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ARTICLE INFO ABSTRACT

Soil internal forces, including electrostatic, hydration and van der Waals, play critical roles in aggregate stability,
erosion, and other processes related to soil and water. However, the extent to which soil internal forces influence
splash erosion during rainfall remains unclear. In the present study, we used cationic-saturated soil samples to
quantitatively separate the effects of soil internal and raindrop impact forces (external) on splash erosion
through simulated rainfall experiments. An electrolyte solution was employed as rainfall material to represent
the combined effects of soil internal and external forces on splash erosion. Ethanol was used to simulate the sole
effect of soil external force on splash erosion. The soil splash erosion rate increased with increasing rainfall
kinetic energy in experiments with electrolyte solution and ethanol and was also greatly influenced by soil
internal forces. Moreover, the soil splash erosion rate increased first (from 1 to 10~ ?mol L") then leveled off
(from 10~ % to 10~ *mol L™ ') with decreasing electrolyte concentration in the bulk solution. This finding was in
agreement with the theoretical analysis of soil internal forces. The contribution rate of soil internal forces on
splash erosion was > 65% at a low electrolyte concentration (< 10 2mol L™ 1) and only 3%-25% at an elec-
trolyte concentration of 1 mol L™ . Even though the electrolyte concentration of the soil bulk solution reached
10" 'mol L™}, the contribution rate of soil internal forces to splash erosion was > 50%. Hence, soil internal
forces exerted higher contribution to rainfall splash erosion than raindrop impact force under most field con-
ditions. This work provides new understanding of the mechanism of soil splash erosion and establishes the
possibility of controlling splash erosion by jointly regulating the soil internal and external forces.
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1. Introduction aggregates against the disruptive effects of raindrop impact, shear

strength of flowing water, and freezing/thawing cycles.

Splash erosion mainly caused by raindrop impact is an important
process and the first step of soil erosion during rainfall (Legout et al.,
2005a, 2005b; Vaezi et al., 2017; Ferndndez-Raga et al., 2017). Splash
erosion has two main direct consequences, namely, breakdown of top
soil aggregates and movement of finer soil particles (Legout et al.,
2005a; Warrington et al., 2009; Angulo-Martinez et al., 2012), which
may lead to surface sealing, decrease in soil porosity, increase in runoff
and sediment, and negatively influence on the sustainable development
of agriculture and ecological environment (Le Bissonnais, 1996; Uri,
2000; Falsone et al., 2012; Vaezi and Bahrami, 2014; Mekonnen et al.,
2015; Parras-Alcantara et al., 2016; Zhang et al., 2017; Yaghobi et al.,
2018). Therefore, an effective method must be developed to protect

Splash erosion starts with the disintegration of soil aggregates into
small particles (Shainberg et al., 1992); in this regard, soil aggregate
stability is often used as an indicator of soil erodibility (Barthes and
Roose, 2002; Wuddivira et al., 2009; Ma et al., 2014; Xiao et al., 2017,
2018). The interaction of internal forces (electrostatic, hydration and
van der Waals force) are crucial for initiation of the soil aggregate
breakdown (Hu et al., 2015; Xu et al., 2015; Huang et al., 2016). Among
these soil internal forces, electrostatic and hydration forces are re-
pulsive and induce soil aggregate breakdown; meanwhile, van der
Waals force is attractive and restrains aggregate dispersion (Huang
et al., 2016). In general, as rainfall enters the soil, strong hydration and
electrostatic forces between soil particles in the aggregates build up

* Corresponding author at: No. 26, Xi'nong Road, Institute of Soil and Water Conservation, Northwest A&F University, Yangling, Shaanxi 712100, China.

E-mail address: gliu@foxmail.com (G. Liu).

https://doi.org/10.1016/j.geoderma.2018.05.031

Received 1 February 2018; Received in revised form 25 April 2018; Accepted 25 May 2018

0016-7061/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/00167061
https://www.elsevier.com/locate/geoderma
https://doi.org/10.1016/j.geoderma.2018.05.031
https://doi.org/10.1016/j.geoderma.2018.05.031
mailto:gliu@foxmail.com
https://doi.org/10.1016/j.geoderma.2018.05.031
http://crossmark.crossref.org/dialog/?doi=10.1016/j.geoderma.2018.05.031&domain=pdf

