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In the Wind-Water Erosion Crisscross Region of the northern Loess Plateau, parts of loess slopes have
been covered by layers of aeolian sand of different thicknesses. Knowledge of soil erosion processes
and magnitudes on these slopes is essential to understanding the coupled water-wind erosion processes
and to address the resulting downstream coarse sediment problems in the Yellow River. Simulated rain-
fall (intensity 90 mm h�1) was performed to explore the effects of sand layer thickness on runoff and soil
loss from loess slopes covered with different sand layer thicknesses (0, 0.5, 2, 5, 10, 15, 20, and 25 cm).
Initial runoff time increased with increasing sand layer thickness, with greater changes occurring for the
increases in the thinner (0–5 cm) than for the thicker layers (5–25 cm). Total runoff yield from the sand-
covered loess slopes was 18%–55% lower than from the uncovered loess slope and decreased with
increasing sand layer thickness. In contrast, total sediment yield was up to 14 times greater from the
sand-covered loess slopes than from the uncovered loess slope and rapidly increased with increasing
sand layer thickness. During the rainstorm, runoff and soil loss rates exhibited unimodal distributions,
and they were related by a positive linear function, both before and after the maximum soil loss rate, that
had a high determination coefficient (R2 > 0.8, p < 0.05) on loess slopes with sand layer thicknesses
greater than 5 cm. The maximum runoff and soil loss rates tended to occur simultaneously and increased
abruptly with increasing sand layer thickness. During the rainstorms, some runoff rates on the loess
slopes with thicker sand layers were higher than the rainfall intensity due to rainwater combining with
water emerging from the saturated sand, which could never occur on the uncovered loess slope. The crit-
ical sand layer thickness, which produced a qualitative change in runoff and sediment production modes,
appeared to be in the range of 5–10 cm. These results indicated that the thickness of the sand layer on the
loess slope significantly influenced runoff and sediment production processes and mechanisms. These
effects should be considered when assessing and predicting soil losses in this region and from similar
slopes elsewhere.

� 2017 Elsevier B.V. All rights reserved.
1. Introduction

The Wind-Water Erosion Crisscross Region of the northern
Loess Plateau undergoes the combined actions of water erosion
in summer and autumn with wind erosion in winter and spring.
It is an area of severe erosion with soil loss rates exceeding
10,000 t km�2 a�1 (Li et al., 2005). Previous studies in this region
have indicated that the strong winds during the winter and spring
transport large quantities of aeolian sand to the loess slopes, gullies
and river channels. This results in a special geomorphologic land-
scape with layered soil profiles, i.e., the loess soil covered by layers
of aeolian sand (Zhang et al., 1999; Xu et al., 2000), which are sim-
ilar to texture-contrast or duplex soils (Rab et al., 1987; Tennant
et al., 1992; Hardie et al., 2012a). Xu et al. (2000) estimated that
the areas covered by this layered soil landscape total approxi-
mately 13,099 km2 and are widely distributed in the Wind-Water
Erosion Crisscross Region. The sand covering the loess can be easily
eroded during subsequent rainy seasons and the eroded material
then becomes a major source of the coarse sediment (>0.05 mm)
that is transported by the Yellow River and deposited on the river-
beds of the Yellow River downstream (Xu, 2000, 2005b; Xu et al.,
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2000, 2006). Therefore, the problem of the great soil losses in this
region is detrimental not only for the local agriculture and environ-
ment but also for the ecological sustainability of the lower reaches
of the Yellow River (Xu et al., 2000; Wang et al., 2012; Zhou and
Zhang, 2012).

