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Running head: Soil-water characteristic curves for the granite weathering crusts
Abstract: The water content is a crucial factor in evaluating the causes of Benggang collapse. The soil–water characteristic curve (SWCC) is an important parameter for the quantitative study of soil water content. However, limited research has been carried out on the SWCCs of the Benggang soil profile. We studied two typical collapsing gullies in southeast China and conducted desorption experiments using a pressure plate extractor to analyze the SWCCs of the undisturbed soils of collapsing walls. The results show large variations in the SWCCs for different soil horizons of a collapsing wall that can be accurately fitted by the van Genuchten (VG) model (NSE≥0.90). With increasing soil depth, the a and θs parameters of the VG model first decrease and then increase, red soil layer had the highest a and θs (the average value of 0.046 and 0.369, respectively), whereas the n parameter of the VG model exhibits the opposite trend, sand soil layer had the highest n (the average value of 1.563). The θr parameter of the VG model decreases with increasing soil depth, red soil layer had the highest θr (the average value of 0.194). The red soil layer has the highest water-holding capacity, whereas the sandy soil and detritus layers have lower water-holding capacities. The SWCCs are related to the soil material composition, particle composition and porosity. The gravel content and the particle morphology (the aspect ratio, sphericity, and specific surface area) are also the significant influence factors for the SWCC that cannot be neglected. The difference among the SWCCs for the soil profiles of collapsing walls can be used to explain the mechanism for the collapse of collapsing wall. The results of this study provide a theoretical basis for understanding the process of the collapse of collapsing wall in Benggang in southeast China.
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1. Introduction
[bookmark: OLE_LINK10][bookmark: OLE_LINK9][bookmark: OLE_LINK1][bookmark: OLE_LINK2][bookmark: OLE_LINK5][bookmark: OLE_LINK3][bookmark: OLE_LINK19]Benggang with steep walls, also called collapsing gullies, is a soil erosion phenomenon that occurs under the combined effects of hydrological forces and gravity (Xu, 1996; Jiang et al., 2020). Benggang is a special eroded landform that has mainly developed on slopes covered by a thick granitic regolith. This landform is commonly found in southern China’s tropical and subtropical areas with granite (Wen et al., 2020). Survey data show that the total number of collapsing gullies in the seven provinces Jiangxi, Guangdong, Hunan, Fujian, Hubei, Anhui, and Guangxi in southeastern China exceeded 239,100. The total area of collapsing gullies was 1,220.05 km2 (Huang et al., 2019). The rapid development of collapsing gullies is associated with a high risk of sudden-onset disasters and large soil losses. The average erosion modulus exceeds 500 Mg ha-1 y-1 (Xu, 1996). A typical mature collapsing gully can be divided into four components: an upper catchment, a collapsing wall, a colluvial deposit, and an alluvial fan (Fig. 1) (Xu, 1996; Jiang et al., 2020). The stability of the collapsing wall is directly related to the size of the colluvial deposit and the area of the collapsing gully and also determines the severity of the erosion. The most common type of erosion in a collapsing gully is the collapse of collapsing wall, which creates large headward erosion and exacerbates soil loss. It is destructive to the soil resources and impacts the environmental security (Wen et al., 2020; Deng et al., 2018). Exploring the collapse mechanism of collapsing wall is important for managing the erosion of collapsing gullies.

Fig. 1 Images of Benggang, also called collapsing gully, in the study area. Benggang has four components: an upper catchment, a collapsing wall, a colluvial deposit, and an alluvial fan.

