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ABSTRACT: The particle size distribution plays a crucial role in the transportation and deposition of eroded
sediments. Gaining insights into the related sorting mechanism can significantly enhance our understanding of such
processes. In this study, sand-covered slopes were examined. A controlled indoor rainfall simulation was conducted on
loess slopes with a 12° incline and a rainfall intensity of 1.5 mm/min. These slopes were then covered with sand layers
of varying thicknesses—0.5, 1.0, and 1.5 cm—to observe their effects. The findings have revealed that as the thickness of
the sand cover increases, the content of sediment particles smaller than 0.054 mm decreases. In contrast, the content
of particles larger than 0.054 mm increases after the sixth minute of runoft. The eroded sediment was predominantly
composed of silt. During the inter-rill erosion stage, runoff primarily transported particles larger than 0.054 mm.
However, in the subsequent rill erosion and combined rill and inter-rill erosion stages, the runoft predominantly
carried finer particles, smaller than 0.054 mm. Moreover, the presence of the sand layer significantly influenced the
size and form of the eroded sediment particles. Initially, during the first 10 min of runoff, the eroded particles were
predominantly larger than 0.054 mm. After this period, however, the particle size shifted, with the majority of particles
being smaller than 0.054 mm. This study highlights the intricate relationship between sediment sorting, the thickness
of sand covers, and the dynamics of sediment transport under rainfall-induced erosion.
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1 Introduction

Soil erosion on inclined surfaces can occur under the scouring action of runoff, transportation,
separation, and subsequent deposition of soil particles, all of which are influenced by rainfall [1]. The size
distribution of sediment particles is of significant importance in developing predictive models for soil erosion
dynamics, since it partially determines erosion characteristics [2]. Rill and inter-rill erosion processes are
typically considered in the classification of soil erosion [3,4]. Erosion-driven sediments primarily consisted
of the original components of soil aggregates and agglomerates, including clay, silt, and sand [5]. Typically,
transportation of fine sediment particles is facilitated by the rill erosion process until runoff shear stress
reaches a critical threshold [6,7]. Due to its inherent inability to effectively transport coarse particles, rill
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erosion is primarily responsible for the transportation of fine particles [8]. However, sediments transported
by inter-rill erosion are typically coarser than those transported by rill erosion or undisturbed soil [9-11].
Previous research works have revealed fluctuations in sediment particle size distribution throughout the
water erosion process [12]. The distribution of clay particles in eroded sediments exhibits high similarity
to that observed in undisturbed soils. Furthermore, an increase in rainfall duration results in coarsening
and enhanced stability of the eroded sediment particles. Particle size distribution of the eroded sediment
was found to be consistent with that of undisturbed soil [2,13] and displayed a bimodal pattern which was
attributed to the contrasting kinetic energies of suspended particles compared to saltated and rolled ones [14].
Different factors such as precipitation type, soil characteristics, vegetation cover amount, runoff type (sheet
flow or rill flow) and slope steepness play roles in determining particle size distribution within eroded
sediments [10,11,15].

Most previous studies on the impacts of various factors on sediment particle size distribution have
focused on specific variables such as rainfall intensity, terrain gradient, sediment yield, and surface
runoff [16,17]. However, some research works have investigated the properties of granular loose soils
containing significant amounts of coarse sediments. This research investigated the sand effect on sediment
sorting characteristics under simulated rainfall conditions. We also explored the effects of sand-covered
slopes. The main objective of this research was to determine the factors involved in erosion and examine the
interrelationship between the sand layer and underlying soil.

