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Abstract: The hydrological and mechanical properties of granitic residual soils can be significantly
altered by periodical wetting and drying (W-D) cycles. The soil structure degradation induced by
W-D cycles can lead to soil mass failure and collapsing gully erosion in granitic hilly slopes in south
China. However, limited attempts have been made at a comprehensive investigation of the effects of
W-D cycles on the structure degradation of granitic residual soils, especially at the pedon scale. The
purpose of this paper is to investigate the structural degradation of granite soils induced by W-D
cycles and explore its potential influence on the development of collapsing gully erosion. The granitic
soil properties, including hydraulic properties, shear strength, and disintegration characteristics,
were performed after W-D cycles. The results indicated that the W-D cycles altered the soil pore
structure, leading to variations in soil hydraulic properties. Specifically, with increasing alternate W-D
cycles, the initial saturated water content and residual water content decreased, while the saturated
hydraulic conductivity increased. Meanwhile, increasing W-D cycles contributed significantly to
variations in cohesion and internal friction strength by decreasing the shear strength variables,
especially the soil cohesion strength. Correspondingly, soil disintegration was increased during W-D
cycles. Furthermore, most degradation of soil structure was recorded within the first two cycles of
W-D. The obtained results indicate that the W-D cycles weaken soil structure, increase rainwater
infiltration, decrease soil shear strength and disintegration resistance, and accelerate soil erosion.
A vicious cycle of granitic slope failure induced by W-D cycles is eventually formed. This study
provides useful information about the mechanism of soil mass failure and collapsing gully erosion in
granitic hilly slopes.

Keywords: wetting and drying cycles; granitic residual soil; mechanical properties; slope failure;
erosion mechanism

1. Introduction

Soil erosion is a serious threat to the sustainability of global development due to its
chronic influences on the ecological system and social services [1]. Collapsing gullies, a
fragmented erosion landform in hilly granitic areas of southern China, are developed by
slope collapse under the combination of water and gravity [2,3]. The predominant character
of this erosion landform is the high-steep headwalls and sidewalls, as well as a sloping
gully floor with sediment accumulation [4] (Figure 1). According to the existing research,
collapsing gully erosion in southern China is different from the well-known gully erosion in
the Loess Plateau or in black-soil regions, and the erosional landform has some similarities
with those in Italy, Brazil, and Madagascar, which are locally termed as “calanchi” [5],
“voçorocas” [6], and “lavaka” [7], respectively, but whether these international landforms
are the same as the collapsing gully still remains inconclusive. Although highlighted as a
national concern since it was regarded as the dominant factor for the deterioration of the
ecological environment in southern China, the erosion mechanism of the collapsing gully
is still under investigation.
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Figure 1. A typical collapsing gully in the hilly granitic regions of southern China.

The abundant precipitation accompanied with high temperature in tropical and subtropi-
cal areas of southern China is widely accepted as one of the most predominant environmental
factors for collapsing gully formation [2]. Soils in these areas suffer from dramatic wetting
and drying (W-D) cycles under this climatic condition, which accelerates soil structural
degradation, including physical, hydrological, and mechanical properties [8–11]. During
rainfall, the increase in water content causes an increase in the volume of soil voids, while
upon drying, the volume shrinks, with cracks even occurring [12]. Earlier studies concerning
the effects of W-D cycles on soil physical and mechanical properties were mainly conducted
on soil aggregates and focused on the possible relationship between aggregate water stability
and W-D cycles [13]. It has been found that soil particle rearrangement generated by W-D
cycles could alter the soil pore system, which consequently, would facilitate aggregate forma-
tion [14,15]. Due to the variation in soil aggregate structure, irreversible compression [16],
progressive shrinkage [17], and cracking behavior [18] had been observed for compacted
core samples under the influence of W-D cycles. In addition, different results have been
reported about the effects of multiple W-D cycles on soil physical and mechanical properties.
Kalkan [8] found that the swelling potential of clayey soils decreased with the increasing
frequency of W-D cycles, but it reached equilibrium at the fifth W-D cycle; Tang et al. [18]
found that the cracking water content and surface crack ratio for clay slurry kept increasing
in the first three W-D cycles but reached an equilibrium state during the subsequent cycles;
meanwhile, He et al. [10] found that the number of soil cracks did not change significantly af-
ter the second cycle of W-D. Generally, soil deformation, including void ratio, shrinkage, and
cracks generated by W-D cycles, is accompanied by a variation of soil structure stability and
strength, which would definitely influence slope stability and/or erosion process. However,
most of these publications about the effects of W-D cycles were concentrated on soils with
well-aggregated or expansive clays, and little attention has been paid to granitic soils.