[bookmark: OLE_LINK28][bookmark: OLE_LINK27][bookmark: OLE_LINK6]Soil is a highly complex, unsaturated medium, and the water in soil systems is a vector for material transfer (Grayson et al., 1998; Feng et al., 2012; Corradini, 2014). The soil water content is an important factor in wall collapse. With the increase in water content, the cohesion and the angle of internal friction of the soil decrease (ÇokÇa et al., 2010; Huang et al., 2019), resulting in a reduction in the soil’s shear strength (Xu, 1996) and therefore the instability of the soil mass of a collapsing gully. The soil–water characteristic curve (SWCC) is an important parameter for the quantitative study of soil water movement. It can be used not only to express the relationship between soil water content and matric suction (Hwang et al., 2003; Oh et al., 2012; Miguel et al., 2012) but also to estimate properties such as the shear strength, permeability, and water-holding capacity of unsaturated soils (Agus et al., 2001; Neris et al., 2013; Lu et al., 2015; Hedayati et al., 2020). Therefore, studying the SWCCs of the soil in a collapsing gully is important for analyzing soil water movement and elucidating the collapse mechanism.
The SWCCs of collapsing gullies are closely related to soil properties. Xia et al. (2017) obtained the best fit to Benggang SWCCs using the van Genuchten (VG) model, where the model fitting parameters (a and n) for the SWCCs were found to be positively correlated with the sand content and negatively correlated with the silt and clay contents, as well as the bulk density. However, Gu et al. (2021) showed that the Fredlund & Xing model produced the optimal fit for Benggang SWCCs, and the model fitting parameters (a, n and θs) decreased when the soil texture changed from sand to clay. Deng et al. (2018) showed that the suction stress is highly significantly and positively correlated with the contents of kaolinite, iron and aluminum oxide and negatively correlated with the contents of hydromica, calcium, silicon oxide, and coarse particles. Deng et al. (2018) reported that the water-holding capacity of residual granite soil decreases with increasing soil depth. The water-holding capacity of topsoil and laterite is higher than that of sandy soil and detritus sediment, and the spatial variation in the water content has important implications for gully collapse. Previous studies mostly used remolded soils with gravels sifted out, so they did not consider the effect of gravel (Xie et al., 2018; Chai et al., 2019). However, gravel is an important factor in the study of soil water-holding capacity. Gravel changes the soil structure and pore-size distribution, thus affecting soil water characteristics (Alberts et al., 1995; Ma and Shao, 2010). Furthermore, the morphology of soil particles affects the pore characteristics (Jiang et al., 2017), which in turn affect the SWCCs. However, the effect of the particle morphology on the SWCC was not considered in previous studies. The analysis above shows that the factors affecting the SWCCs of the collapsing gullies are complicated. It is necessary to further study the SWCCs of collapsing gullies.
We sampled undisturbed soils at the profiles of two typical collapsing gullies and conducted desorption experiments on the soil samples using a pressure plate extractor. The three main research objectives of this study are as follows: (1) to use the VG model to fit SWCCs and determine the main soil factors that affect the fitting parameters; (2) to analyze the changes in the water-holding capacity of different soil horizons of collapsing gullies; and (3) to investigate the relationship between SWCCs and the collapse of collapsing wall.
2. Materials and methods
2.1 Overview of the study area
The study area is in Yangkeng village, Longmen town, Anxi County, Fujian Province (118°03′E, 24°57′N). It has a subtropical monsoon climate with mild temperatures. Precipitation is abundant, and heavy rainfalls are common. The average annual temperature is 19°C, and the annual precipitation is 1800 mm. The main vegetation in the area is subtropical rainforests. Due to the long-term impact of anthropogenic activity, the community characteristics of primary vegetation are no longer observable. It has been mostly replaced by planted forests. Pinus massoniana is the dominant tree species in the area. The understories are mainly Dicranopteris dichotoma, Eriachne pallescens, Phragmites australis, Rhodomyrtus tomentosa, and Syzygium buxifolium. The soil type in this region is dominated by red soils developed from the parent rock of coarse-grained granite, and the soil structure is loose. The rocks weather rapidly under the influence of the subtropical climate, forming a thick regolith largely consisting of quartz, orthoclase, and kaolinite. When there is little vegetation, the thick and loose regoliths are extremely prone to erosion under the effects of precipitation, runoff, and gravity, forming collapsing gullies.
[bookmark: _Hlk54727202]There is severe erosion of collapsing gullies in Anxi County, which has the highest number (total 12,828) of collapsing gullies in Fujian Province, accounting for 50% of the total number in Fujian province. A total of 1,228 collapsing gullies are found in Longmen town, representing 10% of the total number in Anxi County. The collapsing gullies in Longmen town are highly eroded and extremely hazardous, with representative characteristics of the Benggang areas in Fujian.
2.2 Samples Collection and their physical and chemical properties
We selected two collapsing gullies that were well preserved, recorded as collapsing gully A and collapsing gully B. The soil profiles’ horizons were carefully identified based on the soil color, texture, and vegetation roots. Samples were collected based on the horizons (Fig. 2). A total of 10 samples were collected at collapsing gully A and eight at collapsing gully B. The sampling depths are shown in Table 1. After scraping off the first 20 cm of the collapsing gullies’ surface, the samples were taken from bottom to top based on the soil horizons. In the depth range of each soil horizon, undisturbed soil samples and mixed soil samples were collected. The undisturbed soil samples were taken using a cutting ring with a diameter of 61.8 mm and a height of 20 mm (Fig. 3a). Three repetitive samples were collected from each horizon. A total of 54 soil samples were used for the testing of SWCCs. Mixed soil samples were obtained by mixing samples collected by multipoint sampling. A total of 18 mixed soil samples were collected for testing the physical and chemical properties of the soils. The soil pH was measured with a STARTER 2100 pH meter (OHAUS Instruments Co., Ltd., Shanghai, China), using a combined glass electrode and a soil-to-water ratio of 1:2.5. The organic matter content was determined by the redoximetric method using kalium dichromate. The chemical elements in the soil samples were determined using an X-ray fluorescence spectrometer (XRF) (Thermo Scientific Niton XL3t GOLDD+). The type and relative content of clay minerals were determined using an X-ray diffractometer (XRD) (KYOWAGLAS-XATM H-12 KURARAY CO. LTD). The soil particle size distribution and morphology for < 2-mm fractions were determined using a particle size and shape analyzer (QICPIC, Sympatec, Germany). The soil particle size and morphology for ≥ 2-mm fractions morphology were measured by a WinRHIZO (Pro. 2004c). The specific surface area was measured using a TriStar II 3020 automatic specific surface area and porosity analyzer. The bulk density was determined using the cutting ring method. The basic physical and chemical properties of soils from the collapsing walls are shown in Table 1 and Table 2.