2 Materials and Methods

2.1 Design of Experiment

Rainfall simulation experiments were performed at State Key Laboratory for Eco-Hydraulic Engineer-
ing at Xi'an University of Technology in China. The device applied to generate artificial rainfall comprised
lateral sprinklers, which were designed to produce raindrops with terminal velocity of over 90% of that
observed in natural precipitation. Soil-testing flume was 13 m long and 1 m wide, with a 12-degree slope
gradient. Modifications to water supply head generated a wide range of precipitation intensities from 0.5 to
3.5 mm-min'. The generated rainfall exhibited a uniformity degree of over 85%, with a voltage regulator
to ensure consistent stability in case of intense precipitation events. A system was installed at the flume
downstream end to collect suspended solids and runoft, as presented in Fig. 1.

Side sprinkel device

Runoff collection device

(a) (b)

Figure 1: Rainfall simulation system setup (a—c). (a) Schematic diagram of experimental setup; (b) Runoff measure-
ment device; (c) Experimental soil tank
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Loess was considered as test soil (Table 1) and was sieved using a 10-mm mesh. Flume bed was covered
by a gauze layer, followed by a 5 cm-layer of sand and five layers of loess (5 cm each). The top of each loess
layer was modified to eliminate vertical stratification among layers. At the beginning of the experiment,
initial soil moisture content was about 20%, while the average bulk density of loess was 1.3 g-cm™. After
evenly distributing water onto soil surface, a 24-h delay was considered before starting simulated rainfall,
which continued for a period of 30 min. Both runoff and sediments were collected at 1 min intervals for
subsequent analysis.

Table 1: Characteristics of test soil and sand

Treatment Clay (<0.002 mm, %) Fine silt (0.002-0.02 mm, %) Sand (>0.02 mm, %)

Loess 12.93 82.55 4.52
Sand 0.72 14.38 84.9

A conical flask with a predetermined volume was used to collect sediment-containing water samples
at I-min intervals, while runoff sediment samples were collected using a 5 L bucket. After each rainfall
test, sediment accumulation depth in samples was determined and volume-depth relationship was used to
calculate runoft volume. Sediment samples in conical flasks were allowed to settle and the upper layer of water
was carefully collected and transferred to a pre-weighed lunchbox. Then, sediment sample was precipitated
in a conical flask and the upper water layer was poured off and transferred to a previously weighted oven-
dried lunch box. The sample was then placed in an oven at 105°C for drying. The mass of dried sediment was
used to calculate the content and yield of sand. Then, a dried sediment sample was sieved through a 2 mm
sieve. K;MnO, was used to ensure water flow velocity on slope by aligning measurement timing with runoft
sediment sample collection. A 3D laser scanner was applied to scan slope morphology before and after the
rainfall event.

To replicate the environmental conditions of East Willow Ditch Basin in Inner Mongolia, the effect of
sand layer thickness (0.0, 0.5, 1.0, and 1.5 cm) was evaluated at rainfall intensity of .5 mm-min~! (Table 2).

Table 2: Experimental design

Slope Treatment  Rainfall Sand layer Length of sand (m)
intensity thickness (cm)
(mm-min™)
SS1.5.0.5-13 L5 0.5 Entire slope covered with sand
Sand covered  SS;5.10-13 1.5 1 Entire slope covered with sand
SS15.15-13 1.5 1.5 Entire slope covered with sand
Bare BSLS_0.0_Q_O 1.5 0 0

2.2 Measurements

Runoft volume for each precipitation event was recorded at 1 min intervals. To ensure sediment
concentration and yield, the collected samples were subjected to a series of experiments. First, settlement was
induced and then, aqueous phase was removed from the samples. Then, sediments were dried to a constant
weight using a forced-air oven at 105°C. To explore particle size distribution, desiccated sediments were
sieved through a 2 mm mesh using a Mastersizer 2000 instrument (Malvern, UK).
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2.3 Data Treatment

Particle size was classified into ten groups, each comprising an equal mass fraction. The classes were
then applied to ensure fraction for each particle size class in outflow silt for each test sample proposed by
Luo et al. [1]. In addition, sediment concentration was calculated for each specific particle size category by
multiplying the comprehensive sediment concentration by the proportion of that particular size class.