In contrast to uniform soils, the layered soil profiles in the area
of loess covered by aeolian sand have a clear boundary between
the two layers (sand and loess) with very different chemical and
physical properties, especially that of hydraulic conductivity (Wu
et al., 2014). The low permeability of the subsoil is the factor that
has the greatest influence on the behavior of these texture-contrast
soils (Gregory et al., 1992; Tennant et al., 1992) and changes the
responses to the infiltration and runoff modes on the slope
(Gregory et al., 1992; Cox and McFarlane, 1995; Cox et al., 2002;
Hardie et al., 2012a, 2013). A few studies have indicated that runoff
and erosion processes on the sand-covered loess slopes are very
different from those occurring on the uncovered loess slopes
(Zhang et al., 1999; Xu et al., 2000, 2015). Zhang et al. (1999) per-
formed two simulated rainfall experiments in the field and found
that unique patterns of runoff and sediment production, i.e.,
infiltration-interflow-collapse processes, occurred on a sand-
covered loess slope. Although runoff and sediment production
were delayed, once runoff was initiated, the sediment yield rapidly
increased with the runoff amount and was markedly higher on the
sand-covered loess slopes than on the uncovered loess slopes.
Zhang et al. (1999) also suggested that further studies were needed
to explore the various effects of other factors that would affect the
runoff and erosion processes and dynamic features on the sand-
covered loess slopes under different conditions of rainfall, sand
layer thickness, slope degree and slope length. Xu et al. (2015) con-
ducted simulated rainfall experiments on sand-covered loess
slopes in the laboratory and found that the thickness of the sand
layer could affect runoff and sediment yield. However, the thick-
ness of the covering sand layer considered in their study was too
thin (less than 2 cm) to fully represent the runoff and erosion pro-
cesses on the typical sand-covered loess slopes in the field. Even so,
at the large scale, an analysis of data from the hydrometric stations
led to the hypothesis that the hyperconcentrated flow occurring in
the Wind-Water Erosion Crisscross Region and deposition of the
coarser sediment particles on the riverbeds of the Yellow River
downstream resulted because of the landscape of sand layers over
loess (Xu, 2000, 2005a), and this hypothesis was supported by the
findings of the limited laboratory studies.

Compared to the scarce studies of the sand-covered loess soils,
more studies have been reported for the texture-contrast or duplex
soils in other regions. The texture-contrast soils classified as ‘‘du-
plex” soils were definitively defined as having a subsoil (B horizon)
with a texture that is at least one and a half texture groups finer
than the surface soil (A Horizon), and the boundary between the
surface soil and the subsoil has to be clear to sharp (Northcote,
1971). Physical and chemical characteristics of duplex soils, and
the areas over which they were distributed across the Australian
landmass have been determined (Rab et al., 1987;
Chittleborough, 1992; Tennant et al., 1992). The large differences
in the permeability of the subsoil and surface soil layers greatly
affected the hydrological behavior of the duplex soils, and resulted
in the formation of seasonal perched water tables, subsurface lat-
eral flow, and numerous other management problems that were
summarized by Hardie et al. (2013). Eastham et al. (2000) investi-
gated water movement associated with a perched water-table in a
duplex soil on a gentle (1.6%) slope and found that lateral water
movement occurred in response to topographical gradients in the
soil surface and the depth of the clay layer. The effects of antece-
dent soil water contents on hydraulic conductivity and preferential
flow in duplex soils, and comparisons of subsurface lateral flow
occurring in duplex soils with that in catchments with shallow
bedrock have been studied in order to understand the mechanisms
responsible for the development of perched water-tables and sub-
surface lateral flow in duplex soils (Hardie et al., 2011, 2012a,b,
2013). In addition, other studies considered seepage erosion and
shallow landslides occurring on slopes with other kinds of
texture-contrast soils worldwide to examine river bank failure
(Fox et al., 2007; Karmaker and Dutta, 2013), embankment failure
(Zeng et al., 2012; Raj and Sengupta, 2014), erosion of soil over
bedrock (Hardie et al., 2012a; Lanni et al., 2013; Kim et al.,
2015), and shallow landslides induced by rainfall (Okura et al.,
2002; Wang and Sassa, 2003; Lourenço et al., 2006; Bogaard and
Greco, 2016). However, while the sand covered loess soils can be
described as texture-contrast or duplex soils, their characteristics
differ from other kinds of texture-contrast soil due to their forma-
tion processes, the variations of layer thickness and the physico-
chemical properties in their profiles. Although similar theories
might possibly have been used to reveal infiltration, runoff and
erosion/failure modes on other texture-contrast soil slopes, the
characteristics of runoff and sediment production processes during
rainstorms are expected to differ between them and the sand-
covered loess slopes. Moreover, most studies of texture-contrast
soil slopes mainly focused on variations in groundwater, water-
table, pore pressure, seepage gradient forces, water content and
other hydrological parameters in order to explain slope failure
modes, mechanisms and processes. There are few studies that
focused on variations in runoff and sediment production and their
characteristics on texture-contrast soil slopes during rainstorms.
Therefore, compared to the great progress made in understanding
the processes of soil erosion on uniform soil slopes due to surface
runoff and incorporating these in prediction technologies, the char-
acteristics of the runoff and sediment production processes and
mechanisms on the aeolian sand-covered loess slopes have not
been completely identified and warrant further study.