Fig. 2 Photograph of soil profile sample collection for collapsing walls A (a) and B (b).

Table 1 Chemical properties and elemental and mineral contents of different soil layers.

Table 2 Physical properties and particle size distribution and morphology of different soil layers.

2.3 Determining and model fitting of SWCCs
The SWCCs were determined using a pressure plate extractor (Soilmoisture Equipment Corp, USA) (Fig. 3). Experiments were conducted in the Science and Technology Research Center for Soil and Water Conservation of the Fujian Agriculture and Forestry University. The pressure plate extractor has three parts, the pressurization system, pressure chamber, and drainage system. During the testing process, we made sure the tight seal and smooth airflow in the entire unit. Before the experiments, the undisturbed soil samples collected by the cutting rings were immersed in water for 24 h to become saturated. Meanwhile, a ceramic plate was saturated and patted with filter paper to remove the excess water on its surface. When the experiment started, the ceramic plate was placed in the chamber of the pressure plate extractor. Saturated soil samples were placed on the ceramic plate, and pore care was given to make sure the soil was in full contact with the ceramic plate. By adjusting the pressure valve, ten suction levels, 5, 10, 20, 40, 80, 150, 300, 600, 1200, and 1500 kPa, were applied. When no water had drained from the outlet for 24 h, the sample was considered to have reached equilibrium. The sample was weighed at each suction level. After the sample had reached equilibrium at the highest suction level, the final soil sample was placed in an oven and dried to constant weight at 105°C. The sample was weighed to obtain the water content at the highest suction level. The soil water contents under other suction levels were calculated, and the SWCC was plotted. The indoor temperature was kept at 25°C, and each set of experiments was repeated in triplicate.

Fig. 3 Determination of the soil-water characteristic curve using a pressure plate extractor. (a) Soil samples in the test box. (b) The pressure plate extractor. 

There are many models for fitting SWCCs. The VG model is a physical and empirical model. Although this model has many parameters and a complicated form, it has a high fitting accuracy. Therefore, it is widely applied in fitting SWCCs. The fitting formula for the VG model is (van Genuchten, 1980):

                                           (1)

where θ is volumetric water content, θs is saturated water content, θr is residual water content,  is matric suction (kPa), and a, m, and n are fitting parameters; m is usually defined as 1-1/n (n>1). Table 3 shows the fitting parameters of the VG model (a, n, θs, and θr) for different soil layers from the collapsing walls.
The performance of the VG model was evaluated in terms of the following statistical parameters that are defined below: the relative error (RE, %), mean relative error (MRE, %), mean absolute relative error (MARE, %), coefficient of determination (R2), and Nash-Sutcliffe model efficiency (NSE).

RE =×100%                                                     (2)

MRE =×100%                                               (3)

MARE =×100%                                             (4)

R2 =                                             (5)

NSE=1－                                                    (6)



In the equations above,  is the predicted value, Oi is the observation value,  is the mean observation value, is the mean predicted value, and n is the number of samples. The NSE is a normalized statistic that reflects model performance based on a plot of observed versus simulated values (Nash and Sutcliffe, 1970).

Table 3 Fitting parameters of the Van Genuchten model and the statistical parameters used to evaluate the model performance.


