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A B S T R A C T

The information of aggregate disintegration mechanisms during splash erosion is scant. This study was con-
ducted to quantify contributions of the mechanisms of aggregate disintegration to splash erosion. Six soils with
five soil textures were used. Soil aggregate stability was determined by the Le Bissonnais (LB) method. Deionized
water was used to simulate the combined effect of slaking and mechanical disaggregation, while ethanol was
used to estimate the sole contribution of the mechanical breakdown. Simulated rainfall with intensity of
60mmh−1 was applied at five fall heights (0.5 m, 1m, 1.5 m, 2m and 2.5 m) to achieve different levels of
rainfall kinetic energy. The results indicated that slaking caused the most severe aggregate breakdown, and
followed by mechanical breakdown, while chemical dispersion in slow wetting with deionized water was the
weakest breakdown mechanism. The splash erosion rates due to the effects of slaking and mechanical breakdown
increased with an increase in rainfall kinetic energy. The contributions of the slaking (mechanical breakdown) to
splash erosion decreased (increased) as rainfall kinetic energy increased. The contribution of mechanical
breakdown had a power function relation with rainfall kinetic energy, and had the most significant correlation
with RSI (relative slaking index)/RMI (relative mechanical breakdown index). A power and a linear function
could be used to describe the relationships between the contributions of mechanical breakdown with rainfall
kinetic energy and RSI/RMI, respectively, which could be used to estimate the contribution of mechanical
breakdown. The results of this research would be helpful to improving the soil erosion prediction models.

1. Introduction

Slaking (caused by the compression of air entrapped inside ag-
gregates during wetting), differential swelling of clays, mechanical
dispersion due to the kinetic energy of raindrops and physicochemical
dispersion are considered as four main mechanisms for soil aggregates
disintegration (Le Bissonnais, 1996). Aggregate breakdown is of sig-
nificant importance in the soil detachment for which it provides fine
particles that are splashable by raindrops (Wuddivira et al., 2009) and
transportable by raindrop-impacted sheet flow. Auerswald (1995)
concluded that air entrapment by rapid wetting was the main cause of
aggregate disintegration, while swelling and clay dispersion had minor

or no effect on aggregate disintegration. It was demonstrated that
swelling and clay dispersion had minor or no effect on aggregate dis-
integration by comparing between different moisture pretreatments
and liquids (Almajmaie et al., 2017). Loch (1994) demonstrated that
aggregate disintegration depended on the wetting rate (slaking) at
which the initially dry aggregates are wetted, and was an energetically
more important process than the impact of raindrops. Fajardo et al.
(2016) showed that slaking occurred mainly during the initial few
minutes under fast wetting condition by using an image recognition
algorithm method. Han et al. (2016) confirmed the importance of
slaking on soil disaggregation. Mechanical breakdown due to raindrop
impact is another important soil aggregate breakdown mechanism
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during water erosion. Zhou et al. (2013) highlighted the significant
importance of mechanical breakdown on aggregates during water
erosion by observing the process of soil aggregate breakdown for dif-
ferent levels of rainfall kinetic energy. The raindrop impact is the major
mechanism responsible for aggregate breakdown in the absence of
slaking when soil moisture is near field capacity (Almajmaie et al.,
2017). Thus, the main mechanisms of soil aggregate breakdown during
water erosion processes are both slaking by fast wetting and mechanical
breakdown due to raindrop impact (Shi et al., 2012; Vaezi et al., 2017).
However, the information on assessing the rates of contributions of
slaking and mechanical breakdown to water erosion is scant. Therefore,
a systematic approach to determine the contribution rates of slaking
and mechanical breakdown to water erosion during rainfall simulations
is desirable.

Soil aggregation or disaggregation plays an important role in many
soil functions (De Gryze et al., 2005; Deviren Saygm et al., 2012). Many
researchers have reached the consensus that the indicator of structural
stability of soil aggregates (Six et al., 2000), referred as aggregate sta-
bility, is in close relation to soil erosion (Mbagwu and Auerswald, 1999;
Valmis et al., 2005; Shi et al., 2010; Xiao et al., 2017a). The clay, or-
ganic matter and Fe/Al oxides act as cementing agents that promote the
formation of aggregates and increase aggregate stability (Puget et al.,
1995; Le Bissonnais & Arrouays, 1997; Barthès et al. 2008; An et al.,
2013).

