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Abstract: The climate is a significant factor affecting the
collapsing gully in weathered granite areas, and most of
the surface layers of the collapsed area comprise granite
residual soil. Granite residual soil has complex disin-
tegration characteristics under different initial water
content conditions. Besides, its disintegration character-
istic is an essential factor for collapsing gully. Therefore,
disintegration tests, triaxial shear tests, nuclear mag-
netic resonance tests, and hydraulic conductivity tests
are conducted under torridity and rainstorm conditions
in order to study the disintegration characteristics of
granite residual soil. The results of disintegration test
showed that the initial disintegration rate of granite
residual soil increased rapidly with the decrease in water
content, while the relationship between disintegration
rate and water content in the later stage of disintegration
is unclear. When soaked, the maximum decrease in
cohesion was 44.48%, the hydraulic conductivity be-
came six times larger, and the amplitude of the T, curve
increased by about 40%, which reduced the strength of
the soil and provided better access for rainwater
infiltration to deeper stratum. The results show that the
microstructure of granite residual soil would be da-
maged and the disintegration would occur after a
rainstorm at low water content. Micropores would be
formed inside the sample after soaking, resulting in
destroying the continuity of the material.
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1 Introduction

Collapsing gully called benggang by local people is a
serious soil erosion in the granite-weathered area of
southern China; it damages the local landform and even
causes disasters [1-3]. After the local surface vegetation
damages and suffers from rainstorms, the collapse may
occur in the exposed granite-weathered stratum. Col-
lapse disasters frequently occur, however, the mech-
anism of collapse have not well understood yet. For
example, some researchers have investigated the rela-
tionship between landform and collapse area [4-7] and
performed the slope monitoring or model tests under
rainfall conditions [8,9]. Besides, there were some
studies on the collapse characteristics and strength
characteristics of residual soils [10,11]. However, the
analyses of the collapse mechanism are not enough, and
the comparative study of the failure mode, strength, and
infiltration after soil soaking is not analyzed together.
The unsaturated strength characteristics of granite-
weathered soils under different initial moisture content
conditions have been explored by some researchers
[10-12]; nevertheless, the samples were directly tested
without the soaking process, that is, the damage caused
by rapid infiltration might be ignored.

The surface layer of the mountainous area where
the collapse takes place comprise mostly granite
residual soil, which is the remnant of weathering
granite and retains the characteristics of the original
rock structure [13,14]. Granite residual soil has sig-
nificant anisotropy. There are a large number of initial
pores inside the soil, especially after drying, and it is
prone to softening and disintegrating after soaking
[15,16]. After the rainstorm, the disintegration and
destruction of the residual soil layer would be gradually
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transitioned to deeper weathered stratum, resulting in
the formation of a collapsed gully. Therefore, the
disintegration and failure characteristics of the granite
residual soil are essential.

Granite remnant soil has significant primitive struc-
tural characteristics and various initial pores, and good
conditions for water infiltration are achieved by the large
pores. The hydraulic conductivity coefficient of granite
residual soil is between clay and sand. The hydraulic
conductivity coefficient would increase after drying, and
the pore air pressure would sharply increase during the
rapid infiltration [17]. Rapid infiltration would occur in
the granite residual soil with low water content at the
initial stage of infiltration where the gas in the soil
cannot be discharged in time, causing the pore air
pressure to rise sharply and then destroy the soil
structure. Particularly, the relationship between pore
air pressure and soil disintegration was investigated and
the effect of initial water content on soil disintegration
was analyzed by Cernuda et al. [18]. Besides, the tensile
strength of the material is also an important factor
affecting the disintegration rate. For instance, the
changes in the tensile strength of remolded soils with
different water contents before and after soaking were
studied by Cernuda et al. [18], revealing that the pore air
pressure caused by rapid infiltration could destroy the
microstructure of the soil. From a microscopic perspec-
tive, Zhang et al. [19] analyzed the forces between two
grains and obtained the relationship of the average
disintegration rate with the effective porosity and matrix
suction; however, the macroscopic mechanical analysis
was scarce. Additionally, CT scanning technology was
used by Li et al. [20] to study the collapse characteristics
of granite residual soil at the initial stage of disintegra-
tion, finding that the cracks of the samples were formed
significantly. The morphological and evolutionary char-
acteristics of the fissures were quantitatively analyzed
while the mechanical analysis was scarce. Generally,
these studies lack comparative and relationships among
mechanical analysis, microscopic analysis, and undis-
turbed soils. In most of those studies, the pore air
pressure and disintegration tests of materials were only
measured while the changes in strength characteristics,
microscopic characteristics, and hydraulic conductivity
of dry soils after soaking were ignored.

