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Abstract: The stability of soil mass near the dam bank in the Three Gorges Reservoir is closely related
to the periodic variation in the reservoir water level. In order to study the influence of water level
variation on soil mass, the soil mass in the water level fluctuation zone of the Wildcat landslide was
taken as the research object, and the mechanism of soil mass deterioration in this area was revealed
by comparing the strength and mineral structure characteristics of soil mass at different elevations
by means of macro- and meso-microscopic analysis. The results show the following: (1) With the
increase in sampling elevation, the natural water content of the soil decreases, and the dry density of
the soil is a minimum when the elevation is 155 m and at a maximum when the elevation is 175 m. (2)
The soil mass in the water dissipation zone of the Wildcat landslide can be divided into three areas:
When the elevation is 145-155 m, the fractal dimension increases, the soil fragmentation increases,
the cohesion decreases, and the soil deterioration increases. When the elevation is 155-175 m, the
fractal dimension decreases, the soil fragmentation decreases, the cohesion increases, and the soil
deterioration weakens. When the elevation is greater than 175 m, there is no soil deterioration. (3)
X-ray diffraction (XRD) and nuclear magnetic resonance(NMR) were used to test the soil’s mineral
composition and pore size at different elevations. It was found that the main reason for the severe
deterioration of macro-strength parameters of the soil at the elevation of 155 m was that the proportion
of clay minerals and quartz was at the lowest, and the proportion of medium pores and large pores
was at the highest. (4) Through the combination of macro and mesoscopic testing and analysis, it
was found that the rise and fall of the reservoir water level will lead to the strong chemical action of
the skeleton and cemented mineral dissolution in the soil degradation-enhanced area, as well as the
physical action of soil particles, resulting in the formation of more medium pores and large pores in
the soil and eventually the formation of seepage channels.

Keywords: wildcat face slide; hydro-fluctuation belt; different elevation; soil mass; macro and
micro tests

1. Introduction

With the construction of the Three Gorges Project, the reservoir began to fill with water
in 2003. Since 2008, the water level elevation of the reservoir has varied between 145 and
175 m, forming a 30 m water-leveling zone, which leads to the long-term alternating dry and
wet environment on the bank slope of the reservoir and speeds up the deterioration process
of rock and soil in the water-leveling zone of the reservoir. After years of development, this
can induce many geological disasters, such as landslides and collapses. Therefore, it is of
great significance to study the deterioration effect of rock and soil mass in the reservoir
bank fluctuation zone for a deeper understanding of the geological hazard occurrence
mechanism in the Three Gorges Reservoir area.
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In recent years, some scholars have gradually begun to pay attention to the dry-wet
cycling of rock and soil mass in the water—level zone along the bank slope of the reservoir,
and have carried out a series of targeted laboratory test studies. Hale [1], Apollaro [2],
Tallini [3], Alt-Epping [4], and Hurowitz [5] studied the deterioration law of the physical
and mechanical properties of different types of rocks under water—rock action, respectively.
Qi et al. [6] conducted dry-wet cycle tests on red clay and found that the shear strength
parameters of red clay decreased with the increase in the number of dry-wet cycles, and
the attenuation was most obvious at the first cycle. Deng et al. [7] conducted dry-wet
cycle tests on soil in the moisture-dampening zone and found that the degradation range
of soil shear strength parameters caused by the first four dry-wet cycles accounted for
about 75% of the total range pairs. Zhang et al. [8] conducted dry—wet cycling—cooling and
dry-heating experiments on sandstone in the three gorges reservoir area and found that
two physical processes (the dry—wet cycle and cold-heat cycle) would degrade sandstone
samples, and the coupling effect of the two processes would accelerate the deterioration rate
of sandstone samples. Bai et al. [9] conducted dry—wet cycle tests on loess and found that,
with the increase in dry—wet cycle times and cycle amplitude, the cohesion and internal
friction angle of loess decreased, and the shear strength of loess deteriorated significantly.
Wang et al. [10] conducted a periodic penetration test on the gravel soil in the fluctuation
zone to simulate the periodic fluctuation of the water level and found that the gravel soil
slope was more prone to particle loss under infiltration due to its physical and mechanical
properties, thus leading to strength deterioration. Cheng et al. [11] studied the infiltration
of fractured soil by conducting dry—wet cycle tests on soil with different amounts of water
and found that its permeability increased with the decrease in the initial water content and
the increase in dry—wet cycle times. Sun et al. [12] used indoor model tests to simulate the
deformation characteristics of the loess slope under the action of alternating wetting and
drying, and found that alternating wetting and drying mainly occurred at the shoulder of
the slope, accompanied by a large number of small cracks. The soil at the shoulder and
foot of the slope was strained and deformed towards the free surface, while the soil in the
middle was compressed.

