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A B S T R A C T   

Soil interparticle forces, involving in van der Waals attractive force, and surface hydration and electrostatic 
repulsive forces, greatly influence the soil aggregate stability. However, current studies on methods for evalu-
ating the impact of soil interparticle forces in aggregate stability are scarce. This research was aimed to examine 
the impact of soil interparticle forces on aggregate stability using diverse methods for different soil types. Soil 
aggregate stability was tested through the pipette method, wet sieving, and rainfall simulation, respectively 
characterized by aggregate stability index (ASI), mean weight diameter (MWD), and splash erosion mass (SE). 
Soil interparticle forces were adjusted by the changing concentrations of NaCl solution. The results showed that 
all three approaches can be applied to study the impact of soil interparticle forces on aggregate stability. The ASI, 
MWD, and SE showed little change below 10− 2 mol L− 1 NaCl concentration and then ASI and MWD increased at 
a high rate above 10− 2 mol L− 1 concentration of NaCl, while the SE showed the opposite trend. These results 
were as expected for soil interparticle forces. Moreover, for a single soil, a substantial correlation existed between 
the aggregate stability indicators obtained from three methods. However, the order of soil aggregate stability, 
measured by three methods were varied among soil types. Our results suggest that a single method cannot be 
applied to determine the aggregate stability of all soil types even if the breakdown mechanism was identical, 
because organic matter content and particle size distribution of soil are important factors influencing aggregate 
stability. Hence, in order to compare the difference in aggregate stability between various soils, multiple methods 
should be considered to investigate the impact of interparticle forces of soil on its aggregate stability. If a single 
method was to be chosen, wet sieving may be a good choice as it was not only relatively simple and time-saving 
but also reflected more comprehensive information about sizes and amount of fragments released from soil 
aggregates.   

1. Introduction 

The potential of the aggregates to resist disaggregation when sub-
jected to destructive pressures is termed as soil aggregate stability and it 
is extensively utilized as an indicator of erodibility and health of the soil. 
Aggregate breaking is considered as a key step in soil erosion (Legout 
et al., 2005; Vaezi et al., 2017; Fernández-Raga, et al., 2018). When 
rainfall enters the soil, aggregates break up into fine particles, which 
results in the clogging of soil pores, surface crusting, reducing water 
infiltration, and thus leading to the increasing surface runoff and soil 

erosion (Barthès and Roose, 2002; Horn and Smucker, 2005; Cantón 
et al., 2009; Falsone et al., 2012; Vaezi et al., 2017). Therefore, the 
evaluation of soil aggregate stability is vital to understand the process 
related to soil and water at the macro scale. 

Currently, four main mechanisms are widely recognised as the rea-
sons for the soil aggregate breakdown (Le Bissonnais, 1996). These 
include differential swelling, slaking effect, raindrop impact, and os-
motic stress. According to previous studies, the pressure strength pro-
duced by above mechanisms was lower than 3 atm (Nearing et al., 1987; 
Levy et al., 2003; Xu et al., 2015), which seem too weak to break the soil 
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aggregates. However, latest published literatures have revealed that the 
pressure produced by soil interparticle forces could reach as high 
100–1000 atm (Li et al., 2013; Yu et al., 2017, 2020a; Hu et al., 2018a, 
2018b), which was strong enough to destroy the aggregates. Soil inter-
particle forces comprise of van der Waals attractive and hydration, 
electrostatic repulsive forces. Among these soil interparticle forces, the 
attractive force is responsible to resist the aggregate dispersion (Liang 
et al., 2007; Xu et al., 2015; Huang et al., 2016). In contrast, the 
breakdown of soil aggregates is associated with repulsive forces 
(McBride and Baveye, 2002; Leng, 2012; Li et al., 2013). The sum of the 
repulsive and attractive forces determine the aggregate stability during 
wetting (Hu et al., 2015; Yu et al., 2020b). At present, considerable 
studies have stressed the important influence of soil interparticle forces 
on the stability of its aggregate, however, methods for evaluating their 
effects on soil aggregate stability applied by these studies are limited. 