The splash erosion due to raindrop impact increases with the
breakdown of aggregates (Ma et al., 2014). The stability of topsoil ag-
gregate is considered as a good indicator for both interrill (Barthès and
Roose, 2002; Cantón et al., 2009; Shi et al., 2010) and rill erodibility
(Wang et al., 2012). In addition, several researchers tried to use the
aggregate stability, e.g. percolation stability (PS, an index of soil ag-
gregate stability based on the amount of water percolated through a
column of dry soil aggregates) (Mbagwu and Auerswald, 1999), in-
stability index (β, an index of soil aggregate stability based on the mass
of air-dry aggregates retained on the sieve after pre-soaked for 3min
immersion in water and 4min oscillation) (Valmis et al.,2005;
Dimoyiannis et al., 2006), for describing interrill erosion. The indexes
of PS and β mainly reflect the fast wetting effect; however, the me-
chanisms primarily responsible for aggregate breakdown during water
erosion processes include both slaking by fast wetting and mechanical
breakdown due to raindrop impact (Shi et al., 2012). The aggregate
stability index (As), which reflects the slaking by fast wetting and me-
chanical breakdown due to raindrop impact effects, was applied to re-
place interrill erodibility Ki (Yan et al., 2008; Shi et al., 2010) and rill
erodibility factor Kr (Wang et al., 2012) in the erosion equation of the
Water Erosion Prediction Project (WEPP) model. The index As is cal-
culated by: As= RSI× RMI, here RSI and RMI are relative slaking index
and relative mechanical breakdown index, reflecting the susceptibility
to slaking and mechanical breakdown, respectively.

Therefore, this study was conducted to quantify the contribution of
the mechanisms of aggregate disintegration to splash erosion. The
purposes of this study were (i) to analyze the factors affecting the
contributions of slaking and mechanical breakdown to splash erosion;
and (ii) to establish and verify the prediction equations for partitioning
slaking and mechanical breakdown.

2. Materials and methods

2.1. Soils

Six soils with five soil textures (International System) were collected
from Yangling (34°17′56′′ N, 108°03′27′′ E, loam clay soil), Changwu
(35°13′57′′ N, 107°41′20′′ E, clay loam soil), Ansai (36°55′22′′ N,
108°51′28′′ E, sandy loam soil 1), Jingbian (37°22′55′′ N, 108°49′55′′ E,
sandy loam soil 2), Wugong (34°25′27′′ N, 108°04′22′′ E, silty clay
loam) and Shenmu (38°47′37′′ N, 110°22′03′′ E, loamy sand) in Shaanxi
province, China, respectively. Soil samples collected from theTa
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uppermost 30-cm layer and transported to the State Key Laboratory of
Soil Erosion and Dryland Farming on the Loess Plateau in Yangling,
China. The soil samples were air-dried and gently sieved through a 5-
mm sieve to remove the impurities such as roots and gravels in the soils.
A Malvern Mastersizer 2000 laser diffraction device (Malvern
Instruments Ltd., UK), the Rex Electric Chemical PHS-3E precision
acidity meter (Shanghai Precision Scientific Instrument Co., Ltd, China)
and the potassium dichromate oxidation-external heating method (Liu,
1996) were used to analyze soil particle size distribution, pH value and
soil organic matter, respectively. The persistence of water repellency
was measured using the water drop penetration time (WDPT) test (Obia
et al., 2017). The free-form Fe/Al oxide and amorphous Fe/Al oxide
were extracted using the dithionite-citrate-bicarbonate (DCB) method
and the ammonium oxalate method (Li, 1997), respectively, and Fe and
Al contents were determined with an ICP analyzer (Vista-MPX, Varian,
Inc., Palo Alto, CA, USA). Some physicochemical properties of the soils
used in this study are given in Table 1.

2.2. Experimental rainfall device

A needle type rainfall device was used to simulate artificial rainfall.
The rainfall device consists of three parts (Fig.1): rainfall liquid supply
apparatus, raindrop generator and support frame. The support frame is
a 1.7m long steel bar with a steel disk at bottom for stabilization. The
liquid supply apparatus was placed on the top of the frame, and the
raindrop generator could be adjusted to any height on the frame. The
liquid supply apparatus was a plastic bucket connected with a plastic
tube on the side of the plastic bucket. A switch was installed on the
plastic tube to control flow rate. The outlet of the plastic tube was

placed inside the drop generator. The drop generator was a steel cy-
linder with an open top (20 cm in diameter). Thirty-nine syringe nee-
dles with 0.6 mm in diameter were evenly installed at the bottom of the
cylinder. Three outflow tubes were installed on the side of the cylinder
at different heights to control the hydraulic head.

A slightly modified splash pan that was similar to that used by Ma
et al. (2014) was used. The splash pan, made of galvanized iron sheet,
consisted of collect area and test area. The collector was an inverted
truncated cone (30 cm in height, 30-cm diameter on top, and 10-cm
diameter on bottom). A cylinder with a 10-cm diameter and a 10-cm
height was used as a tester and centered in the middle of the bottom of
the collector. A piece of galvanized iron sheet was welded obliquely and
sealed with solid glue between the collector and tester. An outlet was
connected to the collector at the lowest point to collect material spla-
shed out of the test area during rainfall simulation.

