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A B S T R A C T   

Elucidating the mechanical mechanisms of linear erosion can contribute to the understanding of soil erosion and 
its prevention. However, few studies have investigated the development of sediment yield and the mechanical 
understanding of linear erosion. Experiments, four flow discharge rates and three slope gradients, were con-
ducted for a mechanistic understanding of linear erosion. The conclusions are as follows: (1) The forces that 
detach soil can be divided into dynamic force (DF) and resistance force (RF) by vector decomposition and 
synthesis methods. The difference between DF and RF is defined as the effective force (EF), which represents the 
comprehensive mechanical effect of soil erosion. (2) DF and RF tend to be balanced during linear erosion. EF 
significantly decreased (p < 0.05), DF decreased, and RF increased. (3) The erosion rate (Er) decreases noticeably 
with decreasing EF (p < 0.05), from 3.99 kg/min to 2.99 kg/min when the slope is 15◦ and the discharge is 25 L/ 
min. (4) The tendency for mechanical balance is attributed to the interaction among the flow dynamics, resis-
tance, and morphology of linear erosion. The drop-pits and microgeomorphology developed in the linear erosion 
increased the water flow resistance and decreased the flow dynamics. This mechanical tendency provides a 
theoretical basis for linear erosion prevention. Our results can help improve the understanding of soil erosion 
mechanisms and management of water and soil resources.   

1. Introduction 

Soil erosion leads to topsoil and nutrient loss from slopes and results 
in land degradation, which threatens the sustainability of the environ-
ment and socioeconomic conditions worldwide (Borrelli et al., 2017; 
Meliho et al., 2019). The transport of excessive quantities of sediment 
and associated pollutants into hydrological systems leads to sedimen-
tation in rivers and degraded aquatic ecosystem quality (Heng et al., 
2011; Lal et al., 2004). Additionally, soil erosion, which can influence 
CO2 emissions, plays an important role in the global carbon cycle by 
enhancing mineralisation and sediment burial (Borrelli et al., 2017; 
Rosas and Gutierrez, 2019). 

Rills, a typical, widely distributed feature of soil erosion, are found in 
dense occurrences on slopes and represent erosion that occurs as sheet 
erosion transitions to linear erosion (Qin et al., 2018; Zhang et al., 
2016). Sediment yield increases after the formation of rills due to 
sediment transport that occurs under concentrated flow, which is 
greater than that under interrill flow (Jiang et al., 2018; Zhao et al., 

2018). Rill erosion accounts for >70% of the total sediment yield in rill- 
and interrill-dominated areas (Qin et al., 2018). Soil erosion increases 
dramatically if the rill develops into a gully. Many studies have focused 
on the processes and mechanisms of linear erosion (Di Stefano et al., 
2017; Di Stefano et al., 2019; Kimaro et al., 2008; Yang et al., 2018). 

Studies have examined soil detachment and sediment transport 
processes through the hydrodynamic characteristics of runoff (An et al., 
2012; Proffitt et al., 1991; Schiettecatte et al., 2008; Shen et al., 2017; 
Wang et al., 2017). Soil particles detach if the water flow shear stress is 
greater than the soil critical shear stress (Meyer et al., 1975). Soil 
detachment can be predicted by various hydraulic parameters, whereas 
the evolution of rill geometry can only be illustrated by the unit length 
shear force and shear stress values (Giménez and Govers, 2002). Linear 
erosion is positively correlated with runoff shear stress, stream power, 
unit stream power, and energy of the flow section (Shi et al., 2012; Wang 
et al., 2019). 

