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Abstract

:

The soil shrink–swell phenomenon produces crack networks and slope instability. However, few studies have involved the continuous shrink–swell process of granite residual soils. The objective of the study is to explore the shrink–swell process of weathered granite soils and its effects on gully development in southern China. The bulk density, soil water content (SWC), shrink–swell ratio (SSR), clay mineral content, and mechanical composition, etc., of soil samples from five soil layers (at depths of 0.3 m, 3.0 m, 7.0 m, 12.0 m, and 16.0 m) along a profile in Yudu County was analyzed. After quantifying the soil properties at different soil depths, we analyzed these data statistically in an effort to identify strong parametric relationships. The results indicated that some properties such as bulk density and shear stress increased with soil depth, while other soil properties, such as plasticity index and liquid limit, were inversely related to depth. Soil cohesion, the angle of internal friction, and shear stress were closely related to the SWC. Every 1% decrease in the SWC resulted in a shear stress reduction of 6.62 kPa. The SSR values exhibited significant variation between the three dry–wet cycles and were closely related to the bulk density values of our kaolin and montmorillonite samples. As an environmental factor, the SWC can trigger changes in internal soil properties such as shear stress and the SSR. Using these data and observations made during our field survey, it can be proposed that continuous shrink–swell variation in deep granite-weathering crust can result in crack formation and gully erosion. It can be inferred that crack development velocity and gully retreat rate may be affected by the soil’s shrink–swell process. Consequently, this information provides insight to understanding the mechanism of gully development in southern China.
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1. Introduction


Gully erosion is defined as an erosion process whereby runoff water accumulates and often recurs in narrow channels and, over short periods, moves the soil from this narrow area to considerable depths [1]. Gully erosion closely relates to rainfall amount and rainfall erosivity [2,3] because rainfall affects soil water content (SWC), and results in a change in soil shrinkage and swelling [4]. Continuous shrink–swell (SS) processes generate cracks in soil [5,6,7]. These make gullies develop as soil cracks extend. More importantly, the soil shrink–swell extent determines the velocity of soil cracking and collapse [8,9]. Therefore, it is very necessary to study the soil shrink–swell process.



There are numerous reports expounding the soil shrinkage process and its effects on soil properties. Chertkov [6] modelled the shrinkage curves of soil clay pastes. Peng et al. [10] quantified 2D soil cracks on the soil surface using digital image processing. Krisdani et al. [11] analyzed the relationship between shrinkage rate and SWC. Kalkan [12] reported the effects of silica fumes on swelling pressure and the potential of mixed clayey soil. Chertkov [13] constructed a physical model of the soil swelling curve and shrinkage curve. Stoltz et al. [14] analyzed the swelling and shrinkage of lime-treated expansive clayey soil. Fernandes et al. [15] measured the swelling and shrinkage of clay soil at various depths and explored the effects of SWC and temperature on shrinkage and swelling. Leong and Wijaya [16] developed a universal soil shrinkage curve equation. Zolfaghari et al. [17] reported the relationships of soil shrinkage between intrinsic soil properties and environmental variables for calcareous soils. Houben et al. [18] measured the swelling and shrinkage of rocks using a 1 mm sample cube with an environmental scanning electron microscope (ESEM) in a 3D dilatometer. Fang et al. [19] proved that paddy soil’s bulk density and aggregate stability increased after being dried and decreased upon saturation, while soil shrinkage capacity was the opposite. Mishra et al. [20] reviewed soil shrinkage characteristic curves and estimated the relationship between void ratio and gravimetric moisture content. Tang et al. [7] measured the 3D crack parameters of compacted clayey soil in a different water content condition using X-ray-computed tomography. Zenero et al. [21] found the overall weakness of shrinkage and high soil shrinkage curves along the forest and pasture top sequences in Amazonia. Zúñiga et al. [22] thought the soil shrinkage had a high dependency on soil organic carbon. Generally, most of these studies focused on the shrinkage curve of clayey soil, but few studies were conducted on the shrinkage of granite residual soil and fewer studies focused on the swelling process of soil.