Different mineral compositions and arrangements of soil mass result in the different
microscopic pore structures of rock and soil mass, which is a key factor affecting its
macroscopic mechanical characteristics [13]. In recent years, X-ray diffraction (XRD) tests,
nuclear magnetic resonance (NMR) tests, scanning electron microscopy (SEM) tests, and
image processing techniques (DIC) have been mainly applied to test the microstructural
characteristics of soil [14-16]. Tiwari et al. [17] drew a triangular correlation graph between
the mineral composition and the compression index and expansion index to estimate the
compression index and the expansion index of soil. Elhassa et al. [18] selected six different
soils for XRD mineral composition analysis when studying road foundation materials and
found that kaolinite was significantly more effective than montmorillonite in reducing the
plasticity of clay. Zhu et al. [19] used a mercury injection test to study the development
mechanism of cracks and micro-pores in expanded soil after coal gangue improvement
under the action of wetting and drying cycles, and they found that coal gangue powder
could significantly reduce the proportion of micro-pores, cumulative pore volume, and
cumulative pore density in expanded soil, thus reducing macro cracks. Dong et al. [20] used
nuclear magnetic resonance (NMR) to predict the strength of bentonite after wetting and
drying cycles by comparing the pore variation characteristics of bentonite with different
times of wetting and drying cycles. Li et al. [21] used nuclear magnetic resonance (NMR)
and scanning electron microscopy (SEM) to observe the pore structure of loess after a
freeze-thaw cycle and found that the change in pore structure could reflect the change in
loess strength after the freeze—thaw cycle. Xue et al. [22] observed slip-zone soil after brine
immersion with SEM images, and the SEM test showed that an increase in salt concentration
(0-8%) promoted the formation of small aggregates in loess, and further promoted the
improvement in shear strength. Ye et al. [23] used scanning electron microscopy (SEM) to
test the micromorphological characteristics of loess under alternating wetting and drying
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conditions, and found that the size of clay minerals between soil particles decreased, the
contact mode between soil particles developed from stable to unstable, and the particles
gradually became round. Xie et al. [24] extracted crack parameters from images of red clay
after cyclic drying and wetting through image processing technology (DIC) to analyze the
crack development law.

At present, most scholars study the influence of reservoir water on soil by changing
the test conditions of laboratory tests, but they ignore the difference in soil properties at
different elevations caused by the change in water level in the fluctuation zone. Therefore,
this paper focuses on an experimental test of soil mass in the water level zone of the
Wildcat landslide and reveals the soil mass’s deterioration mechanism by comparing its
characteristics at different elevations and adopting the analysis method combining macro
and meso.

2. Materials and Methods

The Wildcat landslide is the large landslide body closest to the dam in the Three
Gorges Reservoir area of the Yangtze River. It is located on the north bank of the Yangtze
River in Zigui County, 12 km away from Zigui Old Town (Guizhou Town) on the upper side
and 17 km away from the dam site of the three gorges project on the lower side, as shown
in Figure 1A,B. The Wildcat Landslide is the nearest super-large landslide to the Three
Gorges Dam. Figure 1C shows the full picture of Wildcat landslide. After the operation of
the Three Gorges Reservoir water level, the elevation of the subsidence zone is 145-175 m,
and some signs of deformation adjustment appear in the local landslide. Therefore, the
object of this study was the soil of different elevations in the area of the subsidence zone of
the Wildcat landslide. The sampling time was in early July. The lowest water level of the
Three Gorges Reservoir was 145 m. Field sampling is shown in figure Figure 1D.
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Figure 1. Sampling spot. (A,B) is the position of theWildcat landslid; (C) shows the full picture of
Wildcat land; field sampling is shown in (D).

The test process of this study is shown in Figure 2. (1) When the lowest water level of
the Three Gorges Reservoir area was 145 m, soil samples were selected from the wildcat
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landslide site at different elevations. The elevations were 145 m, 155 m, 165 m, 175 m
and 180 m, and 50 kg soil samples were selected for each elevation. (2) After the soil
sample was retrieved, the wax sealing method was used to test the dry density of the soil
in strict accordance with the specification GB/T50123-1999 Geotechnical Test Method, as
shown in Figure 2A. At the same time, the remaining samples were naturally dried. After
drying, the dry soil sample was hammered out with a rubber hammer. (3) Screening tests
were conducted on soil at different elevations, as shown in Figure 2B. After screening,
the constant head method was used to test the soil permeability coefficient, as shown in
Figure 2C. Direct shear tests were conducted on soil samples to test the shear strength
of soil, as shown in Figure 2D. (4) X-ray diffraction (XRD) was used to test the mineral
composition of soil at different elevations and observe its mineral composition and content,
as shown in Figure 2a. (5) Nuclear magnetic resonance (NMR) was used to test the pore
characteristics of soil at different elevations, as shown in Figure 2b. Because the periodic
change in water level leads to the different characteristics of soil at different elevations,
the mechanism of soil deterioration in the subsidence zone can be revealed by using the
analysis method combining macro and meso.

