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Abstract

Most landslides induced by reservoir impoundment and rainfall in the Three Gorges Reservoir area of China are usually
characterized by bedding-plane shear zones. This paper presents an experimental study of the interaction between water and
shear-zone materials. A series of tests, including wetting-drying cycles and soaking tests, were carried out. The results show that
the fluid-solid interaction not only reduces the shear strength of shear-zone soil but also accelerates the disintegration process of
clastic rock from shear zone. After the fluid-solid interaction at different pH values, the clastic rock samples produce the most clay
minerals in acidic solution. Similarly, the clay minerals of shear-zone soil samples increase dramatically after 45 days of soaking
in acidic environment. According to the tests, it is found that the shear-zone soil in eluvium may originate from the weathered
clastic rock near the shear zones under long-term fluid-solid interaction.
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Introduction

Landslides become the most common, catastrophic geohazard
in the Three Gorges Reservoir (TGR) area of China after the
first impoundment in 2003. Since the occurrence of the
Qianjiangping landslide (Wang et al. 2004), researchers have
realized that not only precipitation but also fluctuations of
reservoir water level can affect the stability of landslides
(Paronuzzi et al. 2013; Xia et al. 2015; Wang et al. 2018).
The operation of TGR gives rise to 30-m water level fluctua-
tions in the reservoir, with 175 m to 145 m to 175 m in each
hydrological year. The slope soil above and below the 145-m
elevation undergoes periodic wetting-drying and soaking
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conditions, respectively. Moreover, the discharge of pollutants
in the TGR area prevents the reservoir water from maintaining
neutrality (Miiller et al. 2008; Ye et al. 2011), and these pol-
lutants may have side effects on the soaked slope bank. The
interaction between fluid and slope soil combined with exter-
nal hydraulic conditions, such as reservoir water fluctuation
and seasonal rainfall, may lead to potential failure in the slopes
(Iverson 2000; Baum et al. 2010; Lora et al. 2016; Wang et al.
2020).

In nature, it is believed that the fluid-solid interaction plays
a key role in the generation of landslides in the range of de-
cades or hundreds of years. To mimic this geological process
in the laboratory, some well-designed tests, such as wetting-
drying cycles and specific chemical treatments, can be
adopted to accelerate the process of fluid-solid interactions.
Previous researches have revealed that wetting-drying cycles
will give rise to weakening effects on the physical and me-
chanical properties of geomaterials (Calvello et al. 2005;
Aldaood et al. 2014; Ozbek 2014). Usually, the slope soil
would experience a remarkable reduction in shear strength
after the wetting-drying cycles, and in particular, the weak
layers in slopes will be significantly affected (Dif and
Bluemel 1991; Kanyaya and Trenhaile 2005; Tang et al.
2011). On the other hand, the chemical changes of the pore
fluid, e.g. composition and concentration, will also largely
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affect the shear behaviour and internal minerals of soil (Mesti
and Olson 1970; Di Maio et al. 2004, 2015).

A close inspection of the relevant literature reveals, how-
ever, that most studies focus either on the wetting-drying ef-
fect or the chemical treatment effect on slope soil (Bjerrum
and Rosenqvist 1956; Sridharan and Prakash 1999;
McKissock et al. 2002; Majdalani et al. 2008), while few
studies have compared their difference in these effects.
Particularly, there are no detail discussions on the rock-soil
transformation in the shear zone of landslides. In this paper,
we study the interaction between water and the shear-zone
materials taken from a bedding landslide in the TGR area. A
series of wetting-drying cycle tests and soaking tests with
solutions at different pHs are performed. Some reversal direct
shear tests are supplementarily carried out to investigate the
effects of fluid-solid interaction on the shear strength of the
shear-zone soil samples. In addition, the grain size distribution
of the clastic rock samples in shear zones is also analysed
during the tests. Based on the experimental results, the rock-
soil transformation mechanism in the shear zone is discussed.