The thickness of a coarser texture layer on a texture-contrast
soil slope has been found to affect the infiltration mode, water-
holding capacity and gravitational driving force (Kirkby and
Chorley, 1967; Eastham et al., 2000; Okura et al., 2002; Chu and
Mariño, 2005; Pornprommin et al., 2010) and subsequent runoff
and sediment production patterns and processes (Xu et al.,
2015). Variations in the depth of the sand layer covering the loess
slopes in the Wind-Water Erosion Crisscross Region range from
thin, in the order of millimeters, to thick, in the order of meters,
due to the differences in the coupled interaction between wind
and water erosion (Xu et al., 2000; Wu et al., 2014). However, no
study of the effects of a wide range of sand layer thicknesses on
runoff and erosion processes has been conducted for the sand-
covered loess slopes. The objective of this paper is to analyze the
influences of the thickness of an aeolian sand layer overlying a
loess slope on hydrological and erosive processes during simulated
rainfall. Our results are expected to provide insight into the runoff
and sediment production from texture-contrast soil slopes and to
enhance our understanding, prediction and control of soil losses
in the Wind-Water Erosion Crisscross Region of the Loess Plateau.
2. Materials and methods

2.1. Experimental design

To achieve the objectives of this study, seven different thick-
nesses of an aeolian sand layer overlying a loess slope were estab-
lished, i.e., 0.5, 2, 5, 10, 15, 20, and 25 cm thick, with uncovered
soils (i.e., 0 cm thick) used as the control. The range of sand layer
thicknesses investigated were based on field observations and on
previous studies that simulated shallow landslides in the labora-
tory (Okura et al., 2002; Wang and Sassa, 2003; Lourenço et al.,
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2006; Wu et al., 2014). The study was performed using simulated
rainfall. A perforated metal flume (3 m in length, 1 m in width
and 0.8 m in depth) for which the slope gradient could be adjusted
from 0% to 70% was used to contain the soil. The depth from the
base of the flume to the level of a collection funnel outlet at the
lower end of the soil flume was 0.30 m, which ensured that the
removal of soil by erosion did not unduly affect the erosion pro-
cesses. Rainfall intensity (90 mm h�1) and slope gradient (27%)
were controlled factors in this study that were representative of
the study area. A rainfall intensity of between 80 and 90 mm h�1

is typical of the intense storms in the semiarid regions of China
that are dominated by monsoon climate conditions and contribute
most to the annual soil losses on the Loess Plateau (Tang, 1990).
2.2. Soil flume preparation

The Liudaogou watershed, which is located in the Wind-Water
Erosion Crisscross Region of the north Loess Plateau in Shenmu
County, Shaanxi Province, is highly representative of the geomor-
phologic landscape of the sand-covered loess soils (Zhang et al.,
1999). Accordingly, Lishi loess was collected from a steep profile
in the Liudaogou watershed to use as subsoil, while aeolian sand
was collected from a dune near the steep profile. The properties
of the Lishi loess and aeolian sand are presented in Table 1. The
Lishi loess was crushed to pass through a 4.0 mm sieve, which
facilitated the removal of stones and debris while maintaining a
reasonable quantity of aggregated soil, the water content was
adjusted to approximately 10%, and the loess was then thoroughly
mixed. The aeolian sand was air dried.