There are many methods for measuring water stability of soil ag-
gregates, such as wet sieving, ultrasonic vibration, turbidimetric tech-
niques, and rainfall simulation (Yoder, 1936; Quirk, 1950; Bruce-Okine 
and Lal, 1975; Le Bissonnais, 1996; Zhu et al., 2009; Pulido Moncada 
et al., 2015; Almajmaie et al., 2017). Numerous researches have re-
ported that the results of aggregate stability showed significant differ-
ences among the various methods as the different methods simulated the 
different mechanism and the energy applied by methods were arbitrary 
or even do not existed in the field. (Amézketa, 1999; Herrick et al., 2001; 
Pulido Moncada et al., 2015; Saygin et al., 2015). For example, ultra-
sonic vibration cannot be related to the behavior of field soils (Almaj-
maie et al., 2017). Wet sieving tends to amplify the slaking effects 
(Kemper and Rosenau, 1986), whereas rainfall simulation stresses the 
mechanical raindrop impact force. In order to distinguish different 
mechanisms of aggregate breakdown, Le Bissonnais (1996) proposed a 
unified method with three pre-treatments, including mechanical 
breakdown, fast wetting, and slow wetting. However, this method was 
not be extensively applied due to its complicated procedures and the 
absence of raindrop impact mechanism. Considering that the method 
selected should be simple, easily replicated and well reflects the natural 
condition, wet sieving and rainfall simulation were the most common 
methods adopted by researches to assess aggregate stability (Amézketa, 
1999; Rohoskova, 2004; Pulido Moncada et al., 2015; Saygin et al., 
2015; Almajmaie et al., 2017). In contrast, the influence of soil inter-
particle forces on aggregate stability were always studied using the 
pipette method, which through measuring fine soil particles of the sus-
pension after the fast wetting process (Le Bissonnais, 1996; Li et al., 
2013; Hu et al., 2015; Huang et al., 2016; Yu et al., 2020a). Whether 
these common methods measuring the aggregate water stability can be 
applied to test the effect of soil interparticle forces on aggregate stability 
are still not clear. Therefore, it is necessary to apply various methods to 
study the aggregate stability subjected to soil interparticle forces. 

The Loess Plateau is one of the most serious regions of soil erosion in 
China. In this study, four typical soils in this region were selected to (1) 
study the impact of soil interparticle forces on aggregate stability using 
multiple methods, (2) compare the effect of these methods on aggregate 
stability of different soil types, (3) provide a reference to select the 
methods to measure the aggregate stability. 

2. Materials and methods 

2.1. Soil sampling 

We collected the soil samples from Ansai (109◦19′21′ ′E, 
36◦51′50′ ′N), Chunhua (108◦30′07′ ′E, 34◦56′29′ ′N), Yangling 
(108◦02′30′ ′E, 34◦18′14′ ′N), and Zhouzhi (108◦03′10′ ′E, 34◦08′08′ ′N), 
in the Shaanxi Province, China. In this region, the major crops planted 
are winter wheat (Triticum aestivum Linn), broom corn millet (Panicum 
miliaceum L), and maize (Zea mays L). Loessal soil, Heilu soil, Lou soil, 
and Cinnamon soil are included in this study. The selected soils are 
widely distributed in the Loess Plateau and are all developed from loess 

parent materials. For each soil type, samples were collected from the top 
0–20 cm layer of three representative cultivated lands. According to the 
FAO soil classification, Loessal soil and Lou soil are classified as Calcic 
Cambisols, whereas Cinnamon soil and Heilu soil are classified as Lix-
isols and Chernozems, respectively. Soil texture for Lou soil and Cin-
namon soil is loamy clay, while it is sandy loam for Loessal soil and clay 
loam for Heilu soil based on the International System of Soil Texture 
Classification. 

Soil basic physio-chemical features are listed in Table 1. Soil organic 
matter (SOM) was tested using the K2Cr2O7 oxidation method. Soil pH 
(solution/soil ratio: 5:1) was measured using a pH electrode. Cation 
exchange capacity (CEC) and specific surface area (SSA) were analyzed 
as described by Li et al. (2011). The laser diffractometer of Malvern 
Mastersizer 2000 (Malvern Instruments Ltd., UK) was utilized to mea-
sure particle size distributions, and soil pre-treatment was conducted 
according to the study of Yang et al. (2015). The main clay minerals in 
the soils were hydromica, kaolinite, chlorite, which were determined by 
X-ray diffraction. 

2.2. Sample preparation 

For the quantitative assessment about impacts of soil interparticle 
forces on aggregate stability, soils were first exchanged with a single 
cation species. As described in earlier published studies (Huang et al., 
2016; Ding et al., 2019), weak polarization of Na+ at the colloidal 
interface of soil was considered as a most suitable strategy to investigate 
the impact of interparticle forces of soil on its aggregate stability. Hence, 
the soil specimens were made Na+-saturated for the utilization in the 
present work. The procedures for preparing Na+-saturated soil samples 
is based on the study of Xu et al. (2015). Briefly, air-dried soil samples 
were subjected for washing by dispersion, agitation, centrifugation, and 
decantation with NaCl solution, and followed by washing with deion-
ized water for the removal of free Na+ from the suspension. Finally, 
samples were subjected to oven drying at 60 ◦C, crushed and sieved to 
obtain model aggregates of diameter 1–5 mm for the assessment of 
aggregate stability. 