The structure of granitic residual soils under soil water-content variation without load-
ing has been scarcely discussed comprehensively due to the less-expansive clay minerals.
Meanwhile, our previous studies found a relatively high shrinkage ability of granitic soils
during dehydration, though they had kaolinite as the dominant clay mineral [19,20]. In re-
cent years, increasing attention has been paid to the mechanism of collapsing gully erosion
for its formation and development, especially the external environmental factors [21–23],
erosion process [24,25], hydrological process [26], and mechanical properties [27–30]. How-
ever, these studies with regard to mechanical properties were conducted on soils under
dehydration or loading, and soils experiencing W-D cycles without loading are closer to
the field condition. The soil with textures varying from clay to sandy may possess different
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deformation characteristics under W-D cycles along the granite soil profile. To make a
better understanding of the collapsing gully erosion mechanism, it is necessary to make a
comprehensive investigation of the effects of W-D cycles on the structure degradation of
granitic soils, especially at a pedon scale.

Against the aforementioned background, the main objective of this study was to (i)
investigate the structure degradation, including hydraulic properties, shear strength, and
disintegration characteristics, of granite soils induced by W-D cycles; and (ii) explore its
potential influence on the development of collapsing gully erosion. Herein, typical granitic
residual soils along the weathering profile were collected in collapsing gully erosion areas
of southern China, and its shear strength, soil water characteristics, and disintegration
properties experienced from different numbers of W-D cycles were evaluated. The obtained
results would facilitate the understanding of the mechanism of soil structure degradation
and collapsing gully erosion in granitic areas.

2. Materials and Methods
2.1. Study Area

This study was conducted in Tongcheng County (113◦46′26” E, 29◦12′39” N), Hubei
province, the north boundary of collapsing gully distribution in southern China (Figure 2).
It has been reported that 1102 collapsing gullies have developed in this region, and the
annual sediment yield by collapsing gully erosion accounted for over 50% of the total
erosion in this area [22]. The study site is in a typical subtropical monsoon climate zone
with an average temperature, annual frost-free period, and precipitation of 16.1 ◦C, 260 days,
and 1521 mm, respectively, and the rainy season coincides with hot weather, with 75% of
the rain falling from March to September.
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A typical weathering crust for granitic soils in the collapsing gully erosion area usually
varies from tens to hundreds of meters, with its physicochemical properties exhibiting
significant differences along the pedogenic profile [27]. According to the pedogenic process
and weathering degree, an intact granitic soil profile could be divided into four layers,
including surface layer, lateritic layer, sandy layer, and detritus layer [28].
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2.2. Soil Sampling

According to field investigation, typical granitic soil profile with an intact pedogenic
layer was selected. The sampling soils were acidic, well-drained, and classified as Alisol [31].
The land-use type was natural secondary forest, and the vegetation mainly included Pinus
massoniana, Dicranopteris linearis, Smilax china, and Rosa laevigata [29]. Four soil sampling
layers, including surface layer (0~45 cm), lateritic layer (45~170 cm), sandy soil layer
(170~430 cm), and detritus layer (>430 cm), were collected in the basis of differences in
soil color, soil texture, and soil strength along the profile (Table 1). Undisturbed soil core
samples were collected by stainless-steel cylinders for the analysis of soil water retention
properties (height 5 cm and inner diameter 5.05 cm), shear strength (height 2 cm and inner
diameter 6.2 cm), and disintegration characteristics (height 2 cm and inner diameter 6.2 cm).
Additionally, 1~2 kg of the scattered soil samples of each soil layer was collected for the
test of physicochemical properties. Each test was conducted three times. A total of 336 soil
core samples were collected.

Table 1. Basic information about the selected soil layers.

Soil Layer Thic-ness
(cm)