2.4 Calculation of pore indicators and water-holding capacity indicators
2.4.1 Calculation of pore indicators
Soil pores can be envisaged as cylindrical capillaries of various diameters. The relationship between soil matric suction s and capillary diameter d can be expressed simply as follows (Lei et al., 1988):
s = 4δ/d                                                              (7)
where δ represents the coefficient of surface tension of water, generally 7.5×10-4 N cm-1 at room temperature. If the matric suction s is in Pa and the soil pore diameter d is in mm, the relationship can be expressed as d=300 s-1. The calculated pore diameter is the equivalent pore diameter. Suppose that soil matric suction s1 corresponds to soil water content θ1 and equivalence pore diameter d1 and that matric suction s2 corresponds to the water content θ2 and equivalence pore diameter d2. Then, the ratios of the pores with a diameter between d1 and d2 to the total volume of pores should be between θ1 and θ2.
To facilitate the analysis of the pore distribution patterns of collapsing gullies, this study divided soil matric suctions into low matric suction (0-100 kPa), medium matric suction (100-500 kPa), and high matric suction (500-1500 kPa), and their corresponding equivalent pore sizes were greater than 3.00 μm, 0.60-3.00 μm, and 0.20-0.60 μm, respectively (Deng et al., 2016). The equivalent pore distribution ratios of different soil layers from the collapsing walls are shown in Table 4.

Table 4 Equivalent pore distribution ratios of different soil layers (%).

2.4.2 Calculation of water-holding capacity indicators
[bookmark: OLE_LINK13]Depending on the soil matric suction ranges, the soil water content can be divided into three categories: gravitational water (<30 kPa), available water (30-1500 kPa), and unavailable water (>1500 kPa). The soil water content at a matric suction of 30 kPa is usually considered the field capacity, and that at a matric suction of 1500 kPa is considered the wilting point (Deng et al., 2016). Gravitational water is the difference between saturation and field capacity. Available water is the difference between the field capacity and wilting point. Unavailable water is the soil water content below the wilting point (Lei et al., 1988). The soil moisture contents of different soil layers from the collapsing walls are shown in Table 5.

Table 5 Soil moisture content of different soil layers.

2.5 Statistics
Data processing and descriptive statistics were conducted in Excel 2010. The SWCCs were plotted and fitted using Origin 9.0. The correlation analysis between different parameters and stepwise regression were conducted in SPSS 18.0.
3. Results
3.1 Soil physical and chemical properties
The pH of different soil layers ranges from 3.74 to 5.45, and the organic matter content ranges from 0.51 to 9.42 g/kg. With increasing depth, the pH increases overall, whereas the organic matter content decreases (Table 1). The elemental analysis results indicate the highest content for silicon, followed by aluminum, iron, and kalium, and the lowest content for calcium. With increasing depth, the contents of silicon, kalium, and calcium increase overall, whereas the contents of iron and aluminum decrease (Table 1). The mineral identification results show the highest content for quartz, followed by kaolinite, and the lowest content for illite. With increasing depth, content of quartz increases first and then decreases, but the content of kaolinite decreases first and then increased, sandy soil layer has the highest content of quartz and lowest content of Kaolinite, and the illite content increases overall (Table 1).
The monotonic change in the particle size composition from the red soil layer to the detritus layer reveals an overall increase in the gravel content and an overall decrease in the clay content (Table 2). The particle aspect ratio is between 0.61 and 0.69, indicating that the particles are not spherical, but angular (Fig. 4). The particle sphericity is between 0.70 and 0.80, corresponding to angular particles (Fig. 4). The specific surface area of the soil particles ranges from 5.07 to 23.91 m2 g-1. All three morphological parameters decrease with increasing depth (Table 2).

Fig. 4 Soil particle characteristics. (a) Morphology of soil particles in < 2-mm fractions by QICPIC. (b) Morphology of soil particles in ≥ 2-mm fractions by WinRHIZO.