2.3. Experimental rainfall experiments

The drop former apparatus was set at a designed height before
preparing the splash pan. Water content of the air-dried soil was de-
termined and used to calculate the amount of the soil needed to obtain
the representative bulk density values of the cultivated horizons for
different soils. The bottom of the test cylinder was perforated and
covered with an 8-cm layer of 1–2 cm pebble to facilitate drainage of
percolating water. The predetermined amount of the air-dried soil was
packed over the pebble, separated with a filter paper. The packed soil
was about 2 cm thick. A piece of plastic plate was applied to smooth the
surface of the packed soil gently to avoid aggregate breakdown during
packing. The splash pan was placed in the center of the collector and

Fig. 1. Schematic representation of the experiment device.
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covered with a rain shelter during the calibration of rainfall intensity.
The rainfall intensity was controlled by using different constant heads.
A constant hydraulic head was maintained in the rain maker during the
rainfall simulations. The run with deionized water was terminated
when water ponding appeared on the soil surface. It was about
10–20min for loam clay soil, clay loam soil, sandy loam soil 1, sandy
loam soil 2 and silty clay loam, and 20–30min for loamy sand. For
comparison, the duration of the ethanol run was set to the corre-
sponding time of the deionized water run because ponding was never
formed in the ethanol run. The splashed material was washed out with
an extra injector of 50-ml volume and collected in a series of 100-ml
beakers in an interval of 3min throughout the test. The collected ma-
terial was dried and weighed to an accuracy of 0.1mg.

As mentioned above, the main soil aggregate breakdown mechan-
isms were slaking and mechanical breakdown by external force. The
ethanol was used to minimize the effect of slaking due to the mod-
ification of surface tension, viscosity and contact angle (Merzouk and
Blake, 1991; Le Bissonnais, 1996). The deionized water was used to
simulate the effects of both slaking and mechanical breakdown during
rainfall. A representative rainfall intensity of 60mmh−1 was selected
based on the natural maximum rainfall intensity occurring in a 10-min
period in the Loess Plateau. In order to achieve different levels of drop
kinetic energy and control the same wetting rate (slaking), experi-
mental runs with the same rainfall intensity with five fall heights
(0.5 m, 1m, 1.5m, 2m and 2.5 m) were conducted. Each treatment
replicated twice.

2.4. Measurement

The weight of ten rain drops and the corresponding time for each
needle was measured with four replications after calibrating rainfall
intensity to determine rainfall kinetic energy for different fall heights.
The experiments were conducted at temperature of 20 ± 0.5 °C and
standard atmospheric pressure. The drop was treated as spherical, and
the drop diameter can be calculated as:

=d m
πρ
6

s
3

(1)

where d is the drop diameter (m); m is the measured mass of one
raindrop (kg); ρs is the drop density (kg m−3). The measured values of ρs
were 998.0 and 809.9 for deionized water and ethanol, respectively.
The terminal velocities under natural rainfall conditions are obtained
when the velocity reaches its maximumas it falls through air. The
terminal velocity (V) is reached when the raindrop weight (W) is ex-
actly balanced by the upward buoyancy force (Fb) and drag force (D)
(W= Fb+D).

= =W mg ρ Rgs (2)

=F ρgRb (3)
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s
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where R is the volume of raindrop (m3); g is the gravitational accel-
eration, 9.81m s−2; ρ is the density of air (kgm−3), 1.29; Cd is the drag
coefficient (Cd= 0.43 when the object is a sphere (Sha, 1956) and A is
the projected area of the raindrop (m2).

Since the raindrop velocity did not reach the terminal velocity for
such short fall distances, the actual velocity was calculated using Eq. (6)
(Hu et al., 2016):

= −
−v V e1a

g
V

H
2

2 (6)

where va is the actual velocity (m s−1) and H is the fall height (m). The

individual raindrop kinetic energy can be calculated based on the
theorem of kinetic energy using Eq. (8):

=e m v1
2i i ai

2
(7)

where ei is the individual raindrop kinetic energy (J); mi is the mass of
raindrop i (kg); vai is the actual fall velocity of raindrop i (m s−1). Salles
et al. (2002) reviewed the literature about rain kinetic energy, and
concluded that the time-specific rainfall kinetic energy expressed as the
rain kinetic energy expended per unit area and per unit time was more
appropriate than volume-specific rainfall kinetic energy when raindrop
diameter and velocity were measured. Thus, the time-specific rainfall
kinetic energy, i.e. the total raindrops’ kinetic energy expended per unit
area and per unit time was calculated as:
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where KE is the rainfall kinetic energy (J m−2 h−1); Ni is the calculated
raindrop number in one hour; Ti is the measured time for 10 raindrops
for needle i (s); Ad is the raindrop impact area (m2). Some raindrop
parameters and the related rainfall kinetic energy for deionized water
and ethanol tests are shown in Table 2.

The splash erosion rate was the material splashed out of the test area
per unit area per unit time, which can be calculated using Eq. (13):

=J S
A zs

s (9)

where Js is the splash erosion rate (g m−2 min−1); S is the mass of the
splashed material (g); As is the test area (m2); z is the rainfall duration
(min).