Rainfall-runoff, topography, soil texture, and surface conditions are 
the main factors that influence linear erosion by strengthening or 
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reducing the erosive ability of runoff and erosion resistance of soil (Chen 
et al., 2017; Nearing et al., 1997; Sun et al., 2013; Wirtz et al., 2012). 
Linear erosion primarily results from the detachment and displacement 
of soil particles influenced by the concentrated flow (Kimaro et al., 
2008). Raindrops affect soil erosion by modifying soil surface properties 
and flow dynamics (Tian et al., 2017). In addition to the slope gradient, 
roughness, and vegetation conditions, physicochemical properties have 
critical effects on the resistance to soil erosion (Defersha and Melesse, 
2012). On bare slopes, soil particle detachment is driven by multiple 
forces influenced by rainfall, runoff, and soil characteristics, such as the 
raindrop impact force (FR), flow thrust force (FD), flow uplift force (FL), 
soil gravity (G), and soil adhesion force (N) (Ban et al., 2017; Giménez 
and Govers, 2008). The combined effects of these forces are generalised 
in the comparison between the flow shear stress and soil critical shear 
stress, used in the WEPP model (Yang et al., 2018). The critical shear 
stress, representing the erosion resistance, is often considered to be 
constant during soil erosion. The same force, which could be decom-
posed into dynamic and resistance components of soil erosion through 
detailed mechanical analysis, could generate both promotional and 
weakening effects on soil detachment. For instance, FR can be divided 
into force components perpendicular to the slope, causing friction, and a 
dynamic component along the direction of water flow, making soil 
detachment more difficult or easier (Kinnell, 2005). From a mechanical 
perspective, soil particle detachment and transport are determined by 
the difference between the dynamic force (DF) and the resistance force 
(RF). The difference is defined as the effective force (EF), which repre-
sents the combined effect of erosion dynamics and resistance. 

Although changes in the sediment yield rate and morphology 
continued during soil erosion, the rate of change substantially decreased 
after severe erosion, indicating that the linear erosion reached a rela-
tively stable state (He et al., 2017; Shen et al., 2016; Zhang et al., 2018). 
In the preliminary stage of rill erosion, the sediment yield of the slope 
was dominated by rill head development. Rill bank collapse and rill bed 
incision contribute most of the sediment in the middle stage, and the 
erosion sediment yield exhibits small fluctuations in the later stages of 
erosion (He et al., 2017). Rainfall-runoff, sediment movement, and 
erosion morphology constitute a small-scale hydrological geo-
morphologic system during rill erosion. In this system, rainfall-runoff 
provides the driving force that influences the sediment transport, 
runoff changes, infiltration, flow dynamics, and sediment yield pro-
cesses, and then changes the morphology of linear erosion (Brunton and 
Bryan, 2000; Zhang et al., 2017). 

Studies have mainly focused on linear erosion and its dynamic 
mechanisms. However, few studies have investigated the development 
of sediment yield and the mechanical understanding of linear erosion. 
The evolution of the sediment yield and morphology results from the 
mutual adaptation between rainfall and runoff dynamics and slope 
surface characteristics. Because the runoff and slope mutually adapt, the 
mechanical relationship between the DF and RF is worth exploring 
during linear erosion. Further studies are necessary to investigate the 
changes in the mechanical features and their effects on linear erosion. 

The objectives of this study are as follows: (i) investigate the changes 
in the mechanical indices (DF, RF, and EF) and their mechanical re-
lationships and (ii) assess the effects of mechanical changes on the 
sediment yield in linear erosion. These results improve the under-
standing of linear erosion, promote physical process models, and thus 
advance the practice of soil erosion prevention. 

2. Materials and methods 

2.1. Experimental materials 

The experiments were performed in an artificial rainfall hall at the 
Institute of Soil and Water Conservation, Chinese Academy of Sciences 
and Ministry of Water Resources, Yangling, Shaanxi, China. Concen-
trated flow experiments were conducted in a flume in which the slope 

angle could be adjusted from 0% to 30%. The length, width, and depth 
measurements of the flume are 3.0 m, 1.0 m, and 0.8 m, respectively 
(Fig. 1). 