2.3. Determination of aggregate stability 

In this study, three different methods, i.e., pipette method, wet 
sieving, and rainfall simulation were used to assess aggregate stability. 
At each method, for quantitatively calculating the soil interparticle 
forces, we directly used the NaCl with a concentration of 10− 4, 10− 3, 
10− 2, 10− 1, and 1 mol L− 1 as wetting medium, and the wide concen-
tration range was in order to involve the all possible interparticle forces 
in the field soils. 

Aggregate stability tested by pipette method was following the study 
of Xu et al. (2015). In brief, 20 g Na+ saturated 1–5 mm macroaggregates 
were immersed in a 500 mL cylinder containing NaCl solution, next 
turned the cylinder to uniformly distribute the soil particles and then left 
to settle. According to the Stokes law, after a corresponding time, fine 
particles of diameters <20, <10, and <5 μm were sucked, and the sus-
pensions were oven-dried and weighed. Finally, the mass percentage of 
the released fragments with diameters of >20, >10 and >5 μm, defined 
as aggregate stability index (ASI), was determined through the following 
equation (Xu et al., 2015; Yu et al., 2020b). Three replicates were pre-
pared for each run. 

W(> d)% = 1 −
(m − V × c0 × MW) ×

0.5
V × 2

20
× 100% (1)  

where W (>d) (%) is the mass percent of the released fragments with 
diameters higher than d (d = 5, 10, and 20 μm) relative to the total mass 
of aggregates; m (g) is the total mass of NaCl and released fragments in 
the extracted suspension; c0 (mol L− 1) is the molar concentration of 
NaCl; Mw (g mol− 1) is the molecular weight of NaCl, and V (L) is the 
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volume of the extracted suspension. 0.5 (L) is the volume of the whole 
suspension. The constant 2 was incorporated because, in the process of 
sedimentation, almost half of the target particles (in diameter of < d) 
remained in the extracted suspension while the other half had moved 
below the sampled portion by sedimentation. 

Aggregate stability tested by wet sieving was referred to the fast 
treatment as described by Le Bissonnais (1996). 5 g Na+ saturated 
macroaggregates (1–5 mm) were first immersed in 50 mL NaCl elec-
trolyte solution for 10 min, then removing the electrolyte solution and 
sieving (1, 0.5, 0.25, 0.15, and 0.053 mm) in ethanol. Finally, sieve 
retained aggregates were oven dried and weighed to calculate the mean 
weighted diameter (MWD) following Eq. (2). Three replicates of each 
soil were conducted. 

MWD =
∑n+1

i

ri+1 + ri

2
× mi (2)  

where ri is the diameter of the ith sieve (mm), r0 = r1, rn = rn+1, and mi is 
the retained mass percentage in the ith sieve. 

Aggregate stability was also measured by rainfall simulation. The 
device and experimental procedures for this method were set as 
described by the study of Hu et al. (2018b). The mean raindrop size was 
2.5 mm and the rainfall intensity was 60 mm h− 1. Prior to rainfall, 
uniform loading of Na+-saturated macroaggregates (1–5 mm) onto the 
circular sieve was performed. As the rainfall started, fragments of 
splashed aggregate were gathered at intervals of 30 s. When the soil 
surface was covered by the water film, the experiment was stopped. 
Thereafter, splashed soil particles were oven-dried and weighed. Each 
soil type was conducted in three replications. 

2.4. Quantitative calculation of soil interparticle forces 

Net pressure (Pnet) denotes the sum of electrostatic repulsive pressure 
(Pe), hydration repulsive pressure (Ph), and van der Waals forces (Pvdw), 
which can be calculated using the following equations (Li et al., 2013; 
Hu et al., 2015): 

Pnet = Pvdw +Ph +Pe (3)  

Pvdw = -
A

6πd3 × 1022 (4)  

Ph = 3.3 × 104e− 5.76d (5)  

Pe =
2

101
RTc0

{

cosh
[

ZFϕ(d/2)
RT

]