The soil bulk density is 1.31~1.58 g cm-3, and the total porosity is 41.81%~50.72%. The bulk density of the lower soil (transition layer II and the detritus layer) is higher than that of the upper soil (the red soil layer, transition layer II and the sandy soil layer), whereas the porosity exhibits the opposite trend. The capillary porosity ranges from 22.84% to 36.94%, and the noncapillary porosity ranges from 11.57% to 24.21% (Table 2). There is no discernible difference between the capillary pore sizes of different soil layers, but the noncapillary pore size decreases with increasing depth. The proportion of pore sizes > 3.00 μm ranges from 8.21% to 29.47%, the proportion of pore sizes of 0.60-3.00 μm ranges from 1.87% to 12.61%, and the proportion of pore sizes of 0.20-0.60 μm ranges from 0.70% to 4.75% (Table 4). The proportion of pore sizes > 3.00 μm and of 0.60-3.00 μm increase with the depth, whereas the proportion of pore sizes of 0.20-0.60 μm exhibits the opposite trend.
3.2 Fitting SWCCs
Fig. 5 shows the SWCCs of different soil horizons. The curves obtained in this study exhibited a similar trend to typical SWCCs (Fredlund et al., 1994; Lu et al., 2015). The SWCC can be classified into three successive regimes: a boundary-effect stage, a transformation stage, and a residual stage. Fig. 5 indicates clear variations among the different SWCCs. During the boundary-effect stage, the water content does not change significantly with increasing matric suction. Inflection points for the red soil layer, transition layer I and the sandy soil layer reflecting a transition to the transformation stage all appear at approximately 10 kPa, whereas inflection points for the other soil layer appear later, between 20 and 40 kPa. During the transformation stage, the water content decreases rapidly with increasing matric suction, but the rate of decrease for the water content varies among the different soil layers, and the slope of the curve increases with increasing soil depth. During the residual stage, the water content decreases slowly with increasing matric suction, and inflection points for transition layer II and the detritus layer appear at approximately 600 kPa, reflecting entry into the residual stage. By comparison, the water content of the other soil layers decreases rapidly with increasing matric suction and remains in the transformation stage.

Fig. 5 Measured soil-water characteristic curves for different soil layers in collapsing walls: (a) the measured soil-water characteristic curve of A1, A2, A3, A4, and A5 in collapsing wall A; (b) the measured soil-water characteristic curve of A6, A7, A8, A9, and A10 in collapsing wall A; (c) the measured soil-water characteristic curve of B1, B2, B3, and B4 in collapsing wall B; (d) the measured soil-water characteristic curve of B5, B6, B7, and B8 in collapsing wall B.
The SWCCs were fitted with the VG model (Fig. 6), and the fitting parameters are shown in the Table 3. The R2 and NSE of the fitting equation for each soil horizon were all higher than 0.92 and 0.90 (>0.80) respectively, and the p-value was smaller than 0.01, reaching the extremely significant level. Table 4 shows the MRE ranges from -6.7% - -0.3% and the MARE ranges from 0.7-6.0%. These results indicate a good fit by the VG model that meets the study objectives. Xia et al. (2017) and Gu et al. (2021) also reported good fits by the VG model to all the curves of granite soils with different weathering degrees in Hubei Province in China, whereas Gu et al. (2021) found the Fredlund & Xing model produced the optimal fit.

Fig. 6 Fitted soil-water characteristic curves for different soil layers in collapsing walls obtained using the van Genuchten model: (a) the fitting curve of A1, A2, A3, A4, and A5 in collapsing wall A; (b) the fitting curve of A6, A7, A8, A9, and A10 in collapsing wall A; (c) the fitting curve of B1, B2, B3, and B4 in collapsing wall B; (d) the fitting curve of B5, B6, B7, and B8 in collapsing wall B.