Particle size gradation within the sediment was represented by mean weighted diameter (M WD), which
was calculated using the following equation [18]:

10

MWD =)"%; x w; )
i=1

where i is one of the ten size classes being analyzed, x; is the mean diameter of size class i, and w; is weight-

based proportion of particles within size class i.

3 Results
3.1 Runoff and Sediment Yield

The results obtained from experiments with different sand layer thicknesses are summarized in Table 3.
The times at which runoff commenced exhibited significant variations by changing sand layer thickness,
indicating that increase of sand layer thickness increased the time required for runoff commencement. A
significant delay was witnessed in the onset of runoff in sand-covered slope (SS) compared to bare slope (BS),
with initiation rates of about 11-15 times slower. Furthermore, soil loss rate was significantly affected by sand
layer thickness. BS presented longer times for rill erosion compared to that observed for the other three sand
layer thicknesses. The average and maximal sediment concentrations in SS exceeded those in BS.

Table 3: Statistical characteristics of simulated rainfall

Treatment Initiation of Rill Mean runoff-yield = Mean sediment Maximum Rate of soil loss
runoff (s)  production (s) intensity concentration sediment [kg:m™-min™"]
(mm-min™) (gmL™) concentration
(gmL™)

SS1.5-0.5-13 1109° 933 1.460° 0.780° 0.990° 1502.14°
SS15-1.0-13 1146° 734° 1508 0.723 1.098° 1316.37°
SS1.5-15-13 1435° 575° 1.505° 0.892° 1.234° 2194.27°
BS1.5.0.0-0.0 944 988¢ 1.491° 0.1014 0.211 99.29

Note: Different letters within a column indicate significant differences at p < 0.05.

To gain an understanding of soil erosion dynamics, it is essential to investigate temporal changes in
runoff rate and sediment concentration, as illustrated in Fig. 2. Within 10 min of the runoff process, runoft
volume was significantly increased and reached a constant value. Only minor variations were observed in
discharge due to the presence of sand layer, while considerable discrepancies were witnessed in sediment
concentration across distinct treatment methods. In addition, samples with distinct sand layer thicknesses
exhibited comparable temporal patterns in sediment concentration. Concentration of sedimentary material
in sand-covered slopes was first increased significantly and then gradually decreased. The initial rainfall
phase elevated sediment concentrations, indicating that sediment movement was a limiting factor in erosion
processes. Therefore, sediment transportation was found to be limited by the capacity of raindrops them-
selves, as reported in [19]. However, transition from inter-rill to rill erosion was determined by the combined
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effect of sediment concentration and erosion rate. Rill development was accompanied by remarkable
increases in both sediment concentration and runoft rate across all treatments. Sediment concentration at
any given time during rainfall event was the highest in BS treatment, which was similar to the findings of
Xu et al. [20] and Zhang et al. [21]. Thicker sand layers permitted water table formation through seepage
or subsurface flow. Enhanced water retention capacity of the sand layer was verified by research indicating
that water was discharged from the downstream end of the sand layer after reaching the critical gradient
for hydraulics.
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Figure 2: Temporal variations in sediment concentrations

SSi.5-1.0-13> and (d) SS;.5.1.5.13

3.2 Particle Composition of Eroded Sediment

and runoff rates for (a) BS;5.0.0-0.0, (b) SSi5.0.5.13, ()

Temporal sediment size variations observed during SS experiments are presented in Fig. 3. Sediment
size was classified into discrete categories, including clay particles (<0.002 mm), fine silt (0.002-0.02 mm),
coarse silt (0.02-0.05 mm), fine sand (0.05-0.25 mm), and coarse sand (>0.25 mm). Size fraction concen-
trations were found to be significantly affected by rill development in most simulations with this pattern
becoming more pronounced by increasing sand layer thickness.
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Figure 3: Variations of sediment particle contents over time for (a) BS; 5.0.0-0.0, (b) SS1.5-0.5-13> (€) ss1.5-1.0-13> and (d)
SS15.1.5-13