2.5. Measurement of aggregate stability

Soil aggregate stability was measured under different breakdown
mechanisms: fast wetting (FW), slow wetting (SW), and mechanical
breakdown by stirring pre-wetted aggregates (WS) using the Le
Bissonnais (1996) method that combined four steps. (1) Three sub-
samples, 5 g each of air-dried aggregates of 3–5mm in diameter were
taken using a small spoon, was obtained by dry sieving and oven-dried
at 40 °C for 24 h. (2) Pretreatment: For FW treatment, aggregates were
gently immersed in distilled water for 10min and the water was va-
cuumed off; For SW treatment, aggregates were placed on a filter-paper
for 30min, and subjected to a tension of 0.3 kPa; For WS treatment,
aggregates were immersed in ethanol (95% in mass) for 10min and
transferred to a 500ml flask with 200 cm3 deionized water, corked and
agitated up and down 20 times for 1min, and then allowed to settle for
30min. (3) The corresponding aggregates were transferred to a
0.05mm sieve immersed in ethanol (95% in mass) and gently moved up

Table 2
Raindrop parameters and related rainfall kinetic energy for different fall heights for the
deionized water and ethanol simulated rainfall tests.

Liquid Fall
height/
m

Time for 10
raindrops/s

Weight of
10
raindrops/g

Mean
raindrop
diameter/
mm

Rainfall
kinetic
energy/
Jm−2 h−1

Deionized
water

0.5 9.91 0.0945 2.62 57.23
1.0 9.91 0.0947 2.63 196.61
1.5 9.91 0.0945 2.62 381.03
2.0 9.92 0.0948 2.63 596.94
2.5 9.91 0.0945 2.62 796.22

Ethanol 0.5 6.45 0.0354 2.03 48.06
1.0 6.23 0.0357 2.03 157.94
1.5 6.34 0.0355 2.03 277.29
2.0 6.29 0.0356 2.03 401.32
2.5 6.33 0.0356 2.03 506.26
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and down (2 cm in height) 20 times by hand. (4) The remaining ag-
gregates on the 0.05mm sieve were collected and measured for their
size distribution by dry sieving through 3.0, 2.0, 1.0, 0.5, 0.2, 0.1 and
0.05mm pore openings after drying in an oven at 40 °C for 48 h. Each
treatment was replicated 3 times.

Aggregate stability for each sample was expressed in terms of the
mean weight diameter (MWD) weighted over different size classes:

∑=
=

MWD x w
i

n

i i
1 (10)

where wi is the weight fraction of aggregates in size class i with an
average diameter xi . The relative slaking index (RSI) and the relative
mechanical breakdown index (RMI) were used to determine the re-
sistance to slaking and the mechanical breakdown of the soils (Zhang
and Horn, 2001):

=
−

RSI
MWD MWD

MWD
sw fw

sw (11)

=
−R I MWD MWD

MWD
M sw ws

sw (12)

where MWDfw, MWDws, and MWDsw are the mean weight diameter
obtained by the FW, WS, and SW treatments, respectively. The larger is
the RSI or RMI, the more susceptible are the aggregates to slaking or
mechanical breakdown, respectively (Zhang and Horn, 2001).

2.6. Statistics and data analysis

All statistical analyses were performed using Excel 2016 and SPSS
21.0 (SPSS Inc., Chicago, IL, USA). One-way analysis of variance
(ANOVA) with a least significant difference (LSD) test was used to
evaluate the differences of dependent variables (soil aggregate stability
indexes) among different soils. Pearson correlation analysis was used to
examine the relationships between dependent variables (i.e., soil ag-
gregate stability indexes and the average contribution of mechanical
breakdown) with influencing factors (i.e., particle size distribution and
soil organic matter). Differences at the P < 0.05 level were considered
to be significant. The Nash–Sutcliffe efficiency index (NSE), the nor-
malized root mean square error (NRMSE), the average relative error
(AVE) and the coefficient of determination (R2) were used as indicators
of model efficiency in this study (Moriasi et al., 2007).
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where Xo,i is the observed value for i; Xp, i is the predicted value for i;
Xo,avg is the mean observation value. NSE ranges between −∞ and 1.0
(1 inclusive), with NSE=1 being the optimal value. Values between
0.7 and 1.0 are generally viewed as good performance, values between
0.4 and 0.7 as satisfactory; whereas values less than 0.4 indicate un-
acceptable performance (Wu et al., 2016).