F. Hu et al.

rapidly with decreasing electrolyte concentration in the soil bulk so-
lution; this phenomenon leads to the breakdown of aggregates and the
immediate release of micro-aggregates/finer particles (Hu et al., 2015).
Theoretically, soil internal forces could reach as high as hundreds of
thousands of atmospheric pressure among soil particles (Li et al., 2013).
The net pressure, i.e. the sum of electrostatic, hydration and van der
Waals forces among soil particles, controls aggregate swelling, disper-
sion, or breakdown. Holthusen et al. (2010) measured the rheological
parameters for soils with different salt concentrations; the results in-
dicated that soil aggregate stability at the microscale increased with
increasing potassium concentration in the soil solution due to the
change in the soil particle interaction forces. Li et al. (2013) reported
that the net pressure of soil internal forces among particles strength-
ened with decreasing electrolyte concentration in the bulk solution,
resulting in increased soil particle transport during simulated rainfall.
Yu et al. (2017) found that the removal of soil organic matter decreased
the soil aggregate stability mainly due to the decreasing van der Waals
force among soil particles. These studies indicate that soil internal
forces could significantly affect aggregate stability and thus splash
erosion during rainfall. In our recent study, through the simulated
rainfall experiments, we demonstrated that splash erosion could be due
to the coupling effects of soil internal and raindrop impact forces (Hu
et al., 2018). During splash erosion, soil internal forces mainly induce
aggregate breakdown and release of fine soil particles when the soil is
wetted; this process supplies the original material for rainfall splash
erosion.

Besides, raindrop impact force is the driving mechanism that causes
soil particle movement (Le Bissonnais and Singer, 1993; Kinnell, 2005;
Legout et al., 2005a; Oliveira et al., 2013). This type of force is regarded
as the main external factor that affects splash erosion. If raindrop im-
pact would be totally eliminated, then splash erosion will not occur
during rainfall. Rainfall properties, such as shape and size, intensity,
kinetic energy, and their various combinations, exert important effects
on splash erosion (Jayawardena and Rezaur, 2000; Wei et al., 2007; Lu
et al., 2008; Pieri et al., 2009; Ziadat and Taimeh, 2013; Fu et al.,
2016). In any case, the most important parameter that influences splash
erosion is raindrop kinetic energy (Fernandez-Raga et al., 2010; Vaezi
et al., 2017). In general, the splash erosion rate increases with in-
creasing raindrop kinetic energy (Hu et al., 2016). Raindrop impact has
two main consequences: breakdown of surface soil aggregates and
movement of fine particles (Legout et al., 2005a, 2005b). But, unlike
soil internal forces, raindrop impact force mainly influences the
movement of fine particles (Hu et al., 2018).

Overall, rainfall splash erosion is affected by two erosive factors: soil
internal and raindrop impact (or external) forces (Hu et al., 2018). Soil
internal forces induce aggregate breakdown, which could supply cer-
tain amounts of fine soil fragments for splash erosion. Soil external
forces, i.e., raindrop impact force, induce the movement of soil frag-
ments (Legout et al., 2005a; Fernandez-Raga et al., 2017). Hence, soil
internal forces determine the “source” (the amount of fine soil particles
released from macro-aggregates) of splash erosion; meanwhile, soil
external force controls the movement of fine particles. Therefore, the
coupling effect of soil internal and external forces could result in splash
erosion. However, the extent to which soil internal forces influence
splash erosion during rainfall remains unclear. Determining the con-
tribution of soil internal forces to splash erosion will improve our
knowledge on the nature of erosivity and its influencing factors. Results
could also provide a basis for developing a more effective method for
controlling the risk of soil erosion by jointly regulating the soil internal
and external forces.

Thus, we hypothesize that soil internal forces have higher con-
tribution to splash erosion rate during rainfall than raindrop impact
force. In this study, electrolyte solution was used as rainfall material to
represent the combined effects of soil internal and external forces on
splash erosion. Ethanol was employed to simulate the sole effect of soil
external force (raindrop impact) on splash erosion. This work aims to
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quantitatively evaluate the effects of soil internal forces on splash
erosion through simulated rainfall experiments.

2. Materials and methods
2.1. Materials

Soil samples were collected from Yangling (108°2’30”E,
34°18’14”N), Shaanxi Province, which is located in the south of the
Loess Plateau in China. Soil erosion in this area is usually serious during
the rain period (from July to September). The major crops planted in
this region are winter wheat (Triticum aestivum Linn) and maize (Zea
mays L.). The studied soil is Lou soil, which is classified as Calcic
Cambisols (according to the FAO soil classification). Soils were sampled
from the top 0-20 cm layer of three representative cultivated lands and
mixed. X-ray diffraction analysis showed that the dominant clay mi-
nerals of the soil were illite, kaolinite, chlorite, and montmorillonite.
The contents of clay, silt, and sand in the soils were 25.4%, 40.5%, and
34.1%, respectively, which were measured using a Malvern Mastersizer
2000 laser diffraction device (Malvern Instruments Ltd., UK). According
to the combined method for determination of surface properties pro-
posed by Li et al. (2011), the cation exchange capacity (CEC) and
specific surface area (SSA) of the soil were 23.2cmol. kg’1 and
41.5m?g ™!, respectively. The pH and soil organic matter content were
8.01 and 6.1 gkg ™!, which were measured using traditional methods
(Sparks et al., 1996).