The fitting parameter a is the reciprocal of the air-entry suction. The larger a is, the smaller the air entry value is. The parameter n is related to the distribution of the pore sizes in the soil. The larger the value of n is, the more evenly distributed the pore sizes are, and the steeper the curve. The saturated water content θs and the residual water content θr are related to the soil water-holding capacity. The larger θs and θr are, the higher the water-holding capacity is (Van Genuchten, 1980; Kong et al., 2017). Table 3 shows that a varies widely between 0.009-0.104. With increasing soil depth, a first decreases first and then increases. The parameter n varies between 1.145 and 1.683. With increasing soil depth, n first increases and then decreases. θs varies between 0.299-0.433. With increasing soil depth, θs generally first decreases and then increases. θr varies widely between 0.037-0.252 and decreases noticeably with increasing soil depth. 
3.3 Water-holding capacities of different soil layers
Fig. 4 shows significant variations in the SWCCs for different soil horizons of the collapsing walls, where some regularity in the variations can be observed. Under the same matric suction, the sandy soil and detritus sediment in the middle and lower horizons had significantly lower water contents than the red soil in the upper horizon. The red soil exhibited the slowest changes in the water content and the highest water-holding capacity. The sandy soil and detritus layers discharged water rapidly, resulting in fast water transport. Table 3 indicates that the average a of the two collapsing walls increases in the order transition layer II < sandy soil layer < detritus layer < transition layer I < red soil layer, whereas the average n decreases in the order sandy soil layer > transition layer II > detritus layer > transition layer I > red soil layer. This result indicates that the water releasing capacity was highest for the sandy soil layer and transition layer II, followed by the detritus layer and transition layer 1, and the red soil layer had the lowest water releasing capacity. Table 3 also shows that the average θs decreases in the order red soil layer > transition layer II > detritus layer > transition layer I > sandy soil layer, whereas the average θr decreases in the order red soil layer > transition layer I > sandy soil layer > transition layer II > detritus layer. This result indicates that water-holding capacity is highest for the red soil layer and low for the other layers.
To further analyze the water-holding capacities of different soil horizons, we classified the soil water content, as shown in Table 5. Overall, there was a high gravitational water content in the two collapsing gullies, reaching up to 22.09%. This result indicated that the overall permeability of the two collapsing gullies was high. In the profiles of the two collapsing gullies, the available water content of the sandy soil layer was up to three times that of the red soil layer. The red soil layer had up to twice the unavailable water content as the sandy soil and detritus layers. These results demonstrated that the soil water-holding capacity decreased with increasing soil depth. The soil in the upper horizon had the highest water-holding capacity. The red soil layer stored more water after precipitation than the sandy soil and detritus layers.
4. Discussion
4.1 Response of the soil properties to the degree of weathering
A subtropical monsoon climate produces a high weathering degree for granite, and a deep weathering crust of up to 50 m forms (Xu, 1996). However, the weathering degree varies with the depth, which produces a well-defined change rule for the elemental composition, particle distribution, and physical and chemical properties of the soil at different levels in the profile . The results of this study indicate that with increasing soil depth, the contents of iron and aluminum decrease, whereas the contents of illite, silicon, kalium, and calcium exhibit the opposite trend. With increasing soil depth, the clay particle content decreases and the coarse particle content increases. These phenomena mainly occur because as the soil depth increases, there is a decrease in the weathering degree, as well as in the influence of external organisms, temperature, and other factors, and the easily differentiated minerals in the granite cannot be decomposed. Thus, the content of organic matter and clay particles all decrease with increasing soil depth. The soil in the surface layer is completely weathered, and clear desilication and aluminization result in a decrease in the silicon content, but the contents of iron and aluminum increase. This result is consistent with the research results of Xu (1996) and Chen et al. (2018) that show considerable variation in the physical and chemical properties of different soil layers. The degree of soil weathering decreases with increasing soil depth, and the fine particle content gradually decreases while the coarse particle content gradually increases. The contents of organic matter, iron oxide, and alumina in the sandy soil layer and detritus layer are lower than those in the red soil layer. 
The study results also revealed that the degree of weathering is reflected in the particle morphology, where the overall sphericity, aspect ratio and specific surface area decreased with increasing soil depth, which has not been considered in previous studies. Therefore, the morphology and arrangement of the particles often determine the soil properties of a collapsing wall, and the relationship between the particle morphology and the development of granite weathering requires further study.
4.2 Effect of the soil properties on the fitting parameters of the soil-water characteristic curve 
The VG model fits in this study indicated that the a parameter was significantly or extremely significantly positively correlated with the kaolin content, noncapillary porosity, and sand content and negatively correlated with the contents of quartz and silt (Table 6). The n parameter was significantly or extremely significantly positively correlated with the quartz content, capillary porosity, and gravel content and negatively correlated with the contents of organic matter, kaolin, and clay, as well as the noncapillary porosity and specific surface area (Table 6). θr was significantly or extremely significantly positively correlated with the contents of organic matter, iron, aluminum, sand, and clay, as well as the aspect ratio, sphericity, and specific surface area and negatively correlated with the illite content, bulk density, and gravel content (Table 6). The correlations for θs and the other parameters did not reach a significant level (Table 6). Xia et al. (2017) suggested that parameter a was positively correlated with the sand and silt contents and that parameter n is negatively correlated with bulk density, positively correlated with sand content, and negatively correlated with clay content. Niu et al. (2017) reported that parameter a was not significantly correlated with soil properties and that parameter n was negatively correlated with silt content and positively correlated with organic matter content. Deng et al. (2018) showed that θr was positively correlated with the contents of organic matter, free iron oxide, and clay.