Characteristics of the Shanshucao landslide

The Shanshucao landslide occurred on September 2, 2014.
It is located on the left bank of the Luogudong River, a
secondary tributary of the Yangtze River in Shazhenxi
Town, Zigui County, Hubei Province. The landslide is only
0.75 km from the well-known impoundment-induced land-
slide, the Qianjiangping landslide, and approximately
42 km from the Three Gorges Dam (Fig. 1). The average
slope of the Shanshucao landslide varies from 18 to 25°,
and the altitude of the bedrock layer varies from 120 to
125°219-21°. The landslide had an average width of
130 m in the north-south direction and an average length
of 300 m in the west-east direction. The landslide varies
from 140 to 283 m a.s.l., and below 175 m a.s.l. the sliding
mass was affected by the reservoir water-level fluctuations.
Before the occurrence of the landslide, a small hydropower
station (180 m a.s.l.) and a national highway G348
(204 m a.s.1.) located on the sliding area. An approximately
55 x 10* m sliding mass poured into the Luogudong River
at a high speed with a runout distance of 160 m, leading to
a total landslide area of 3.8 x 10* m?. The landslide
destroyed the road G348 and instantly pushed the hydro-
power station into the Luogudong River, which had a water
level of 162.3 m a.s.l. at that time.

The geological strata within the site are mainly composed
of Quaternary sediments (Q,) and Middle Jurassic Qianfoya
formation (J»q) (see Fig. 2). The former includes eluvium,
collapse, and landslide deposits. They are a combination of
silty clay with fragmented rock, observed commonly on the
surface and sliding mass of the landslide, with the main
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component of the fragmented rock being from J,4. The latter
is widely distributed in the sliding mass. According to the field
survey after the landslide, the lithology of the sliding mass is
identified as silty mudstone, argillaceous siltstone, and feld-
spar quartz sandstone, which are relatively fragmented. In
addition, muddy interlayers, which contain rock debris, fine
particles, and argillaceous products, with relatively thin thick-
nesses and intact surrounding rock layers, are commonly ob-
served in the study area. A 5—15-cm thick shear zone is ob-
served in a muddy interlayer between the bedrock and the
sliding mass. This shear zone is believed to dominate the main
movement of the landslide, and the main shear-zone soil is
composed of grey-green silty clay with breccia. Additionally,
there is a secondary shear zone accounts for the minor motion
of the landslide and developed on the north boundary of the
landslide. The shear-zone soil is silty clay in the eluvium
with yellow colour. The bedrock is a complete J,q grey-
green sandy shale with scratches on the surface. The
thickness of the bedrock is approximately 23—-30 m with
an attitude of 120°,20°.

It is well-known that the hydrological condition is sig-
nificant for the occurrence of a landslide. As reported by
Xu et al. (2015), the sudden movement of the Shanshucao
landslide resulted from the accumulated rainfall and a rapid
impoundment in the TGR. The groundwater in the site
consists of pore water in the Q4 deposit and fissure water
in the J,4 bedrock. To investigate the water characteristic of
the landslide, some water samples were taken from differ-
ent locations of the landslide (see Fig. 3). Table 1 shows
the chemical composition of the water samples. The results
reveal that the main ions of the water samples are HCO*,
S0,%", Ca*, K*, and Na™; therefore, the water samples of
the landslide exhibits neutral-alkalescence.

Shear-zone materials and testing procedure
Test materials and preparation

In order to study the effect of water on the shear-zone mate-
rials in the laboratory, some intact soil samples were taken
from the two shear zones, which are exposed after the land-
slide. The locations of intact soil samples can be seen in Fig. 3.
Two of these samples (samples S; and S,, representing shear-
zone soil in the muddy layer and eluvium, respectively) were
used to determine their basic properties and grain size
distributions.

Table 2 shows the general physical properties of the intact
samples. The two soil samples can be described as silt-clay
with low to medium plasticity, and soil sample in the muddy
interlayer of the main shear zone (S;) shows lower plasticity.
The results of the grain-size analysis of the soil samples are
shown in Fig. 4. For intact soil samples, the maximum particle
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Fig. 1 Location and plan view of the Shanshucao landslides (modified after Xu et al. 2015)

diameters both exceed 5 mm. The sample S, has more coarse-
grained particles (larger than 2.0 mm in diameter, denoted as
d >?2.0 mm) with a percentage of 70%, while the sample S;
contains more fine-graded particles. In addition, the fraction of
finer particles (d <0.1 mm) was determined by laser testing
after the dispersion treatment using a Malvern UK Mastersizer
3000. As presented in Fig. 5a, the fine-grained particles (silt +
clay) accounts for 97 and 67 wt.% in samples S; and S,,