Until 2005, there were 239.1 thousand gullies in 362 counties of seven provinces of China [23]. Greater than 80% of these gullies were distributed in the granite’s residual soil [24]. Liu et al. [3] proved the retreat rate of a small- and medium-sized gully over 7.5 years. Chen et al. [5] found that 27 units were still collapsing or collapsed, consisting of 12 very active ones, while only 3 units were fully stabilized, among 30 restored Benggang units investigated after 2–10 years of restoration in the Fujian province. Effects of water content on soils derived from granite were very significant [25], which resulted in numerous gullies developing. Thus, a series of laboratory investigations were performed to examine the soil property changes of granite residual soil due to the drying cycles. For example, Lin [26] measured the expansion and contraction characteristics of surface soil and found that soil expansion rates decreased with the increase in initial water contents. Zhang et al. [27] measured that the shear stress of surface soil decreased with SWC. These studies focused on surface soil properties and shrinkage characteristics. Duan et al. [28] proved that the red soil layer had a higher water retention capacity and shear strength than the sandy soil layer. Huang et al. [29] examined that the average values of the maximum linear shrinkage in the laterite, transition, and sandy layers were 1.50%, 2.09%, and 1.74%, respectively. Soil shrinkage rate was positively correlated with clay and Fe2O3 content and negatively correlated with sand content. Liu et al. [30] thought the weakening of cementation triggered the breakup of soil aggregates and led to soil disintegration and the occurrence of a gully collapse. However, little attention was paid to the shrink–swell process of the deep granite residual soil layers in the continuous dry–wet processes.



The objective of the study is to analyze the shrink–swell process of weathered granite soils and reveal its factors and impact on gully development. Thus, it is very helpful to understand crack formation, crack propagation, and gully wall failure processes developed in granite residual soil in southern China.




2. Materials and Methods


2.1. The Test Site


The studied soil profile is located in Zuoma, a small catchment with about 0.72 km2, Yudu County, Jiangxi province, South China (115.40° N, 25.91° E) (Figure 1a, Liu et al. [3]. This region has a typical warm and humid subtropical climate with an average annual precipitation of 1508 mm and a mean annual temperature of 19.7 °C. The main soil type is Orthic Acrisol, with a soil depth of about 1.0 m, according to the Soil Survey Staff (Chen et al. [31]). The parent material of the soil is a weathered granite regolith located at depths of 20–60 m. The soil has a pH value of 5–6. Each year, there are two distinct rice crop periods: one from April to July and another from July to November. Land use in the catchment is a mixture of field crops (rice), tree crops, and forests.




2.2. Soil Sampling


Five soil layers were ensured along the soil profile based on the characteristics of granite residual soil. The depths at which the samples were collected were 0.3 m, 3.0 m, 7.0 m, 12.0 m, and 16.0 m, respectively (Figure 1b,c). Two types of soil samples collected from each soil layer were then transported to the laboratory, including 9 undisturbed soil samples using cutting rings (5.46 cm in diameter and 5 cm in height), and 1 mixed soil sample weighting ~1 kg.




2.3. Soil Analysis


2.3.1. Experimental Analysis of Undistributed Soil


The undistributed soil samples were used to determine bulk density (BD), shear stress (τ), plasticity index (wLp), SSR, etc.




	(1)

	
Soil bulk density was determined by the cutting ring method [32].




	(2)

	
The stress increased frictional force between soil particles and enhanced resistance to shear failure. Under constant stress, the shear stress of soil is linearly related to the normal stress of the section, which can be described by the Mohr–Coulomb formula [33]:


τ = Cq + σ tan ψq



(1)




where τ is the shear stress (kPa); Cq is the cohesion (kPa); σ is the normal stress on the failure surface (kPa); ψq is the angle of internal friction (°); and tan ψq represents the friction coefficient; and φ are determined by soil properties, which are defined as soil shear stress parameters.




	(3)

	
The liquid and plastic limits of every soil sample were measured by using a liquid–plastic limit tester. The plasticity index was determined according to the liquid and plastic limits (Equation (2)).


wLp = IPL − wp



(2)




where wLp is the plasticity index, IPL is the liquid limit (%), wp is the plastic limit (%).




	(4)

	
For every soil sample, soil cylinders in stainless steel sample retainers were submitted to three water absorption and desiccation processes in 20 to 30 °C. The soil was weighted with a table balance every 30 min in the water absorption process and every 3 days in the desiccation process to determine the SWC. At the same time, the height of the soil sample was measured using a caliper. This study hypothesizes that a zero shrink–swell ratio appears when the SWC is minimal. The shrink–swell (SSR) was computed according to Equation (3).


  S S R =    h i  −  h 0     h 0    × 100 %  



(3)




where SSR is the shrink–swell ratio (%), hi is the height of soil at i time (0.1 mm), h0 is the height of soil at the start (0.1 mm).