2.2. Soil sample treatments

Other factors should be kept as constant as possible for investigating
the effects of soil internal forces on splash erosion. Thus, soil samples
were first saturated with the given cation species. According to previous
studies (Li et al., 2015; Yu et al., 2016), Na* shows weak polarization
at the interface of soil colloids and is thus a better choice for de-
termining the effects of soil internal forces on splash erosion. Na*-sa-
turated soil samples were used throughout the study. Herein, Na ™" -sa-
turated soil samples were prepared as described in our previous study
(Yu et al., 2016). Soil samples of about 1.5 kg were exchanged with
Na* by adding 0.5 mol L ™! NaCl solution, and this procedure was re-
peated for three times. The samples were then washed with deionized
water to remove excess Na™ in the suspension, oven dried at 60 °C, and
crushed through a 5mm sieve to collect model aggregates with dia-
meter of < 5mm for the experiments.

2.3. Experimental method for rainfall splash erosion

The experimental procedures for splash erosion were the same as
those in our previous study (Hu et al., 2018). Herein, we briefly in-
troduce the procedures. The devices for splash erosion (shown in Fig. 1)
consist of rainfall simulator and splash pan. The rainfall simulator is a
cylindrical box with an open top. Syringe needles with a diameter of
0.6 mm were installed uniformly at the bottom of the cylinder. The
rainfall intensity was controlled by adjusting the water head through a
hole in the cylinder. The splash pan was made up of collecting and test
areas. The collecting area was an inclined plane holder with an outlet
connected to the lowest point of the plane. Any splashed material was
collected from the test area during rainfall simulation. The test area was
a circular sieve with a diameter of 10 cm and a height of 1 cm. The mesh
size was 0.25 mm to prevent the effect of water film on raindrop im-
pact.

Electrolyte solution and ethanol were employed as rain materials to
quantitatively distinguish the contribution of soil internal and external
forces to splash erosion. The electrolyte solution as rain material re-
presents the combined effects of soil internal and raindrop impact
forces on splash erosion. Thus, we can quantitatively evaluate the
combined effects of soil internal and raindrop impact forces on splash
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Fig. 1. Schematic drawing of the experiment device.

erosion. Ethanol was used as rain material to simulate the sole effect of
raindrop impact force on splash erosion because of the following: first,
ethanol could decrease slaking effect and finally protect aggregates
from disintegration (Le Bissonnais, 1996). This is possibility due to the
weak polarizability of ethanol which could change the surface tension,
viscosity, and contact angle, thus finally reduce soil particles interac-
tion forces; second, for ethanol, the smaller dielectric constant (com-
pared with water) could result in the compressed diffuse layer of par-
ticles (De Rooy et al., 1980; Permien and Lagaly, 1994; Lagaly and
Ziesmer, 2003; Chen et al., 2017) and reduce the electrical repulsion
force among the particles (Permien and Lagaly, 1994). Therefore,
rainfall with ethanol could maintain the kinetic energy of raindrops, but
it did not provide the strong hydration force or other forces that affect
the soil structure. Consequently, ethanol could be used to evaluate the
sole effect of raindrop impact force on splash erosion.

For splash detachment experiments, Na*-saturated model ag-
gregates (< 5mm) were uniformly loaded onto the test area. According
to the volume of circular sieve and the total mass of the soil samples,
the soil bulk density in splash pan was set as 1.2 gcm ™2 based on the
volume of circular sieve and the total mass of soil samples in splash pan.
The average rainfall intensity was set as 60 mmh ™. To achieve dif-
ferent raindrop kinetic energies, we changed the rainfall height under
the same rainfall intensity and raindrop size. The raindrop height was
set as 0.4, 0.8, 1.2, 1.6, and 2.0 m. When rainfall began, we collected
splashed aggregate fragments at an interval of 30s. We ended the ex-
periments when a continuous water film appeared on the surface of the
splash pan. The total mass of the splashed soil particles was measured,
and splash erosion rate was calculated. In this work, splash erosion rate
is defined as the total mass of splashed soil particles per unit area per
unit time. Two replicates were performed for each run.
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2.4. Calculations of soil internal forces