Test

C. Permeability D. Sheer

(ORI

________________________________________

91d0350SITA]

Figure 2. Test process diagram.

3. Results
3.1. Physical Index

Soil samples were selected from five different elevations in the water-leveling zone of
the Wildcat landslide, and the natural moisture content of the soil was tested by the drying
method. Figure 3 shows the various rules of the dry density and natural water content of
the samples of the soil at different elevations. It can be seen in the figure that the natural
water content of soil samples is negatively correlated with the sampling elevation and
decreases with the elevation increase. After the soil mass was dried for 24 h in the oven,
the wax sealing method was used to test the dry density of the soil sample. As shown in
Figure 3, the dry density of the soil sample was at a minimum when the sampling elevation
was 155 m, and at a maximum when the sampling elevation was 175 m. When the sampling
elevation was between 155 m and 175 m, the dry density of the soil sample increased with
the increase in the sampling elevation. When the sampling elevation was 180 m, the dry
density of the soil sample began to decrease, and when the sampling elevation was 145 m,
the dry density of the soil sample was greater than that of the soil sample at the elevation
of 155 m.
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Figure 3. Density and natural moisture content.

The above rules show that the natural water content and dry density of the soil at
different elevations are closely related to the water level elevation. The closer the soil
sample is to the water level elevation of 145 m, the higher the natural water content is
and the lower the dry density is. The farther away the soil sample is from that water
level elevation, the lower the natural water content is and the higher the dry density is.
Therefore, the fluctuation of the water level in the water-leveling zone will lead to the
long-term unsaturated state of the soil mass in the region, and the moisture content of the
soil mass at different elevations will be different.

The landfall zone of the Wildcat landslide is a soil-rock accumulation landslide, and
the soil of different elevations belongs to the same area. The distribution and structure of
soil particles in macro and meso are self-similar. Therefore, according to [25], the fractal
theory can be used to quantitatively fractal the self-similarity of this kind of soil-rock
mixture. In fractal theory, the number N(R) of particles with particle size less than or equal
to R has a positive correlation with particle size (a simplified expression of the constant
term), namely

N(R)=R-D 1)

In Equation (1), D is the fractal dimension.

In practice, it is found that when the particle size is large, it can be read; when the
particle size is small, the size of the particle group is too large to be obtained directly.
Equation (1) can be derived and transformed into a mass distribution model, and the
derivation process is as follows:

dN(R) = R-P714R ()

If the particles are assumed to be spherical, then the sum of the particle mass of a
certain particle group dm(R) is proportional to the product of the particle size R* and the
number of particles dN(R):

dm(R) = R¥IN(R) ®3)

Combined with Equations (2) and (3), we obtain the following;:

M(R) = R¥P (4)
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The cumulative mass M(R) of particles smaller than a certain particle size can be
obtained by integrating both ends within the particle size range in Equation (4).

dm(R) = R*PdRr (5)

According to the characteristics of the gradation curve, the cumulative mass percentage
P(R) is positively correlated with M(R), so Equation (5) is equivalent to P(R) = R3~ P,
and logarithms are taken at both ends:

IgP(R)] = (3~ D)IgR ©)

According to Equation (6), Ig[P(R)] is taken as the vertical coordinate and IgR as
the horizontal coordinate, the skew rate n is calculated by linear fitting, and the fractal
dimension of graininessis D = 3 — n.

In the indoor laboratory, to retrieve the site soil sample screening test, the mass
percentage distribution of soil particles at different elevations in the water dissipation zone
of the Wildcat landslide was obtained, and the fractal theory was used to deduce it. Figure 4
shows the fractal curves of the soil at different elevations. The linear fitting curve is shown
in Equation (7):

y=nx+a (7)

According to the linear fitting curve, the fractal dimension of soil mass is calculated,
as shown in Table 1. The fitting coefficient is between 0.95 and 0.99, and the fitting effect is
ideal. The fractal dimension D of soil is between 2.15 and 2.28.

Table 1. Fractal dimension of soil with different elevations.

Soil Sample Elevation n a R? D=3—n
145m 0.80 1.24 0.99 2.20
155m 0.72 1.25 0.98 2.28
165m 0.74 1.46 0.95 2.26
175m 0.85 1.46 0.95 2.15
180m 0.76 1.35 0.98 2.24
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Figure 4. Fractal curves of soil with different elevations.
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The fractal theory is a comprehensive fractal of all soil particles, which can be regarded
as a general understanding of soil particles from local to the whole. Therefore, the fractal
dimension can be used as a quantitative characteristic index of soil gradation characteristics.
The larger the fractal dimension, the higher the degree of soil particles’ fragmentation.
When the soil elevation is 155 m, the maximum fractal dimension is 2.28, indicating that the
soil fracture degree is the highest. When the soil elevation is 175 m, the fractal dimension is
2.15, indicating that the soil fracture degree is the lowest. Furthermore, although the soil is
selected as the same area, the fractal dimension of the soil at different elevations is different,
so the deterioration degree of the soil at different elevations is also different.