The disintegration of granite residual soil is one of
the early stages of collapsing gully. The soil water
content may have different states from saturated to
unsaturated in a complex climatic environment. Their
characteristics, including disintegration rate, strength,
and evolution of permeability, are different after
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soaking. Therefore, the research material selected is
undisturbed granite residual soil and the different
moisture contents are controlled in a constant tempera-
ture—humidity box in order to better understand the
disintegration mechanism of the granite residual soil
under the complex climate conditions. Then a series of
tests, including the disintegration test, consolidated
undrained shear test, nuclear magnetic resonance
(NMR) test, and hydraulic conductivity test, are sepa-
rately performed. The disintegration rules of granite
residual soil are analyzed from three aspects, that is,
disintegration rate, strength characteristics, and micro
characteristics.

2 Material and methods
2.1 Material

Granite is the parent rock with the erodibility and the
widely distributed area in Guangdong province, China.
This type of rock is easily weathered in the humid and
hot climate of South China and can form a thick
weathering stratum. Granite-weathered stratum is loose
and extremely poorly ridged. Hence, it could erode and
collapse easily. It is extremely difficult for vegetation to
grow. The topsoil would be eroded and exposed to the
granite-weathering stratum if the vegetation is damaged,
causing strong soil erosion. Strong weathering and gully
erosion would occur on granite hillsides with thin
weathering stratum, and the clay in weathering stratum
is taken away by erosion, leaving coarser grains and
highly weathering-resistant quartz particles, leading to
rocky desertification. The occurrence of thick granite
hillsides would quickly change from surface erosion and
gully erosion to landslides. During the rainstorm
process, a large amount of quicksand would be the
output, the land would be cultivated, silted riverbeds
would be threatened, and even local villagers live in
danger.

The sample selection site is located at a site in
Shenzhen city, Guangdong province, China (22°32'25”E,
113°53’35”N). Because of the heterogeneity of the granite
residual soil profile and the mixed soil on the surface, in
order to obtain fresh soil samples that are not affected by
human or climate, the samples were taken from a
foundation pit at depth of 6-8 m with a relatively
uniform texture. The local average annual temperature
is 22.0°C. The average minimum temperature in January
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Figure 1: A typical collapsing gully in the hilly granitic region,
consisting of (1) upper catchment, (2) collapsing wall, and (3)
colluvial deposit.

is 11.4°C, the average maximum temperature in July is
29.5°C, and the average number of rainy days is 144 days
including 9 days of heavy rain and 2.2 days of heavy
rainstorm. The amount is 282mm/day. The maximum
value is 385.8 mm/day, and the average precipitation
over the years is 1966.5mm. The rainfall is mainly
concentrated in summer. Figure 1 illustrates a typical
collapsing gully in an area of Guangdong. It can be
divided into three parts, including upper catchment,
collapsing wall, and colluvial sediment. Moreover, the
surface of the collapsing wall is mostly red granite
residual soil. As shown in Figure 2, on the site
undisturbed square samples were established to make
the test results more reliable. Then the original square
samples were wrapped in plastic wrap, foam layer, and
wooden boxes. Finally, they were carefully transported
to the laboratory. The basic physical parameters of the
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sample are displayed in Table 1 and Figure 2. It can be
seen that the grain size of granite residual soil has a
large number of grains and clay, and the hydraulic
conductivity coefficient of the soil is relatively large. The
soil-water characteristic curve of the drying path was
tested by a pressure plate apparatus (see Figure 3(b)).