Soil Color Soil
Structure

Soil Description
Wet Dry

Surface
layer 0~45 2.5YR 6/6 5YR 6/6

Granular,
loose

structure

High organic matter content and
biological activity with a large

number of roots and plant residues;
high hydraulic conductivity; heavy
texture with residual quartz sand;

high weathering degree; clay
minerals, mainly including kaolinite

and illite; high cohesion and
resistance to water erosion

Lateritic
layer 45~170 2.5YR 4/4 5YR 5/8

Platy,
massive
dense

structure

Heavy texture with fewer
macropores and low hydraulic
conductivity; high weathering
degree; clay minerals mainly
including kaolinite and illite;

highest cohesion and resistance to
water erosion; without root and

biological activity

Sandy
layer 170~430 7.5YR 5/4 7.5YR 7/4

Crumb,
pseudo-
granular
structure

Light texture with a large amount of
primary minerals (quartz sand and

biotite); medium hydraulic
conductivity; low weathering

degree; low cohesion and resistance
to water erosion

Detritus
layer >430 2.5YR 8/2 10YR 8/1

Fragmental,
tight

structure

Light texture with much coarse
quartz sand and biotite; very low

weathering degree; medium
hydraulic conductivity; similar

configuration to granite rock; low
cohesion and resistance to water

erosion
Note: The soil color was described by Chinese standard soil color card.

2.3. Measurements
2.3.1. Physicochemical Properties

Physicochemical properties of the composited soils from each horizon and study site
were analyzed according to the standard procedures. The soil texture was determined
by the wet sieving–pipette method after dispersion [32]. Bulk density, total porosity, and
capillary porosity were determined on undisturbed samples using cutting ring method [33].
Atterberg limit tests were performed by using liquid plastic combined tester according
to the method of ASTM [34]. The samples were dried at 105 ◦C for 6 h to test the natural
moisture content. Saturated hydraulic conductivity was determined using the TST-55
variable-head permeameter (Soil instrument, Nanjing, China) [20]. Soil organic matter
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(SOM) was determined by the K2Cr2O7-H2SO4 oxidation method [32]. Free iron (Fed)
and aluminum (Ald) were extracted by citrate-bicarbonate-dithionite for determining the
fractions of Fed and Ald oxides, and the contents of the iron and aluminum oxide in the
extracts were determined by inductively coupled plasma optical emission spectroscopy
(ICP-OES) (VISTA-MPX, Varian, Palo Alto, CA, USA) after dilution [35]. Clay minerals
were determined by X-ray diffraction after pretreatments [20]. All these measurements
were conducted in triplicate and averaged for statistical analysis. Detailed information
about the physicochemical properties is summarized in Table 2.

Table 2. Physicochemical properties of experimental soils.

Parameters Surface Layer Lateritic Layer Sandy Layer Detritus Layer

Clay, % 34.80 ± 0.56 d 45.50 ± 0.39 c 14.29 ± 0.12 b 9.71 ± 0.12 a

Silt, % 23.71 ± 0.57 c 23.98 ± 0.67 c 28.46 ± 1.09 b 31.69 ± 1.16 a

Sand, % 41.49 ± 1.13 b 30.52 ± 1.13 a 57.24 ± 0.97 c 58.60 ± 1.27 c

Bulk desity, g cm−3 1.25 ± 0.01 c 1.43 ± 0.03 a 1.37 ± 0.01 b 1.34 ± 0.02 b

Total porosity, % 50.97 ± 1.97 a 46.42 ± 1.03 c 47.41 ± 0.98 bc 50.45 ± 1.16 ab

Capillary porosity, % 40.37 ± 1.85 a 40.92 ± 0.62 a 39.09 ± 2.35 a 39.63 ± 0.50 a

Liquid limit, % 59.73 ± 1.22 a 52.32 ± 1.87 b 36.52 ± 0.92 c 32.28 ± 0.78 d

Plastic limit, % 36.88 ± 0.70 a 30.77 ± 1.46 b 21.35 ± 0.92 c 23.43 ± 0.66 c

SOM, g kg−1 18.62 ± 0.61 a 10.64 ± 0.16 b 4.35 ± 0.21 c 1.66 ± 0.07 d

Fed, g kg−1 18.34 ± 0.77 b 20.19 ± 0.55 a 6.22 ± 0.27 c 4.95 ± 0.16 d

Ald, g kg−1 5.83 ± 0.14 a 5.37 ± 0.29 b 2.30 ± 0.16 c 1.35 ± 0.06 d

Vermiculite, % 2 0 0 0

1.4 nm, % 0 2 0 0

Illite, % 5 4 6 8

Kaolinite, % 93 94 94 92

Soil texture Clay loam clay Sandy loam Sandy loam
Note: For each parameter, different letters (a–d) indicate significant differences (p < 0.05) between different
soil layers.