2.2. Experimental design 

To simulate the typical linear erosion under concentrated flows, 12 
treatments combined with four flow discharges and three slope gradi-
ents were conducted. The flow discharges of 10, 15, 20, and 25 L min− 1 

were equivalent to rainfall intensities of 60, 90, 120, and 150 mm h− 1 

exerted on a slope (10 m × 1 m), according to the erosional rainfall 
standards from the Loess Plateau (Qin et al., 2018; Tian et al., 2017). The 
equivalent rainfall intensities of 60, 90, 120, and 150 mm h− 1 on slopes 
(10 m × 1 m) were 200, 300, 400, and 500 mm h− 1 on the flume (3 m ×
1 m), respectively. Three slope gradients were designed: 10◦, 15◦, and 
20◦ (Ban et al., 2017; Qin et al., 2018). Using the characteristics of soil 
erosion caused by a rainstorm, the duration of each treatment was 1 h 
(Tian et al., 2017). Two duplicate runs were conducted for each 
treatment. 

2.3. Experimental procedures 

A 10-cm-thick layer of natural fine sand was emplaced on the flume 
bottom before filling the flume with soil. The top 70 cm of the flume was 
filled with soil in 5 cm increments, and the soil bulk density was 1.20 g 
cm− 3. To separate the sand and soil layers, a highly permeable cloth was 
placed on the sand layer. During the soil filling process, the soil amount 
of each layer (5 cm) was kept as constant as possible to maintain a 
uniform soil bulk density in the flume (Zhang et al., 2017). By using the 
same soil texture and surface smoothing methods, the roughness of the 
slope surface in each experimental run was approximated before 
releasing concentrated flows. The transition area between the water- 
supplying tank and the flume was covered with gravel to stabilise the 
bare soil and flow. 

To make the soil saturation uniform, consolidate the soil particles, 
and reduce the spatial variability in the soil conditions, 30-mm h− 1 of 
pre-rain treatment was conducted in the soil flume set at a 3◦ gradient 
until runoff was generated on the surface. After the pre-rain treatment, a 
plastic film covered the soil surface to prevent soil moisture loss and 
improve surface sealing (Qin et al., 2018). 

The flume was set at the designed gradient to conduct the experi-
ments 24 h after the pre-rain event. Subsequently, inflow discharges 
were calibrated to the target discharge with a relative error of less than 
5%. After releasing the concentrated flows, the runoff and sediments 
were sampled at the flume outlet at 5 min intervals. 

Five cross-sections, 0.5, 1.0, 1.5, 2.0, 2.5 m from the flume crest, 
were set up to measure the velocity of the surface flow by the KMnO4 
dye-tracing method three times. The mean flow velocity was obtained by 
multiplying the surface velocity by 0.75; next, the result was averaged to 
represent the flow velocity of the entire linear erosion channel (Shen 
et al., 2016). The flow depth and width were measured using a gauge pin 
and steel ruler three times, respectively (Peng et al., 2015). The sedi-
ment concentration was measured by oven-drying, and the erosion rate 
(Er) was calculated based on the time, runoff, and sediment 
concentration. 

2.4. Calculation of DF, RF, and EF 

According to the mechanical theory of object motion, the force 
structure of the soil particles under concentrated flow conditions was 
established (Fig. 2). The forces include FD, FL, G, N, and f. f is the fric-
tional force caused by the pressure vertical to the slope. The meanings of 
all abbreviations are listed in Table S1. 

A rectangular coordinate system was established with the x-axis 
parallel to the slope direction and the y axis perpendicular to the slope 
direction. The dynamic and resistance components of each force acting 
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on the soil particle movement along the x-axis were analysed using 
vector decomposition and synthesis methods. The difference between 
the dynamic and resistance components characterises the EF of soil 
erosion. The RF is caused by the pressure vertical to the slope in the 
current generalisation system. Analysis results of the effective slope 
erosivity at slope angle θ are listed in Table 1, where φ is the underwater 
repose angle of the soil particles, and tanφ is the slope friction coeffi-
cient. For natural soil, tanφ is quantified as 0.63 (Zhao et al., 2013). 