− 1
}

(6)  

where d (nm) is the adjacent particles spacing; A (J) is effective Hamaker 
constant in aqueous solution; R (J mol− 1 K− 1) is gas constant; T (K) is 
absolute temperature; F (C mol− 1) is Faraday constant; Z is cation 
valence; c0 (mol L− 1) is the equilibrium concentration of the cation in 
the bulk solution; φ (d/2) (V) is the potential at the middle of the 
overlapping position of the electric double layers of two adjacent par-
ticles, which can be calculated using the following equation (Yu et al., 
2017; Ding et al., 2019) 

π
2

[

1 +

(
1
2

)2

e
2ZFϕ(d/2)

RT +

(
3
8

)2

e
4ZFϕ(d/2)

RT

]

− arcsine
ZFϕ0 − ZFϕ(d/2)

2RT =
1
4

dκe
- ZFϕ(d/2)

2RT

(7)  

where 

κ =
(
10 - 15 × 8πF2c0/εRT

)1/2 (8)  

κ (1/nm) is the Debye-Hückel parameter, κ− 1 (nm) represents the elec-
tric double layer thickness. 

3. Results 

3.1. Soil interparticle forces 

The net pressure of the soil interparticle forces is shown in Fig. 1. The 
positive and negative values represent the net attractive and repulsive 
pressure, respectively. When the particle spacing is within 1 nm, at any 
NaCl concentration, the net pressure of the four soils is always repulsive 
and more than 100 atm. For example, when the particle spacing is 0.6 
nm, the net repulsive force is about 1000 atm. In this study, the net 
attractive pressure for Heilu soil, Cinnamon soil, Lou soil, and Loessal 
soil was only found with 1 mol L− 1 NaCl concentration and particles 
spacing was higher than 1.5, 1.6, 1.7 and 1.9 nm, respectively. These 
results indicate that the soil particles were easier to agglomerate for 
Heilu soil than the other three soils. Additionally, at the same particle 
spacing, the net pressure increased with decreasing concentration of 
NaCl solution. Specifically, as the NaCl concentration was ≤10− 2 mol 
L− 1, overlapping of net pressure curves occurred, indicating that it was a 
critical concentration of the net pressure. 

To further investigate the impact of the NaCl concentration on soil 
interparticle net pressure, the net pressure at the particle spacing of 1.5 
nm and under various NaCl concentrations was directly plotted (Fig. 2). 
As shown in Fig. 2, for the four soils, the net repulsive pressure displayed 
rapid growth at first and then remained nearly no change with 
decreasing NaCl concentration, it can be clearly seen that the 10− 2 mol 
L− 1 was the critical concentration for the net repulsive pressure in four 
soils. With 1 mol L− 1 NaCl concentration, the net repulsive pressure for 
Heilu soil, Cinnamon soil, Lou soil, and Loessal soil was 0, 2.17, 4.93, 
and 8.34 atm, respectively. With the decline in concentration up till 
10− 2 mol L− 1, the net repulsive pressure for these four soils was 24.40, 
28.79, 32.06, and 32.52 atm, and the increment was 24.40, 26.14, 26.65 
and 24.70 atm, respectively. However, when NaCl concentration 
decreased from 10− 2 to 10− 4 mol L− 1, only 0.48 atm increment occurred 
in net repulsive pressure. Moreover, Fig. 2 exhibits that the decreasing 
order of net repulsive pressure of the four soils was Loessal soil > Lou 
soil > Cinnamon soil > Heilu soil. 

3.2. Soil aggregate stability determination using different methods 

Aggregate stability measured by the pipette method was character-
ized by the aggregate stability index (ASI), which was defined as the 
mass content of fragments with diameters higher than 5, 10, or 20 μm 
released from Na+ saturated aggregate. The higher the ASI, the bigger 
the stability of aggregates. Fig. 3 shows the relationship between the ASI 

Table 1 
Basic physical and chemical properties of soil samples used in present study.  

Soil type CEC SSA SOM pH Sand (2–0.02 mm) Silt (0.02–0.002 mm) Clay (<0.002 mm) 
cmol kg− 1 m2 g− 1 g kg− 1  % % % 

Loessal soil  7.2  23.0  4.6  8.6  76.7  15.3  8.0 
Lou soil  23.2  41.5  14.5  8.0  34.0  40.6  25.4 
Cinnamon soil  19.6  42.3  24.1  7.9  28.0  44.8  27.2 
Heilu soil  18.3  49.5  25.1  8.0  43.9  36.6  19.5 

CEC: cation exchange capacity; SSA: specific surface area; SOM: soil organic matter. 
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and the NaCl solution concentration. The results show that for all size 
fractions (>5, 10 or > 20 μm), the mass content of released fragments 
was nearly unchanged at first and then increased remarkably with NaCl 
concentration increased, and the concentration at the intersection point 
was 10− 2 mol L− 1 considering as a crucial concentration for aggregate 
stability. 