The permeability coefficient comprehensively reflects the difficulty of water flowing in
the pores of the soil, which is mainly affected by the particle size (mineral composition, par-
ticle size, and grading), density (expressed by available pore ratio e), humidity (expressed
by the available water content/saturation), structure (soil structure) and hydraulic path. In
accordance with “GB/T50123-1999 Geotechnical test Method”, the saturated permeability
coefficient k of the soil at different elevations was tested using the constant head test. The
calculation formula of the pore ratio is shown in Equation (8):

e="1"12 4009 ®)
my
where e is the pore ratio, m; is the saturated mass of soil, and m; is the dry mass of soil.

Figure 5 shows the variation law of the soil permeability coefficient and the pore ratio
with elevation. It can be seen in the figure that the soil permeability coefficient and porosity
ratio change in the same law. When the porosity ratio of soil increases, the permeability
coefficient also increases, and when the porosity ratio decreases, the permeability coefficient
also decreases. When the sampling elevation is 155 m, the soil pore ratio is the largest,
and the permeability coefficient is also the largest. When the sampling elevation is 175 m,
the soil porosity ratio is the smallest, and the soil permeability coefficient is the smallest.
Therefore, according to the law of water seepage in the soil of different elevations, the soil
seepage of different elevations in the fluctuation zone is defined by three regions: Region I,
with an elevation of 145-155 m, is the penetration acceleration zone. Region II has an
elevation of 155-175 m and is an osmotic deceleration zone. The elevation of Region III
is more than 175 m and permeability is lowest at 175 m, but gradually increases with
elevation. According to the above rules, due to the periodic changes in reservoir water, the
deterioration of the soil mass of 155 m is the most severe. The internal pores of the soil
mass are large, and the water flow rate in the soil mass is fast. Therefore, the pore ratio and
permeability coefficient of the soil mass at the height of 155 m are the largest.

3.2. Strength Characteristics

As shown in Figure 6, the change rules for the soil viscosity and friction angle are
different at different sampling elevations. Comparing the sampling elevations of 145 m
and 155 m, the soil cohesive force is larger, and the friction angle is smaller at 145 m. When
the elevation is 155 m, the soil cohesive force is at a minimum, and the friction angle is
at a maximum. When the sampling elevation is greater than 155 m and less than 175 m,
the cohesion of the soil increases with the increase in elevation, and the friction angle
decreases with the increase in elevation. When the sampling elevation is greater than 175 m,
the cohesion of the soil decreases, and the friction angle increases. Therefore, different
elevations of the fluctuation zone are divided into three areas: The first region has an
elevation of 145-155 m, and the soil strength decreases; the second region has an elevation
of 155-175 m, and the soil strength increases; the third region has an elevation of more
than 175 m, and the soil strength decreases, but the amplitude is not large. There is no
deterioration zone above the fall zone.
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Figure 5. Permeability coefficient and pore ratio of soil with different elevations.
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Figure 6. Cohesion and friction angle.

Thus, the macroscopic parameters of soil in different elevations at the same sampling
location are significantly different. The main reason is that the elevation of the reservoir
water level in the water-leveling zone of the Wildcat landslide varies from 145 to 175 m
throughout the year. When the elevation is 145 m, it is the same as the lowest water level
of the reservoir water, and the natural water content of the soil is the highest. However,
because the soil of the Wildcat landslide is mainly gravel soil, under the condition of a
water level change, more small gravel is deposited at the lower water level. Compared
with the elevation of 155 m, the water level of 145 m contains more gravel. Therefore, when
the elevation is 145 m, the soil density is higher, the permeability is smaller, and the soil
strength is larger. When the sampling elevation is greater than or equal to 155 m and less
than 175 m, the soil moisture content gradually decreases, indicating that the degree of soil
water loss increases due to the decrease in water level, the soil density gradually increases,
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the permeability gradually decreases, and the soil strength gradually increases. When the
sampling elevation is greater than 175 m, the soil is in the non-subsidence zone, there is
obvious vegetation growth, and the vegetation roots have the function of water fixation.
The soil contains vegetation roots during sampling, but the soil is loose after the removal
of the roots in the laboratory test. Therefore, when the sampling elevation is greater than
175 m, the moisture content of the soil increases, the density decreases, the permeability
increases, and the soil strength decreases. To sum up, periodic water level variation in the
water-leveling zone will lead to significant differences in the physical properties of soil
mass at different elevations, leading to different degrees of deterioration of the soil mass.