The net pressure (P,.) of soil internal forces is the sum of electro-
static pressure (Pec), hydration pressure (Ppyq), and van der Waals
pressure (Pygqw). Detailed calculation procedures can be found in our
previous work (Hu et al., 2018). Here, P, can be calculated using the
following equation:

Byt = Re + Phyd + Paw (1)
in which

R = iRTCO cosh M 1

101 RT o
Prya = 3.33 X 10%e-576x10%d -
A
Paw = -——(10d)
aw = g 5 (104) “

where R (Jmol 'K~ 1) is gas constant, T (K) is the absolute tempera-
ture, co (mol L™1) is the equilibrium concentration of the cation in the
bulk solution, Z is the valence of cation, F (Cmol 1) is Faraday's con-
stant, ¢(d/2) (V) is the potential at the middle of the overlapping po-
sition of the electric double layers of two adjacent particles, d (dm) is
the distance between two adjacent particles, and A (J) is effective Ha-
maker constant.

2.5. Determination of rainfall kinetic energy

Raindrop diameter is a key parameter used to calculate rainfall ki-
netic energy. Here, the raindrop shape was assumed as a perfect sphere,
and raindrop diameter (d) can be calculated as follows:

L8 10

o

d=
(5)
where m (g) is the mass of one raindrop, and p (g cm ™ 3) is the raindrop
density (1 and 0.79 gcm ™2 for electrolyte solutions and ethanol, re-
spectively).

Individual raindrop kinetic energy (e) can be calculated through the
following equation (Hu et al., 2016):

e= lmv2
T2 (6)
in which
—
V= v[\ll - exp[_Zgzh)
V (2]

where v (ms™') is the velocity of raindrop upon touching the soil
surface, and v, (m s~ 1) is the terminal velocities of the raindrops under
natural rainfall condition; where v, = (17.20 — 0.844d)/0.1d, g(ms™?)
is the gravitational acceleration, and h (m) is the rainfall height.

Total rainfall kinetic energy (E) can be derived using the following
equation:

_NxXxe

E x 104

(8

where E (Jm~2min~") is the unit kinetic energy per unit area and
time, N is the number of raindrop in 1 min, and A (m?) is the area of the
raindrop impact.

Additional details on the calculation of rainfall kinetic energy can be
found in the study of Hu et al. (2016).

3. Results and discussion
3.1. Soil internal and raindrop impact forces

The net pressure produced by soil internal forces could be adjusted
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Fig. 2. Net pressure at different distance between two adjacent soil particles (a) and at 2 nm distance between particles under different electrolyte concentration (b).

by changing the electrolyte concentration in the bulk solution. The net
pressure between two adjacent soil particles at a given distance and
electrolyte concentration can be plotted (Fig. 2). Fig. 2a shows that: (1)
the net pressure of soil internal forces could reach as high as hundreds
of thousands of atmosphere when two adjacent soil particles infinitely
approached in an aqueous system. For example, the net pressure can
reach to 1082 and 148 atm at the distance of 0.6 and 1 nm, respectively,
between two adjacent soil particles; (2) a strong repulsive pressure at
any electrolyte concentration occurs when the distance between two
adjacent particles is < 1.5 nm; (3) the changing curves of net pressure
almost overlapped when the electrolyte concentration in the bulk so-
lution is <10~ 2mol L™?, indicating that the net pressure produced by
soil internal forces is constant in all circumstances; and (4) net attrac-
tive pressure was present at an electrolyte concentration of 1 mol L™ " at
a distance of approximately 2 nm between soil particles.

To further justify the effect of electrolyte concentration on soil in-
ternal forces, we directly plotted the net pressure and electrolyte con-
centration (Fig. 2b). This figure shows the changes in net pressure at a
distance of 2 nm between soil particles with electrolyte concentration in
the bulk solution. The net pressure first increased as the electrolyte
concentration decreased from 1 to 10 "2mol L ™! and then leveled off as
the electrolyte concentration decreased from 1072 to 10~ *mol L™ ",
The electrolyte concentration of 10 ?mol L' is a critical point for
splash erosion. When the electrolyte concentration is <10~ *mol L%,
the mean value of the net pressure between soil particles reached as
high as 16.9 atm. Furthermore, the net pressure at an electrolyte con-
centration of 1 molL ™! was equal to —1.3 atm (Fig. 2b).