According to the ASI, the difference in four soils’ aggregate stability 
was different in various concentrations. When the NaCl concentration 
was < 10− 2 mol L− 1, the mass content of released fragments (>5, 10, or 

> 20 μm) was higher in Loessal soil than in Lou soil and Heilu soil, and 
the smallest content was found in Cinnamon soil. This implies that the 
aggregate stability decreased in the order Loessal soil > Heilu soil, Lou 
soil > Cinnamon soil, under these concentrations. With 10− 1 mol L− 1 

NaCl solution, for all size fractions, the difference in aggregate stability 
between Heilu soil, Lou soil, and Cinnamon soil was small, and the 
stability of these three soil aggregates were all lower than that of Loessal 
soil aggregates. While the concentration of NaCl solution was 1 mol L− 1, 
fragments released from four soils were all higher than 5 μm, and the 
difference of aggregate stability between Loessal soil and the other three 
soils was close to zero. 

Soil aggregate stability evaluated by the wet sieving method was 
expressed in terms of MWD. The higher value of MWD represents the 
higher stability of soil aggregate. Fig. 4 shows the relationship between 
MWD and NaCl concentration. It can be seen that the change in the value 
of MWD was much greater for the concentration above 10− 2 mol L− 1 

than that of below 10− 2 mol L− 1. There was a critical concentration of 
10− 2 mol L− 1 for the four soils aggregate stability. When NaCl concen-
tration was between 10− 2 and 1 mol L− 1, aggregate stability increased at 
a high rate with increasing NaCl concentration. The increments in MWD 
for Heilu, Lou, Loessal, and Cinnamon soil was 0.13, 0.13, 0.15, and 
0.11 mm, respectively. However, when the NaCl concentration was 
between 10− 4 and 10− 2 mol L− 1, a very small difference was observed in 
MWD values at various concentrations. The decrement in MWD from 
NaCl of 10− 2 to 10− 4 mol L− 1 concentration was only 0.01, 0.02, 0.02, 
and 0 mm for Heilu, Lou, Loessal, and Cinnamon soils, respectively. 
Based on MWD values, the order of aggregate stability for the four soils 
was as follows: Heilu soil > Lou soil > Loessal soil > Cinnamon soil. 

Soil aggregate stability tested by the rainfall simulation method was 
expressed by the splash erosion mass (SE). Soil aggregate stability 
decreased with increasing SE. Fig. 5 shows the changing curve of SE with 

Fig. 1. Distribution of net interparticle forces between two adjacent particles under various concentrations of NaCl solution.  

Fig. 2. Net forces at the particle spacing of 1.5 nm under various NaCl 
concentrations. 
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NaCl concentration of the four soils. In the presence of 1 mol L− 1 NaCl 
solution, no splashed out of any soil particle occurred, which means that 
the aggregates were rather stable at this electrolyte concentration. With 

a decrease in NaCl concentration from 1 to 10− 2 mol L− 1, SE of Cinna-
mon, Lou, Loessal, and Heilu soil rapidly increased from 0 to 0.56, 0.40, 
0.29, and 0.24 g, respectively. However, when NaCl concentration was 
further decreased till 10− 4 mol L− 1, the very small increment of SE in 
four soils was occurred, with values less than 0.05 g. This changing trend 
reveals that the NaCl concentration with 10− 2 mol L− 1 is the turning 
point for the stability of aggregate in four soils. Furthermore, according 
to SE values of the four soils, the order of aggregate stability at any NaCl 
concentration was as follows: Heilu soil > Loessal soil > Lou soil >
Cinnamon soil. 

3.3. Correlation between soil aggregate stability indicators obtained from 
different methods 

Table 2 displays the correlation between soil aggregate stability in-
dicators obtained from different methods. Here, for the pipette method, 
the mass percentage of aggregate fragments with a diameter higher than 
20 μm were used for correlation analysis. As shown in Table 2, the 
correlations between the indicators of soil aggregate stability were 
extremely remarkable for the four soils (P < 0.01). MWD tested by wet 
sieving and ASI tested by pipette method exhibited a significant positive 
correlation, while the correlation is significantly negative between SE 
tested by rainfall simulation and ASI tested by pipette method, and 
MWD and SE. The correlation coefficients in all four soils were lower 
than these in a single soil. The strongest correlation was observed be-
tween SE and ASI in the Lou soil (r = –0.98). 