3. Results

3.1. General soil properties

Basic physicochemical properties of selected soils are summarized in
Table 1. The soils used in this study were alkaline with pH values
ranging from 8.2 to 8.8. The clay, silt, and sand contents of the soils

ranged from 6.3% to 26.1%, from 6.8% to 48.2%, and from 33.9% to
86.9%, respectively. The organic matter contents of the soils were
lower, with most of them being less than 20 g kg−1. The soils were
classified as not water-repellent type because the water drop penetra-
tion time was less than 5 s (Doerr et al., 2000). The contents of free-
form and amorphous Fe ranged from 4.76 to 7.96 g kg−1 and from 0.14
to 0.56 g kg−1, respectively. The contents of free-form and amorphous
Al ranged from 0.74 to 4.80 g kg−1 and from 0.15 to 0.68 g kg−1. The
contents of Fe/Al (hydr) oxides in these soils were generally less than
those in subtropical and tropical soils (Barthès et al., 2008; Zhao et al.,
2017).

3.2. Aggregate stability indexes

The aggregate stability indexes for the six soils calculated by Eqs.
(10)–(12) are shown in Table 3. The MWDfw, MWDws and MWDsw

ranged from 0.10 to 0.43, from 0.17 to 2.11, and from 0.39 to 2.65,
respectively. Significant differences existed among five soil textures for
MWDfw and among six soils for MWDsw. Significant differences among
loam clay soil, clay loam soil and silty clay loam were detected for
MWDws, while no significant differences among sandy loam soil 1,
sandy loam soil 2 and loamy sand were found. Generally, the MWD
values decreased in the order of loam clay soil > clay loam soil >
silty clay loam > loamy sand > sandy loam soil 1 and sandy loam
soil 2. Pearson correlation indicated MWDfw, MWDws and MWDsw had
significant positive correlations with clay (P < 0.01) and negative
correlations with sand (P < 0.05), while no significant positive cor-
relation with organic matter (P > 0.05) (Table 4). MWDfw, MWDws and
MWDsw also demonstrated significant positive correlations with free-
from Fe (P < 0.01) content, while no significant positive correlations
with other Fe/Al (hydr) oxide contents (P > 0.05) except for a sig-
nificant positive correlation between MWDsw and amorphous Fe
(P < 0.05) (Table 4). The aggregate stability values increased in the
order of MWDfw < MWDws < MWDsw for the three treatments for the
six soils.

The RSI of the loam clay soil, silty clay loam and clay loam soil
showed no significant differences with each other, and so did for sandy
loam soil 1, sandy loam soil 2 and loamy sand. However, the RSI values
of the former three soils were significantly lower than those of the latter
three soils. The RMI showed significant differences among six soils and
followed the order of loam clay soil < clay loam soil < silty clay
loam < sandy loam soil 2 < sandy loam soil 1 < loamy sand. The
soil aggregates of loam clay soil, silty clay loam and clay loam showed
greater susceptibility to slaking than those of sandy loam soil 1, sandy
loam soil 2 and loamy sand. The loamy sand was most susceptible to
mechanical breakdown, while loam clay soil was the least susceptible to
mechanical breakdown. Pearson correlations indicated that RSI was
positively correlated with clay (P < 0.05) and negatively with sand
(P < 0.01), while it had no significant positive correlation with or-
ganic matter (P > 0.05). Pearson correlation analysis also showed that

Table 3
Soil aggregate stability indexes measured by the Le Bissonnais (LB) method in this study.

Soil MWDfw/mm MWDws/mm MWDsw/mm RSI RMI

Loam clay soil 0.43 a 2.11 a 2.65 a 0.84 a 0.20 f
Clay loam soil 0.32 b 1.35 b 1.93 b 0.83 a 0.30 e
Sandy loam soil 1 0.10 e 0.17 d 0.43 e 0.76 b 0.61 b
Sandy loam soil 2 0.10 e 0.18 d 0.39 f 0.75 b 0.54 c
Silty clay loam 0.27 c 0.95 c 1.68 c 0.84 a 0.43 d
Loamy sand 0.14 d 0.18 d 0.59 d 0.76 b 0.69 a

MWDfw, MWDws and MWDsw denote the mean weight diameters obtained after the fast-
wetting (FW), pre-wetting and stirring (WS) and slow wetting (SW), respectively; RSI and
RMI denote relative slaking index and relative mechanical breakdown index, respectively.
Values followed by different letters in the same column indicate significant differences at
the 0.05 level.
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RMI was negatively correlated with clay (P < 0.01) and positively with
sand (P < 0.05), while it had no significant negative correlation with
organic matter (P > 0.05) (Table 4). RSI and RMI were not sig-
nificantly correlated with Fe/Al (hydr) oxide contents (P > 0.05) but a
significant positive correlation existed between RSI and amorphous Al
(P < 0.05) (Table 4).