The changing trends of net pressure with electrolyte concentration
in the bulk solution are in accordance with those previously reported;
that is, the net pressure between two adjacent particles could reach
hundreds of thousands of atmosphere (Yu et al., 2016). The pressure
increases first and then stabilizes with decreasing electrolyte con-
centrations for soils classified as Calcic Cambisols, Regosols, and Aquic
Inceptisols, according to the FAO soil classification (Li et al., 2013; Hu
et al., 2015, 2018; Yu et al., 2017). This finding could be mainly at-
tributed to the suppression of the double layer of colloidal particles
with increasing electrolyte concentration (Liang et al., 2007). This re-
action shows that electrolyte concentration in the bulk solution can
greatly affect soil internal forces. Here, it is necessary to point out that
the rainwater cannot immediately fill in all the pores within the ag-
gregate at the beginning of rain. However, as long as the rainwater
contacts with the particles within the aggregate or wets part of its
surface, the repulsive electrostatic force could be generated instantly,
which leads to the dispersion of aggregates. Secondly, it indeed takes
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rather short time for the rainwater to enter into an aggregate. Ac-
cording to previous studies (Zaher et al., 2005; Hu et al., 2015), soil
aggregates could be totally broke down only after 8s as they were
immersed into dilute solution. Thirdly, compared with the raindrop
impact force (about 1-3 atm), soil internal forces (i.e., the attractive
van der Waals force between soil particles) could reach as high as
100-1000 atm. Clearly, the raindrop impact force itself cannot directly
break soil aggregates down. Therefore, it is reasonable to emphasize the
role of electrolyte solutions as rainfall material in adjusting the elec-
trostatic forces between particles (Liang et al., 2007; Yu et al., 2016).
Moreover, when dry aggregates were wetted during rainfall, the elec-
trolyte concentration of soil bulk solution became diluted. Thus, strong
internal repulsive forces in soils will always be present and affect ag-
gregate stability and splash erosion.

Table 1 shows the raindrop characteristics and rainfall kinetic en-
ergy under various circumstances. The rainfall kinetic energy increased
with increasing rainfall height regardless of the rainfall material used in
the study. For example, rainfall kinetic energy at a height of 2m is 4.1
times higher than that at a height of 0.4 m in the electrolyte system.
Compared with that of ethanol, the rainfall kinetic energy of the elec-
trolyte solution was stronger possibly due to the difference in the
density and size of raindrop. Overall, the result indicates that the
rainfall kinetic energy could be adjusted by the rainfall height, and thus
the parameter of rainfall kinetic energy could be employed to reflect
different raindrop impact forces (Vaezi et al., 2017; Fernandez-Raga
et al., 2017).

Table 1
Raindrop characteristics and kinetic energy for the simulated rainfall in this
study.

Rain material Mean Height (m)  Velocity Rainfall kinetic
diameter (ms™hH energy (J m~2min~ 1)
(mm)
Electrolyte 2.66 0.4 2.71 5.78
0.8 3.71 10.76
1.2 4.41 15.54
1.6 4.94 19.32
2.0 5.36 23.74
Ethanol 2.06 0.4 2.69 3.82
0.8 3.66 6.92
1.2 4.32 9.75
1.6 4.82 12.17
2.0 5.2 14.42
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Fig. 3. Changes of soil splash erosion rate with electrolyte concentration at
different rainfall heights.

3.2. Effects of soil internal forces on splash erosion

The concentration of the electrolyte used as rainfall material could
greatly affect the rate of soil splash erosion (Fig. 3), indicating that soil
internal forces play a critical role in splash erosion. As shown in Fig. 3,
except for rainfall at a height of 0.4 m, the splash erosion rate showed
similar changing trends, that is, increased dramatically as the electro-
lyte concentration decreased from 1 to 10~ ?mol L ™! and then became
relatively stable when the electrolyte concentration decreased from
1072 to 10~ *mol L™ !. Taking a rainfall height of 1.2 m as an example,
the increment of the splash erosion rate from the electrolyte con-
centration of 1-10"2mol L ™! was 28.15 gm ™~ 2min "~ !. Meanwhile, the
increment was only 3.63gm ™ ?min ! at the electrolyte concentration
of 1072 to 10~ *mol L™ '. This difference indicates that the electrolyte
concentration of 10~ ?mol L™ is the critical point for splash erosion.
The changing trends of splash erosion rate with electrolyte concentra-
tion agree well with the results of theoretical prediction in Fig. 2.
Hence, soil internal forces could greatly affect rainfall splash erosion.
The results are in line with our previous study and confirm that soil
internal forces initiate aggregate breakdown and subsequent splash
erosion (Hu et al., 2018).