The physicochemical properties showed a significant variation along the granitic
weathering soil profile (p < 0.05). Soils in the surface layer had the lowest value of bulk
density (1.25 g cm−3) but the highest value of total porosity (40.37%), and a less significant
difference was observed for capillary porosity along the profile, revealing that the difference
in porosity for granitic weathering soil profile was dominated by the relatively larger pores
(noncapillary). Apart from the nonplastic soils in sandy and detritus layers, the Atterberg
limits, with its liquid and plastic limit in a range of 59.73~52.32% and 36.88~30.77%, showed
a noticeable decreasing trend along the investigated soil profile. The composition of clay
minerals with kaolinite as its dominant component (>92%) possessed a less significant dif-
ference among different layers. In general, soils in the surface and lateritic layers had higher
concentrations of cementing materials, including soil organic matter (10.64~18.62 g kg−1),
free iron (18.34~20.19 g kg−1), and aluminum (5.37~5.83 g kg−1), than those in the sandy
and detritus layers.

2.3.2. Simulation of Wetting-Drying Cycles

The wetting-drying cycles were simulated in laboratory through the following pro-
cedure. Before test, the core samples were vacuum-saturated by deionized water. Drying
process was performed in a thermostatic blast oven with a constant temperature (40 ± 1 ◦C)
for simulating the extreme field conditions in the summer of south China [36]. The samples
were dried to constant weight, and the relative difference between adjacent weights of each
individual sample was less than 0.2%. After the soil samples were artificially dehydrated,
wetting process was conducted in the airtight container with constant room temperature.
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The samples were resaturated by capillary suction in deionized water. The above drying
and wetting processes were referred to as a whole W-D cycle. The total number of W-D
cycles were designed as 0, 2, 5, and 10 in this study.

2.3.3. Soil Water Retention Properties

Soil water retention properties corresponding to each W-D cycle were determined by
centrifuge method [37] with the high-speed refrigerated centrifuge apparatus (HITACHI,
CR21G III). In order to reach the soil water potential equilibrium for a given centrifugal force,
a 120 min run duration was set for each centrifuge step [11,38]. Here, water density was 1 g
cm−3 and the acceleration of gravity was 981 cm s−2. The matric water potential h (kPa)
was obtained by fitting the SWRCs of the van Genuchten model [39] to the experimental
data using origin 9.0 by the following equation:

θ − θr

θs − θr
=

1[
1 + (−αh)n]m (1)

where θ indicates the volumetric soil water content (cm3 cm−3); θs is the saturated vol-
umetric soil water content (cm3 cm−3); θr is the residual volumetric soil water content
(cm3 cm−3); h is the soil water pressure head (cm); α (cm−1), n, and m are positive fitting
parameters (α > 0, n > 1, m = 1−1/n).

Soil water characteristic curve reflects pore size distribution of soil to some extent [40].
Assuming the pores of soil to be circular capillaries with various apertures, these pore
diameters are derived from the capillarity equation as [41]:

d =
4σcosα

ρgh
(2)

where d is pore diameter (µm), σ is the surface tension of water (N cm−1), α is the con-
tact angle between the water and the pore wall, ρ is the density of water (g cm−3), g is
acceleration of gravity (N kg−1) and h is matric suction (cm).

If soil suction is h1 and h2 (h1 < h2), the water content and pore equivalent diameter
corresponding to soil suction h1 and h2 are θ1 and θ2, d1 and d2, respectively. Then, the pore
ratio between d1 and d2 is (θ1 − θ2)/θs. Herein, the pores were divided to d1 (>30 µm), d2
(0.3~30 µm) and d3 (<0.3 µm), according to pore equivalent diameter.

2.3.4. Shear Strength

Shear strength of sampling soils was measured through the quadruple direct shear box
apparatus (LH-DDS-4, Nanjing TKA Technology Co., Ltd., Shanghai, China). The specimen
was fully saturated with deionized water before loading into the direct shear box (height
2 cm and inner diameter 6.2 cm). Then, the sampling soils were tested under four different
normal stresses (τ) (50 kPa, 100 kPa, 150 kPa and 200 kPa). To eliminate the variation of
soil water content during the test, the shearing rate was set as 2.4 mm min−1 [27]. The
shear displacement was about 4 mm for the peak state of shear strength and about 6 mm
otherwise. The shearing stress on the failure plane at failure was calculated using the
equation: τ = n × r, where n (1.541 kPa when the shear displacement was 0.01 mm) is
the conversion ratio and r is the numerical reading of the measure meter. Shear strength
parameters were estimated through the Mohr–Coulomb shear strength criterion equation:
τ = c + σtanϕ [42], where c is the soil cohesion (kPa) and ϕ is the friction angle (◦).