2.2 Methods

In the natural environment, the weathered soil stratum
on the surface is gradually air-dried following which the
moisture content reduces and generates cracks.
Consequently, it results in collapsing gully after the
rainstorm. In this process, in the conversion of saturated
to unsaturated soil, the moisture content of the soil
changes and finally damaged by rainwater. Therefore,
the various characteristics of the granite residual soils
after water soaking, including the laws of disintegration,
the strength, and hydraulic conductivity evolution of the
soil after microstructure damage, need to be further
explored in order to achieve a micro perspective analysis
of the relationship among them. Previously, most
researchers investigated the characteristics of unsatu-
rated strength under different initial water content states
[12] while the samples were not soaking in water; thus,
the impact of microstructural damage caused by rapid
infiltration may be ignored. Therefore, it is necessary to
soak samples with different water contents and then
simulate the effect of rapid infiltration on the soil at the
stage of rainstorm infiltration.

The test steps were designed as:
(1) Cylindrical samples with dimensions of d = 61.8 mm

and h = 40 mm were prepared for the disintegration

Figure 2: Photos of specimen: (a) cut soil specimen, and (b) specimen packed in the wooden box.
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HELR test and hydraulic conductivity test. The triaxial
’§ =] samples with dimensions of d = 61.8 mm and h =
gl £ 9 120 mm were prepared. The sample was saturated
E E N under vacuum pumping to simulate the extreme
gl moisture content of the soil (fully saturated state).
ElE]| o .
E(s|® (2) Then the samples were placed in a constant
o~ temperature-humidity box. The moisture contents
§ - of the samples were controlled as 20.0%, 15.0%,
?; X 5.0%, and 0.6%, corresponding to the soil in
3 g different moisture content states.
E s (3) Finally, the samples with different water contents
% § - were soaked in water and then the disintegrated test,
NS & triaxial shear test, hydraulic conductivity test, and
g E NMR test were performed.
“ls| 3
el As shown in Figure 4(a), the sample was wrapped
N ; with medical gauze in step 3, and the outermost was
. - protected with a porous organic glass tube to prevent the
E § sample from complete disintegration. This was followed
0\,, ~ by soaking the entire sample in a beaker. The weight of
;x ; the samples was similar to that of the sample with a
" o moisture content of 20.0% when the sample does not
E. ; have obvious bubbles after soaking in water in order to
avoid the effect of unsaturated effective stress caused by
. different moisture contents. Moreover, the difference in
3 weight of the samples should be controlled within the
s range of 5% before performing various tests to more
E strictly control the difference in moisture content.
E E Meanwhile, the samples with an initial moisture content
_rg @ x of 20.0% were not soaked in order to compare the
2E |5 strength evolution of the samples under different initial
moisture content disintegration. Simultaneously, the
samples after soaking progress were subjected to the
- NMR and hydraulic conductivity tests to obtain the T,
3 o ?_; distribution curve, NMR imaging diagram, and hydraulic
“ S c .. .
2] B8 ~ conductivity coefficient of the samples.
% s § S The self-made disintegration equipment was em-
E ployed to perform the disintegration test (Figure 4(b)).
g e The test equipment mainly includes water tank, float,
%” 2 % N otter board, camera, and stage. Then the disintegration
o > = e equipment and camera were set up, the water tank was
< filled with enough water, and the sample was placed on
§ . the otter board. Both the sample and the otter board
5 2 : were placed in the water tank for testing. A cross wire
';; E’_ E N mark was attached to the upper end of the float, and the
= |a o |« scale change in the float was recorded in real time by the
o camera because the scale change in the float was
E relatively small and easy to be affected by floating stains
: :;\‘ in the later stage of disintegration. Finally, the displace-
2 E 5 © ment of the float was accurately measured by the DIC
= S ® e method [21]. The disintegration test was performed with
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Figure 3: Basic physical properties of material,: (a) grain size distribution, and (b) SWCC curve.

four different water contents in order, and the sample

(Figure 4(c)). The real-time disintegration rate is
was gradually disintegrated after immersing in water

calculated using the following formula:

Axial test

Initial specimen After process Soaking
constant temperature and
constant humidity box

NMR test

Cross wire

Pmma

1o

Float

1=
bucket Boti

Specimen

Otter board

Figure 4: Photographs of disintegration test apparatus: (a) schematic drawing of axial test and NMR test, (b) schematic drawing of self-
made disintegration equipment, and (c) photos of the disintegration process.
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Mo — me x 100% )
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where my is the initial mass of the sample and m; is the
real-time mass of the sample.