At the rainfall height of 0.4 m, the splash erosion rates were 4.39,
3.92, 3.55, 2.65min"! at electrolyte concentrations of 10™% 103,
1072, and 10" 'molL™?, respectively. Soil internal forces exerted
minimal influence on splash erosion at a relatively low rainfall height
because low rainfall height corresponds to limited raindrop capacity,
which did not have sufficient energy to transport soil fragments (Legout
et al., 2005b; Fu et al., 2016).

3.3. Effect of raindrop impact force on splash erosion

Raindrop impact force affects soil splash erosion during rainfall. In
general, raindrop kinetic energy is an important parameter that influ-
ences splash erosion. Fig. 4 shows the relationship between soil splash
erosion rate and rainfall kinetic energy under various electrolyte con-
centrations and ethanol. The splash erosion rate increased with in-
creasing rainfall kinetic energy for rain simulated with electrolyte so-
lution and ethanol. Rainfall kinetic energy is a well-known indicator of
raindrop impact force (Vaezi et al., 2017; Xiao et al., 2018). The find-
ings reveal that soil external (raindrop impact) force is important for
splash erosion.

For the same rainfall kinetic energy, splash erosion rates with
electrolyte solution are greater than those with ethanol; but the higher
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Fig. 4. Changes of soil splash erosion rate with rainfall kinetic energy under
various electrolyte concentrations.

the electrolyte concentration, the smaller the difference in splash ero-
sion rates between ethanol and electrolyte solution. The results are si-
milar with previous reports (Xiao et al., 2017, 2018) and could be due
to different soil internal forces induced by the electrolyte solution and
ethanol in aggregates. In particular, ethanol could influence the surface
tension, viscosity, contact angle, and electrostatic repulsion of the in-
teractions between soil and ethanol and these reduce the slaking effect
and soil internal forces, and finally increase aggregate stability, and
decrease splash erosion (Le Bissonnais, 1996; Barthés and Roose, 2002;
Permien and Lagaly, 1994). Therefore, the splash erosion rate when
using electrolyte solution should be higher than that with ethanol. On
the other hand, with increasing electrolyte concentration of bulk solu-
tion, the net pressure between soil particles decreased (Fig. 2b), leading
to the decrease in splash erosion rates. Thus, the difference in splash
erosion rates between ethanol and electrolyte solution was narrowed
down. For the rain simulated with electrolyte solution, the curves of
splash erosion rates are close to one another at the electrolyte con-
centration lower than 10~?mol L. ™', This result could be explained
considering the changes in soil internal forces with electrolyte con-
centration (Fig. 2).

To quantitatively analyze the relationship between splash erosion
rate and rainfall kinetic energy, we fitted the experimental data by
applying exponential functions. Table 2 shows the fitted equations be-
tween splash erosion rate (S) and rainfall kinetic energy (E) under
various electrolyte solutions and ethanol, respectively. All determina-
tion coefficients (R%) were satisfactory and larger than 0.99.

Table 2
Fitted equations between splash erosion rate (S) and rainfall kinetic energy (E)
under electrolyte solution and ethanol, respectively.

Rain material  Concentration Fitted equations R?
(molL.™%)
Electrolyte 1074 S = —113.2xexp.(—E/ 0.9997
10.90) + 71.07
1073 S§ = —110.0 xexp.(—E/ 0.9977
11.46) + 71.09
1072 S = —101.5«exp.(—E/ 0.9975
10.15) + 60.83
107! S = -116.9 xexp.(—E/ 0.9995
48.40) + 106.4
1 S = —40.32xexp.(—E/ 0.9988
19.55) + 30.08
Ethanol S = —30.30 = exp.(—E/ 0.9958