3.3. Splash rate at different kinetic energies of simulated rainfall

Fig. 2 shows that the splash erosion rates increased with the in-
creasing of rainfall kinetic energy under both deionized water and
ethanol tests. Power functions could describe the relation between
splash erosion rates of the six soils and rainfall kinetic energy with the
coefficient of determination (R2) higher than 0.95 in both deionized
water and ethanol tests (Table 5). The coefficient of power function can
serve as an index of erosion severity with higher values reflecting
higher soil erodibility (Xiao et al., 2017b). The coefficient of power
function for deionized water and ethanol tests had no significant ne-
gative correlations with MWDfw, MWDws, MWDsw, and RSI (P > 0.05),

while significant positive correlation with RMI (P < 0.05) existed
(Table 6). The coefficients of loam clay soil, clay loam soil, silty clay
loam, sandy loam soil 2, sandy loam soil 1 and loamy sand in the
deionized water tests were 24.2, 11.9, 7.3, 3.7, 4.4 and 3.7 times larger
than those in the ethanol tests. These results indicated that the soil was
easier to be disaggregated in the deionized water test than in the
ethanol test.

3.4. Effect of slaking and mechanical breakdown on splash erosion

As mentioned above, soil aggregates in deionized water rain suf-
fered both slaking and mechanical breakdown while they were affected
solely by mechanical breakdown in the ethanol rain. When the rainfall
kinetic energy was the same, it can be assumed that the difference of
splash erosion rates between the two tests was presumably attributed to
slaking. Fig. 3(a) shows that the splash erosion rates caused by slaking
and mechanical breakdown increased with the increase of rainfall ki-
netic energy for six soils. Meanwhile, the splash erosion rates of the
soils caused by slaking are generally greater than those caused by
mechanical breakdown, suggesting that slaking was more effective than
mechanical breakdown in break up of soil aggregates. Fig. 3(b) shows,
as rainfall kinetic energy increased, the contribution rate of slaking to
splash erosion decreased while that of mechanical breakdown in-
creased. The increased rainfall kinetic energy enhanced the mechanical
breakdown by aggrandizing disruptive mechanical energy. Generally,
the slaking contributed more than 50% when rainfall kinetic energy

Table 4
Pearson correlation coefficients for the relationship between soil aggregate stability indexes and soil properties.

Soil aggregate stability indexes Clay Slit Sand SOM Free-form Fe Amorphous Fe Free-form Al Amorphous Al

MWDfw 0.935b 0.741 −0.845a 0.376 0.923b 0.786 0.031 0.755
MWDws 0.968b 0.732 −0.850a 0.308 0.921b 0.807 0.119 0.677
MWDsw 0.941b 0.782 −0.876a 0.430 0.936b 0.821a 0.049 0.759
RSI 0.853a 0.890a −0.932b 0.693 0.902a 0.860a −0.009 0.813a

RMI −0.995b −0.794 0.903a −0.365 0.870a 0.854a −0.280 −0.632

MWDfw, MWDws and MWDsw denote the mean weight diameters obtained after the fast-wetting (FW), pre-wetting and stirring (WS) and slow wetting (SW), respectively; RSI and RMI
denote relative slaking index and relative mechanical breakdown index, respectively and SOM denote soil organic matter.

a Significant at 0.05 level of probability.
b Significant at 0.01 level of probability.

Fig. 2. Splash erosion rate at different rainfall kinetic energy for soil as determined with
deionized water (a) and ethanol (b).

Table 5
Nonlinear regression between rainfall kinetic energy and splash erosion rate for deionized
water and ethanol simulated rainfall tests.

Soil Deionized water test R2 Ethanol test R2

Loam clay soil Js=0.060E0.873 0.972 Js=0.003E1.232 0.975
Clay loam soil Js=0.071E0.949 0.975 Js=0.006E1.206 0.982
Sandy loam soil 1 Js=0.584E0.667 0.975 Js=0.133E0.773 0.987
Sandy loam soil 2 Js=0.390E0.711 0.997 Js=0.107E0.788 0.984
Silty clay loam Js=0.150E0.844 0.990 Js=0.021E1.044 0.988
Loamy sand Js=1.180E0.568 0.986 Js=0.316E0.652 0.987

Where Js is the splash rate (g m−2 s−1) and E is the rainfall kinetic energy (J m−2 h−1).

Table 6
Pearson correlation coefficients for the relationship between the coefficient of power
function for deionized water and ethanol simulated rainfall tests and soil aggregate sta-
bility indexes.

The coefficient of power
function

MWDfw MWDws MWDsw RSI RMI

Deionized water test −0.687 −0.729 −0.721 −0.751 0.878a

Ethanol test −0.686 −0.727 −0.722 −0.763 0.868a

MWDfw, MWDws and MWDsw denote the mean weight diameters obtained after the fast-
wetting (FW), pre-wetting and stirring (WS) and slow wetting (SW), respectively; RSI and
RMI denote relative slaking index and relative mechanical breakdown index, respectively.

a Significant at 0.05 level of probability.
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was between 50 and 800 Jm−2 h−1, especially for rainfall kinetic en-
ergy less than 300 J m−2 h−1.

