). Zhou et al.
(2009) found that solution infiltration rates decreased when
rock fragment content was less than 40% and increased when
more than 40% in loess soil. The present study shows that the
added rock fragments linearly promoted runoff in sandy loam
but impeded runoff in clay loam spoil heaps (Fig. 5), which
was consistent with the sediment yield variation. The change
in runoff yield with rock fragment content depended on the
corresponding infiltration capacity. Increased rock fragment
content increased the number of macropores and interstices
between rock fragments and the surrounding fine earth, which
is conducive to water infiltration but which may reduce the
available infiltration cross-sectional area and increase flow
path tortuosity, both of which tend to retard water infiltration.
When the former effect is greater than the latter, runoff volume
decreases, and vice versa (Cerda 2001; Zhou et al. 2011;
Hlavacikova et al. 2015). For clay loam, due to its finer parti-
cles (clay particle content was 57.62%), soil pores were fine
and distributed evenly with low permeability. When rock frag-
ments were added into it, long and well-connected preferential
flow channels had been developed because of the interfaces
between soil and rock which increased the infiltration effi-
ciently; at the same time, the negative impacts of rock frag-
ments were not significant in clay loam because of the original
slow vertical infiltration rate of the fine earth. However, for
sandy loam, its large content of sand particle (83.91%) made a
lot pores favorable for infiltration and better permeability.
Although the rock fragments in it further increased the number
of macropores, the promotion effect on infiltration of rock
fragment was not obvious, because when there were a large
number of macropores in the soil, the water tended to be
stored in the macropores which increased the water holding
capacity of the soil; only until the soil layer was saturated, the
wetting front would continue to transport (Zhu and Shao.
2010). Meanwhile, for sandy loam with good infiltration it-
self, rock fragments cross cut the infiltration section and
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guided the lateral flow in soil to reduce vertical infiltration,
and increased the runoff. But still, runoff production on spoil
heap slopes with different rock fragment content conditions
for different soil types needs further investigation.

Present results also showed that the effect of rock fragment
cover became important in the later scouring stage by decreas-
ing the erosion rate (Fig. 6) in both soil types, which con-
firmed the previous results (Abrahams et al. 2015; Sadeghi
et al. 2015). Thus, it is evident that the rock fragment content
can produce multiple effects under different underlying
conditions.

4.2 Hydraulic description of the erosion process

Rock fragments in spoil heap soils increase the complexity of
the hydrological processes in the soil. Depending on the char-
acteristics of the rock fragments, water redistribution and
some soil hydrological processes are affected (Katra et al.
2008). In this study, the GRA and the regression equations
both showed that stream power could simulate the erosion
process that takes place in spoil heaps efficiently, and the sheer
stress also was a proper parameter for sandy loam heaps.

Shear stress and stream power are most often adopted in
hydraulic models for predicting soil detachment based on sim-
ple hydraulic indicators (Knapen et al. 2007). Shear stress
expresses the driving force, whereas stream power represents
the energy available for soil detachment. Elliot and Laflen
(1993) combined head cut, side wall slumping, and rill scour-
ing erosion as a single stream power term in a linear model
that demonstrated that stream power is the best predictor of
erosion rates, including all of the various forms of erosion that
occur during the overall process. The stream power equations
presented herein (Table 3) supported this which simulated
terms for all of the erosion processes (scouring, head cut, side
wall slumping, and slaking) triggered by the weak structural
stability of spoil heaps for both soil types, but the sheer stress
equation was only applicable for sandy loam spoil heaps.

The threshold concept states that “incision only occurs
where a threshold of soil resistance is exceeded” (Horton
et al. 1934). The critical stream power was 0.494 N m ' s
in clay loam spoil heaps and 0.426 N m ™' s™' in sandy loam
spoil heaps. These values are three to ten times lower than
those for undisturbed soil (Wu et al. 2010). This mathematical
result again shows the proneness and severity of soil erosion
of spoil heaps.

Although stream power has also been proposed as the most
appropriate indicator of detachment in other studies about
spoil heaps (Wang et al. 2015; Zhang et al. 2015), there are
some differences between the forms of the stream power equa-
tions. Linear equations were obtained in the present study and
in Zhang et al. (2015); however, Wang et al. (2015) obtained a
power function equation between stream power and soil de-
tachment rate. In the latter, the spoil heaps were subjected to
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sheet erosion from beginning to end due to laminar flow, but
in our study, rill erosion appeared to be the major source of
detached sediment. Therefore, the erosion pattern was consid-
ered to be the main contributor to the differences.

Our results offer a remarkable understanding of soil erosion
mechanisms in two spoil heaps that each consisted of a differ-
ent soil type. The study also proposes appropriate hydraulic
parameters describing the erosional process. This will help to
establish prediction models of the disturbed surface. However,
the present study was limited to testing the effect on erosion
when a range of rock fragment mass content was mixed with
each of the soils. Further research is therefore necessary for
different rock fragment sizes, spatial heterogeneity, and grav-
itational erosion form in spoil heaps.

5 Conclusions

Four proportions of rock fragment content (0%, 10%, 20%,
and 30% by mass) were added to clay loam and sandy loam
spoil heaps in order to investigate the erosional characteristics
that was caused. Rock fragment content affected soil erosion
distinctly differently in the two soils. The average erosion
rates for clay loam and sandy loam spoil heaps were §8.24—
18.55 gm ? s ' and 19.33-29.55 g m > s, respectively,
which rose linearly for sandy loam but fell linearly for clay
loam spoil heaps with increasing rock fragment content. The
physical properties of soil and loose structure of spoil heaps
plus effects of rock fragments made the erosion rate evolution
curves fluctuate greatly under scouring condition, reflecting
the particularity of the erosion process of spoil heaps.

During each test, the average rates of increasing rill width
were 4-5 mm min ' and 6-9 mm min ' for clay loam and
sandy loam spoil heaps, respectively. Rill development in clay
loam spoil heaps mainly occurred in the early period of ero-
sion, while for sandy loam, the rills widened intensely in the
later scouring stage. Concomitant with the change of erosion
rate, rill development was weakened with increasing rock
fragment content in clay loam but was improved in sandy
loam.

Stream power described the soil erosion rate well for both
soil types, and sheer stress also did well for sandy loam in this
study. All the relationships were linear for both soils. The
critical stream power in clay loam was 0.068 Nm ' s~ greater
than that in sandy loam. These findings imply that spoil heaps
of sandy loam are prone to more severe erosion than spoil
heaps of clay loam.
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