3.3. Microscopic Observations

XRD tests were conducted on the samples of the soil at different elevations, and the
test analysis employed samples of soil at an elevation of 145 m as an example, as shown in
Figure 7. It can be seen in the figure that the soil mass of the Wildcat landslide is mainly
composed of quartz, clay minerals, potassium feldspar, alacrite, calcite, dolomite, tremolite,
and other minerals, among which quartz and clay minerals are the main components,
accounting for the largest proportion. Figure 8 shows the mineral composition of the soil
at different elevations. A comparison shows that the mineral composition of the soil at
different elevations is different. When the elevation is 175 m, the total proportion of quartz
and clay minerals in the soil reaches 89.67%. When the elevation is 155 m, this proportion is
the lowest, only 62.53%. When the elevation is 145 m, this proportion is 81.84%. When the
elevation is 165 m, the proportion is 75.76%. When the elevation is 180 m, the proportion
is 88.87%.
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Figure 7. XRD test analysis of 145m elevation soil.

The above analysis shows that the largest difference in the mineral composition of the
soil at different elevations in the subsidence zone is the difference in the content of clay
minerals and quartz. The clay mineral is the main component of the soil cement, and the
quartz is the main component of the soil skeleton mineral. Therefore, the different amounts
of quartz and clay minerals greatly affect the macroscopic strength properties of the soil.
When the soil elevation is 175 m, the content of clay minerals and quartz is the highest, the
soil is the most stable, and the cohesion is the highest. When the soil elevation is 155 m,
the content of clay minerals and quartz is the lowest, the soil is the most unstable, and
the cohesion is the lowest. According to the mineral composition of the soil at different
elevations, the soil at different elevations in the subsidence zone can also be divided into
three regions: Region I has an elevation of 145-155 m, and the proportion of clay minerals
and quartz decreases. The elevation of Region Il is 155-175 m, and the proportion of clay
minerals and quartz increases. The elevation of Region III is more than 175 m, and the
proportion of clay minerals and quartz decreases, but the decreasing range is relatively low.
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Figure 8. Mineral composition of soil at different elevations.

A MacroMR12-150H-1 NMR analyzer was used to test the samples after cyclic loading
and unloading, and the pore size characteristics of the soil at different elevations were
obtained. According to the dry density of the soil mass, the corresponding volume mass
was weighed, and the soil mass was pressed into a PVC pipe with a diameter of 50 mm
and a height of 20 mm. The PVC pipe was used to prevent the interference of nuclear
magnetic signals, and it was used in conjunction with the nuclear magnetic resonance
testing equipment. The pore size distribution was tested using core analysis software, and
the pore sizes were defined as different pore types, i.e., small pores (0-1 pm), medium pores
(1-10 pm), and large pores (10-25 nm). Through calculation, the proportion of different
types of pores is obtained, and the test and calculation results are shown in Figure 9.

100} 145m
SN 155m
165m
80 175m
;\6\ 2o 180m
S 60f
5
a
o
& 40}
20 -
0 %gj oo | e
1-10 10-25

Size of pore(pum)
Figure 9. Pore size ratio of soil at different elevations.
Figure 9 shows that the soil mass at different elevations contains small pores, medium

pores, and large pores. The small pores account for the highest proportion, which is above
85%, and the large pores account for the lowest proportion, which is all less than 10%.
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However, comparing the proportion of small pores in the soil at different elevations shows
that the proportion of small pores in the soil at an elevation of 155 m is the lowest compared
with the soil at other elevations. The proportion of small pores in the soil at an elevation
of 180 m is the highest, and the proportion of small pores increases with the increase in
sampling elevation between 155 and 180 m. When the soil elevation is 155 m, the proportion
of pores is the highest; when the sampling elevation is 180 m, this proportion is the lowest.
When the soil elevation is 155-180 m, it decreases with the increase in sampling elevation.
The proportion of large pores in the soil at different elevations decreases with the increase
in elevation. When the soil elevation is 145 m, this proportion is the highest, and when the
soil elevation is 180 m, it is the lowest.

In summary, when the soil elevation is 155 m, the proportion of medium pores and
large pores in the soil is much higher than that at other soil elevations, and the proportion
of small pores is smaller than that at other soil elevations. The reservoir water permeates
into the soil at an elevation of 155 m, forming a large seepage channel, with a large pore
size and obvious damage to the soil. Therefore, the permeability coefficient of the high-rise
soil is high, and the strength of the soil is low. Regarding soil at a higher elevation, its
internal small pores account for a higher proportion, the seepage channel is smaller, the
seepage velocity is smaller, and the permeability coefficient is relatively lower. Therefore,
its macro strength is higher than that of soil at an elevation of 155 m.

4. Discussion

Through the above test analysis of soil characteristics in different regions of the
water-leveling zone, it was found that since the Three Gorges Reservoir area was filled
with water, the water level has maintained a periodic operation of 145-175 m over the
entire year, and the deterioration degree of the soil is different at different elevations.
The soil in Region I, with an elevation of 145-155 m, has the lowest dry density, the
highest permeability coefficient, the lowest cohesion, and the highest deterioration of soil.
The farther away the other areas are from the reservoir water level, the smaller the soil
deterioration. Therefore, the soil experienced periodic changes in the reservoir water level,
and the soil showed obvious deterioration. The deterioration process is summarized in
Figure 10.
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Figure 10. Generalized diagram of soil degradation of water level lifting.