4. Discussion 

4.1. Effects of soil interparticle forces on aggregate stability 

In the present research, the impact of soil interparticle froces in 
aggregate stability was evaluated by wet sieving, rainfall simulation and 
pipette method. The changing law of soil aggregate stability with NaCl 
concentration measured by the three methods was identical, that is, soil 
aggregate stability decreased at a high rate with decreasing NaCl con-
centration from 1 to 10− 2 mol L− 1, and then basically remained un-
changed with further decrease till 10− 4 mol L− 1, indicating critical 

Fig. 3. Soil aggregate stability index (ASI) at different NaCl concentrations as measured by using the pipette method.  

Fig. 4. Mean weight diameter (MWD) at different NaCl concentrations as 
measured by using the wet sieving method. 

Fig. 5. Splash erosion mass (SE) at different NaCl concentrations as measured 
by using the rainfall simulation method. 

Table 2 
Pearson correlation between aggregate stability indicators obtained from 
different methods.  

Pearson 
coefficient 

Loessalsoil Lou soil Cinnamon 
soil 

Heilu 
soil 

All soils 

ASI vs MWD  0.97**  0.96**  0.95**  0.96**  0.69** 
ASI vs SE  –0.92**  –0.98**  –0.91**  –0.92**  –0.84** 
MWD vs SE  –0.96**  –0.98**  –0.95**  –0.94**  –0.88** 

ASI: aggregate stability index, MWD: mean weight diameter, SE: splash erosion 
mass;**P < 0.01. 
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electrolyte concentration of 10− 2 mol L− 1 for aggregate stability. These 
results are in keeping with past findings (Xu et al., 2015; Yu et al., 2017; 
Hu et al., 2018a, 2018b). In addition, the experimental results of 
aggregate stability measured through these methods completely coin-
cided with the theoretical calculation of soil net interparticle pressure. 
In the presence of the concentration lesser than the critical point, the net 
repulsive pressure revealed a little change which is also corresponding 
to the minor change in aggregate stability. While with a higher con-
centration than the critical point, the net repulsive pressure consider-
ably increased, thereby, the aggregate stability rapidly decreased. This 
indicates that the soil interparticle forces exhibited imperative impact 
on aggregate stability. In the field, when aggregate is dry, the electrolyte 
concentration in soil bulk solution is very high. Under this case, the 
thickness of the electric double layer, i.e., Debye length is small, 
resulting in a weak repulsive force between particles, thus the aggregate 
is very stable. When the rainfall or irrigation water enters the soil, the 
increasing water content within the aggregate can lead to a decreasing 
electrolyte concentration. Under those circumstances, the electric dou-
ble layer thickness increased due to the weak ability of lower concen-
tration electrolytes to screen the electric field, meaning that the 
repulsive force between particles is strengthened, and hence the ag-
gregates break down. Therefore, the disintegration of natural aggregate 
by water may be due to the increased interparticle repulsive pressure 
within the aggregate. 

In general, raindrop impact forces, slaking effects, clay swelling ef-
fects, and physico-chemical dispersion influence aggregate breakdown 
during the wetting process (Le Bissonnais, 1996). Raindrop impact force 
and slaking effect have long been considered as the main force inducing 
aggregate breakdown (Ramos et al., 2003; Jimba and Lowery, 2010; 
Fernández-Raga et al., 2018). However, according to our results (Figs. 3 
and 4), soil aggregates could break apart when there was no raindrop 
impact force, indicating that raindrop impact force is not necessary for 
soil aggregate breaking. In addition, past studies reported that raindrop 
impact force was just 1 to 3 atm, and during the process of wetting the 
air pressure within the aggregates was less than 1 atm (Nearing et al., 
1987; Zaher et al., 2005). In contrast, the attractive force among soil 
particles can usually be 100–1000 atm (Li et al., 2013; Hu et al., 2015). 
Therefore, the disparity in the intensity of the forces implies that rain-
drop impact force and slaking effect are impossible to directly break 
apart soil aggregates. The work of Le Bissonnais (1996) found that the 
destructive effect of raindrop impact on aggregate was dominant only in 
wet soils. When the soil was wetted, physico-chemical dispersion has 
been worked due to the change of soil solution chemical properties such 
as electrolyte concentration. Physico-chemical dispersion mainly comes 
from the interaction forces between soil particles (Le Bissonnais, 1996; 
Yu et al., 2017). Many studies have reported that surface hydration and 
electrostatic repulsive forces were capable to reach up to hundreds of 
thousands of atmospheres, indicating that soil internal force is strong 
enough to breakdown soil aggregates (Li et al., 2013; Xu et al., 2015; Yu 
et al., 2017). Similarly, our results showed that the net repulsive force 
was approximately 1000 atm when the soil particle spacing was 0.6 nm, 
which was much stronger than the raindrop impact force and slaking 
effect. Yu et al. (2020a) also reported that in every soil type, the soil 
internal forces are responsible to control its aggregate stability (i.e., 
permanently and variably charged soils). Overall, it was the soil inter-
particle forces that initiated aggregate breakdown. 