2.3.5. Disintegration Test

The disintegration characteristics of core samples corresponding to each W-D cycle
were determined by a self-designed apparatus (Figure 3). Briefly, core samples were placed
on a metallic meshy plate (12 cm × 12 cm) with the pore size of 0.8 cm × 0.8 cm. The
disintegration rate was determined by water volume variation, which could be elevated
by the floating cylinder with the minimum mark of 0.1 cm. When core samples were
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immersed into water, the mass remaining on the meshy plate decreased with increasing
disintegration time, while the exposed height of the floating cylinder increased with the
increasing volume of soil–water mixture. The test was terminated until a constant reading
or the entire core sample was disintegrated totally. Independent procedure was performed
to determine the instant reading of floating cylinder at the initial stable stage when the core
sample was immersed into water, and disintegration was prevented by the wax sealing
method, regardless of the effect of dissolved salts and gas effusion, which is likely to be
very small relative to the soil disintegration [43]. The disintegration rate was calculated
according to the following equation [44]:

At =
R0 − Rt

R0 − Re
× 100% (3)

where At is the disintegration rate at a specific time, %; R0 is the instant reading of the
floating cylinder upon the initial immersion of the core sample into water, cm; Rt is the
reading of the floating cylinder at a specific time during the immersion of the core sample
in water, cm; Re is the reading of the floating cylinder at the complete disintegration of the
sample, cm.
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Figure 3. Schematic of disintegration tests. 1. Floating cylinder: graduated cylinder with a measuring
range of 250 mL and minimum scale of 2 mL; 2. metallic meshy plate: the size is 10 cm × 10 cm;
the grid aperture is 1 cm × 1 cm; it is connected to the floating cylinder with a thin thread; 3. glass
flume: the size is 25 cm (width) × 25 cm (length) × 80 cm (height), and it is filled with pure water;
4. soil sample.

2.4. Data Analysis

The normality of the raw data was determined by the Kolmogorov-Smirnov (K-S)
test. All data analyses were performed using a SPSS 20.0 software package and significant
differences among different treatments were statistically analyzed by one-way ANOVA
(p < 0.05). The general linear model (GLM) was used to test the effects of the soil layer and
W-D cycles and their interaction on the soil parameters, including hydraulic conductivity,
soil water characteristics, and shear strength parameters. All the figures and tables were
prepared using OriginPro8.0 and Microsoft Excel 2007.
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3. Results and Discussion
3.1. Soil Hydraulic Properties Induced by W-D Cycles

Soil hydraulic properties, including water retention and saturated hydraulic conduc-
tivity under the influence of W-D, were analyzed. According to the relationship between
volumetric water content and matric suction (Figure 4), soil water retention capacity de-
creased consistently with the increasing cycle of the wetting–drying process, especially for
soils in surface (Figure 4a) and lateritic layers (Figure 4b), while it showed a slight increas-
ing trend when the W-D cycle increased from 0 to 5 for soils in the sandy and detritus layers
(Figure 4c,d). This difference in water retention capacity generated by wetting–drying
decreased with the increment in the W-D cycle, and it was more significant at the low
matric suction (<100 kPa) than that at the high matric suction. Specifically, the saturated (θs)
and residual (θr) water content fitted by van Genuchten (p < 0.05) kept decreasing when the
number of wetting-drying cycles increased from 0 to 10, particularly at conditions where
the number of W-D cycles was fewer than 5, as a less significant difference was observed
for these water contents when the number of W-D cycles increased from 5 to 10 (p > 0.05),
and this decreasing trend was more obviously observed for soils in the surface and lateritic
layers, e.g., θs decreased from 0.41 cm3 cm−3 to 0.35 cm3 cm−3 for soils in the surface layer,
but it decreased from 0.38 cm3 cm−3 to 0.36 cm3 cm−3 for soils in the detritus layer (Table 3).
By contrast, the fitting parameter α and n was lightly influenced by W-D cycles irrespective
of the pedogenic layers (p > 0.05). This may be related to the change in pore volume and
the formation of cracks during W-D cycles [45].
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Table 3. The soil water characteristic curve parameters fitted by the van Genuchten (1980) model for
experimental soils under W-D cycles [39].

