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Abstract

:

This paper aims to predict the internal erosion rate index and critical shear of soils based on the initial physical properties of soils. Regression statistical analyses were employed on sixteen types of clayey soils prepared at different initial dry densities and water contents. The Hole Erosion test was conducted to determine the internal erosion parameters: the erosion rate index and the critical shear. Another set of specimens with the same initial dry unit weight and water content was remolded in the direct shear box and tested using the direct shear test to determine the shear strength parameters (i.e., the cohesion and the angle of internal friction). The various physical properties of soil (initial dry unit weight, initial water content, plastic index, liquid limit, optimum water content, maximum dry density, cohesion, and angle of internal friction) were used to develop models that predict both the erosion rate index and the critical shear. The findings show that the initial physical properties can be used to predict the erosion rate index and the critical shear. The coefficient of determination (R2) was found to be between 0.83 and 0.92 to predict the erosion rate index and between 0.85 and 0.9 to predict the critical shear. The high R2 implies that the models can be used to rate the soil erodibility in advance based on simple laboratory testing instead of time-consuming tests. Additionally, the findings give varied options for prediction depending on the availability of the soil initial physical properties.
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1. Introduction


Earth fill dams are built mainly from soil and rock and used for many purposes such as flood prevention, water diversion, recreation, and irrigation [1]. Most of the time, earth fill dams are constructed near urban areas and the consequences of such a type of dam failing are devastating due to the potentially huge loss of lives and properties. Therefore, evaluating soil properties to understand soil behavior is vital and should be given a high priority in order to build a sustainable and safe dam that resists failure. Typically, earth fill dams fail due overtopping, wave erosion, top erosion, and internal erosion due to seepage forces [2].



Failure due to the internal erosion of the soil by seepage forces is the most common type of failure in earth fill dams. It is reported in the literature that around 43% of large embankment dam failures is due to internal erosion, which has occurred either through the embankment and/or the foundation of the dam [3]. Internal erosion of soil can be defined as when the water seeps through the earth fill hydraulic structure, carrying soil particles away from the body of the embankment, foundation or its abutments [4]. This removal of soil particles by seepage forces will form voids which cause rearrangements in the embankment soils that trigger failure [5]. Also, Ke and Takahashi [6] showed that internal erosion results in a decrease in the soil strength due to the change in void ratio. Another study showed that soil erosion can result in changes in moisture content and the seepage forces of water, which can reduce the soil’s shear strength and bearing capacity [7]. As a result, soil can fail in various ways, such as settlement, compressibility, collapsibility, piping, or internal erosion [8,9,10,11]. Several internal erosion mechanisms have been reported in the literature, including suffusion, backward erosion, concentrated erosion, and contact erosion [12]. Suffusion erosion takes place when fine soils are washed away through the opening voids of coarse particles. Backward erosion is due to piping at the exit side of the water and contact erosion occurs at two differently textured interface soil layers, whereas cracks cause concentrated leak erosion.



The primary aim of this study is to establish correlations that can predict the internal erosion indices of soil by employing initial physical properties such as the liquid limit (LL), plastic index (PI), initial water content (W), initial dry density, optimum moisture content, maximum dry unit weight, and shear strength parameters (cohesion and angle of internal friction).




2. Background and Literature Review


Many researchers have analyzed the properties of soils from different regions like Northwest Australia [13], the coastal area near the South China Sea [14], the Mediterranean Sea [15], and the Arabian Gulf [16,17,18,19,20,21,22]. Concurrently, another group of researchers (i.e., [23,24,25,26,27,28]) focused on assessing the factors influencing soil erosion. Most of the studies found in this area of research addressed the effect of physical properties on surface soil erosion. For example, Nearing et al. [23] evaluated the relationship between soil detachment rates, soil aggregate size, flow shear stress, flow stream power, and soil tensile strength. The outcomes of the study showed that tensile strength, mean weight diameter, and flow depth can be used for estimating the detachment rates. Grissinger [24] studied the resistance of selected clay systems to surface erosion. The study showed that, as the temperature of the eroding water increased, the erosion rates increased [24]. Römkens et al. [25] developed a model to relate the properties of surface soil to predict subsoil erodibility. Ostovari et al. [26] developed models to estimate soil surface erodibility with reasonable accuracy. The model’s development was based on regression tree and multiple linear regression. Mallick et al. [27] completed a study to measure the erodibility and its correspondence with soil characteristics. The outcome of the research showed that the erodibility decreases as the silt content decreases, whereas sand exhibited a negative relationship. Tsanis et al. [28] conducted a study to analyze the impact of crop on erosion rates and showed that cropping practices have a direct impact on soil erosion.