Clay particle dimensions were associated with aggregate rearrangement and flocculation [22]. Loess’
sample contained 12.93% clay and 0.72% sand. The total content of 0.002 mm sediment fraction ranged from
0% to 12% (with the average value of 9% and typical range of 8%-10%). This indicated that a minor amount
of clay was dispersed, with most of the clay being present in sediment as aggregates. The concentration of
sediment fraction with size of smaller than 0.002 mm in runoff demonstrated the dynamics involved in
aggregate disintegration and transportation under the effects of various forces [23]. The sediment fraction
with the particle size of smaller than 0.002 mm presented consistent stability throughout the rainfall events in
all treatments. This observation indicated no discernible increase in clay particle dispersion within sheet flow
that eventually reached the rills during subsequent transport. This observation provided further evidence
that soil dispersion within rills was not caused by the rills themselves, but rather by raindrops, which
subsequently transported soil to the rills.
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The sediment primarily consisted of silt particles ranging from 0.002 to 0.05 mm in size, accounting
for 66% to 88% of the total sediment load (Fig. 3). Experiment results indicated a gradual decline in the
proportion of silt, with a reduction of about 5%-10% over time. During SS tests, the proportion of fine sand
exhibited minimal variations, remaining within a narrow range of 10%-20%. In all experiments, a notable
temporal increase was observed in coarse sand amount, accompanied by significant variations with sand
layer thickness during initial runoff phase. The variation coefficients of BS; 5.9.0-0.0» S51.5-0.5-13> SS1.5-1.0-13»
and SS; 5.1 5.13 samples were 122.79%, 86.39%, 76.33%, and 66.85%, respectively.

3.3 Sediment Sorting

To describe erosion processes, the mass fractions of 10 size classes in outflow were presented for three
distinct time intervals. The first interval was 0-5 min after runoff initiation and represented inter-rill erosion
(Fig. 4a), the second interval was 6-10 min after runoft initiation and depicted rill erosion, and the third
interval was 11-30 min after runoff initiation and signified a combination of rill and inter-rill erosion. In loess
samples, the above mentioned 10 size classes exhibited identical mass fractions with uniform distributions
at 10% in each size class. Therefore, silt particles with mass fractions exceeding 10% were deemed to be
preferentially transported.

Sediment composition was characterized by the presence of particles with diameters of over 0.054 mm,
accounting for 47% to 70% of the total sediment. However, particles smaller than 0.054 mm constituted less
than 53% in various sand layer thicknesses during the initial rainfall period (0-5 min, Fig. 4a). Ata 6-11 min
interval, the total sediment loss was composed of particles measuring between 0.054 mm and 60%-90% for
all sand layer thickness values. The proportion of particles belonging to size classes of greater than 0.054
mm accounted for less than 40% (Fig. 4b). Following rill development, the percentage of particles smaller
than 0.054 mm in diameter was decreased to 48%-71%. The sediments exhibited a multi-modal particle size
distribution, with minimum values of 0.003-0.005 mm and greater than 0.054 mm (Fig. 4c). Median weight
diameter (MWD) of eroded sediment during distinct flow production periods exhibited notable variations
(p < 0.05), with sediment particles becoming progressively finer along with fine gully formation (Fig. 4).
Furthermore, MWD was increased concurrently by increasing overlying sand layer thickness during the
periods of fine gully development (6-10 min) and alternating fine gully erosion and inter-fine gully erosion
(11-30 min) (Table 4).

Table 4: Variations of MWD of eroded particles over time for different sand layer thicknesses

Treatment MWD (mm)
0-5 min 6-10 min 11-30 min
BSi 5.0.0-0.0 0.01842 0.02082 0.020%2
SS| 5.0.5.13 0.2494b 0.054Bb 0.027¢2
SS) 5.1.0.13 0.3824¢ 0.1128¢ 0.0665P
SS; 5.15.13 0.3672d 0.198%4d 0.065CP

Note: Different lowercase letters within a column and different uppercase letters within a row
indicate significant differences at p < 0.05 (n = 30).