3.5. Factors affecting the contribution of slaking and mechanical
breakdown to splash erosion

The contribution of mechanical breakdown was determined by the
ratio of splash erosion by ethanol rainfall to deionized water rainfall for
the same rainfall kinetic energy. The contribution of mechanical
breakdown exhibited a power function relation with rainfall kinetic
energy for each soil type. Pearson correlation analysis was conducted
for analyzing the relationship between aggregate stability indexes the
effect of aggregate stability indexes and soil properties related to the
contribution of mechanical breakdown(Table 7). The average con-
tribution of mechanical breakdown was calculated for the contributions
of mechanical breakdown for rainfall kinetic energy 50, 100, 200, 300,
400, 500, 600, 700, 800 Jm−2 h−1 for each soil type. The average
contributions of mechanical breakdown were significantly correlated
with MWDfw, MWDws, and clay at P= 0.05 and with RSI/RMI at
P=0.01, while they were significantly correlated with RMI and
RSI×RMI at P=0.05, and yet there were no significant correlations
with RSI, silt, sand, SOM and Fe/Al (hydr) oxide contents. The RSI/RMI
had the most significant correlation with the average contribution of

mechanical breakdown, and a linear function could describe their re-
lationship with R2=0.895 (Fig. 4), so RSI/RMI was selected to express
the contribution of mechanical breakdown with a linear function. Since
the corresponding contribution of slaking would obviously always ex-
hibit results opposite to the contribution of mechanical breakdown, it is
unnecessary to statistically analyze the factors affecting the contribu-
tion of slaking again.

3.6. Estimating the contribution of slaking and mechanical breakdown

To estimate the contribution of mechanical breakdown to splash
erosion, an equation describing a power function with rainfall kinetic
energy and a linear relation with RSI/RMI (c.f. Eq. (16)) was established
by using the data of the loam clay soil, sandy loam soil 1 and silty clay
loam soil. The contribution of slaking was estimated by subtracting the
contribution of mechanical breakdown from 100%.

= − =
RSI
RMI

RMC 17.601KE 3.153 0.8890.172 2
(16)

= −SC MC100 (17)

where MC is the contribution of mechanical breakdown (%); SC is the
contribution of slaking (%); KE is rainfall kinetic energy (J m−2 h−1).

The remaining data of clay loam soil, sandy loam soil 2 and loamy
sand were used for model efficiency validation (Fig. 5). The relationship
between measured and estimated contribution of mechanical break-
down and slaking followed the 1:1 line, as shown in Fig. 5, with a R2 of
0.799, NSE of 0.765, NRMSE of 0.082 and AVE of −0.017 for me-
chanical breakdown and 0.799, 0.765, 0.059 and 0.023, respectively,
for slaking. This illustrates Eqs. (16) and (17) can explain 80.0% of the
variance in the contributions of mechanical breakdown and slaking
with small relative residuals of 8.3% and 6.0%, respectively, and can

Fig. 3. Contributions of slaking and mechanical breakdown to splash erosion rates at
different rainfall kinetic energy levels for six types of soil (a), and relative contributions
between slaking and mechanical breakdown (b). (M=mechanical breakdown and
S= slaking).

Table 7
Pearson correlation coefficients for the relationship between aggregate stability indexes and soil properties related to the contribution of mechanical breakdown.

MWDfw MWDws RSI RMI RSI×RMI RSI/RMI Clay Slit Sand SOM Free-form Fe Amorphous Fe Free-form Al Amorphous Al

AMC −0.839a −0.894a −0.613 0.871a 0.863a −0.936b −0.894a −0.431 0.611 0.105 −0.695 −0.593 −0.115 0.346

AMC denote the contribution of average mechanical breakdown; MWDfw, MWDws and MWDsw denote the mean weight diameters obtained after the fast-wetting (FW), pre-wetting and
stirring (WS) and slow wetting (SW), respectively; RSI and RMI denote relative slaking index and relative mechanical breakdown index, respectively and SOM denote soil organic matter.

a Significant at 0.05 level of probability.
b Significant at 0.01 level of probability.

Fig. 4. Relationship between average contribution of mechanical breakdown and RSI/
RMI. (RSI and RMI denote relative slaking index and relative mechanical breakdown
index, respectively).
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predict the contributions of mechanical breakdown and slaking with
average relative errors of −1.7% and 2.3%. The NSE values for Eqs.
(16) and (17) were 0.766, indicating a good level of performance for
these equations.