There are few investigations in the literature that studied the internal erosion of soil. Barrio et al. [29] concluded that the shear strength and permeability relate well with soil erodibility. Few researchers investigated the behavior and the factors affecting soil internal erosion. It was found that internal erosion is affected by several soil properties such as particle size distribution, water content, compaction, texture of the soil, dispersity, and clay content [30,31]. Briaud [32] states that erosion in coarse-grained soil is controlled by soil particle size and that fine soils depend on the plasticity of the soil. Furthermore, soil erodibility is found to be affected by other factors such as the unit weight, water content, void ratio, plasticity index, soil swell, pH, silt, and clay content, in addition to the mineral composition of the soil [32]. Another study by Wan and Fell [33] stated that the erosion rate is strongly influenced by the degree of compaction, degree of saturation, and the water content of soil. For fine soil, it was found that soil with a higher dry density and with an optimum water content had higher erosion rate indexes and, therefore, had higher erosion resistance. The soil structure interface significantly affected the stability of embankment erosion [34]. Other mechanical properties, such as the stiffness and fabric of the soil, effect the formation of piping or internal erosion channels [35,36,37]. Mainly, studies concluded that there are three major factors affecting the internal erosion stability of embankments: material susceptibility [38], stress levels [39], and hydraulic conditions [40]. The aforementioned investigations have examined the various factors impacting soil internal erosion, yet none have attempted to utilize these factors for quantifying key parameters, such as the erosion rate index and critical shear, based on the initial physical properties.



Several tests found in the literature evaluate the internal erosion of the soil, such as the Hole Erosion Test [33], flume test [41], jet erosion test [42,43,44,45], rotating cylinder test [46], and erosion function apparatus (EFA) test [47,48,49]. Most of these tests are currently in use at a high cost and require a substantial amount of time and extensive preparation. Various researchers have examined the impact of specific soil characteristics on the behavior of internal erosion.



The detection of internal erosion is crucial for the stability of earth fill dams due to the difficulty in identifying at the early stage. Once it is observed, it is too late and failure becomes inevitable. Therefore, early detection should be based on the initial material properties of the soil used in constructing the dam. However, instead of the time consuming and costly laboratory testing, it is possible to investigate the impact of the physical and mechanical characteristics of soils on internal erosion. In order to do so, correlations should be developed to predict internal erosion parameters using the soil physical properties. These correlations can anticipate soil internal erosion behavior in advance, providing a more efficient and cost-effective resolution to the problem.



However, to the best of the authors’ knowledge, no existing studies provide correlations for predicting the internal erosion of soils based on their physical and mechanical properties and quantify the internal erosion parameters. Consequently, evaluating soil internal erosion by experiments remains the sole method for assessing the internal erosion of soil.




3. Experimental Program and Methodology


3.1. Materials


Sixteen different types of soils were selected and the liquid limit and plastic index for each soil were determined in accordance with ASTM D4318 [50]. The compaction properties, mainly the optimum moisture content and the maximum dry unit weight, were determined using the Standard Proctor Density test. The physical properties of the used soils are shown in Table 1.