According to the aforementioned analysis, DF, RF, and EF in linear 
erosion are calculated as follows: 

DF = FD +Gsinθ (1)  

RF = (Gcosθ+N − FL)tanφ (2)  

EF = FD +Gsinθ − (Gcosθ + N − FL)tanφ (3) 

The calculation methods of G, FD, and FL are as follows: 
⎧
⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎩

G = (ρs − ρ)g π
6

d3

FD = Cx
π
4

d2ρv2

2

FL = Cy
π
4

d2ρv2

2

(4)  

where ρs is the density of sand (1650 kg/m3); ρ is the density of water 
(1000 kg/m3); g is the acceleration due to gravity (9.8 m/s2); and Cx and 
Cy are the drag coefficients of thrust (0.7) and lift (0.18), respectively 
(Zhang, 1998). d is the median soil particle size (m), and v is the flow 
velocity (m/s). 

N, which represents the adhesion effects in cohesive soil, was 
calculated using Tang Cunben’s equation, as follows: 

Fig. 1. Records of the experimental processes and sketch of the facilities. A: Initial slope without erosion and sketch of the facilities; B: Linear erosion photographed 
from the end of the flume; and C: Linear erosion photographed from the upper right of the flume. 

Fig. 2. Force analysis schematic of the soil particles under concentrated flows.  

Table 1 
Analysis of the DF, RF, and EF components of each force.  

Force source Force DF component RF component EF component 

Water flow FD FD 0 FD 

FL 0 − FL tanφ FL tanφ  

Soil G G sinθ G cosθ tanφ G sinθ–G cosθ tanφ 
N 0 N tanφ − N tanφ  
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N = d(γ’
s/γ’

s,c)
10δc (5)  

where d is the soil particle size; and γ′s and γ′s,c are the dry bulk density 
(1.2 g/cm3) and stable dry bulk densities (1.6 g/cm3), respectively. ̂Íc is 
the cohesion coefficient, quantified as 0.915 × 10− 4 (Zhang, 1998). 

2.5. Data analysis methods 

In this study, data series normality was assessed using the Kolmo-
gorov–Smirnov test. The method first compares the sample cumulative 
density measured in a specific field with the assumed sample distribu-
tion function (the normal distribution in our case) and then tests 
whether the deviation of the two functions satisfies the significance 
requirements. When the observed value is greater than equal to the 
critical value of the Kolmogorov–Smirnov statistics at 95% significance 
requirements, the hypothesis of a normal distribution is rejected (Zhang 
et al., 2006). 

In our study, simple linear regression was used to test the statistical 
significance of the correlation between the erosion intensities (me-
chanical parameters) and discharge durations. A probability (p) value <
0.05 was considered statistically significant (Han et al., 2019; Peng 
et al., 2015). The parametric t-test comprises two steps: first, a simple 
linear regression equation was fit, in which time t is considered to be the 
independent variable and an erosion variable (Er or EF) is considered to 
be the dependent variable; second, the statistical significance of the 
slope of the regression equation was tested. 

3. Results 

The Kolmogorov–Smirnov test demonstrates that the time series of 
Er, EF, RF, and DF values under the 12 treatments are normally distrib-
uted, indicating that linear regression is reliable. The results of the trend 
analysis of the sediment yield and mechanical parameters are presented 
in the following sections. 

3.1. Changes in the sediment yield during linear erosion 

The Er values of the rills/gullies under different treatments are shown 
in Fig. 3. At the specified slope gradient, Er increases as discharge in-
creases. The average value of Er increases from 1.65 kg/min at 10 L/min 
to 2.97 kg/min at 25 L/min when the slope is 15◦. Analogously, Er 
increased as the slope gradient increased at a specified discharge. 
Notably, the regression equation between Er and t reflects a decrease in 
Er during linear erosion (Table 2). For instance, Er decreases from 3.99 
kg/min to 2.99 kg/min when the slope is 15◦, and the discharge is 25 L/ 
min. There was a remarkable decrease in sediment yield during linear 
erosion under concentrated flows (p < 0.05). 