4.2. Methods for evaluating soil aggregate stability 

In this study, we found that all three methods can be effectively 
utilized to assess the impacts of soil interparticle forces on aggregate 
stability. Significant relationships existed between the indicators tested 
by the methods (P < 0.01), and their r values were all > 0.89 for each 
soil type (Table 2). A similar result was observed by Nouwakpo et al. 
(2018), who also mentioned that aggregate stability tested via wet 
sieving was a good predictor of soil loss obtained from rainfall 

simulation experiments. In addition, high correlations between the in-
dicators tested by the methods used in the present study infer that soil 
aggregates experienced the same breakdown mechanisms in these three 
methods. 

Pipette method is regarded as a classical method to study the effects 
of physical-chemistry on aggregate stability (Le Bissonnais, 1996; Ding 
et al., 2019). In this study, stability of aggregate tested by the pipette 
method is represented by the ASI, which refers to the mass percent of 
released fragments with diameters of > 5, > 10 and > 20 μm from soil 
macroaggregates (Xu et al., 2015; Yu et al., 2020b). The higher value of 
ASI meant the less fine particles be released, indicating that the aggre-
gate was more stable. The results of the ASI show that as the NaCl 
concentration was smaller than 10− 2 mol L− 1, the stability of four soil 
aggregates decreased in the order: Loessal soil > Heilu soil, Lou soil >
Cinnamon soil (Fig. 3). While the NaCl concentration was bigger than 
10− 2 mol L− 1, the difference in aggregate stability between Loessal soil 
and the other three soils decreased to zero with increasing NaCl con-
centration. These results might be explained by the difference in inter-
particle forces and particle size distribution between soils. When the 
concentration of NaCl was lower than 10− 2 mol L− 1, the net repulsive 
pressure was strong, and the highest net repulsive pressure occurred in 
Loessal soil (Figs. 2 and 3). According to the study of Le Bissonnais. 
(1996), the fragments resulting from the strong repulsive forces were 
mainly elementary particles. In this method, the maximum particle size 
measured was 20 μm, which was exactly the lower limit of the sand. 
Thus, the value of ASI was very sensitive to the sand content under these 
circumstances. For instance, the sand content in Loessal soil was 2.82 
times higher than that in Cinnamon soil (Table 1), which may result in 
the aggregate stability index in Loessal soil higher than in Cinnamon soil 
(Fig. 3). Thus, Cinnamon soil seems to be the least stable soil, whereas 
Loessal soil seems to be the most stable soil. With the higher concen-
tration of NaCl than 10− 2 mol L− 1, the soil net repulsive force decreased 
due to the increasing concentration lead to the increased size of frag-
ments released from the saturated aggregate, thus reducing the differ-
ence in the value of ASI between Loessal soil and the other three soils. 
Based on the above discussion, pipette method, as a classical method, 
was the most accurate method for evaluating the impact of strong 
repulsive forces on the stability of aggregate, but it was not appropriate 
for comparing the difference in aggregate stability between soils. 

Wet sieving method was a simple and time-saving method to deter-
mine aggregate stability. This method characterizes aggregate stability 
with MWD, which is a comprehensive indicator of aggregates of all sizes 
(Amézketa, 1999; An et al., 2013; Zeng et al., 2018). A higher value of 
MWD represents the higher stability of the aggregate. The descending 
order of soil aggregate stability determined through MWD was Heilu 
soil > Lou soil > Loessal soil > Cinnamon soil, which differed from the 
order determined by pipette method. This may be due to the fact that the 
value of MWD largely depends on the fragments with bigger size. The 
weak relationship between the wet sieving and pipette methods (R2 =

0.4773, Fig. 6), determined by regression analysis, also revealed that the 
fine particles had less impact on MWD. Therefore, a small content of 
bigger fragments could considerably increase MWD. 