Soil Layer W-D Cycles θs
(cm3 cm−3)

θr
(cm3 cm−3) α n R2

Surface layer

0 0.406 ± 0.016 a 0.195 ± 0.012 a 0.034 ± 0.005 a 1.188 ± 0.012 a 0.998 ***
2 0.372 ± 0.034 b 0.174 ± 0.013 b 0.046 ± 0.004 b 1.177 ± 0.008 b 0.999 ***
5 0.349 ± 0.030 c 0.169 ± 0.023 b 0.048 ± 0.007 b 1.169 ± 0.013 bc 0.998 ***
10 0.348 ± 0.022 c 0.166 ± 0.015 b 0.050 ± 0.005 b 1.168 ± 0.007 c 0.997 ***

Lateritic layer

0 0.394 ± 0.012 a 0.182 ± 0.028 a 0.021 ± 0.003 a 1.218 ± 0.011 a 0.997 ***
2 0.352 ± 0.015 b 0.163 ± 0.016 b 0.030 ± 0.006 b 1.197 ± 0.010 b 0.996 ***
5 0.334 ± 0.013 bc 0.157 ± 0.011 c 0.031 ± 0.004 b 1.193 ± 0.005 b 0.996 ***
10 0.332 ± 0.010 c 0.154 ± 0.008 c 0.031 ± 0.010 b 1.194 ± 0.009 b 0.995 ***

Sandy layer

0 0.392 ± 0.022 a 0.116 ± 0.017 a 0.070 ± 0.007 a 1.254 ± 0.013 a 0.999 ***
2 0.372 ± 0.024 b 0.109 ± 0.026 b 0.079 ± 0.005 b 1.253 ± 0.011 ab 0.999 ***
5 0.363 ± 0.035 b 0.103 ± 0.009 bc 0.081 ± 0.004 b 1.256 ± 0.007 bc 0.999 ***
10 0.361 ± 0.017 b 0.099 ± 0.014 c 0.082 ± 0.008 b 1.260 ± 0.011 c 0.999 ***

Detritus layer

0 0.383 ± 0.011 a 0.102 ± 0.021 a 0.056 ± 0.010 a 1.311 ± 0.009 a 0.999 ***
2 0.367 ± 0.026 b 0.090 ± 0.011 b 0.056 ± 0.008 b 1.330 ± 0.006 b 0.999 ***
5 0.361 ± 0.019 b 0.087 ± 0.010 c 0.056 ± 0.007 bc 1.336 ± 0.013 bc 0.997 ***
10 0.357 ± 0.021 b 0.083 ± 0.022 c 0.057 ± 0.002 c 1.341 ± 0.010 c 0.997 ***

Note: for the same parameter and soil layer, different letters (a–c) indicate significant differences (p < 0.05) between
different W-D cycles. *** indicates that the fitting equation is significantly at 99% confidence level.

Equivalent diameter distributions of soil pore ratio for granitic soils during W-D
cycles were shown in Figure 5. The pore ratio of soil equivalent diameter d1 (>30 µm)
showed an increased trend with the increasing cycle of wetting–drying, while the pore
ratio of soil equivalent diameter d3 (<0.3 µm) was significantly decreased. Moreover, the
variations in pore ratio of soil equivalent diameter d1 for soils in the clay loam layers
(surface and lateritic) were greater than those in the sandy loam layers (sandy and detritus).
The saturated water conductivity (Ks), as an index relating to soil porosity, showed an
increasing trend by W-D cycles, which kept in line with the aforementioned variations in
pore ratio of soil equivalent diameter d1. In addition, a significant difference was obtained
between the Ks of soils processed with 0 and 2 W-D cycles (p < 0.01), particularly for soils
in the lateritic layer in which the corresponding Ks increased from 0.0024 to 0.0273 cm
min−1 (Figure 6). However, with the subsequent increasing numbers of W-D cycles, a less
significant difference was observed for Ks, reflecting a decreasing influence of W-D cycles
on Ks after the second cycle.

The increase in the hydraulic conductivity induced by W-D cycles resulted from the
increase in hydraulic active pores [46]. Generally, the Ks of a cracked soil is several orders of
magnitude larger than that of an intact soil [47,48]. With the increasing cycle of wetting and
drying, the saturated hydraulic conductivity increased by 112%, 1138%, 128%, and 86% for
the four soil layers, respectively. The greater increment in Ks for soils in the lateritic layer
was generated by the higher content of clay and soil organic matter content (Table 2) [12,49].
However, soils in the surface layer possessing similar physicochemical properties to those
in the lateritic layer demonstrated a significant lower increment in Ks (Table 1).