As shown in Figure 10A, the intact soil is mainly composed of quartz and clay minerals,
and contains a small amount of other minerals. There are micropores among the minerals.
When the water level rises, as shown in Figure 10B, the dry soil and the external moist
environment cause seepage pressure into the soil, and the water enters the soil, causing the
soil particles to become distributed along the water flow direction until all pores between
the mineral particles are saturated, as shown in Figure 10C. When the water level drops,
as shown in Figure 10D, the external environment of the soil is dry, and the interior of the
soil is wet. Seepage pressure will be generated on the outside of the soil, and water will be
discharged on the outside of soil particles, resulting in the movement of the soil particles
along the water flow direction. Under the condition of a long-term periodic water level
change, the soil particles on the bank slope of the reservoir will form seepage channels upon
the infiltration of water, resulting in the enhanced permeability of the soil. The number of
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pores in the soil particles increases, and the strength of the soil decreases, which eventually
leads to the deterioration of the soil.

At the same time, when the soil is in contact with the reservoir water, a water chemical
reaction will occur, as shown in Figure 10D. Liquid water is a weak electrolyte and will nor-
mally electrolyze small amounts of hydrogen and hydroxide ions, as shown in Equation (9).
This reaction equation is a reversible reaction. When the water level drops, the temperature
of the soil increases due to solar illumination, and the electrolysis of the water in the soil is
accelerated. The content of free water hydrogen ions in the soil increases, the quartz reacts
with the cement in the soil, and the quartz dissolves, as shown in Equation (10). At the
same time, hydrogen ions react with potassium feldspar and alacrite in the soil to form
kaolinite, a clay mineral. The reaction equation is shown in the Equations (11) and (12).
However, when feldspar reacts with hydrogen ions, more free potassium ions are generated
in the water. The content of the skeleton mineral quartz in the soil is higher, the reverse
reaction is enhanced, and more feldspar is generated by the dissolution of clay minerals.
Therefore, the long-term rise and fall of the water level will lead to the enhancement of
the water chemical reaction of the soil in Region I, as well as the maximum dissolution
of quartz and clay minerals in the soil, so the content of the soil is the smallest, the soil
particles are broken most severely, and the strength is the lowest. In Region II, the soil
elevation is 155-175 m. During the process of water level decline, the soil is in a long-term
dry environment; the natural water content of the soil is low, the water chemical reaction is
weaker, the amount of clay minerals and quartz in the native soil is higher, the soil particles
are more complete, and the strength is higher. In Region III, with an elevation of more than
175 m, the soil chemical reaction is weaker, the soil deterioration is lower, and the strength
is higher.

Through the combination of macro and meso test analysis, it is found that the main
reason for the different deterioration degrees of soil at different elevations is that soil
at different elevations experiences different degrees of water—soil physical and chemical
effects. The closer the elevation is to the reservoir water level, the stronger the physical
and chemical effects are experienced. Therefore, it is of great significance for landslide
prevention and prediction to fully understand the macroscopic mechanical characteristics
and meso-structural characteristics of soil mass in the subsidence zone. This study focuses
on soil mass of different elevations in the same region. In the future, the research group
will compare soil mass of the same elevation in different regions to study the deformation
and failure mechanism of soil mass, and to reveal the relationship between soil mass failure
in the subsidence zone and the deformation and instability of the landslide body.

H,O & HY + OH™ )

SiO, + 2H,0 < H,Si0, (10)

2K[AlSizOg] +2H" + H,0 < 2K + 4Si0O, + Al2[Si;Os][OH]4 | (11)
2Na[AlSi3Og] + 2H" + H,0 < 2K +4Si0, + Al2[SirO5][OH]4 | (12)

5. Conclusions

The purpose of this study was to study the effect of periodic variations in water level
on landslide soil. Taking the soil mass in the water level zone of the Wildcat landslide as the
research object, the deterioration mechanism of the soil mass in the water level zone of the
Wildcat landslide was revealed through analysis of the macroscopic parameter variation
rule and the meso-structural characteristics of the soil mass at different elevations. The
main conclusions are as follows:

(1) The testing and analysis of the natural water content and dry density of soil at
different elevations showed that the natural water content is negatively correlated with



Water 2023, 15, 886 13 of 14

the sampling elevation. The dry density of the soil is at a minimum when the elevation is
155 m and at a maximum when the elevation is 175 m.

(2) Fractal theory was used to calculate the fractal dimension of the soil at different
elevations. When the elevation was 155 m, the fractal dimension of the soil was the largest,
and the soil particles were broken most severely. Combined with the strength characteristics
of the soil mass, the soil mass can be divided by the deterioration degree at different
elevations: deterioration enhancement, deterioration weakening, and no deterioration.