3.4 Sediment-Transport Mechanisms

Research findings indicated that bed-load transportation was a strong supplementary particle trans-
portation mechanism, ranging from 0.054 to 0.152 mm in size (Fig. 4).
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Figure 4: Distribution of eroded sediment particle size classes (a) 0-5, (b) 6-10, and (c) 11-30 min after runoff initiation

The initial 5 min of inter-rill erosion revealed that over 40% of soil particles were transported via
bed-load, indicating that sand cover on loess could change sediment transportation mechanisms (Table 5).
However, during the subsequent 6-10 min of rill erosion, the suspended mass sorting mechanism was
responsible for the transportation of over 60% of soil particles. Furthermore, during the combined rill and
inter-rill erosion period (11-30 min) and specific rill erosion period (6-10 min), the suspended mass sorting
process was responsible for transporting over 88% of the particles. Size fraction ratios related to rolling
motion frequently exhibited fluctuations over a relatively short period of time, demonstrating that the erosion
of coarse particles occurred in the initial 5 min (Fig. 3). However, most sediments observed at subsequent
rainfall stages were fine particles. By increasing sand layer thickness, a notable escalation was observed in the
importance of suspended mass sorting, accompanied by a decrease in the significance of bed-load transport.
Hence, sediment particles exhibited a distinctive bimodal dispersion pattern.
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Table 5: The proportion of suspended and transported material in eroded sediment particles

Treatment Suspension mass load (%) Bed-load (%)

0-5min 6-10min 11-30 min O-5min 6-10 min 11-30 min

BSis0000  99.89 99.99 99.84 0.1 0.01 0.16
SSi 50513 55.89 92.74 98.5 4411 7.26 15

SS 5.10.13 33.13 79.86 88.96 66.87 20.14 11.04
SS 51513 39.03 64.19 90.62 60.97 35.81 9.38

4 Discussion

Sediment particle size distribution might be affected by (a) particle size distribution of the original soil,
(b) aggregate decomposition during erosion, and (c) settling velocities of different size classes of particles
or aggregates [10,14,24-26]. Since the same soil was applied in all experiments, this did not necessarily
explain particle size differences in the original soil. The main aggregate decomposition mechanisms during
water erosion included sliding due to rapid wetting and mechanical decomposition under the effect of
raindrops [9]. In all experiments, the soil bed was pre-saturated. Aggregate fragmentation due to raindrop
impact could be the main factor affecting particle size distribution during experiments. Asadi et al. [2], Shi
etal. [10], and Sirjani et al. [27] focused on the relationships of overland flow and transport mechanisms and
showed that the relative contribution of SS to total sediment load was decreased with the increase of stream
power. The milling process involved a more concentrated water flow, which could strip soil from depths of
up to 10 cm, where raindrops had no direct effect on them. Many experimental results have shown that early
sediments were enriched in finer particles during rainfall-driven erosion [28-30]. One erosion process theory
has suggested that soil structure was not disrupted during rainfall-driven erosion and therefore, particle size
distribution in steady state was the same as that in the original soil [31].

The nature of the particle composition of soil is a key factor affecting its resistance to erosion. Decrease
of soil particle size resulted in stronger cohesion and therefore, soil formed a doughnut-shaped structural
body increasing its impact resistance [32]. Dispersion resistance of wet soil layers was significantly increased
with the increase of clay particle content. Soils with clay particle contents of above 30%-50% had greater
cohesion and formed a stable soil agglomerate structure, which had greater resistance to splash erosion by
raindrop impact [33] and was less likely to be dispersed and transported. When powder particle content of
the soil was greater than 33%, the eroded sediment was also dominated by powder particles.