Two-layer profiles of aeolian sand overlying loess were created
in the flume. First, the loess was packed uniformly into the flume in
5-cm thick layers to a total depth of 25 cm over a 5-cm layer of
coarse sand used to facilitate drainage and/or to allow entrapped
air to escape. The bulk density was approximately 1.45 mg m�3,
which was the representative of field measurements (Table 1).
The surface of each sub-surface soil layer was gently scraped
before packing the next layer to reduce discontinuities between
layers. The top surface layer of loess was smoothed. The air-dried
aeolian sand was added over the loess layer surface to give the
intended thickness as indicated in Section 2.1. Finally the top sur-
face of the aeolian sand layer was smoothed to reduce the influ-
ence of surface roughness. The toe of the aeolian sand layer
adjacent to the funnel outlet was formed to create a slope of
repose. The slope of prepared soil flume was adjusted to 27% for
all of the rainfall simulation runs.
2.3. Rainfall application

Eight simulated rainstorms were conducted in the Simulated
Soil Erosion Experiment Hall of the State Key Laboratory of Soil
Erosion and Dryland Farming on the Loess Plateau, Institute of Soil
and Water Conservation, CAS & MWR, Yangling. Simulated rainfall
was produced from lateral jets at a height of 16 m above the
ground. Raindrops (median diameter of 2.2 mm) followed a para-
bolic trajectory and fell vertically to the soil surface at close to
Table 1
Properties of the loessial soil and aeolian sand at the sampling site.

Soil type Particle size content (%)

Sand (2–0.05 mm) Silt (0.05–0.002 mm) Clay

Aeolian sand 95.27 ± 3.06b 3.73 ± 1.70 1 ± 0
Lishi loess 23.21 ± 2.09 66.63 ± 2.55 10.0

a BD, bulk density; P, porosity; Ks, saturated hydraulic conductivity.
b Data in the table are the mean ± one standard deviation.
the terminal velocity at a controllable intensity and with a distri-
bution uniformity of over 85%. Tap water was used to simulate
rainwater.

Although the rainfall intensity was set for 90 mm h�1, the actual
rainfall intensities measured by rain gauges for the eight runs were
between 88.8 and 93 mm h�1. Simulated rainfall was generally
applied for more than 60 min for each run. During the simulated
rainfall, a series of plastic containers with a volume of about 15 L
were used sequentially to collect the entire runoff and sediment
output from the soil flume, and the time between the changes of
the containers was recorded in order to determine the sampling
interval. The times of runoff initiation was also recorded. In addi-
tion, a series of photographs of the evolving surface erosion mor-
phology were taken using a high-resolution camera mounted on
a fixed ladder at a height of 3.5 m facing the soil flume. After each
rainfall event, the runoff and sediment collected in each of the
plastic containers were weighed and settled over 24 h. The sedi-
ment was subsequently recovered by settling, and the supernatant
was removed from the water by siphoning. The settled sediment
was weighed. A sample of the settled sediment was removed,
weighed, oven dried at 105 �C and weighed again to calculate the
sediment water content. The runoff amount and sediment yield
could then be determined for each sampling interval.
3. Results

3.1. Runoff

Results presented in Table 2 show that the initial runoff time
increased from 0.83 to 35.83 min as the thickness of the sand layer
increased from 0 to 25 cm. However, the increases in the initial
runoff time tended to be larger as the thickness increased from
0.5 to 5 cm and smaller for increases from 5 to 25 cm; in particular,
the change in initial runoff time when the thickness increased from
15 to 25 cm was very small. During the 60 min of simulated rain-
fall, the total runoff yield from the uncovered loess slope was
18%–55% greater than the yields from the slopes with sand cover
thicknesses of 0.5–25 cm. With an increase in the sand layer thick-
ness from 0.5 to 25 cm, the total runoff yield decreased from 71.9
to 44.1 mm (Table 2). The decreasing trend was more intense in the
range of thicknesses from 0.5 to 5 cm than in the range from 10 to
25 cm. Hence the total runoff yields in the 10 cm and 15 cm treat-
ments were only slightly greater than the yield in the 5 cm
treatment.