(3) A mineral test and nuclear magnetic resonance test conducted on the soil in different
areas showed that, when the soil elevation was between 145 and 155 m, the amount of
clay minerals and quartz in the soil was the lowest, and there were more internal pores in
the soil.

(4) The periodic circulation of the water level will lead to the dissolution of clay
minerals and quartz in the soil, and the number of internal pores in the soil will increase.
Moreover, the periodic fluctuation of the water level will lead to the formation of seepage
channels in the soil, and the macro strength of the soil will decrease.

Author Contributions: Data curation, R.W. and C.W.; investigation, K.Z., X.L., M.L. and J.Z.; method-
ology, RW. and C.W.; writing—original draft, RW., K.Z. and C.W.; writing—review and editing,
R.W., and C.W. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China (grant
number 51979151); the Natural Science Foundation of Hubei Province Outstanding Youth Project
(Grant number 2021CFA090); and the Three Gorges Key Laboratory of Geological Hazards of the
Ministry of Education (China Three Gorges University) (Grant number 2020KDZ07).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: The authors gratefully acknowledge the Yangtze River Scientific Research Insti-
tute for its help in the field sampling process.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Hale, P.A; Shakoor, A. A laboratory investigation of the effects of cyclic heating and cooling, wetting and drying, and freezing
and thawing on the compressive strength of selected sandstones. Environ. Eng. Geosci. 2003, 9, 117-130. [CrossRef]

2. Apollaro, C.; Marini, L.; Critelli, T.; Rosa, R.D. The standard thermodynamic properties of vermiculites and prediction of their
occurrence during water—rock interaction. Appl. Geochem. 2013, 35, 264-278. [CrossRef]

3. Tallini, M.; Parisse, B.; Petitta, M.; Spizzico, M. Long-term spatio-temporal hydrochemical and 222Rn tracing to investigate
groundwater flow and water-rock interaction in the Gran Sasso (central Italy) carbonate aquifer. Hydrogeol. J. 2013, 21, 1447-1467.
[CrossRef]

4. Alt-Epping, P; Diamond, L.W.; Hring, M.O.; Ladner, E; Meier, D.B. Prediction of water-rock interaction and porosity evolution in
a granitoid-hosted enhanced geothermal system, using constraints from the 5 km Basel-1 well. Appl. Geochem. 2013, 38, 121-133.
[CrossRef]

5. Hurowitz, J.A,; Fischer, W.W. Contrasting styles of water-rock interaction at the Mars Exploration Rover landing sites. Geochim.
Cosmochim. Acta 2014, 127, 25-38. [CrossRef]

6. Qi Y.L,;Bai, M.Z; Zhou, H,; Shi, H.; Li, P.X.; He, B.H. Study on the Mechanical Properties of Red Clay under Drying-Wetting
Cycles. Adv. Mater. Sci. Eng. 2021, 2021, 8665167. [CrossRef]

7. Deng, H.E; Xiao Y.; Fang, J.C.; Zhang, H.B.; Wang, C.X.].; Chao, Y. Shear strength degradation and slope stability of soils
at hydro-fluctuation belt of river bank slope during drying-wetting cycle. Rock Soil Mech. 2017, 38, 2629-2638. (In Chinese)
[CrossRef]

8. Zhang, C.Y.; Dai, ZW.; Tan, WJ.; Yang, Y.T.; Zhang, L.H. Multiscale Study of the Deterioration of Sandstone in the Three Gorges
Reservoir Area Subjected to Cyclic Wetting—Cooling and Drying—Heating. Rock Mech. Rock Eng. 2022, 59, 5619-5637. [CrossRef]

9. Bai, Y,; Ye, WJ.; Wu, Y.T,; Chen, Y.Q. Multiscale Analysis of the Strength Deterioration of Loess underthe Action of Drying and
Wetting Cycles. Adv. Mater. Sci. Eng. 2021, 2021, 6654815. [CrossRef]

10. Wang, W.D.; Wang, P.C.; Zhang, Z.H. Study on gravel soil strength degradation and its influence on the slope stability in reservoir

bank fluctuating zone. Eng. Fail. Anal. 2022, 134, 105980. [CrossRef]


http://doi.org/10.2113/9.2.117
http://dx.doi.org/10.1016/j.apgeochem.2013.04.018
http://dx.doi.org/10.1007/s10040-013-1023-y
http://dx.doi.org/10.1016/j.apgeochem.2013.09.006
http://dx.doi.org/10.1016/j.gca.2013.11.021
http://dx.doi.org/10.1155/2021/8665167
http://dx.doi.org/10.16285/j.rsm.2017.09.021. (In Chinese)
http://dx.doi.org/10.1007/s00603-022-02929-1
http://dx.doi.org/10.1155/2021/6654815
http://dx.doi.org/10.1016/j.engfailanal.2021.105980