4. Discussion

Both clay and organic matter act as cementing agents that promote
the formation of aggregates and increase aggregate stability (Puget
et al., 1995; Le Bissonnais and Arrouays, 1997; An et al., 2013;
Jozefaciuk and Czachor, 2014). The aggregate stability was sig-
nificantly positively correlated with clay but not with organic matter
(Table 4). Our results confirmed the previous findings by Le Bissonnais
et al. (2007) that the increase in clay content could largely explain the
increase in soil aggregate stability when organic C contents were low. In
this study, slaking (FW) was the most effective aggregate breakdown
mechanism followed by mechanical breakdown (WS), while chemical
dispersion (SW) was the weakest breakdown mechanism for soil ag-
gregate. This is in accordance with previous findings of other re-
searchers who used the same experimental procedures (Yan et al., 2008;
Shi et al., 2010; Algayer et al., 2014). The clay content has significant
positive correlation with RSI and negative correlation with RMI, re-
spectively (Table 4). This can be attributed to the inconformity incre-
ment of MWDfw, MWDws and MWDsw when the clay content increased
(Table 3). Although Fe/Al (hydr) oxides are other major binding agents
for aggregates (Barthès et al., 2008; Peng et al., 2015; Zhao et al.,
2017), most of them showed no close relationship with aggregate sta-
bility except free-form Fe. This can be attributed to the low content of
Fe/Al (hydr) oxide in the soils used in this study.

The power function relationship between splash erosion rate and
rainfall kinetic energy is consistent with the conclusions of the previous
research (Sharma et al., 1991; Hu et al., 2016). The negative relation-
ship between soil erodibility and aggregate stability is consistent with
the conclusions of the previous studies (Barthès and Roose, 2002;
Nciizah and Wakindiki, 2015; Ding and Zhang, 2016). Higher aggregate
stability can reduce erodibility due to the fact that the stable aggregates
increase resistance to raindrop detachment (Ding and Zhang, 2016).
The greater soil erodibility in the deionized water test than in the
ethanol test may result from the difference in aggregate breakdown
mechanisms. Soil aggregates in the deionized water test suffered from

both slaking and mechanical breakdown due to rainfall kinetic impacts.
But only mechanical breakdown was effective to disrupt soil aggregates
in the ethanol test (Le Bissonnais, 1996; Legout et al., 2005).

The slaking contributed more than mechanical breakdown to dis-
aggregation, which may be attributed to the air-dried soil used in this
research. This result corroborated the findings that slaking rather than
raindrop impact is the dominant mechanism for soil aggregate disin-
tegration in dry soil (Han et al., 2016; Almajmaie et al., 2017). How-
ever, the force of raindrop impact plays a larger role in breaking ag-
gregates when the initial moisture content is high (Lado et al., 2004).
With an increase of the initial soil moisture, volume of the entrapped air
decreases, resulting in lower compression forces acting on the ag-
gregates during fast wetting (Vermang et al., 2009). In addition, slaking
is also controlled by wetting rate, i.e. the faster the wetting rate the
greater the slaking forces (Lado et al., 2004; Fan et al., 2008; Yan et al.,
2010; Rodrigo et al., 2016).

The aggregate stability index (As) was used in some researches (Yan
et al., 2008; Shi et al., 2010; Wang et al., 2012) basing on the as-
sumption that slaking and mechanical breakdown has the same effect
on soil erodibility. However, the results in our study indicated that their
effects on aggregate disintegration depend on RSI/RMI and rainfall
kinetic energy. Splash detachment is an important phenomenon and an
initial step in erosion process (Van Dijk et al., 2002; Leguédois et al.,
2005; Hu et al., 2016; Saedi et al., 2016), and it is a key process in
interrill erosion because it produces detached soil particles for transport
by the raindrop-impacted sheet flow (Legout et al., 2005; Dimoyiannis
et al., 2006). Thus, an error may result when using As to calculate in-
terrill erosion. Therefore, to improve the accuracy of an interrill erosion
prediction model, different contribution rates of slaking and mechan-
ical breakdown should be considered.

Eqs. (16) and (17) highlighted the importance of rainfall kinetic
energy and RSI/RMI for aggregate disintegration mechanisms to splash
erosion. However, they were obtained based on experiments using one
rainfall intensity with air-dried soil. Hitherto, many research studies
underlined the influence of the wetting rate and initial soil moisture on
aggregate stability particularly on slaking (Mamedov et al., 2002;
Shainberg et al., 2003; Rodrigo et al., 2016). To fully understand the
aggregate destruction during erosion, a wider range of soil moisture
contents under a wider rainfall conditions should be further in-
vestigated.

5. Conclusions

The contributions of slaking and mechanical breakdown to splash
erosion were estimated by measuring the splash erosion under deio-
nized water and ethanol test. Splash erosion rate increased with in-
creases of rainfall kinetic energy, and a power function could effectively
describe their relations with R2 higher than 0.95 in both deionized
water and ethanol tests. The contribution rates of slaking to the splash
erosion rates decreased, whereas those of mechanical breakdown in-
creased as rainfall kinetic energy increased. The effect of slaking and
mechanical breakdown on aggregate disintegration also depends on
RSI/RMI. An equation combining a power function with rainfall kinetic
energy and a linear function with RSI/RMI was developed for esti-
mating the contribution of mechanical breakdown to splash erosion.
The validation showed the equation performed reasonably well.
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