29.74) + 27.34
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Table 3
Splash erosion rate (g m~2min~!) under different soil internal and external forces.
E Sa+p S So
107* 1073 1072 107! 1 107 1073 1072 107! 1
Jm™?min~ mol L ™! mol L. ™!
10 25.84 25.13 22.93 11.32 5.90 5.69 20.15 19.43 17.24 5.63 0.21
15 42.48 41.38 37.67 20.65 11.36 9.04 33.44 32.33 28.63 11.61 2.32
20 53.00 51.88 46.68 29.07 15.58 11.87 41.13 40.01 34.81 17.20 3.71
25 59.65 58.67 52.18 36.66 18.86 14.27 45.38 44.40 37.91 22.39 4.59
30 63.85 63.06 55.55 43.50 21.39 16.29 47.56 46.77 39.26 27.21 5.10
35 66.51 65.90 57.60 49.68 23.35 18.00 48.51 47.90 39.60 31.68 5.35
40 68.19 67.74 58.86 55.24 24.87 19.45 48.74 48.29 39.41 35.80 5.42
100 the viscosity was about 0.89 and 0.90 cP at the electrolyte concentra-
] P g
90 4 m a0 Y 10 tions of 10~* and 10" 'molL ™! in NaCl solution, respectively. It is
- ® 1072 < ],, clear that the difference in viscosity under those electrolyte con-
A 107 (molL") y y
mo! . . H
80 ] 3 ] - centrations is very small. However, under those circumstances, the
N 70_' A : : ™ surface potentials of soil particles are —350 and —175mV, respec-
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Fig. 5. Contribution rates of soil internal forces on splash erosion rate at dif-
ferent rainfall kinetic energy.

3.4. Contribution rates of soil internal forces on splash erosion

To assess the contribution of soil internal forces to splash erosion
rate, we determined their sole effect first. Based on the fitted equations
listed in Table 2, the rates of splash erosion under different soil internal
and external forces could be quantitatively estimated (Table 3). In this
work, electrolyte solution was used as rain material to reflect the
combined effects of soil internal and external forces (raindrop impact
force) on splash erosion (Sy+ ). Ethanol was also used to represent the
sole effect of soil external force (raindrop impact force) on splash ero-
sion (S)). Thus, the sole effect of soil internal forces on splash erosion
(Sp) could be derived from the difference between S, gy and Sg).

As shown in Table 3, the soil splash erosion rate increased with
increasing rainfall kinetic energy. This result is in line with previous
findings, which also reported that the soil splash erosion rate increased
with the increase of rainfall kinetic energy (Fu et al., 2016; Vaezi et al.,
2017; Xiao et al., 2018). This is mainly due to the fact that strong
rainfall kinetic energy means strong ability of transporting fine soil
particles. On the other hand, the soil splash erosion rates increased with
decreasing electrolyte concentration (Table 3). This result is consistent
with previous findings (Kim and Miller, 1996; Haraguchi and Nakaishi,
2008). With decreasing electrolyte concentration of soil bulk solution,
the repulsive soil internal forces between soil particles increased
(Fig. 2), which could make soil aggregates disintegrate and release large
amounts of fine soil particles for splash erosion (Xu et al., 2015). This
indicates that the repulsive soil internal forces greatly affect the splash
erosion. In addition, the viscosity of raindrops could be changed due to
various electrolyte concentrations, which would further affect splash
erosion. According to the previous study (Goncalves and Kestin, 1977),
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soil water movement (Kim and Miller, 1996; Liang et al., 2007; Li et al.,
2013; Yu et al., 2016). Overall, soil splash erosion depends not only on
soil external force (raindrop impact) but also on soil internal forces.

To further quantitatively confirm the important role of soil internal
forces on splash erosion, we estimated the contribution rates of soil
internal forces on splash erosion rate (CR) at different rainfall kinetic
energies. Here, CR was defined as the ratio of Sy to S+ ). As shown in
Fig. 5, when the electrolyte concentration is <10 ?molL™", the
changes in CR showed similar trend, that is, decreasing with increasing
rainfall kinetic energy. In addition, the CR reached > 65%. However,
when the electrolyte concentration was higher than 10"2>mol L™, the
CR showed different changing patterns. To be specific, at the electrolyte
concentration of 10~ mol L™ !, the CR increased with increasing rain-
fall kinetic energy and was between 50% and 65%. Correspondingly, at
the electrolyte concentration of 1 molL ™, the CR first increased and
then remained relatively stable with increasing rainfall kinetic energy
and was between 3% and 25%. Hence, soil internal forces play a key
role in splash erosion when the electrolyte concentration of the soil bulk
solution was <10~ 'molL ™. In contrast, raindrop impact force has
more effect on splash erosion at an electrolyte concentration of
1molL™%,

These results could be rationalized by experiments on aggregate
stability under different electrolyte concentrations in our previous work
(Hu et al., 2018). At the electrolyte concentration of < 10~ *mol L™ %,
the aggregate breakdown under strong soil internal forces could pro-
vide certain amounts of fine particles for splash erosion. Meanwhile,
soil internal forces dramatically decreased at the electrolyte con-
centration of 1 mol L™, leading to less finer particles (< 20 um) pro-
duced for splash detachment. With the increase of electrolyte con-
centration in bulk solution, soil internal forces decreased, and then soil
aggregate stability increased, finally soil erosion rate decreased and soil
water infiltration rate increased (Li et al., 2013; Yu et al., 2016). The
splash parameters were significantly correlated to soil aggregate sta-
bility (Barthes and Roose, 2002). It is indicated that soil internal forces
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could affect splash erosion by influencing aggregate stability (Hu et al.,
2015). Thus, CRs differ under various soil internal forces.