3.2. Hole Erosion Test and Sample Preparation


Several tests could be performed to evaluate and simulate the internal erosion phenomena of soils. In this study, The Hole Erosion test (HET) proposed by Wan and Fell [33] was used and adapted to obtain the erosion rate indices, mainly the erosion rate index and critical shear. The Hole Erosion test is the most economical, simple, least time consuming, and most relevant test used to evaluate the internal erosion in laboratories [27]. In this test, the soil specimen is placed between two different heads of water that stimulate the field conditions. The water is allowed to flow throughout the 6 mm hole with a difference in head varies between 500 mm and 1200 mm. The selection of the head value depends on the initiating of erosion. However, the selected head between the inlet and outlet remains constant throughout up to 45 min. If there is no initiation of erosion, the difference in head will be increased. The hydraulic gradient, flow rate at different time, and the diameter of the hole at the end of the test should be measured. The calculation of the erosion rate index and the critical shear are shown in detail in Section 3.3.



It is worth mentioning that the erosion rate index (IHET) and the critical shear are the main parameters obtained from the HET test. The erosion rate index is a value that indicates the resistance of a certain soil to erosion. It varies from less than 2 (rapid erosion), up to greater than 6, which indicates a very slow erosion and thus high resistance, as shown in Table 2.



The sixteen selected soils were prepared with a specified initial dry density and initial water content. For some soils, in total, four different dry unit weights were used in this research. Different initial water contents were applied for each dry density. The samples were prepared in a standard Hole Erosion test mold and tested under a specific hydraulic gradient. A 6 mm steel rod was used to drill a hole through the longitudinal direction of the samples, as shown in Figure 1. Table 3 illustrates the test matrix for the selected soils and the results from the Hole Erosion and the direct shear tests.



The main force applied to simulate the erosion phenomena in this test is hydraulic shear stress. This is generated due to the difference in the total pressure head between the inlet and outlet of the water through the remolded specimen and controlled by the hydraulic head. The Hole Erosion test was conducted on remolded specimens using sixteen types of clay soils with different initial dry densities and water contents. The direct shear test was performed on all specimens prepared with the same initial properties as in the Hole Erosion test to obtain the corresponding value of cohesion and the angle of internal friction. Both the Hole Erosion test and the shear strength parameters were evaluated. The obtained data were analyzed to correlate both physical and mechanical properties to the internal erosion and critical shear. Section 3.3 presents the step-by-step calculation of both the erosion rate index and the critical shear.




3.3. Calculation of the Erosion Rate Index and Critical Shear


In the HET, the erosion rate index can be expressed as follows:


I = −Log Ce



(1)




where I represents the erosion rate index and Ce is the coefficient of soil erosion.



A linear correlation between the applied hydraulic shear stress and the rate of erosion is assumed and developed. The correlation can be expressed as follows:


    ε   t   ·   =   C   e   (   τ   t   −   τ   c   )  



(2)




where     ε   t   ·     represents the rate of erosion per unit surface area of the slot at time t (kg/s/m2), Ce depicts the coefficient of soil erosion,     τ   t     reflects the hydraulic shear stress on the surface of the preformed hole at time t (N/m2), and     τ   c     illustrates the critical shear stress (N/m2).



The hydraulic shear stress along the pre-created hole can be obtained with the following equation:


    τ   t   =   ρ   w     g     s   t       ∅   t     4    



(3)




where     τ   t     is the hydraulic shear stress on the surface of the preformed hole at time t (N/m2);     ρ   w     is the density of the eroding fluid (kg/m3); g depicts the gravitational acceleration (m/s2);     s   t     is the hydraulic gradient across the soil sample at time t; and     ∅   t     demonstrates the diameter of the pre-created hole, which is assumed to remain circular, at time t (m).