Fig. 2 Section A-A": (D) feldspar Elevation (m)

respectively. The grain frequency distribution curve is charac-
terized by the concentration of finer particles, at approximate-
ly 4 um for sample S}, and 5 to 12 um for sample S,, at which
the curves are multimodal (see Fig. 5b). The coefficients of
uniformity (CU) are 9.13 and 11.67 for samples S; and S,,
respectively; hence, sample S, is well sorted and more uni-
form than sample S;. The result implies that the composition
of shear-zone soil developed in the muddy interlayer is

Elevation (m)

quartz sandstone; (2) silty 3001 A Road 160m ) 1079 78° r300
mudstone; ) sandy shale; @ 280/ ] ) Soil in minor 280
muddy interlayer; %) eluvium; 6 2601 Original terrain shear zone L 260
rock debris (modified after Xu cotve! f
et al. 2015) 2401 Soil in main 240
2201 shear zone I 220
200 200
1801 o 1180
160 160
140 r140
120 T T T T 120
0 100 200 300 400 470
Distance(m)
— F=-4 ] NN Q
®|" "‘I Q4 O @}' I ®Aﬁ\k| ©|Q“%|

@ Springer



4082

X.Kang et al.

Fig. 3 Location of the test
samples

relatively homogeneous while the one developed in eluvium
may be a mixture of various sediments with coarse-grained
soil combined with fine particles.

Since the particles of the intact shear-zone soils are too
large for subsequent laboratory test, remoulded soils with
a particle size less 2 mm were used in the tests. The grain
size distribution compared with intact samples is shown in
Fig. 4. The proportion of particles larger than 0.075 mm in
diameter (d > 0.075 mm) reached 23.2 wt.% in the sample
S, while only 9.1 wt.% in the sample S,. The two kind of
soils were reconstituted with similar dry densities and wa-
ter contents to those of the intact soils, i.e. dry density
pa=1.8 g/lem® and 1.7 g/cm? for sample S; and S,, respec-
tively, and water contents W= 16% and 17% for sample S
and S, respectively. Then these prepared soils were made
into specimens, which have a total volume of 59.9 cm®
with a round area of approximately 30 mm?® and height
of 20 mm.

e ntact soil samples in muddy interlayer
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In addition to the shear-zone materials, we also investigated
the internal structure of the bedrock below the shear zone by
using a polarizing microscope with slice samples. Figure 6
indicates that the bedrock is consisted of mainly silty mud-
stone, argillaceous siltstone, and quartz sandstone, which con-
tains quartz, feldspar, mica, and argillaceous minerals. The
argillaceous content in the silty mudstone is nearly 43%,
which is slightly higher than that of the argillaceous siltstone
(30-33%), and the quartz content in quartz sandstone is close
to 85%. It is evidenced by the photomicrographs that the min-
eral particles, such as quartz and feldspar, are bonded by shale
cement. The argillaceous content in rock samples explain that
the exposed surface of mudstone is usually weathered into
debris while the sandstone layer is relatively intact.

To better understand the interaction between water and
shear-zone materials, we also collected some clastic rock sam-
ples near the two shear zones (locations see Fig. 3). Three type
of clastic rock samples with various initial size, namely R,

Table 1 Characteristics and

analysis of water samples Samples W, W, W; Wa

Content (mg/L)  Ca** 353 17.6 41.7 57.7
Mg 7.8 54 7.8 13.6
K*-Na* 9.3 25.1 14.8 7.8
Cl 4.2 6.2 10.5 18.0
S04 16.8 36.1 29.7 88.3
HCO; 140.3 61.0 146.5 119.6
Cos> - 12.0 - -
Salinity 213.5 163.4 250.8 305.0
Free CO, 7.0 0.0 10.6 6.2
Corrosive CO, 0.0 0.0 0.0 0.0

pH 7.9 8.9 7.8 7.7

Main ions HCOs-Ca HCO3SO4~(K+Na)Ca  HCO3;-Ca  HCO;3-SO4-Ca

Free CO, is carbon dioxide that can be dissolved in water, and corrosive CO, is the excessive free CO, that is

beyond the balance in water
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Table 2 Basic properties of the

shear-zone soil Sample name p (g/em’) pa (g/en’) W (%) Wy (%) Wp (%)  Ip(%)
S; (soil in muddy interlayer) 2.0~2.3 1.7~1.9 15.9~18.3 29.7 16.3 13.4
S, (soil in eluvium) 1.9~2.0 1.7~1.8 17.0~18.8 33.6 18.3 15.3

p bulk density, pq dry density, W water content, Wy liquid limit, Wp plastic limit, /p plasticity index

(mudstone fragments, 10-20 mm), R, (siltstone fragments,
1020 mm), and Rj (siltstone fragments, 2030 mm), were
prepared for the tests.