After runoff was initiated, the runoff rates during the simulated
rainfall varied significantly with the change in sand layer thickness
(Fig. 1). The runoff rates on the uncovered loess slope increased
quickly during the 5 min after the incipient stage and then main-
tained a quasi-steady state. The runoff rates on the slopes with
sand thicknesses of 0.5 cm and 2 cm increased fast after runoff ini-
tiation, followed by an almost steady stage with slight further
increases. The runoff rates on the slope covered with 5 cm of sand
increased sharply approximately 10 min after runoff initiation,
reached a peak value, and then decreased slowly with fluctuations.
For the runoff rates on the slopes covered with sand layers of
aBD (mg m�3) P (%) Ks (mmmin�1)

(<0.002 mm)

.88 1.60 ± 0.04 39.6 ± 2.4 1.40 ± 0.46
6 ± 0.47 1.43 ± 0.03 46.2 ± 1.4 0.05 ± 0.02



Table 2
Eigenvalues of runoff and soil loss for each treatment during 60-min simulated rainstorms.

ahs (cm) I (mm h�1) IRT (min) TR (mm) qr.max (mm h�1) RCmax TM (kg m�2) qs.max (kg m�2 h�1)

0 94.20 0.83 87.45 90.96 0.97 10.17 11.79
0.5 93.00 2.63 71.85 91.20 0.98 13.30 20.32
2 90.60 9.22 64.81 100.08 1.10 30.65 46.23
5 88.20 27.50 45.61 100.61 1.14 53.68 143.85
10 93.00 25.50 55.20 141.00 1.52 99.83 355.80
15 91.80 35.00 46.74 183.72 2.00 109.80 455.52
20 91.20 35.00 44.94 206.53 2.26 129.37 607.57
25 87.60 35.83 44.06 191.54 2.19 142.49 617.46

a hs, thickness of aeolian sand layer; I, rainfall intensity; IRT, initial runoff time; TR, total runoff; qr.max, maximum runoff rate during the rainfall; RCmax, maximum runoff
coefficient during the rainstorm; TM, total sediment yield; qs.max, maximum soil loss rate during the rainstorm.
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Fig. 1. Runoff rates on the loess slopes covered with aeolian sand layers of different thicknesses (hs) during simulated rainstorms.
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10–25 cm, three distinct stages could be identified: a sharply
increasing stage, a sharply decreasing stage, and a quasi-steady
state stage. Some runoff rates during the rainfall were more than
the actual rainfall intensity on the slopes with sand layer thick-
nesses greater than 2 cm. The maximum runoff rate during the
rainfall among all treatments was 3.4 mmmin�1 and was obtained
from the slope with the 20 cm sand layer. In general, the maximum
runoff rate for each treatment during the rainfall increased with
the sand layer thickness (Table 2).
3.2. Soil loss

Fig. 2 presents the variation in the soil loss rate on the loess
slopes with different sand layer thicknesses during the simulated
rainstorms. The soil loss rate on the uncovered loess slope varied
weakly throughout the rainstorm, although small initial increases
followed by slight decreases after 27 min of rainfall are evident
albeit with fluctuations. The variation in soil loss rates for both
the 0.5 cm and 2 cm sand layer thicknesses during the rainstorms
followed a similar pattern to that of the soil loss rates on the
uncovered loess slope, but the soil loss rates and their variability
were notably greater for the covered than for the uncovered loess
slope. The variations in soil loss rates showed similar trends for the
loess slopes under sand layers with thicknesses ranging from 5 to
25 cm; a fast increase, corresponding to the flushing out of sedi-
ments, and then a steep decrease that became relatively less steep
until reaching a value approximately equal to the initial soil loss
rate; this pattern was most clearly evident for the slope covered
by the sand layer that was greater than 10 cm thick. The unimodal
distribution of soil loss rates during the rainstorms became more
evident with increasing sand layer thickness, and fluctuations in
the soil loss rates were also more evident. The maximum soil loss
rate and the range of soil loss rates occurring during the rainstorms
tended to increase with the increasing thickness of the sand layer
(Table 2).