Water 2023, 15, 886 14 of 14

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Cheng, Q.; Tang, C.S.; Xu, D.; Zeng, H.; Shi, B. Water infiltration in a cracked soil considering effect of drying-wetting cycles.
J. Hydrol. 2021, 593, 125640. [CrossRef]

Sun, Z.].; Yang, X.Y.; Zhao, Z.Y.; Zhang, B.C. Study on deformation characteristics of di erent angle loess slopes under wet-dry
alternation. Arab. J. Geosci. 2022, 15, 1166. [CrossRef]

Chen, X.X.; He, P; Qin, Z. Damage to the Microstructure and Strength of Altered Granite under Wet-Dry Cycles. Symmetry 2018,
10, 716. [CrossRef]

Wang, L.L.; Bornert, M.; Héripré, E.; Yang, D.S.; Chanchole, S. Irreversible deformation and damage in argillaceous rocks induced
by wetting/drying. J. Appl. Geophys. 2014, 107, 108-118. [CrossRef]

Xie, K.N.; Jiang, D.Y.; Sun, Z.G.; Chen, J.; Zhang, W.G.; Jiang, X. NMR, MRI and AE Statistical Study of Damage due to a Low
Number of Wetting-Drying Cycles in Sandstone from the Three Gorges Reservoir Area. Rock Mech. Rock Eng. 2018, 51, 3625-3634.
[CrossRef]

Qin, Z.; Fu, H.; Chen, X.X. A study on altered granite meso-dam-age mechanisms due to water invasion-water loss cycles. Environ.
Earth Sci. 2019, 78, 428. [CrossRef]

Tiwari, B.; Ajmera, B. Consolidation and swelling behavior of major clay minerals and their mixtures. Appl. Clay Sci. 2011, 54,
264-273. [CrossRef]

Elhassan, A.A.; Mnzool, M.; Smaoui, H.; Jendoubi, A.; Elnaim, B.M.; Alotaibi, M.F. Effect of clay mineral content on soil strength
parameters. Alex. Eng. |. 2022, 63, 475-485. [CrossRef]

Zhu, HX; Zhang, Y,; Li, Z.H.; Xue, X.Y. Elnaim, B.M.; Alotaibi, M.F. Study on Crack Development and Micro-Pore Mechanism of
Expansive Soil Improved by Coal Gangue under Drying—-Wetting Cycles. Materials 2021, 14, 6546. [CrossRef]

Dong, ].G.; Xu, G.Y.; LV, H.B.; Yang, J.Y. Prediction of Expansive Soil Strength Based on Micro-scale Properties. Geotech. Geol. Eng.
2019, 37, 869-882. [CrossRef]

Li, Z.Y,; Yang, G.S; Liu, H. The Influence of Regional Freeze-Thaw Cycles onLoess Landslides: Analysis of Strength Deteriora-
tionof Loess with Changes in Pore Structure. Water 2020, 12, 3047. [CrossRef]

Xue, C.; Wang, X.G.; Liu, K. Effect of Soaking Time and Salt Concentration onMechanical Characteristics of Slip Zone Soil ofLoess
Landslides. Water 2022, 12, 3465. [CrossRef]

Ye, WJ].; Wu, Y.T,; Bai, Y. Study of Macro- and Mesodamage of Remolded Loess under Alternating Dry and Wet Conditions in an
Acid Rain Environment. Adv. Mater. Sci. Eng. 2021, 2021, 5158150. [CrossRef]

Xie, YH.; Zhang, B.H.; Liu, B.C.; Zeng, Z.T.; Zhang, Y.; Zheng, Y. Shrinkage cracking and strength deterioration of red clay under
cyclic drying and wetting. Alex. Eng. J. 2022, 61, 2574-2588. [CrossRef]

Li, WJ. Study on Permeability Characteristics of Mudstone Fillers Based on Fractal Theory. Water Resour. Power 2022, 40, 173-177.
(In Chinese) [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://dx.doi.org/10.1016/j.jhydrol.2020.125640
http://dx.doi.org/10.1007/s12517-022-10377-y
http://dx.doi.org/10.3390/sym10120716
http://dx.doi.org/10.1016/j.jappgeo.2014.05.015
http://dx.doi.org/10.1007/s00603-018-1562-6
http://dx.doi.org/10.1007/s12665-019-8426-6
http://dx.doi.org/10.1016/j.clay.2011.10.001
http://dx.doi.org/10.1016/j.aej.2022.08.012
http://dx.doi.org/10.3390/ma14216546
http://dx.doi.org/10.1007/s10706-018-0657-x
http://dx.doi.org/10.3390/w12113047
http://dx.doi.org/10.3390/w12123465
http://dx.doi.org/10.1155/2021/5158150
http://dx.doi.org/10.1016/j.aej.2021.08.011
http://dx.doi.org/10.20040/j.cnki.1000-7709.2022.20212484

	Introduction
	Materials and Methods
	Results
	 Physical Index
	Strength Characteristics
	Microscopic Observations

	Discussion
	Conclusions
	References