The rate of erosion per unit surface area of the slot at time t is calculated from the following equation:


    ε   t   ·   =     ρ   d     2     d   ∅   t     d t    



(4)




where     ρ   d     stands for the density of the dry soil (kg/m3) and     ∅   t     is the diameter of the pipe at any given time t (min), which can be calculated using the following equations:


    ∅   t   = [     64     Q   t   2       f     T t       π   2     ρ   w     g     s   t     ]   1 / 5    



(5)






    ∅   t   = [     16     Q   t       f   L   t     π     ρ   w     g     s   t     ]   1 / 3    



(6)







Equation (5) is used for turbulent flow conditions, whereas Equation (6) is used for laminar flow conditions. Qt represents the flow rate at time t (m3/s) and     f   T t     (kg/m3) and     f   L t     (kg/m2/s) are both friction coefficients relating the mean flow velocity to the shear stress. Throughout HET, both the volume and the time required to fill the volume are measured at selected time periods. At the start of the test (t = 0), the diameter of the pipe is known to be 6 mm and is determined directly at the end of the experiment (t =     t   f    ). Based on the type of flow, Equation (5) or Equation (6) is used to compute the friction factor both at the initiation and at the end of the test. It should be noted that the friction coefficients are assumed to have a linear variation with respect to time throughout the time of the test, as shown in Figure 2. Therefore,     ∅   t    , at any time, can be calculated by finding the corresponding     f   L t     from Figure 2 and using Equation (5) or Equation (6).



Since     ∅   t     and     d   ∅   t     d t     are known, τt and     ε   t   ·     are obtained at each specified time interval using Equations (3) and (4). Afterwards,     ε   t   ·     is plotted with respect to τt. A best-fit line is used to represent the rising section of the graph represented by Equation (2). The value Ce is represented by the slope of the best-fit straight line, as shown in Figure 3.





4. Results and Discussion


The effect of the mechanical properties, such as cohesion and angle of internal friction, on the internal erosion and the critical shear of the soil were investigated. Figure 4 and Figure 5 show the relationship between the cohesion and the rate of erosion and the critical shear of the soil, respectively. From these two figures, it is clear that an increase in the cohesion will result in an increase in both the erosion rate index and the critical shear of the soil. This was noticed for all the tested soils. The erosion rate index for soil 4 increased from 3.9 to 5.3 when the cohesion increased from 67 kN/m2 to 102 kN/m2 with an increase of about 36%. Additionally, the erosion rate index for soil 8 increased from 2.5 to 4.7 when the cohesion increased from 61 kN/m2 to 152 kN/m2 with an increase of around 88%.



The increases in the erosion rate index and the critical shear due to the increase in the cohesion is attributed to the fact that the soil becomes stronger. The soil with higher cohesion possesses a higher shear strength to resist erodibility. Additionally, cohesive soil (clay) tends to resist the water seepage force more than cohesionless soils.



The effect of cohesion on the critical shear is shown in Figure 5. The increase in the cohesion will increase the critical shear as well. The critical shear increased for soil 6 from 105 kN/m2 to 149 kN/m2 when the cohesion increased from 61 kN/m2 to 73 kN/m2 with an increase of about 42%. However, soil 7 increased about 61% when the cohesion increased from 55 kN/m2 to 88 kN/m2. This trend of increase was observed in all soils with different values.



The effect of internal friction on the erosion rate index and critical shear are shown in Figure 6 and Figure 7, respectively. The same trend was noticed as in the cohesion, which implies that the increase in the angle of internal friction will increase both the erosion rate index and the critical shear. Soil 7 shows the highest effect of angle of internal friction on the critical shear of the soil. In Figure 7, the critical shear for soil 2 increased from 122 kN/m2 to 193 kN/m2 when the angle of internal friction increased from 21 to 27 with an increase of around 58%. This is considered a significant effect and indicates that the soil will be more resistant to internal erosion at a higher angle of internal friction. The higher internal friction is an indication of stronger soils which resulted in higher erosion resistance.