When the powder particle content of soil exceeded 33%, the majority of eroded sediment particles were
also powder particles (20-35 pm in size). Particles with size range of 20-200 pm were easily eroded, whether
in the form of single particles or agglomerates, and those with sizes of greater than 200 um were not easily
transported due to the limitation of their own gravity. Finally, particles with sizes of less than 20 um were
difficult to separate and transport due to large inter-particle binding forces [30]. It was seen that soil texture
was the main factor affecting the size distribution of eroded particles. During the rainfall process, clay particle
content was not changed with time, i.e., clay particle content was not changed much before and after the
formation of fine furrows. The breaking of agglomerates mainly occurred among fine furrows where runoft
depth was low and raindrops could penetrate thin water flow layers to break the agglomerates, therefore
releasing sticky particles and increasing sticky particle content.

During water erosion, primary agglomerate fragmentation mechanisms were dissipation and mechan-
ical fragmentation [9,34]. Since the soil was subjected to water saturation before rainfall, dissipative effect
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was negligible. Hence, the primary agglomerate fragmentation mechanism in this test was mechanical
fragmentation caused by raindrop strikes and this was the main factor affecting the size distribution of eroded
sediment particles. Sand layer enhanced surface roughness and friction, attenuating the impact of raindrop
splash on erosion processes. However, sand grains exhibited low bonding strength and elevated disaggre-
gation degrees, which intensified the erosion of inter-fine gullies [35,36]. After sand-covered, soil texture
became coarser, slope permeability was increased, and infiltration ability of slope was enhanced. Therefore,
a large amount of water before runoff production was stored, increasing runoft scouring ability [37,38] as
well as the content of large particles in the eroded sediment (Figs. 4a and 5). Fine gully erosion stage was
due to the fact that most of the sandy material on slope surface was washed away by runoff and as rainfall
continued, slope surface gradually achieved a stable infiltration, the majority of rainfall became runoff, slope
surface began to appear crust, friction was decreased, and raindrop splash effect was enhanced. At the same
time, after the generation of fine gullies, the erosion power of fine gully flow was stronger [10,39], the ability
of the surface to hold sand was enhanced, more fine particles could be held, and thus the fine particles in the
eroded sediment were increased in the middle and late stages of rainfall (Figs. 4b,c and 5).

12000 12000
10000 10000
8000 8000
6000 6000
4000 4000
2000 2000
0 0
0 1000 0 500
(a) (c)

Figure 5: Variations of DEM of different sand-covered conditions under continuous rainfall. (a) SS;5.9.5-13.0; (b)
SS1.5-1.0-13.05 (€) SS1.5.1.5.13.0- Note: Horizontal and vertical coordinates are presented in terms of mm
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5 Conclusions

The objective of this research was to analyze the particle-sorting characteristics of eroded sediments on
sand-covered loess slopes with different sand layer thicknesses under indoor simulated rainfall conditions.
Research findings revealed that the initiation of flow on sand-covered slopes was delayed by about 11 to 15
times compared to bare slopes. The sediment primarily consisted of silt particles with size ranges of 0.002 to
0.05 mm, which accounted for 66% to 88% of the total sediment load.

Sediment composition was characterized by the presence of particles with diameters exceeding
0.054 mm, accounting for 47% to 70% of the total sediment. Bed-load transportation mechanism was found
to be a significant supplementary means of transportation for particles with diameters ranging from 0.054
and 0.152 mm. MWD was increased during the periods of fine gully development (6-10 min) and alternating
fine gully erosion and inter-fine gully erosion (11-30 min), which coincided with the increase of the thickness
of the overlying sand layer.

These findings contributed to our understanding of the fundamental mechanisms governing soil
detachment and transportation during rainfall, as well as strategies for mitigating soil erosion. Classification
of soil loss into its constituent elements is of vital importance for data interpretation and future predictions.
Further investigations are required to quantify the effects of dynamic particle size distribution on soil erosion,
considering different rainfall intensities and slope gradients.
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