The electrolyte concentration of soil solution is usually at a mag-
nitude of approximately 10~ mol L™ ! for a natural field soil (Li and Li,
1998). Here, even if we suppose that the rainfall kinetic energy is
60Jm ™ 2min" ", the CR could be higher than 60%. However, if the
electrolyte concentration of the soil solution is > 10 " 'molL™?, e.g.,
for saline or alkaline soils, then the raindrop impact force could be the
main contributor to splash erosion. Therefore, we infer that soil internal
forces exhibit higher contribution to splash erosion rate compared with
raindrop impact force under most natural conditions. This conclusion is
indirectly confirmed by other previous studies (Xiao et al., 2017, 2018).
Using deionized water and ethanol as rain materials, Xiao et al. (2017,
2018) investigated the effects of slaking and raindrop impact forces on
splash erosion through simulated rainfall; the results showed that the
slaking effects exhibited higher contribution to aggregate breakdown
and splash erosion than raindrop impact. However, slaking is a physical
process where soil aggregates are disintegrated either by compressed
air in aggregate or by forces generated by clay swelling during wetting
(Chan and Mullins, 1994; Zaher and Caron, 2008; Wuddivira et al.,
2009). Note that the air pressure in the aggregates during wetting
was < 1 atm (Vachaud et al., 1973; Zaher et al., 2005), while soil in-
ternal forces could usually be 100-1000 atm. Besides, clay swelling
during wetting resulted from surface hydration and an overlap of dif-
fused double layers (Abu-Sharar et al., 1987). Dinel and Gregorich
(1995) claimed that clay swelling affect soil aggregates more greatly
than alterations caused by compressed air during rapid wetting. To-
gether, these studies indicate that the slaking effect could essentially
stem from soil internal forces between particles, especially electrostatic
and hydration repulsive forces (Levy et al., 2003; Abu-Sharar et al.,
1987). Therefore, it is the soil internal forces, not the slaking effect, that
initiate the aggregate breakdown and subsequent splash erosion. Soil
internal forces have higher contribution to splash erosion rate than
raindrop impact force. However, air pressure as a result of the slaking
effect is also an important factor that induces soil aggregate breakdown,
leading to the release of microaggregates (Le Bissonnais, 1996; Lado
et al., 2004; Vermang et al., 2009; Fajardo et al., 2016). Unfortunately,
we cannot quantitatively isolate the slaking effect in the present study.
The slaking mechanism (air pressure) would intertwine with soil in-
ternal forces, which is also a challenging problem (Levy et al., 2003;
Haraguchi and Nakaishi, 2008). Notwithstanding its limitation, this
study does suggest that repulsive soil internal forces contributed more
than raindrop impact force to rainfall splash erosion.

In summary, for the parameter of splash erosion rate (representing
the final result of splash erosion), soil internal forces elicited higher
contribution to splash erosion during rainfall than raindrop impact
force. However, for the entire process of rainfall splash erosion, both
repulsive soil internal and raindrop impact forces are critical erosive
factors. This result is also in accordance with the philosophical view,
the occurrences or events are due to both internal and external causes,
and the former is quite important.

4. Conclusions

In this study, electrolyte solution and ethanol were used as rain
materials to separate the effects of soil internal and external forces on
splash erosion. The splash erosion rate increased with increasing rain-
fall kinetic energy and net pressure of soil internal forces. For rain using
electrolyte concentration, the splash erosion rate increased first (from 1
to 1072 mol L™ 1) then remained stable (from 1072 to 10" *molL™1)
with decreasing electrolyte concentration in the bulk solution. The re-
sults are in agreement with the theoretical analysis of soil internal
forces. In general, the contribution rate of soil internal forces on splash
erosion at a low electrolyte concentration (< 10"2mol L™ 1) is > 65%.
Overall, soil internal forces could contribute higher to splash erosion
under natural conditions than raindrop impact force. For the entire
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process of splash erosion, however, the repulsive soil internal and ex-
ternal forces are both important. Our results shed new light on the
mechanism of splash erosion and open the possibility of developing
methods for controlling soil erosion risk by jointly adjusting the soil
internal and external forces.
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