4.1. Prediction Analysis


4.1.1. Prediction of Internal Erosion


The initial physical properties of soils and the results from the Hole Erosion test in Table 2 have been used in the analysis to predict internal erosion and critical shear values for soils. The physical properties of the soils employed in formulating the prediction equations include the liquid limit, plasticity index, initial water content, and initial dry unit weight. Additionally, the shear strength properties, such as cohesion and angle of internal friction, obtained from the direct shear test, as well as the erosion rate index and critical shear, are considered. It was concluded that selected physical and mechanical properties can be used to predict the erosion rate. Three equations were developed based on different initial properties. For example, the six parameters liquid limit (LL), plasticity index (PI), water content (w), the initial dry unit weight of the soil, cohesion (c), and the angle of friction (ϕ) were used to predict the erosion rate index, as shown in Equation (7). A very good correlation with an R2 value = 0.92 was obtained when the six parameters were used and Figure 8 depicts the relationship between the measured and the predicted erosion rate index using Equation (7). Another correlation was developed, as presented in Equation (8), to predict the erosion rate index by using five parameters with R2 = 0.85. Figure 9 presents the relation between the measured and the predicted values using Equation (8). The third relationship was developed based on just four parameters—initial water content, initial dry density, cohesion, and angle of internal friction—to predict the erosion rate index, as shown in Equation (9), with R2 = 0.83. Figure 10 presented the outcome of Equation (9) and the correlation between the measured and the predicted erosion rate index. Table 4 illustrates in detail the selected parameters used to develop the three equations to predict the erosion rate index (IHET) and the corresponding coefficient of determination for each developed equation.


IHET = −0.02LL + 0.07PI − 0.02w + 0.39γ + 0.03ϕ + 0.02c − 3.11



(7)




where LL is the liquid limit; PI is the plastic index; and w is the initial water content. All of these are shown in percentage (%). γ is the initial dry unit weight in (kN/m3); ϕ is the angle of internal friction in degrees; and c is the cohesion in (kN/m2).


IHET = −0.04LL + 0.07PI + 0.33γ + 0.05ϕ + 0.02c − 3.15



(8)






IHET = −0.03w + 0.35γ + 0.02ϕ + 0.01c − 1.59



(9)








4.1.2. Prediction of Critical Shear


From the analysis and trials, different initial parameters should be used to predict the critical shear of the soil (τc). However, it was found that the six initial parameters used in the prediction of the erosion rate index will not give a good correlation to predict the critical shear and that no correlation can be developed. Therefore, the developed equations to predict the critical shear of the soil used new parameters such as the optimum water content and the maximum dry density. As shown in Equation (10), four parameters—plastic index, liquid limit, optimum water content, and maximum dry unit—were used to predict the critical shear. The result of Equation (10) is shown in Figure 11 with a coefficient of correlation value R2 = 0.9. Furthermore, Equation (11) used three initial properties—liquid limit, optimum water content, and maximum dry unit weight—and these parameters give a very good correlation, as shown in Figure 12, with R2 = 0.9. Equation (12) with R2 = 0.85 used the liquid limit, plastic index, and maximum dry unit weight for the prediction of the critical shear. The result of Equation (12) is shown in Figure 13. Table 5 illustrates the soil parameters used in developing Equations (10)–(12), along with the coefficient of determination.


τc = −0.26PI + 2.78LL + 1.86wopt + 5.84γmax − 96.1



(10)




where wopt is the optimum moisture content in percentage (%) and γmax is the maximum dry unit weight in (kN/m2).



According to the results, Equation (10) has a higher R2 than Equations (11) and (12) in predicting the critical shear. This is an indication that using four parameters gives a better prediction than using three parameters.


τc = 2.74LL + 1.85wopt + 6.11γmax − 103.96



(11)






τc = −0.22PI + 4.40LL + 6.02γmax − 115.05



(12)







As shown in Table 4 and Table 5, the developed equations will give flexibility to use the available initial soil condition to calculate the erosion rate index and the critical shear and to predict the behavior of soil in advance.