Figure 7 shows the SEM images of the clastic rock and
shear-zone samples. It can be seen from the images that the
minerals on the surface of samples appear as irregular flaky
structures, while the boundaries arrange piece by piece and
pores seem inconspicuous. It is observed that the bond among
particles of soil sample S, is relatively tight, while more inter-
granular pores and fewer particles were observed in the im-
ages of soil sample S,. Generally, the mineral pieces of soil
samples are relatively looser, and the mineral particles in the
siltstone sample are larger than those observed in mudstone
sample.

The mineral components of the soil and rock samples ob-
tained via X-ray diffraction (XRD) are presented in Table 3.
The results indicate that the two rock samples and soil sample
S, are composed mainly of quartz. The rock sample R, has a
higher mineral content of mixed minerals of illite-montmoril-
lonite, while the sample R; has similar contents of illite-
montmorillonite and chlorite. For shear-zone soil samples,
the sample S, has the highest content of quartz and the lowest
content of chlorite. It seems that the total mineral contents of
sample S; are close to that in the sample R;. In addition, it is
notable that in sample S; the content of illite-montmorillonite
is approximately the same as that of quartz.

It is well-known that quartz, feldspar, and calcite represent
detrital minerals while illite, montmorillonite, and chlorite
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Fig. 4 Grain size distribution of soil samples

represent clay minerals. For the detrital minerals, the main
component is quartz (SiO,), which forms as particles and ex-
hibits very stable physical and chemical properties. However,
the clay minerals, such as illite and chlorite, are very brittle
and generally have high hygroscopicity. These properties
largely affect the weathering, disintegration, and mechanical
properties of materials composed of clay minerals (Terzaghi
et al. 1996; Dhakal et al. 2002). In general, the siltstone sam-
ple has the largest proportion of clay minerals among all the
samples. Although the two soil samples have more detrital
minerals than clay minerals, the soil in muddy interlayer has
a higher clay content.

Test procedure

Two types of tests were performed: wetting-drying cycles and
soaking tests. The purpose of wetting-drying cycles test is to
obtain the influence of water on the physical and mechanical
properties of shear-zone materials under alternate wet and dry
conditions, while the soaking test aims to investigate the effect
of chemical solutions and soaking time on the shear-zone soil
samples and clastic rock samples.

(1) Wetting-drying cycles test: A cycle of wetting-drying
consisted of one wetting and one drying process. The
wetting state of the sample was achieved by soaking in
distilled water for 24 h; the sample was then dried at a
temperature of 40 °C for 24 h. The details of the wetting-
drying tests can be found in the literature (Guney et al.
2007; Kalkan 2011; Zhou et al. 2017). In total, 15
wetting-drying cycles were performed in this test.

(2) Soaking test: Three different solutions, namely, HCI re-
agent, NaOH reagent, and distilled water, which repre-
sented acidic, alkaline, and neutral conditions (at pH 2,
14, and 7, respectively) were used for the soaking test.
Clastic rock samples underwent these three solutions,
while the shear-zone soil samples were only soaked in
acidic solutions with pH 2, which can accelerate the pro-
cess of interaction between water and soil (Utomo and
Dexter 1981; Gratchev and Towhata 2013).
Subsequently, all the samples were sealed for 45 days.
The pH values remained constant during the entire
soaking process by adding reagents.