The total sediment yield during 60 min of simulated rainfall
increased from 13.3 to 142.5 kg m�2 as the thickness of the aeolian
sand layer increased from 0.5 to 25 cm. A power expression with a
power exponent of less than 1 and a determination coefficient of
0.99 related the total sediment yield produced during 60 min of
simulated rainfall to the sand layer thickness (Table 2). The sedi-
ment yields on the sand-covered loess slopes were up to 14 times
greater than that on the uncovered loess slope.
3.3. Relationship between runoff and soil loss

Under constant rainfall intensity and slope gradient, the rela-
tionship between total runoff and sediment yield during of rainfall
was fitted by a negative power function for the different sand layer
thicknesses. For the sand layer thicknesses of 0.5 and 2 cm, the
changing patterns between the runoff and the soil loss rates during
the rainstorm were similar to that observed for the uncovered
loess slope, i.e., both rates generally increased during the early
stage of the rainstorm but, in the later stage, the runoff rate
entered a quasi-steady state and the soil loss rate gradually
decreased (Figs. 1 and 2). For sand layer thicknesses greater than
5 cm, both soil loss and runoff rates exhibited similar patterns of
change during the rainstorm and their relationships before and
after the maximum soil loss rate was described by a positive linear
function with a high correlation coefficient (R2 > 0.8, p < 0.05) for
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Fig. 2. Soil loss rates on the loess slopes covered with aeolian sand layers of different thicknesses (hs) during simulated rainstorms.
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each treatment (Fig. 3). In addition, there was a significantly posi-
tive linear relationship between the maximum soil loss and runoff
rates during the rainfall for the different treatments (Table 2), and
they both appeared approximately simultaneously during the rain-
fall for sand layer thicknesses greater than 5 cm (Table 2 and
Fig. 2).

4. Discussion

This study investigated the effects of sand layer thickness on
runoff and sediment production on sand-covered loess slopes.
The results indicated that increasing the sand layer thickness
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increased the initial runoff time, which was consistent with the
finding of previous studies (Zhang et al., 1999; Xu et al., 2015).
The total runoff yield decreased with the increasing thickness of
the sand layer, which was consistent with the results of Zhang
et al. (1999) but was inconsistent with those of Xu et al. (2015).
The main reason for this inconsistency might be that Xu et al.
(2015) used the same duration of runoff production time rather
than the same duration of rainfall to calculate the total runoff yield.
The variations in initial runoff time and total runoff yield between
the uncovered and sand-covered loess slopes resulted from the
sharp changes in the hydrophysical properties at the loess soil
and aeolian sand interface. Other studies have illustrated that very
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different permeabilities of subsoil and surface soil layers had the
greatest influence on the hydrological behavior of texture-
contrast soils (Cox and McFarlane, 1995; Eastham et al., 2000;
Gregory et al., 1992; Hardie et al., 2013). A covering sand layer
could change the runoff production mode. Runoff generated on
the uncovered loess slope was infiltration excess runoff. In con-
trast, the runoff produced on the sand-covered loess slopes was
mainly subsurface saturation excess runoff or subsurface flow pro-
duced at the sand-loess interface due to the sharp change in per-
meability between top sand layer and underlying loess. This is
similar to runoff production on other texture-contrast soil slopes
(Eastham et al., 2000; Fox and Wilson, 2010; Hardie et al., 2013).
Compared to infiltration excess runoff, subsurface saturation
excess runoff or subsurface flow required water to reach a critical
water table depth within the sand layer in order to initiate runoff
(Dunne, 1990; Iida, 2004; Fox and Wilson, 2010), which increased
the initial runoff time. The longer initial runoff time and pressure
head of that water table on the loess surface increased the infiltra-
tion volume before runoff was produced, which could reduce the
total runoff yield. The roughly similar values of the runoff initial
time and the total runoff during this stage that occurred with the
sand layer thicknesses of 15–25 cm could be expected from the
rainfall infiltration theory for sloping surfaces (Chen and Young,
2006) and in stratified media (Chu and Mariño, 2005). The results
illustrated that critical hydraulic parameters that trigger runoff
and sediment production exist on the aeolian sand-covered loess
slopes at a certain sand layer thickness. Previous studies have iden-
tified such critical hydraulic parameters, which were expressed in
terms of the critical depth of saturated soil, the critical hydraulic
gradient and the critical shear stress (Dunne, 1990; Iida, 2004;
Fox and Wilson, 2010).