Since bubbles would escape from the sample during
the disintegration process, and this part of the pore gas
could not be directly measured, which means that the
measured disintegration was lower than the actual
value, so we referred to the parallel test method [19]
and corrected the disintegration results.

In the early stage of disintegration, a large number
of bubbles would appear on the surface of the sample.
The lower the water content, the more the number of
bubbles. In the early stage of the collapse, water rapidly
infiltrates into the soil while the gas in the pores could
not be discharged in time. With the rapid increase in
pore air pressure, the tensile stress in the soil was prone
to damage the soil structure, resulting in a decrease in
the strength of the soil. In the later stage of collapse, the
strength of the surface soil is no longer the main reason,
because the sample was close to saturation and became
fluid. Therefore, a series of consolidated undrained shear
tests, hydraulic conductivity tests, and NMR tests was
carried out in order to better understand the mechanical
characteristics of granite residual soil in the early stage
of disintegration. The constant head hydraulic conduc-
tivity tests were carried out under saturated condition.

3 Experimental results and
discussion

3.1 Disintegration test results

The disintegration curves and rate curves of different
water contents are illustrated in Figure 5. The disin-
tegration curves have “S” characteristics and could be
generally divided into two stages. The disintegration
curves became steeper and the disintegration rate
gradually increased along with the decrease in water
content. Especially in the early stage of disintegration,
the disintegration rate could reach the maximum value
of about 0.45%/s when the moisture content of the
sample was 0.6%, the average disintegration rate was
less than 0.085%/s and the disintegration rate varied
greatly. With the increase in water content, the
maximum disintegration rate gradually decreased and
the difference among different water contents became
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smaller; moreover, it was even difficult to classify the
disintegration curve. According to the previous analysis,
the lower the water content, the higher the water
infiltration rate, and the more difficult for the pore gas
to be effectively discharged. The larger the pore air
pressure in the pores, the more easily the tensile stress
would occur in the soil and further damage the soil
microstructure; the disintegration rate increased, af-
fecting the strength of the soil. It could be found from
the CT disintegration test performed by Li et al. [20] that
large penetrating cracks might be caused by the rapid
water infiltration, and the hydraulic conductivity of the
soil would increase when the moisture content of the
granite residual soil was low. Eventually, the water
infiltration was accelerated to deeper weathered soil
layers, causing further disintegration and destruction.

Many researchers have studied the disintegration
mechanism, and the initial disintegration mechanism
could be attributed to rapid infiltration. A large number
of cracks were generated after the drying of swelling
rock. The pore air pressure might increase along with the
water infiltration process. Eventually, the material would
be broken along the weakest side of the mineral
consolidation and gradually disintegrated. Zhang et al.
[19] believed that the disintegration of unsaturated
granite residual soil was essentially caused by the
repulsive force generated by the pore air pressure
exceeding the suction between grains. The main reason
for the disintegration of unsaturated soil was determined
by the matrix suction.

However, it is worth noting that the difference in the
disintegration rate of samples with different water
content could be ignored in the stage 2 of disintegration,
as shown in Figure 5(b). The main reason for this
phenomenon was that the moisture content of the
sample was close to saturation when the disintegration
test was in stage 2. In other words, the difference in
moisture content among the samples was not obvious,
and the unsaturated stress of the soil was no longer the
main influencing factor. Therefore, exploring the char-
acteristics of the early stages of granite residual soil
disintegration would be a good method to better under-
stand the mechanism of collapse in the same weathered
soil stratum.