3.2. Changes in the flow velocity during linear erosion 

Fig. 4 shows the temporal changes in the flow velocity for typical 

linear erosion under different treatments. In general, the flow velocity 
decreased rapidly first and then gradually stabilised with soil erosion 
time under different treatments, where the velocity decreased dramat-
ically before 30 min and reached a fluctuating state after 30 min. Spe-
cifically, the flow velocity decrease from 0.31 m/s at 5 min to 0.19 m/s 
at 30 min; however, the velocity ranges from 0.18 to 0.20 during the 30 
to 60 min when the slope was 15◦ and runoff was 20 L/min. The flow 
velocity exhibits an increasing trend with concentrated flows. The flow 
velocities are 0.19, 0.20, 0.22, and 0.24 m/s, when the slope is 10◦ and 
the time is 25 min. Analogously, these change features also exist in a 
typical linear erosion process under other treatments. 

3.3. Changes in the mechanical parameters during linear erosion 

Fig. 5 shows the changes in the DF and RF that occur during typical 
linear erosion. DF and RF exhibited inverse change trends as linear 
erosion. A decrease in DF occurs while an increase emerges in the RF, 
promoting equilibration between DF and RF. In Fig. 6 and Table 3, both 
the images and data show that the DF and RF tend to balance as EF 
gradually decreases. Therefore, the dynamic and resistance components 
of the forces tend to balance during linear erosion. 

3.4. Relationship between Er and EF 

To reveal the relationship between Er and EF, 144 sets of Er and EF in 
the 12 treatments were displayed over time (Fig. 7). In Fig. 7A, the data 
points are grouped based on the slope gradient (10◦, 15◦, and 20◦) to 
reflect the relationship between them. To further verify this relationship, 
data were organised by the four discharge amounts (10, 15, 20, and 25 L 
min− 1; Fig. 7B). The R2 of the regression equation between Er and EF was 
0.81, indicating that there was a significant linear correlation between 
the erosion intensity and the mechanical index (p < 0.05). In brief, 
linear erosion is driven by the EF. The larger the EF, the higher the 
erosion intensity. 

4. Discussion 

4.1. Mechanical change and its effects on linear erosion 

The results show that DF decreases and RF increases with linear 
erosion under concentrated flows, and the dynamic and resistance forces 
tend to be balanced, indicating that a mechanical tendency exists during 
linear erosion. These results are consistent with those of studies on the 
dynamic mechanics of rill erosion (Shen et al., 2016; Zhang et al., 2018). 
For example, hydrodynamic parameters remain relatively stable during 
the later stages of rill erosion (He et al., 2017). At smaller slopes (≤15◦), 
rill erosion and flow velocity quickly reached a steady-state; when the 
slope gradient was high (≥20◦), the unsteady rill erosion period was 
maintained for a long time because of the strong erosion, resulting in a 
fluctuating decrease in flow velocity in the active period of rill erosion 
(He et al., 2017). The flow hydrodynamic parameters first increased and 

Fig. 3. Temporal changes in Er of the linear erosion under different treatments. A: Slope gradient of 10◦; B: Slope gradient of 15◦; and C: Slope gradient of 20◦. The 
statistical values and their significance are shown in Table 2. 
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Table 2 
Regression analysis equation between Er and time (t).  

Discharge (L/min) 10◦ 15◦ 20◦

Equation R2 p Equation R2 p Equation R2 p 

10 Er = − 0.0228 t + 2.39  0.84  0.00 Er = − 0.0188 t + 2.83  0.82  0.00 Er = − 0.0185 t + 3.23  0.66  0.00 
15 Er = − 0.0246 t + 2.89  0.83  0.00 Er = − 0.0260 t + 3.37  0.88  0.00 Er = − 0.0225 t + 4.16  0.60  0.00 
20 Er = − 0.0324 t + 3.61  0.93  0.00 Er = − 0.0293 t + 3.90  0.74  0.00 Er = − 0.0305 t + 5.23  0.68  0.00 
15 Er = − 0.0357 t + 4.13  0.98  0.00 Er = − 0.0282 t + 4.74  0.66  0.00 Er = − 0.0355 t + 6.41  0.61  0.00  

Fig. 4. Temporal changes in flow velocity of the linear erosion under the different treatments. A: Slope gradient of 10◦; B: Slope gradient of 15◦; and C: Slope gradient 
of 20◦. 

Fig. 5. Temporal changes in DF and RF of the linear erosion under the different treatments. A: Slope gradient of 10◦; B: Slope gradient of 15◦; and C: Slope gradient 
of 20◦. 