5. Conclusions


The investigation and statistical prediction of internal erosion parameters (i.e., the erosion rate index and critical shear), through a regression analysis of the test results, has been performed. Sixteen clayey soils at different initial dry unit weights and water contents were used in this study. The effect of various physical parameters (liquid limit, plastic index, water content, dry unit weight, cohesion, and friction angle) on internal erosion has been investigated. It was found that the abovementioned physical properties can be used to calculate the erosion rate index. Different parameters based on the liquid limit, plastic index, optimum water content, and maximum dry density were used to develop the critical shear correlation. A total of six regression models have been developed with a high coefficient of determination (R2) to predict the erosion rate index and the critical shear. The R2 value in the prediction model varies between 0.83 and 0.92 to predict the erosion rate index and between 0.85 and 0.9 to predict the critical shear, respectively. The developed models will save time and effort in evaluating soil internal erosion behavior in advance and in avoiding the problems associated with internal erosion phenomena. Additionally, it was concluded that the increase in the cohesion and internal friction of clay soil will increase the erosion rate index and the critical shear, which implies that the soil becomes more resistant to erosion.
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Figure 1. A prepared sample. 
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Figure 2. The relation between friction coefficient (fLt) and time. 
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Figure 3. The relation between erosion per unit surface area at time (t) and the hydraulic shear stress. 
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Figure 4. The effect of cohesion on the internal friction of the soil. 
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Figure 5. The effect of cohesion on the critical shear of the soil. 
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Figure 6. The effect of angle of internal friction on the erosion rate of the soil. 
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Figure 7. The effect of angle of internal friction on the critical shear of the soil. 
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Figure 8. The relation between the measured and predicted erosion rate index using Equation (7). 
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Figure 9. The relation between the measured and predicted erosion rate index using Equation (8). 
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Figure 10. The relation between the measured and predicted erosion rate index using Equation (9). 
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Figure 11. The relation between the measured and predicted critical shear using Equation (10). 
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Figure 12. The relation between the measured and predicted critical shear using Equation (11). 
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Figure 13. The relation between the measured and predicted critical shear using Equation (12). 
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Table 1. Physical properties of the tested soil.






Table 1. Physical properties of the tested soil.





	Soil
	PI (%)
	LL (%)
	Wopt (%)
	ɣdmax (kN/m3)





	1
	24
	39
	21
	13.6



	2
	27
	45
	29
	13.9



	3
	20
	47
	35
	14.8



	4
	32
	47
	36
	14.5



	5
	17
	48
	37
	13.5



	6
	27
	51
	39
	12.4



	7
	30
	55
	41
	12.6



	8
	25
	56
	42
	12.5



	9
	30
	69
	45
	12.1



	10
	19
	37
	21
	15.1



	11
	22
	38
	28
	15



	12
	25
	41
	25
	13.1



	13
	23
	44
	25
	13.2



	14
	27
	48
	27
	13.9



	15
	27
	51
	40
	12.7



	16
	30
	51
	41
	12.6







Note: PI is plastic index, LL is the liquid limit, initial water content (W), Wopt is optimum moisture content, and ɣdmax is maximum dry unit weight.













 





Table 2. Qualitative terms for representative erosion rate index [22].
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	Group Number
	Erosion Rate
	Description





	1
	<2
	Extremely rapid



	2
	2–3
	Very rapid



	3
	3–4
	Moderately rapid



	4
	4–5
	Moderately slow



	5
	5–6
	Very slow



	6
	>6
	Extremely slow










 





Table 3. Testing matrix.
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Soil

	
LL (%)

	
PI (%)

	
wi (%)

	
γ (kN/m3)

	
ϕ

	
C (kN/m3)

	
I(HET)

	
τc (N/m2)