3.2. The Variation of Shear Strength Induced by W-D Cycles

The saturated shear strength for soils endured with different W-D cycles was evaluated.
The results of typical direct shear test are shown in Figure 7. The stress–strain curves of
granitic soils are roughly the strain-hardening type, and the peak of the curves is closely
influenced by W-D cycles. The granitic soils show an obvious shear strength deterioration
induced by W-D cycles, and decrease most after two cycles. Furthermore, the soils In the
surface layer and lateritic layer show lower shear strengths than those in the sandy and
detritus layer.
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The cohesion strength ranging from 1.59 to 34.98 kPa decreased significantly from
the surface to detritus layer when granitic residual soils suffered free from the W-D cycle
(p < 0.05) (Table 4), and this decreasing trend was impacted barely by the W-D process. In
addition, the influence of the W-D cycle on the variation in cohesion strength was greater for
soils in the clay loam layers (surface and lateritic), e.g., the cohesion strength for soils in the
lateritic layers decreased from 28.62 to 10.34 kPa after the tenth W-D cycle. Despite this, the
decline in cohesion strength showed a decreasing trend with the increasing cycles of wetting
and drying for all the tested soils, which was reflected by the less significant difference
in cohesion strength for soils that endured the 5 to 10 W-D cycles. In comparison with
cohesion strength, the friction angle increased consistently from the surface (24.15~27.40◦)
to detritus (32.72~35.10◦) layers, and a less significant difference was observed among
different numbers of W-D cycles. Obviously, the W-D cycle had a greater influence on
cohesion strength than on the friction angle, and the cumulative reduction was in a range
of 50~100% for cohesion and 6.78~15.12% for the friction angle.

Table 4. Shear strength of experimental soils under W-D cycles.

Soil Layer
0 2 5 10

C (KPa) ϕ (◦) C (KPa) ϕ (◦) C (KPa) ϕ (◦) C (KPa) ϕ (◦)

Surface layer 34.98 ± 1.23 a 27.40 ± 1.53 a 24.65 ± 1.21 b 25.94 ± 1.23 b 19.88 ± 0.96 bc 25.35 ± 1.36 b 17.49 ± 0.93 c 24.15 ± 1.92 b
Lateritic layer 28.62 ± 0.96 a 24.91 ± 1.04 a 16.70 ± 1.37 b 23.08 ± 1.40 ab 12.72 ± 1.01 bc 21.84 ± 2.05 b 10.34 ± 0.62 c 21.68 ± 0.74 b
Sandy layer 7.16 ± 0.52 a 31.94 ± 1.83 a 3.18 ± 0.27 b 29.51 ± 0.83 b 0.80 ± 0.02 c 28.25 ± 1.43 bc 0.00 ± 0.00 c 27.11 ± 2.03 c

Detritus layer 1.59 ± 0.72 a 35.10 ± 1.30 a 0.00 ± 0.00 b 33.86 ± 1.04 b 0.00 ± 0.00 b 33.48 ± 1.68 b 0.00 ± 0.00 b 32.72 ± 1.90 b

Note: for the same shear strength parameter and soil layer; different letters (a–c) indicate significant differences
(p < 0.05) between different W-D cycles.

3.3. The Variation in Disintegration Characteristic

The disintegration experienced a significant different process, especially for soils
between the clay loam layers (surface and lateritic) and the sandy loam layers (sandy
and detritus) (Figure 8). Except for soils in the surface layer, disintegration was triggered
instantly at the initial stage of the disintegration process for soils in three other layers,
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with its maximum cumulative disintegration amount attaining 100% during the test. The
disintegration process was divided into three parts: the static part at the initial stage,
dramatic rise part and steady part. The proportion of these parts varied with pedogenic
layers and W-D cycles. Here, the static part occupying more than 50% of the whole
disintegration process was apparently observed for soils in the surface layer after the fifth
W-D cycle, while this part was barely observed for soils in the lateritic layer after the fifth
and tenth W-D cycle. After the static stage, the cumulative disintegration amount jumped
from 0 to the maximum value and then remained at the steady stage. The time to attain the
steady stage generally decreased with the increasing number of W-D cycles and the profile
depth, i.e., it was around 20 and 15 min for soils in the surface and lateritic layers, but less
than 2 and 1.2 min for soils in the sandy and detritus layers, respectively. Additionally,
disintegration was influenced greater by W-D cycles for soils in the upper two layers than
those in the sandy and detritus layers. The cumulative disintegration amount varied in
a similar trend before the fifth W-D cycle for soils in the surface and lateritic layers, with
its disintegration rate showing a less significant difference between 0 and 2 W-D cycles.
Additionally, the maximum cumulative disintegration amount varied slightly for surface
soils enduring 0 and 2 W-D cycles, with the same situation for surface and lateritic soils
enduring 5 and 10 W-D cycles (p > 0.05), but a dramatic difference was observed for these
soils when the frequency of W-D cycles increased from 2 to 5 (p < 0.01). In comparison with
clay loam soils in the upper two layers, disintegration induced by W-D cycles varied in a
relatively smooth trend for sandy loam soils in the sandy and detritus layers.
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3.4. The Influence of W-D Cycles on the Collapsing Gully Erosion