Table 6 Correlation analysis between VG model fitting parameters, soil water content parameters and soil physical and chemical properties.
The aforementioned results of Xia et al. (2017), Niu et al. (2017), and Deng et al. (2018) are similar to those found this study. For example, a was negatively correlated with organic matter content and bulk density, n was negatively correlated with bulk density and positively correlated with organic matter content, and θr was positively correlated with organic matter and clay contents. The reason is mainly that parameter a is related to the air entry value. Soil texture affects pore sizes and thus changes the air entry. Parameter n is correlated with the evenness of the distribution of pore sizes, which is closely related to soil bulk density and organic matter content. Additionally, increasing the contents of organic matter and clay of soil results in an increase in the hydrophilicity, water-holding capacity increases, and θr.
Our results also differ from those of previous studies. Xia et al. (2017) found a significant negative correlation between water-holding capacity and sand content. This study showed that θr was not correlated with sand content but was negatively correlated with gravel content. The reason could be that the presence of gravel weakened the influence of sand grains. In addition, the increase in the gravel content resulted in a higher number of large pores in the soil and therefore a lower θr. The results of this study indicated a significant positive correlation between θr and the aspect ratio, sphericity, and specific surface area. The relationship between the SWCC fitting parameters and the particle morphological characteristics was not considered in previous studies.
In summary, this study found that gravel in the undisturbed soil had a considerable influence on the SWCCs. This might be because gravel could affect the pore-size distribution of the soil. To date, most studies on the SWCCs of collapsing gullies have used remolded soil from which gravel was sifted our during sample preparation, with little consideration given to the influence of gravel (Xie et al., 2018; Chai et al., 2020). However, gravel is a nonnegligible factor in studying soil water-holding capacity (Mehuys et al., 1975; Ma and Shao, 2010). Pan et al. (2015) saw that as gravel content increased, the percolation and drainage of soil water also intensified. Childs et al. (1990) and Alberts et al. (1995) have also shown that gravel can alter soil structure, affecting soil porosity and thus water movement. In summary, gravel is important for the study of soil water characteristics. Gravel content is high in the soil of collapsing gullies. Table 2 indicates a soil gravel content as high as 30%. The particle morphology can also affect the SWCC. The aspect ratio and sphericity affect the SWCC because bringing the contact surfaces of particles closer together increases the proportion of small pores and decreases the proportion of large pores, causing the a and n parameters of the SWCC to decrease and θr to increase. The larger the specific surface area of the particles is, the stronger the adsorption capacity of particles and the adsorption effect on the soil water are. Thus, soil water is not rapidly discharged, the SWCC flattens, a and n decrease, and θr increases. Table 2 shows considerable variations in the particle morphology among different soil layers. The particle aspect ratio, sphericity, and specific surface area of the soil particles decrease overall with increasing depth. Therefore, the influence of the gravel content and particle morphology on the SWCCs of collapsing gullies requires further study.
4.3 Effect of the soil properties on the water-holding capacity of profiles of collapsing walls
The study results demonstrated that the water-holding capacity decreased with increasing soil depth, indicating that the soil in the upper horizon had the highest water-holding capacity (Deng et al, 2018; Xia et al, 2019). After precipitation, the red soil stored more water, and the sandy soil and detritus layers stored less water. This difference may be attributed to the water-holding capacity being mainly influenced by factors such as the soil particle size composition, soil constitution, and pore sizes (Agus et al., 2001; Zhou et al., 2015). Table 6 shows that the gravitational water content was significantly positively correlated with the gravel content and significantly or extremely significantly negatively correlated with the clay content, aspect ratio, sphericity, and specific surface area. The available water content was significantly or extremely significantly positively correlated with the gravel content and soil bulk density and negatively correlated with the total porosity, noncapillary porosity, clay content, aspect ratio, sphericity, and specific surface area. The unavailable water content was significantly or extremely significantly positively correlated with the contents of elemental iron, elemental aluminum, capillary pores, and clay, as well as the aspect ratio, sphericity, and specific surface area, and negatively correlated with the noncapillary porosity and gravel content.
The particle size composition and morphology affect the soil water-holding capacity. The matric suction at a particular volumetric water content increases as the soil grains gradually become finer. This pattern is because fine soil particles have a large specific surface area and small internal pore spaces, so they have high adsorption and capillary forces, resulting in greater water-holding capacity (Fredlund, 2000; Aubertin et al., 2003). The larger the aspect ratio and sphericity are, the closer the contact surfaces between the particles are, the larger the proportion of small pores in the soil is, and the higher the water-holding capacity of the soil is. The larger the specific surface area of particles is, the stronger the adsorption capacity of particles, adsorption effect on the soil water, and water-holding capacity are. Table 2 shows that with increasing soil depth, the level of weathering decreases and the gravel content increases, whereas the aspect ratio, sphericity, and specific surface area decrease, such that the water-holding capacity of the soil decreases.
The soil constitution, such as the content of organic matter, iron, and aluminum oxide, also affects the water-holding capacity. A decrease in the contents of organic matter, iron, and aluminum oxide can lead to a decrease in the number of water-stable soil aggregates and deteriorate the soil structure, affecting the water-holding capacity (Nyamangara et al., 2001; Deng et al., 2018). Table 1 indicates that as the depth of the soil layer increases, there is a decrease in the weathering degree and the contents of organic matter, iron, and aluminum, thereby decreasing the water-holding capacity. The soil mineral composition also affects the soil moisture characteristics. For example, the high content of water-repellent mineral quartz of the sandy soil layer results in good water-releasing performance of the soil. Therefore, the sandy soil layer has the highest values of n.
Third, the soil water-holding capacity decreases as the proportion of large pores increases (Tisdall et al., 1982; Wang et al., 2020). This study found the same pattern by analyzing the proportions of the equivalent pore sizes of different soil horizons in the collapsing gullies (Table 4). It can be seen from the table that the proportions of pores with an equivalent sizes above 3.00 μm and 0.60-3.00 μm were smaller in more weathered laterite than in the sandy soil and detritus layers. There were significantly more 0.20-0.60 μm-sized pores in the detritus layer than in the red soil and sandy soil layers. Overall, the proportion of large pores increased with the soil depth.
4.4 Relationship between water characteristics and wall collapse 
The analysis of the water characteristics of the vertical section of the collapsing wall showed considerable variation in the water suction and water-holding characteristics among different soil layers, which affects wall collapse. During a concentrated rainfall period, the water content of the soil increases rapidly, and the soil suction decreases as the matric suction decreases, which leads to a decrease in the shear strength and stability of the soil (Lin et al, 2015). In particular, the lower layers of the collapsing wall (especially the sandy soil layer) have poorer water-holding capacity, making it easy for water to diffuse rapidly into the soil. The resulting decrease in the soil shear strength (Xia et al, 2019) allows the wall to collapse easily into a concave pit (Fig. 7a). Thus, the upper layers form a volley body (Fig. 7a). In particular, the high suction stress and shear strength of the red soil layer inhibit soil collapse. However, the soil weight increases with the water content. Once the plastic limit and the dead weight of the red soil layer are exceeded (Deng et al., 2016), the entire red soil layer will collapse (Fig. 7b). Deng et al. (2018) also showed that for soil proﬁles of collapsing walls, the upper layer (the A and B layers) is highly stable, whereas the lower layer (the C layer) is weakly stable and therefore more prone to instability during rainfall, which tends to create a high wall that undergoes deep collapse by gravitation.