2.3.2. Experimental Analysis of Distributed Soil


The mixed soil samples were air-dried and sieved to remove stone friction (>2 mm diameter), and these mixed soil samples were used to analyze particle composition, mineral components and clay mineral components. The mechanical composition was determined using the sieving and pipette method [34]. Soil oxide compositions (SiO2, Fe2O3) were measured using the lithium carbonate–boric acid melting method [32]. The type and relative contents of primary minerals were determined using an X-ray diffractometer (XRD) [35].





2.4. Statistical Analysis


The figures of soil properties and SSRs were drawn by using originPro 9.0. The differences in all soil properties of different soil layers were compared. Pearson’s correlation analysis was used to determine the correlation coefficients between soil parameters and the shrink–swell ratio. Stepwise regression analysis was employed to analyze the relationship between maximum and average soil shrink–swell ratio and other soil parameters. All tests were performed using the statistical software MATLAB 2010.





3. Results


3.1. Change of Soil Properties with Depth


Table 1 lists the basic properties of granite residual soil at different depths. BD increased with soil depth, which ranged from 1.44 g cm−3 to 1.79 g cm−3. The coarse particle content (0.25–2 mm) increased from 12.9% to 24.3% with depth, while the clay particle content (<0.002 mm) decreased from 27.0% to 11.2%, indicating that the soils at the surface are more weathered than those closer to the parent material. Overall, with increased depth, the quartz content decreased, and the clay content increased overall. Despite this prevailing trend, there is an outlier occurrence of illite in Layer 3. Plasticity indexes wL17 and wL10, the plastic limit (wp), and liquid limits IP17 and IP10 all generally decreased with depth, with the exception of the outlier values observed in Layer 3.



Figure 2a–c shows the changes in the soil cohesion (Cq), angle of internal friction (ψq), and shear stress (τ) for the different soil layers with variable water contents. All three indicators exhibited strong negative correlations with the SWC and significant variations among the different soil layers. For example, every 1% decrease in the water content resulted in a shear stress reduction of 6.62 kPa. These parameters were positively correlated with depth, because the SWC was higher at the surface.




3.2. Variation in the Shrink–Swell Ratio during Three Dry–Wet Cycles


Figure 3 shows the SSR variation in samples from the five soil layers during three dry–wet cycles. The SSR values exhibited period variations during the three dry–wet cycles; the shrinking process was relatively slow, while the swelling process was relatively fast. There were significant differences in maximum SSR values among samples from the five soil layers, while their minimum values were relatively similar. For the maximum SSR values, the layer ranking order was Layer 1 (7.53%) > Layer 3 (6.06%) > Layer 5 (5.92%) > Layer 2 (4.81%) > Layer 4 (3.66%). The magnitude of the maximum and minimum SSR values decayed with each cycle.




3.3. Correlation between the Shrink–Swell Ratio and Soil Parameters


We computed the maximum and average SSR values, as well as the average values for twelve other soil parameters; the correlation matrix for these parameters is shown in Table 2. Some parameters exhibited significant correlations with others, including the maximum SSR value with kaolin content (p < 0.05), the average SSR value with montmorillonite content (p < 0.01), and the average SSR value with BD, the average SWC, and kaolin content (p < 0.05). Because the average SSR had a strong relationship with the maximum SSR (p < 0.01), it is a good proxy for the maximum SSR value of granite soils in southern China.




3.4. Controlling Factor of the Shrink–Swell Ratio


The parameters that had the strongest correlation with the average SSR value, as well as the strength of the correlation between BD and the average SWC, are shown in Figure 4. The average SSR exhibited a strong positive correlation with the average SWC, because it was inversely related to BD, and BD was positively related to the average SWC. The changing trend between kaolin and montmorillonite was also opposite. Out of all of these parameters, the relationship between the average SSR value and the montmorillonite content had the strongest correlation and the smallest confidence interval; based on these statistical analyses, we assume that the montmorillonite content exerts the strongest influence over the soil SSR value.



While the soil BD, montmorillonite content, and kaolin content values were relatively consistent between the different soil layers, the SWC changed quickly during rainfall events and slowly during the drying process. Figure 5 shows how the SWC affects the SSR values. The SSR values exhibited strong variation between the five soil layers, with the SSR value being much higher in Layer 1 than it was in the other four layers. While the SSR values varied between the five layers, they all followed similar trends with respect to the SWC.