3.2 Axial test results

The moisture content of the samples was controlled by
the constant temperature and humidity box and then it
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Figure 5: Disintegrating curves of samples: (a) disintegrating curves percent curves, and (b) disintegration rate curves.

was subjected to water immersion treatment. The
microstructure of the soil would be destroyed by the
rapid water infiltration. The degree of damage varied
with the water content. As discussed in the previous
section, the lower the moisture content of the sample,
the faster the water infiltration rate, and the more
significant the microstructure damage caused.

The results of the triaxial shear test stress—strain
curves of soaking under different water contents are
displayed in Figure 6. Generally, it can be seen that the
stiffness and peak strength of the stress—strain curve
gradually decreased as the water content decreased.

100kPa 200kPa

Figure 7 illustrates the strength evolution curve of the
disintegrated samples with different initial moisture
contents. The cohesion of the soil significantly decreased
as the moisture content decreased. The cohesion of the
sample decayed from the initial 55.66 to 30.9 kPa, and
the percentage of difference was close to 44.48%. In the
low water content state, the rate of water infiltration was
relatively large. It was difficult for pore gas inside the
sample to effectively exhaust. The tensile stress in the
material was caused by the rapid rise of pore air
pressure. The failure might take place after the tensile
stress was larger than the soil strength. Meanwhile, since
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Figure 6: The axial stress—strain curves of different moisture content specimens.
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Figure 7: The results of cohesion and ¢ of different tests.

the water immersion of the sample is difficult to affect
the coarse grain structure inside the sample and the
friction angle is also less affected, the infiltrating water
would cause damage to the soil near the seepage path.
The larger the infiltration rate, the larger the damage.
However, the change in the friction angle of the soil was
small.

Cohesion is an important factor of disintegration
resistance [6], and cohesion is positively related to the
tensile strength [22]. The characteristics of the tensile
strength of the remolded granite residual soil with
different water contents, and different chemical solu-
tions were investigated by Tang et al. [22,23], concluding
that the tensile strength of the remolded granite residual
soil was between 5 and 20 kPa. According to the collapse
model test [9], it is known that cracks are easily
generated on the backside of the slope. The decrease in
cohesion would cause the tensile strength of the soil to
decrease. The stability of the slope behind the collapsed
surface becomes worse. With the further development of
water infiltration and collapse, larger scale collapse
disasters would gradually occur.

3.3 NMR test results

The T, distribution of samples with different initial
moisture contents after soaking treatment is illustrated
in Figure 8. Generally, the amplitude of the T, curve
gradually increased as the water content decreased. It
increased to the largest when the moisture content was
0.6%, increment was nearly 40%. In the range of [0.1,
30ms], the T, amplitude of low water content is
generally larger than that of the large water content,
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Figure 8: T, amplitude and cumulative of different moisture content
specimens.

even in the range of [0.1, 1ms]. This phenomenon
indicated that the pore air pressure would destroy the
microstructure and increase the micropore content
during the rapid infiltration of water. In the range of
[30, 1,000 ms], the difference in T, results among the
different moisture contents was more significant, and the
T, amplitude increased sharply when the moisture
content was 0.6%. This phenomenon indicated that the
rate of water infiltration was faster and the pore air
pressure inside the sample could be larger under the
condition of low water content. This could generate both
micropores and larger sized pores. The internal con-
tinuity of the sample was destroyed as the macropore
content increased, affecting the strength of the material.
This provided better percolation channels and acceler-
ated the rate of water infiltration and disintegration.
The internal pore content of the material was
indirectly reflected by the cumulative T, amplitude. The
relationship among cohesion, hydraulic conductivity
coefficient, and cumulative T, amplitude is shown in
Figure 9. It can be seen that the cohesive force and the
cumulative T, amplitude value were inversely propor-
tional to the decaying relationship while the hydraulic
conductivity coefficient and the cumulative T, amplitude
value were proportionally increasing. With the increase
in cumulative T, amplitude, the cohesive force gradually
decreased and the rate of decrease gradually decreased.
The decay rate of the curve indicated that the sensitivity
of the material cohesion to the change in the pore
content was different. The cohesion of the material
rapidly decreased when the pore content of the sample
increased. Meanwhile, the change in cohesion was not
so significant as the pore content continued to increase.
The hydraulic conductivity coefficient increased as the
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cumulative T, amplitude value increased, and the
growth rate gradually increased. Especially, the hy-
draulic conductivity coefficient increases nearly six times
when the water content was 0.6%, which provided better
conditions for later water infiltration and accelerated
disintegration or collapse.