Fig. 7 Characteristics of collapsing walls in the field. (a) Concave pit and volley body. (b) Collapse of upper soil layers.

The study results also reveal that the red soil layer has the highest degree of weathering and a high content of organic matter, iron oxide, and clay particles in the soil. The soil in the top profile has a compact structure and a high water-holding capacity and shear strength (Xia et al, 2019), which helps to protect the sandy soil layer and detritus layer below the profile (Chen et al., 2018; Duan et al., 2021). Therefore, human-inflicted damage to vegetation and erosion of the red soil layer in the granite areas of southern China must be prevented. Erosion of the red soil layer will accelerate the occurrence of Benggangs and adversely affect local land use, ecological security, and sustainable development.
5. Conclusions
The degree of soil weathering in collapsing walls decreases with increasing soil depth, which is reflected in variations in the soil material composition (the contents of organic matter, elements, and minerals), particle characteristics (the particle size distribution and morphology), and porosity. The SWCCs differed greatly between different soil horizons of collapsing gullies. The soil water discharge also exhibited a well-defined pattern of change with the matric suction that could be accurately described using the VG model. A large variation was observed for the fitting parameter a with increasing soil depth, that is, an initial decrease, followed by an increase, which was correlated with the contents of quartz, sand, and silt. As soil depth increased, parameter n tended to increase first and then decrease. There was a significant correlation between n and the noncapillary porosity and specific surface area. With increasing soil depth, θs first decreased and then increased, and did not have a significant correlation with soil physical or chemical properties. θr decreased as the soil depth increased. θr was negatively correlated with the gravel content and positively correlated with the particle morphology (the aspect ratio, sphericity, and specific surface area). The red soil layer had the highest water-holding capacity, whereas the sandy soil and detritus layers had lower water-holding capacities. The difference in the SWCCs reflects the weathering degree of the granite crust and can be used to elucidate the mechanism of Benggang collapse. The gravel content and particle morphology was found to significantly impact the SWCCs. Future studies on the soil water characteristics of collapsing gullies should fully consider the impact of the gravel content and the particle morphology.
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