Fig. 6. Temporal changes in EF of the linear erosion under the different treatments. A: Slope gradient of 10◦; B: Slope gradient of 15◦; and C: Slope gradient of 20◦. 
The statistical values and their significance are shown in Table 3. 

J. Han et al.                                                                                                                                                                                                                                      



Catena 207 (2021) 105708

6

then decreased with soil erosion (Qin et al., 2018). 
The relationship between EF and Er indicates that the effective 

eroding force is the driving factor for soil separation and transportation, 
and a reduction in the effective erosivity causes the soil erosion to 
decrease. Studies have demonstrated that the sediment yield of the rills 
first increases and then remains stable or fluctuates within a certain 
range (Qin et al., 2018). According to the intensity of the sediment yield, 
the rill erosion was divided into the initial stage, development stage, and 
stabilisation stage, among which the sediment yield in the development 
stage was the highest, and that in the stabilisation stage was the lowest 
when the rill was in a steady-state (Hao et al., 2017). He et al. (2017) 
divide rill erosion into three stages (A, B, and C) according to rainfall 
duration stages. The runoff rate fluctuated in stages A and B and was 
relatively stable in stage C; the sediment concentration slowly increased 
in stage A, sharply increased in stage B, and remained stable in stage C. 

Unlike the results in the literature, our results reveal a tendency for 
mechanical changes during typical linear erosion, leading to a fluctu-
ating decrease in sediment erosion. 

4.2. Causes of the mechanical tendency 

The feedback effect of the linear erosion morphology on the flow 
dynamics is the main cause of the mechanical adjustment during linear 
erosion. Zhang et al. (2017) posit that the rills formed by rainfall-runoff 
on the slope are not only the sediment transport channels but also the 
sources of erosion sediment, leading to rill morphology changes. In 
Fig. 1B, the cross-sections of the linear erosion channel were inconsistent 
along the slope, and the channel depths were small at several points. 
After the pre-rain treatment, the slope underlying the surface, which has 
a uniform soil texture and ability to saturate, is not the cause of in-
homogeneity in the cross-sections. According to another study, scour 
ability decreases because of the increasing sediment concentration in the 
concentrated flow (Qin et al., 2018). Along with the numerous random 
drop-pits that prevent the flow, the changing scour capacities of the flow 
result in the inhomogeneous shape of the sections, increasing the 
morphology resistance of the linear erosion channel to the flow. In 
addition, drop-pits with large slope gradients increase the morpholog-
ical resistance of the linear erosion channel, dissipate the flow energy, 
and then weaken the erosion dynamics (Giménez and Govers, 2001). 

The flow velocity decreases because of a series of steep ridges and de-
pressions along the rill bed (Giménez et al., 2004). Moreover, a rill flow 
depth of centimetre scale or shallower leads to flow dynamics that are 
easily affected by the bed morphology (Lei et al., 1998; Stefanovic and 
Bryan, 2009). As scouring continues, more drop-pits are formed in the 
linear bed, increasing the morphology resistance (Zhao et al., 2017). 

In addition to the drop-pit, linear erosion channel widening and 
bending have distinct effects on flow dynamics. Because channel walls 
constantly collapse, the flow paths along the channel bed become 
tortuous and winding, and the shape resistance of the channel bed in-
creases, resulting in a decrease in the flow velocity (Stefanovic and 
Bryan, 2009). During linear erosion, the main erosion pattern changed 
from channel bed incision to channel bank collapse, and the random 
accumulation of collapses increased the flow depth and width, reducing 
the flow velocity (Qin et al., 2019; Wells et al., 2013). The increasing 
resistance induced by linear erosion morphology changes is consistent 
with our result that the RF increased during linear erosion (Fig. 5). 

There is an interaction between flow dynamics and rill morphology 
in rill erosion (Zhang et al., 2016). The flow velocity changes the rill 
morphology through sand migration and energy exchange, and the 
changing rill shape affects the water flow hydraulics through bed 
roughness adjustment (Giménez and Govers, 2001). Therefore, the 
changes in flow hydraulics correspond to the evolution of continuous 
microtopography during typical linear erosion. With linear erosion, 
microgeomorphological adjustments result in an increase in flow resis-
tance and a decrease in flow dynamics. 