Hydromechanical properties are very important for collapsing gully erosion, which is
dominated by gravity erosion. Soil structure degradation, including physical, hydrological,
and mechanical properties induced by W-D cycles, is helpful for a better understanding of
the mechanism of collapsing gully erosion.
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Many researchers have found that accumulated irreversible soil deformation or vol-
ume increase occurs during multiple W-D cycles [50–53], progressively leading to an
increase in pore volume and average diameter. Moreover, the changes in the soil pore
system were dominated by variations in large and macro pores during the sequences of
W-D cycles [15,54]. Simultaneously, the ratio, width, and connectivity of cracks increased
when soil was subjected to multiple sequences of W-D cycles [55]. These are all reasons
that led to the increase in soil hydraulic conductivity. Additionally, the effective connection
points between soil particles significantly decreased due to the presence of large soil pores
or cracks, which may lead to the degradation of overall soil structure strength and stability.
The loss of cement during wetting was also an important reason for the decreasing soil
structure strength [43,56]. Furthermore, the extensive disintegration of soils with increasing
W-D cycles may also decrease the soil strength [57].

The GLM analysis revealed a significant effect of soil layer and W-D cycles on soil
parameters (Table 5). The granitic residual soils present a remarkable heterogeneity from
the top to the bottom of the weathering profile (Table 2), and the influences of W-D cycles
on soil structure are different due to the differences in clay mineralogy, organic matter,
and particle-size distribution [57]. The clay loam soils in the upper two layers were more
affected by W-D cycles than sandy loam soils in the sandy and detritus layers. Thus, the
rainfall water would infiltrate faster and deeper due to the great increase in soil hydraulic
conductivity induced by W-D cycles for the upper two layers. In addition, the lower
soil layers (sandy soil layer and detritus layer) had relatively lower shear strength and
disintegration resistance due to the loose structure, and shear strength decreased with
increasing water content, especially for the lower soil layers [27,28]. Therefore, once the
rainfall water infiltrates into the lower two soil layers, soil mass failure occurs. Furthermore,
the decreasing shear strength and disintegration resistance increases the soil corrosion due
to the W-D cycles. The thickness of the clay loam soils is gradually reduced due to soil
runoff erosion, which also leads to the rainfall water infiltrating into the lower two soil
layers in the long term. After the rainfall, the soil structure is further degraded due to soil
shrinkage caused by evaporation at high temperature. A vicious cycle of granitic slope
failure induced by W-D cycles is eventually formed.

Table 5. p values from the general linear model (GLM) to test the influence of soil layer and W-D
cycles and their interaction on the soil parameters.

θs
(cm3 cm−3)

θr
(cm3 cm−3) α n Ks

(cm min−1)
C

(KPa)
ϕ
(◦)

Soil layer 0.61 0.01 * 0.02 * 0.04 * 0.57 0.00 ** 0.03 *
W-D cycles 0.03 * 0.00 ** 0.01 * 0.02 * 0.00* 0.00 *** 0.04 *

Soil layer ×W-D cycles 0.97 * 0.03 * 0.04 * 0.05 0.95 0.00 ** 0.85

Note: * significant different at the 0.05 level; ** significant different at the 0.01 level; *** significant different at the
0.001 level.

4. Conclusions

The effects of W-D cycles on the structure of granitic residual soils present a remarkable
heterogeneity from the top to the bottom of the weathering profile. The W-D cycles altered
the soil pore structure, leading to variations in soil hydraulic properties, such as the
decrease in initial saturated water content and residual water content, in contrast to the
increase in saturated hydraulic conductivity with increasing alternating W-D cycles. W-D
cycles made significant contributions to the variations of cohesion and internal friction
strength, including the decrease in the shear strength variables with increasing W-D cycles,
especially the soil cohesion strength. Disintegration was influenced more greatly by W-
D cycles for soils in the upper two layers than those in the sandy and detritus layers.
Furthermore, most degradation of soil structure was recorded within the first two cycles of
W-D. The obtained results indicate that W-D cycles weaken soil structure, increase rainwater
infiltration, decrease soil shear strength and disintegration resistance, and eventually lead
to slope failure.
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