4. Discussion


4.1. Explanation on the Change of Shrink–Swell Ratio of Granite Residual Soil


Our attention is inconsistent with other studies, which pay more attention to the shrinkage process (e.g., Leong and Wijaya [16]; Mishra et al. [20]). Our results cast a new light on a continuous quick-swelling and slow-shrinking processes of granite residual soil. This was also found by Lin [26], in which the swelling of surface soil was stable at about 0.5 h, and its shrinkage at more than 36 h. Another paper found higher swelling and lower shrinkage in granite residual soil. To reduce these errors, the SSR range of five soil layers is displayed in Figure 6. It shows that: (1) the SSR range except for Layer 2 reduces with the increase in soil depth; (2) the SSR difference ranging between 5.6% and 7.5% is less than the expansive soil (Stoltz et al. [14]) or clayey soil (Kalkan [12]).



The relatively low SSR is caused by the low quantity of clay minerals (e.g., illite, montmorillonite). Liang et al. [36] thought that soil moisture easily reached saturation and exceeded the plastic limit of the soil during rainfall, the soil swelled, and the shear thus stress rapidly reduced. When the water content increased to 35%, the soil’s shear stress decreased by 60% [36]. The relationship between shear stress and shear displacement at the different normal stress in Figure 7 shows that once water content was increased, shear stress became smaller and shear displacement became larger. In addition, shear stress increased with depth at the same shear displacement.




4.2. Effects of Shrink–Swell of Granite Residual Soil on Gully Development


When the rainfall intensity is greater than 15–20 mm h−1, it can have a significant impact on weathered granite soils [37]. During rainfall events, the shrink–swell process results in crack development (Figure 1d–f). Cracks develop along the gully wall (Figure 1d) when rain infiltrates the soil, reduces the soil shear stress, and increases the overriding soil weight [27]. With enough rain, cracks can widen into pipes (Figure 1e) or result in slides (Figure 1f). These slides typically move very quickly, but obstacles or other obstructions can reduce the slide velocity (Figure 1f). Once the energy of rain and runoff exceeds the resistance of obstacles, the gully develops further. Liu et al. [3] proved that two gully retreat rates were 0.46 and 1.10 m yr−1, respectively, which resulted from mass movement triggered by gravity and soil saturation. This illustrates that the velocity of crack development and gully evolution can also be affected by soil saturation. As a result, analyzing crack formation and propagation can provide us with valuable information about the gully development process. Consequently, it is very necessary to study the shrink–swell process and crack formation and propagation for understanding the mechanism of gully erosion.





5. Conclusions


This study measured the shrink–swell behavior of granite residual soil deposited between 0.3 m to 16 m subjected to three dry–wet cycles. Some effects of soil properties and environmental factors in southern China were analyzed. The following conclusions were obtained: (1) Soil cohesion, angle of internal friction, and shear stress had a strong linear relationship with water content. (2) SSR was reduced with the increase in soil depth. BD, water content, kaolinite, and montmorillonite had a very close correlation with SSR. (3) The SWC was the main factor affecting shear stress and the SSR of weathered granite soils. As the water content increased, shear stress decreased, and shear displacement increased. The shrink–swell process promotes crack formation, crack propagation, and gully development in weathered granite soils. We recommend that crack formation and propagation, and spatial distribution of cracks in weathered granite soils of southern China be further explored in future studies in order to better understand the process and distribution characteristics of gully erosion in southern China.
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Figure 1. The location of Zuoma small catchment (a), the sampled gully (b), sampling points (c), and exhibition of crack (d), pipe (e), and slide (f) along the gully wall in Yudu county, Jiangxi province. 
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Figure 2. Variations of Cq (a), ψq (b), and shear stress (c) with soil water content at five soil layers. The points in the green circle are not included in the linear fit. 
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Figure 3. SSR of five layers during 3 dry–wet cycles. 
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Figure 4. The correlation matrix among five good correlation indicators. 
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Figure 5. The relationship between shrink–swell ratio and soil water content. 






Figure 5. The relationship between shrink–swell ratio and soil water content.



[image: Applsci 12 11200 g005]







[image: Applsci 12 11200 g006 550] 





Figure 6. Range of shrink–swell ratio of the studied weathering profile. 
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Figure 7. Shear stress–shear displacement relationship of five soil layers at the different saturated conditions. 
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Table 1. Basic properties of soil samples.






Table 1. Basic properties of soil samples.





	
Layer No.