4.3. Implications of the mechanical tendency on soil erosion prevention 

According to the relationship between the effective eroding force and 
sediment yield, the mechanical tendency is the theoretical basis for 
linear erosion prevention. With appropriate strategies, linear erosion 
can be weakened by promoting the mechanical tendency between 
erosion dynamics and resistance. For instance, vegetation restoration 
and straw mulching increase erosion resistance and reduce flow power 
(Rahma et al., 2017), accelerating the mechanical tendency in linear 
erosion. Based on the operation of the drainage facilities, the flow dy-
namics decrease because of decreases in the runoff on the slope. 
Therefore, erosion is weakened by the mechanical relationship between 

Table 3 
Regression analysis equation between EF and time (t).  

Discharge (L/min) 10◦ 15◦ 20◦

Equation R2 p Equation R2 p Equation R2 p 

10 EF = − 0.2438 t + 13.21  0.82  0.00 EF = − 0.6317 t + 33.71  0.86  0.00 EF = − 0.4490 t + 36.76  0.73  0.00 
15 EF = − 0.3276 t + 19.31  0.93  0.00 EF = − 0.6057 t + 35.59  0.77  0.00 EF = − 0.4266 t + 50.53  0.77  0.00 
20 EF = − 0.4216 t + 25.94  0.91  0.00 EF = − 0.4858 t + 43.89  0.84  0.00 EF = − 0.4882 t + 59.793  0.87  0.00 
15 EF = − 0.4706 t + 31.49  0.93  0.00 EF = − 0.4674 t + 47.88  0.63  0.00 EF = − 0.5460 t + 67.67  0.95  0.00  

Fig. 7. Relationship between Er and EF. A: Data points are grouped by slope gradient; B: Data points are grouped by discharge.  
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the erosion ability of runoff and the erosion resistance of the soil. 
Moreover, strategies such as conservation tillage can be used to improve 
soil structure and increase soil erosion resistance (Jia et al., 2019; 
Langhans et al., 2019). Overall, prevention methods that promote me-
chanical tendencies would reduce soil loss during linear erosion. 

In addition, the mechanical tendency enhances the understanding of 
the linear erosion mechanisms, which can be used to promote physically 
based erosion models. Improving the understanding of linear erosion 
mechanisms and developing models and prevention methods would 
reduce soil erosion and associated land degradation, aquatic ecosystem 
deterioration, and global carbon emissions. 

5. Conclusions 

We present a systematic investigation of the mechanical under-
standing of typical linear erosion by using simulation experiments. The 
forces that detach soil, such as FD, FL, G, N, and f, can be divided into DF 
and RF by vector decomposition and synthesis methods. A mechanical 
tendency occurs during linear erosion under concentrated flow. With 
linear erosion, the decrease in DF and increase in RF induced a signifi-
cant decrease in EF (p < 0.05). The linear relationship between Er and EF 
was quite significant (p < 0.05); decreasing the EF resulted in the sta-
bilisation of the sediment yield. The feedback effects of the development 
of microgeomorphology caused by runoff increase the flow resistance 
and decrease the flow dynamics. The interactions among flow dynamics, 
resistance, and linear erosion morphology result in a mechanical ten-
dency that occurs during linear erosion. These findings contribute to the 
understanding of the development of linear erosion and its mechanical 
mechanisms. To some extent, soil loss can be controlled through pre-
vention strategies that promote mechanical balance. The consideration 
of mechanical tendencies would improve the physically based erosion 
models, which could be used in basin management. 

This study provides a generalised analysis of the mechanical mech-
anism. Unstructured soil and concentrated flows without a raindrop 
were used to verify the hypothesis on the mechanical tendency in the 
laboratory simulations of linear erosion. Extending these findings re-
quires further research that considers, for example, the original soil, 
raindrop, rill/gully network, and changing calculation parameters. 
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