To evaluate the degree of interaction between water and
shear-zone samples, a series of relevant tests, namely, reversal
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Fig. 5 Laser testing results of soil
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direct shear tests for shear-zone soil samples and grain size
distribution for clastic rock samples, were carried out. For the
reversal direct shear test, some shear-zone soil samples were
reserved after fluid-solid interaction. These samples were then
sheared using conventional direct shear apparatus at a rate of
0.02 mm/min under different effective normal stresses (100,
200, 300, and 400 kPa). The first shearing of the reversal
direct shear test is the same as that of the conventional direct
shear test. At the end of each shearing, the shear box was
pulled back to the start point at a rate of 0.5 mm/min. Prior
to each reversal shearing, the sample was consolidated for
30 min. Normally, six repeated shearing with 48 mm shear
displacement were required to achieve the residual state. On
the other hand, for the clastic rock samples, grain size analysis
was performed at certain soaking time and wetting-drying
cycles. The test was carried out with dried rock samples using
the sieving method. Additionally, the mineral composition
change of the tested samples was measured by XRD analysis,
using particles below 0.075 mm in diameter. Details on the
procedures of all the involved tests are provided in Table 4.

Test results
Behaviour of the clastic rock samples

During the wetting-drying cycles and soaking tests, cracks and
bubbles were observed on the surface of the rock samples after

Fig. 6 Slice images of bedrock
samples. a Muddy sandstone. b
Silty mudstone
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24 h. The solution with the mudstone sample became turbid
earlier than that with the siltstone sample. Moreover, the mud-
stone sample became fragmented faster than the siltstone sam-
ple. The disintegration behaviour of two clastic rock samples
after testing is shown in Fig. 8.

Particle disintegration characteristics Figure 9 shows the
changes in the particles after the wetting-drying cycle tests.
During the wetting-drying test, the changes in the proportion
of large particles (¢ > 10 mm) predominately occurred in the
first 3 cycles. The sample R; (mudstone) has the fastest and
largest reduction in large particles, while sample R, (siltstone)
changed relatively little and, only decreases by 25.7% after
15 cycles. For sample R; (mudstone), the increase in coarse-
grained particles with a diameter ranging from 2 to 10 mm is
much larger than that of the other samples. In particular, the
particles with diameter ranging from 5 to 10 mm increased
significantly in the early stage, whereas those ranging from 2
to 5 mm increase mainly in the later stage. In contrast, the
sample R (siltstone) accounted for the minimum increase in
this range. Fine-grained particles (d <2 mm) produced by
sample R; grows quickly in the early stage. After nine
wetting-drying cycles, the proportion of fine-grained particles
produced by samples R, and Rj (siltstone) are identical and
exceeds that of the sample R;.

The wetting-drying cycles disintegrated the mudstone sam-
ple to coarse-grained particles with diameters ranging from 2
to 10 mm. In contrast, the siltstone samples were mainly
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Fig. 7 SEM images of the shear-
zone samples. a Fractured surface
of rock sample R; b fractured
surface of rock sample Ry; ¢ soil
sample S;; d soil sample S,

SU8010 10:0kV'9.9mm x1.00k SE(U)

disintegrated to fine-grained particle with diameter less than
2 mm. Similarly, the sample Ry with an original diameter
ranging from 20 to 30 mm also produced a significant fraction
of fine-grained particles.

The grain size distributions of the rock sample during
soaking test at different pHs are shown in Fig. 10, the sample
R, (mudstone) experienced dramatic growth in particles larger
than 2 mm with alkaline environment, while fine-grained par-
ticles (<2 mm) are more likely to be produced in the acidic
environment, and eventually, the fraction of fine-grained par-
ticles reached a content of 0.79 wt.%. Compared to the mud-
stone sample, the siltstone samples soaked in different solu-
tions underwent a much slower disintegration rate for the
same soaking time. Among the three solutions, the siltstone
sample produced the largest fraction of fine-grained particles
in neutral solution at pH 7.

Next, we compare the results of wetting-drying cycles and
soaking tests in neutral solution. Generally, the wetting-drying
cycles lead to faster disintegration rates than the soaking test.

For example, after the first three cycles, samples R; and R,
produce more large particles (¢ > 10 mm) than that produced
by the 45-day soaking. Although the disintegration rate of
siltstone is not competitive with that of the mudstone at the
beginning, the fraction of fine-grained particles (d <2 mm)
exceeds that produced by mudstone after nine wetting-
drying cycles. However, this phenomenon is not observed in
the soaking tests.