	
Depth (m)

	
Bulk Density (g/cm3)

	
Particle Composition (mm, %)

	
Mineral Component (%) (Total 100%)

	
Clay Mineral Component

(Total 100%)

	
wL17

	
wL10

	
wp

	
IP17

	
IP10




	
>2

	
2–0.25

	
0.25–0.002

	
<0.002

	
Quartz

	
Pyrite

	
Clay Mineral

	
Kaolinite

	
Illite

	
Montmorillonite

	
%






	
1

	
0.3

	
1.44

	
1.1

	
12.9

	
59.0

	
27.0

	
96.2

	
0.51

	
3.29

	
76.57

	
-

	
23.43

	
34.2

	
28.6

	
16.6

	
17.6

	
12.0




	
2

	
3.0

	
1.67

	
8.0

	
15.0

	
59.9

	
17.1

	
94.58

	
0.55

	
4.87

	
89.84

	
5.76

	
4.39

	
30.5

	
25.6

	
15.1

	
15.4

	
10.5




	
3

	
7.0

	
1.71

	
3.8

	
16.7

	
67.6

	
11.9

	
93.71

	
-

	
6.29

	
77.7

	
20.08

	
2.22

	
26.2

	
22.3

	
13.8

	
12.4

	
8.5




	
4

	
12.0

	
1.73

	
5.6

	
19.8

	
59.3

	
15.3

	
94.27

	
-

	
5.73

	
94.17

	
3.29

	
2.54

	
29.8

	
24.9

	
14.5

	
15.3

	
10.4




	
5

	
16.0

	
1.79

	
12.5

	
24.3

	
52.0

	
11.2

	
89.42

	
-

	
10.58

	
91.54

	
3.28

	
5.18

	
25.7

	
21.9

	
13.6

	
12.1

	
8.3
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Table 2. Correlation coefficient of shrink–swell ratio and the other 12 soil indicators.
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	Parameter
	Maximum SSR
	Average SSR
	BD
	Average SWC
	>2 mm
	<0.002 mm
	Quartz
	Clay Mineral
	Kaolinite
	Montmorillonite
	wL17
	wL10
	wp
	IP17
	IP10





	Maximum SSR
	1
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	Average SSR
	0.96 **
	1.00
	
	
	
	
	
	
	
	
	
	
	
	
	



	BD
	−0.64
	−0.83 *
	1.00
	
	
	
	
	
	
	
	
	
	
	
	



	Average SWC
	0.63
	0.82 *
	−1.00 **
	1.00
	
	
	
	
	
	
	
	
	
	
	



	>2 mm
	−0.37
	−0.54
	0.77
	−0.73
	1.00
	
	
	
	
	
	
	
	
	
	



	<0.002 mm
	0.50
	0.72
	−0.97 **
	0.97 **
	−0.67
	1.00
	
	
	
	
	
	
	
	
	



	Quartz
	0.11
	0.35
	−0.77
	0.76
	−0.88 *
	0.76
	1.00
	
	
	
	
	
	
	
	



	Clay mineral
	−0.14
	−0.38
	0.80 *
	−0.79
	0.85 *
	−0.79
	−1.00 **
	1.00
	
	
	
	
	
	
	



	Kaolinite
	−0.82 *
	−0.83 *
	0.68
	−0.64
	0.74
	−0.47
	−0.47
	0.47
	1.00
	
	
	
	
	
	



	Montmorillonite
	0.76
	0.90 **
	−0.92 **
	0.92 **
	−0.55
	0.91 **
	0.49
	−0.52
	−0.58
	1.00
	
	
	
	
	



	wL17
	0.25
	0.50
	−0.88 *
	0.90 **
	−0.64
	0.96 **
	0.82 *
	−0.85 *
	−0.28
	0.78
	1.00
	
	
	
	



	wL10
	0.28
	0.53
	−0.90 **
	0.91 **
	−0.64
	0.97 **
	0.82 *
	−0.85 *
	−0.30
	0.79
	1.00 **
	1.00
	
	
	



	wp
	0.42
	0.66
	−0.95 **
	0.96 **
	−0.65
	0.99 **
	0.79
	−0.83 *
	−0.42
	0.86 *
	0.98 **
	0.99 **
	1.00
	
	



	IP17
	0.15
	0.42
	−0.84 *
	0.85 *
	−0.62
	0.93 **
	0.83 *
	−0.85 *
	−0.20
	0.72
	0.99 **
	0.99 **
	0.95 **
	1.00
	



	IP10
	0.16
	0.43
	−0.84 *
	0.86
	−0.62
	0.94 **
	0.83 *
	−0.85 *
	−0.21
	0.73
	1.00 **
	0.99 **
	0.96 **
	1.00 **
	1.00







Note: ** p < 0.05, * p < 0.01.
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