The NMR imaging test was performed at the same
time after the samples were soaked in water. Three cross-
sections parallel to the z-axis of the sample were selected
as the imaging plane, and they could better reflect the
overall characteristics of the material. As demonstrated
in Figure 10, the brightly colored area represented the
location of water molecules and the dark blue area was
the background color. The brighter the color, the higher
the water content, thereby indicating that the pore size
was generally larger.

The water existed in the initial pores of the material,
and its distribution was anisotropy when the water
content was 26.7%. The area of the color highlight area
gradually increased as the moisture content decreased.
The lower the water content, the larger the water
infiltration rate and the larger the pore air pressure.
The generated tensile stress exceeds the strength of the
material and might destroy the microstructure. The pore
content, pore size, and the area of the corresponding
bright color increased. It was worth noting in Figure 10
that water gradually infiltrates from the surface of the
sample to the inside during the water soaking process;
therefore, the surface layer of the sample was more
prone to large pores or cracks. The most significant
result was a moisture content of 0.6%. Particularly, the
effect of pore hydraulic conductivity was most significant
when the moisture content was 0.6%. The results
demonstrated the presence of large pores or cracks,
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which is similar to the conclusion of the disintegration
CT test performed by Li et al. [20].

Based on the above test results, the pore pressure
caused by transient infiltration could not be ignored
when granite residual soil is at the state of low water
content. When the water content was less than 10%, the
pore pressure caused by rapid infiltration during disin-
tegration process may cause collapse failure of granite
residual soil.

4 Conclusions

In this study, the disintegration characteristics of granite

residual soil and its strength, hydraulic conductivity,

and microscopic characteristics after soaking have been
studied, and the disintegration or collapse mechanism
has been revealed from multiple angles:

(1) The disintegration test reveals that in the early stage
of disintegration, the disintegration rate of the
granite residual soil gradually increases as the water
content decreases. In the second stage of disintegra-
tion, the difference in disintegration rates with
different water contents could be ignored. The
unsaturated effective stress is no longer the main
influencing factor. The microstructure of the soil
would be destroyed by the pore air pressure after
soaking. With the decrease in water content, the
cohesion and hydraulic conductivity coefficients
decrease and increase, respectively; however, the
correlation between the internal friction angle and
the water content is low.

(2) The NMR test results illustrate that the pore content
of the sample increases as the water content after
soaking decreases. There is a tendency to penetrate
from the outside to the inside. With the increase in
pore content, cohesion and hydraulic conductivity
coefficients decrease and increase, respectively.
After the increase in hydraulic conductivity coeffi-
cient, water could rapidly infiltrate into the soil and
continue to destroy the continuity and strength of
the soil, resulting in increasing the probability of
subsequent disintegration and damage and also
facilitating the infiltration of water into deeper
weathered stratum.

(3) The two main reasons for the disintegration of
granite residual soil are listed as follows. First, the
moisture content of the granite residual soil is
reduced and cracks are formed after exposure to
air. Second, the infiltration water source is provided
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Figure 10: The NMR images results: (a) schematic diagram of MRI section of the sample, (b) the NMR images of different moisture content
specimens.

(4)

by the rainstorm. The two factors are indispensable.
Therefore, those two factors need to be considered in
the governance of collapses; for example, the
vegetation in the weathered soil layer should be
protected in order to retain the moisture content of
the surface residual soil and control the formation of
cracks. Then it is required to control the surface
water source and add some drainage channels.

In the granite residual soil area, if the slope is excavated
or the vegetation is damaged and the slope surface is
exposed, this will increase the erosion effects of water
and gravity. The disintegration of granite residual soil
reduces the strength and increases the permeability of
the soil. At the same time, the disintegration of the soil
provides a source of material for erosion. The collapsed
landform eventually forms.
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