Increasing sand layer thickness could change the runoff produc-
tion mode that would result in the significant variations observed
in runoff rates during the rainstorm. However, the response to
variations in runoff rate during the rainfall was different with the
various sand layer thicknesses. With a lower water storage capac-
ity, the thinner sand layer treatments (0.5 and 2 cm) were readily
saturated by infiltrating rainwater. This water was then exfiltrated
at all positions of the slope to produce the overland flow that
occurred as saturation excess runoff, which resulted in the roughly
similar trends observed in the runoff rates to those of the uncov-
ered loess slope (Fig. 1). This was consistent with the findings of
Xu et al. (2015) who also studied sand layer thicknesses ranging
from 0 to 1.5 cm over loess. In the cases of the thicker sand layers
that had greater water storage capacities, a water table and seep-
age/subsurface flow were produced within the sand layer and
water initially exfiltrated at the toe of the sand layer where the
critical hydraulic gradient was first attained (Dunne, 1990; Iida,
2004; Fox and Wilson, 2010). However, once runoff was initiated,
runoff rates varied significantly in conjunction with the process
of headward erosion that decreased the thickness of the sand layer,
reduced confining pressure and released stored rainwater, which
resulted in the obviously unimodal distributions of runoff during
the rainstorms. In addition, the increasing water holding capacity
of the sand layers with increases in thickness and the accelerating
headward erosion (Kirkby and Chorley, 1967; Dunne and Black,
1970; Dunne, 1990) resulted in part in runoff coefficients that were
greater than 1 and, in some cases, greater than 2. These high runoff
coefficients occurred during the rainstorms when the sand layers
were more than 2 cm thick, and the maximum runoff coefficient
for each of these treatments increased with increases in the sand
layer thickness, which is a different result from those of other stud-
ies on uniform soil slopes (Martínez-Murillo et al., 2013; Zhao
et al., 2013). This result further confirmed that increasing the sand
layer thickness could radically change the runoff production
processes.
Consistent with previous findings (Zhang et al., 1999; Xu et al.,
2015), sediment yields produced on the sand-covered loess slopes
were significantly greater than that on the uncovered loess slope.
Sediment yield rapidly increased with increasing sand layer thick-
nesses during the rainstorm. Non-cohesive aeolian sand lacked the
capacity to strongly resist the runoff shear stress as compared with
the loess soil and consequently supplied ample amounts of erodi-
ble material that increased with increasing sand layer thickness.
The hydraulic head, soil pore pressure and the interflow water
velocity within the sand layer could further reduce the sand layer
resistance against the runoff shear stress (Vollmer and Kleinhans,
2007), decrease the Coulomb friction and trigger sand layer failure
similar to the landslides described in other studies (Iverson, 2000;
Okura et al., 2002; Wang and Sassa, 2003; Lourenço et al., 2006).
These factors all led to the rapid increases in sediment yield
observed on the sand-covered loess slopes in spite of the longer
initial runoff time and reductions in total runoff yield with increas-
ing sand layer thickness.