	
1

	
39

	
24

	
30

	
14

	
25

	
88

	
4.1

	
120




	
39

	
24

	
25

	
12

	
22

	
61

	
3.2

	
105




	
2

	
45

	
27

	
15

	
13

	
23

	
91

	
4.3

	
182




	
45

	
27

	
20

	
13

	
24

	
83

	
4.5

	
171




	
45

	
27

	
25

	
13

	
21

	
79

	
3.7

	
122




	
45

	
27

	
10

	
13

	
27

	
98

	
5.1

	
193




	
3

	
47

	
20

	
20

	
16

	
29

	
101

	
5.2

	
250




	
47

	
20

	
40

	
16

	
26

	
69

	
4

	
100




	
47

	
20

	
15

	
16

	
34

	
68

	
5.3

	
92




	
47

	
20

	
30

	
16

	
27

	
84

	
4.7

	
201




	
4

	
47

	
32

	
10

	
13

	
28

	
102

	
5.3

	
180




	
47

	
32

	
30

	
13

	
22

	
71

	
4.2

	
97




	
47

	
32

	
35

	
13

	
20

	
67

	
3.9

	
91




	
5

	
48

	
17

	
25

	
13

	
25

	
89

	
3.5

	
110




	
48

	
17

	
25

	
14

	
26

	
97

	
4.2

	
122




	
48

	
17

	
25

	
15

	
29

	
105

	
4.7

	
141




	
6

	
51

	
27

	
15

	
12

	
21

	
73

	
3.2

	
149




	
51

	
27

	
20

	
12

	
20

	
61

	
3.1

	
105




	
7

	
55

	
30

	
10

	
12

	
27

	
88

	
3.9

	
142




	
55

	
30

	
15

	
12

	
24

	
82

	
3.7

	
131




	
7

	
55

	
30

	
20

	
12

	
23

	
73

	
3.3

	
120




	
55

	
30

	
25

	
12

	
21

	
65

	
3.1

	
88




	
55

	
30

	
30

	
12

	
20

	
59

	
2.7

	
61




	
55

	
30

	
35

	
12

	
18

	
51

	
2.3

	
55




	
8

	
56

	
25

	
40

	
11

	
21

	
85

	
2.5

	
72




	
56

	
25

	
40

	
12

	
25

	
97

	
3.2

	
100




	
56

	
25

	
40

	
13

	
28

	
112

	
3.8

	
120




	
56

	
25

	
40

	
14

	
30

	
152

	
4.7

	
149




	
9

	
69

	
30

	
45

	
11.5

	
16

	
167

	
4

	
177




	
69

	
30

	
25

	
12

	
18

	
193

	
4.5

	
199




	
69

	
30

	
35

	
12

	
17

	
174

	
4.5

	
192




	
69

	
30

	
40

	
12

	
23

	
169

	
4.7

	
215




	
69

	
30

	
30

	
12

	
20

	
182

	
4.6

	
203




	
10

	
37

	
19

	
18

	
15

	
33

	
62

	
4.3

	
109




	
11

	
38

	
22

	
32

	
13.2

	
18

	
97

	
4.1

	
151




	
12

	
41

	
25

	
30

	
13

	
25

	
73

	
3.4

	
106




	
13

	
44

	
23

	
15

	
12

	
21

	
51

	
3.1

	
115




	
14

	
48

	
27

	
22

	
14

	
31

	
68

	
4.4

	
101




	
15

	
51

	
27

	
10

	
12

	
28

	
83

	
3.8

	
115




	
16

	
51

	
30

	
33

	
13.5

	
26

	
91

	
4.3

	
129








Note: wi is the initial water content, γ is initial dry unit weight, ϕ is the angle of internal friction, C is cohesion, I(HET) is the erosion rate index, and τc is the critical shear.













 





Table 4. Parameters used to predict erosion rate index (IHET).
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	Equation No.
	LL
	PI
	Wi
	γ
	ϕ
	c
	R2





	(7)
	✓
	✓
	✓
	✓
	✓
	✓
	0.92



	(8)
	✓
	✓
	✕
	✓
	✓
	✓
	0.85



	(9)
	✕
	✕
	✓
	✓
	✓
	✓
	0.83










 





Table 5. Parameters used to predict critical shear (τc).
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	Equation No.
	LL
	PI
	WOPT
	γmax
	R2





	(10)
	✓
	✓
	✓
	✓
	0.90



	(11)
	✓
	✕
	✓
	✓
	0.89



	(12)
	✓
	✓
	✕
	✓
	0.85
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