Organic matter, composed of microbial decomposition products, 
extracellular polymers, root exudates, etc., as the key binding agent has 
a positive impact on the formation and stability of soil aggregate (Zeng 
et al., 2018; Liu et al., 2020). Huang (2004) reported that organic matter 
improves aggregate stability by increasing the van der Waals forces 
between particles. Similar outcomes were also reported by Yu et al. 
(2017), who found that the addition of organic materials to soil 
decreased electric repulsive force and increased van der Waals force. 
Hence, organic matter inputs could reduce net repulsive pressure be-
tween soil particles, thereby decreasing the degree of aggregate break-
down and producing the bigger fragments. This may be the reason that 
the aggregate of Heilu soil with the high organic matter content (25.1 g 
kg− 1) detected by wet sieving was the most stable. In addition, consid-
ering that fragments caused by strong repulsive force were generally the 
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primary particles, as such, soil particle composition was another 
important factor affecting the stability of aggregates subjected to soil 
internal forces. This study revealed that the stability of Loessal soil with 
the lowest organic matter content (4.97 g kg− 1) seemed higher than that 
of Cinnamon soil with high organic matter content (24.11 g kg− 1). This 
may be because the highest content of sand particles occurred in Loessal 
soil, which was 2.87 times higher than that in Cinnamon soil (Table 1). 
Therefore, when using the wet sieving method to compare the differ-
ences in aggregate stability between soils, the sand content may be an 
interference factor for the value of MWD. 

Rainfall Simulation method determined the order of soil aggregate 
stability as follows: Heilu soil > Loessal soil > Lou soil > Cinnamon soil. 
The rainfall Simulation method characterizes aggregate stability using 
SE, which is the mass of soil particles moved by raindrop impact. In our 
past study, we found that soil interparticle forces initiate aggregate 
breaking and thus provide fine particles to splash by the raindrop (Hu 
et al., 2018a, 2018b). Therefore, except soil interparticle forces, the 
raindrop impact as a driving force for soil particle movement also had an 
imperative influence on splash erosion mass (Le Bissonnais and Singer, 
1993; Legout et al., 2005; Hu et al., 2018a). The value of SE is signifi-
cantly influenced by raindrop size and shape, kinetic energy, and in-
tensity (Wei et al., 2007; Fu et al., 2016; Xiao et al., 2018; Fernández- 
Raga et al., 2018). However, in the present study, raindrop properties 
were similar, and SE was mainly determined by the number of fine soil 
fragments. Therefore, like the result of wet sieving method, the aggre-
gate stability of Heilu soil was the highest. This was because Heilu soil 
had the lowest net repulsive pressure among the four soils (Figs. 1 and 
2). 

According to the above discussion, although the disintegration of 
four soil aggregates were all resulting from the interparticle forces, the 
order of aggregate stability showed differences among the four soils 
using different methods. Similarly, Amézketa (1999) presented that the 
ranking of soil aggregates stability based on the parameters obtained 
with the unified method proposed by Le Bissonnais (1996) was not the 
ranking obtained by wet sieving. Saygin et al. (2015) and Almajmaie 
et al. (2017) further revealed that there was no single method of testing 
aggregate stability can be suitable to all soil types and circumstances. 
This result was confirmed by our study, which reveals that it was still 
challenging to select an appropriate method to compare the differences 
in the aggregate stability of all soil types. Even though the breakdown 
mechanisms are the same, differences in aggregate stability between 
methods can still cause by the expression of stability data obtained from 
the methods, and the intrinsic features of studied soils, such as soil 
organic content and particle size distribution (Rohoskova, 2004; Pulido 
Moncada et al., 2015; Saygin et al., 2015; Almajmaie et al., 2017). 
Therefore, for the comparison purpose, multiple methods should be 
considered to evaluate the impact of soil interparticle forces on stability 
of different soils. If a single method was to be chosen, the method of wet 

sieving may be a good choice due to the time savings, simple procedure, 
and comprehensive information about released fragments sizes and 
amount. 

5. Conclusions 

In this study, wet sieving, rainfall simulation and pipette method 
were utilized to measure the impacts of soil interparticle forces on sta-
bility of aggregate. All three methods could be used to assess the impact 
of soil interparticle forces on stability of aggregate. However, there is no 
single method that can be valid for a wide range of soil types. Among the 
three methods, pipette method is the classical and accurate method to 
study the influence of soil interparticle forces on aggregate stability, but 
it is not appropriate to compare the aggregate stability of different soil 
types. For the comparison purpose, multiple methods should be 
considered. If a single method was to be selected to evaluate the impact 
of soil interparticle forces in stability of different soil aggregates, the wet 
sieving method may be a good choice because it was not only relatively 
time-saving and simple, but also reflected more comprehensive infor-
mation about sizes and amount of fragments released from soil aggre-
gates. In addition, rainfall simulation method which linked the 
aggregate stability with soil erosion was recommended to study the 
relationship between them. 
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