Increasing sand layer thickness resulted in significant variations
in soil loss rates during the rainstorms. The thinner sand layers
(0.5 cm and 2 cm) exhibited flow erosion across the entire slope
that led to weaker variations in soil loss rate, whereas the thicker
sand layers (5 cm–25 cm) exhibited retrogressive sliding from
the downslope to the upslope areas that led to stronger variations
and obvious unimodal distributions in the soil loss rates as the
rainstorms progressed (Fig. 4). These latter effects were also
observed in studies of rainfall-induced debris flows or shallow
landslide experiments (Okura et al., 2002; Onda et al., 2004;
Bogaard and Greco, 2016; Kaitna et al., 2016). These results suggest
that increasing sand layer thickness also gradually affected the
sediment production mode because there was an increase in the
mass of the sand layer that induced an increase in the gravitational
driving force along the slope surface (Pornprommin et al., 2010).
There were no tension cracks in sand layers that were 5 cm thick
or less. However, tension cracks appeared in the sand layers that
were 10 cm thick or more (Fig. 4). These observations confirmed
the effect of sand layer thickness and the role of the gravity stres-
ses in the sand layer on the failure modes of the sand layer. This
finding implies that changes in failure modes might occur in sand
layers when the thickness was about 10 cm. Combining the
changes in initial runoff time and total runoff yield with increasing
sand layer thickness as described above, we speculated that a crit-
ical sand layer thickness might exist between 5 cm and 10 cm thick
above which a qualitative change in runoff and sediment produc-
tion patterns could occur, i.e., failures similar to shallow landslides,
might occur on the sand-covered loess slopes. This finding may be
of great importance to the control and prediction of soil losses in a
region with sand-covered loess slopes.

The various sand layer thicknesses changed the relationships
between the runoff and soil loss rates on the sand-covered loess
slopes during the rainstorms, especially on the loess slopes covered
with the thicker sand layers. The variations in the soil loss rates
were almost synchronous with those of the runoff rates, and their
peak values occurred almost simultaneously during the rainstorms
on the loess slopes covered by thicker sand layers. These relation-
ships differed from those obtained for the uncovered loess slope
(He et al., 2014; Zhang et al., 2014; Fang et al., 2015). These coin-
ciding variations are ascribed to the effects of sand layer thickness
on runoff production and the failure mode of the sand layer as
described above. Rainwater stored within the sand layer triggered
the sand layer failure, and then the rapid collapse of the sand layer,
in turn, facilitated the rapid release of rainwater from the sand
layer. These interactions between runoff and sediment production
resulted in the positive linear relationship between the runoff and
soil loss rates on the sand-covered loess slopes during the rain-
storms. The results suggest that although the sand layer can delay
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Fig. 4. Examples of failure modes for aeolian sand layers of different thicknesses (hs) overlying loess slopes.
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the production of runoff and reduce the total runoff yield, an aeo-
lian sand-covered slope could potentially cause disasters related to
landslides and sediment laden floodwater when heavy or pro-
longed rainfall events occur. The synchronously abrupt increase
of runoff and sediment on thicker aeolian sand-covered loess
slopes might lead to downstream hazards during the rainstorms.
5. Conclusions

In this study, the runoff and sediment produced on loess slopes
covered with aeolian sand layers of different thicknesses were
investigated in the laboratory using simulated rainfall. The runoff
and soil loss characteristics on the sand-covered loess slopes were
notably different from those on the uncovered loess slope and
markedly varied with increasing sand layer thickness. Compared
with the uncovered loess slope, the sand layers covering the loess
slope increased the initial runoff time, reduced the total runoff
yield and increased the total sediment yield. The variations in run-
off and soil loss rates during the rainfall were enhanced with
increasing sand layer thickness. Both rates presented unimodal
distributions and varied synchronously during the rainstorms on
the loess slopes covered with thicker sand layers. The maximum
runoff and soil loss rates during the rainstorm also increased with
increasing sand layer thickness and they both had a significant lin-
ear positive correlation and largely appeared simultaneously.
Interestingly, some runoff coefficients were greater than 1, and
even greater than 2 in some cases, on the loess slopes covered with
the thicker sand layers during the rainstorms. A critical sand layer
thickness that controlled the qualitative changes in runoff and sed-
iment production patterns might exist between 5 and 10 cm thick
in this study. The results of this study highlight the important
effects of sand thickness on runoff and sediment production on
the sand-covered loess slopes. Furthermore, the results imply that
geologic hazards might be generated on the sand-covered loess
slopes during heavy or prolonged rainfall events and that aeolian
sand layer thickness should be considered when assessing and pre-
dicting soil losses in this region, especially when considering the
downstream impacts on the Yellow River riverbeds.
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