Mineral change characteristics Table 5 shows the changes in
mineral composition of rock samples after the tests. An in-
spection of the results suggests that clay minerals increased
in all scenarios, with the soaking test in neutral condition
accounting for the smallest increment. Under the acidic con-
ditions, i.e. at pH 2, some detrital minerals, such as quartz,
calcite, and feldspar, may be dissolved and converted to clay
mineral (Fogler et al. 1975; Huang et al. 1986; Franklin et al.
1994). This situation is, however, unlikely to occur under
strong alkaline condition.

Table 3 Mineral proportions of
shear-zone samples (%)

Samples Chlorite [llite/montmorillonite Quartz Feldspar Calcite
R; (mudstone) 25.5 21.3 35.6 16.8 0.8

R, (siltstone) 6.6 31.9 43.5 16.5 1.6

S1 (soil in muddy interlayer) 8.8 38.9 38.8 13.5 -

S, (soil in eluvium) 3.8 17.1 54.3 24.8 -
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Table 4  Test procedures on shear-zone materials
Sample  Description Test method and conditions Supplementary analysis
name
Wetting-drying Soaking test
cycles
R, Clastic rock Mudstone fragment, 10-20 mm 15 cyclesatpH 7 At pH 2, 7, 14 for 45 days Grain size distribution  X-ray
R, Siltstone fragment, 10-20 mm diffraction
R; Siltstone fragment, 20-30 mm
S Shear-zone soil Main shear-zone in At pH 2 for 45 days Reversal direct
muddy interlayer shear test
S, Secondary shear-zone

in eluvium

Behaviour of the shear-zone soil samples

Strength-weakening characteristics Figure 11 shows shear
strength envelopes of the soil samples under different effective
normal stresses. In both the wetting-drying cycles and soaking
tests, a reduction in shear strength is observed. For the sample
Sy, soil in the muddy interlayer, the soaking test has a more
dramatic influence on the peak strength, while the residual
strength exhibits a more sensitive response to the wetting-
drying cycle test. With a larger effective normal stress, the
decrease of residual strength is more evident after 15
wetting-drying cycles. The wetting-drying cycles and soaking
tests give rise to a similar reduction tendency in shear strength
of'the soil samples S; and S,, whereas soaking leads to a larger
reduction in the residual strength.

For both testing conditions, the decrease in peak strength of
soil samples is much greater than the residual strength, which
indicates that the fluid-solid interaction may cause a distinct re-
duction in peak strength. The situation is likely to occur when a
landslide is under extreme hydraulic conditions and subsequently
causes a sudden motion. It was also observed that the sample S,
achieved a residual state earlier than the S; sample, and a higher
residual strength was obtained, indicating the clay particles in
sample S, are oriented faster during shearing (Skempton 1985).
Note that the residual strength of the sample S; decreased more
after 15 wetting-drying cycles, while sample S, is more affected
by soaking. This phenomenon helps to explain why the shear-
zone soil in the muddy interlayer is more fragile and easily dis-
turbed in natural conditions, especially when encountered wet-
dry alternations, which accounts for a crucial factor of landslides.
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Variations in the friction angle and cohesion of the soil
samples are shown in Fig. 12. Generally, the cohesion and
friction angle decrease as the wetting-drying cycles and
soaking time increase. During the wetting-drying cycle tests,
the cohesion of sample S; decreases mostly from the 3rd to the
5th cycles while the friction angle predominately decreases in
the first 3 cycles. For sample S,, the peak cohesion decreases
in the first 6 cycles until an asymptotic residual state is
reached. Both the peak and residual friction angle exhibit a

[

gradual decrease, and an approximately 20% reduction is ob-
served at the end of the wetting-drying cycle test.

In the soaking condition, the sample S; shows a sudden
reduction in cohesion and friction angle at the onset of
soaking. As the soaking time increased, the cohesion con-
tinues to decrease, while the friction angle reaches a steady
state. It is interesting to note that a similar reduction, approx-
imately 20%, in both residual and peak friction angles is ob-
served after 45-day soaking. For sample S,, the cohesion
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Table 5 Mineral composition results of rock samples by XRD (%)
Samples Test conditions Chlorite  Illite/ Quartz  Feldspar Calcite Clay mineral Detrital mineral
montmorillonite

R (mudstone) Original 25.5 21.3 35.6 16.8 0.8 46.8 53.2
After 15 wetting-drying cycles  23.9 27.1 27.7 18.6 2.7 51.0 49.0
Soaked for 45 days at pH 7 247 24.0 33.6 16.0 1.8 48.7 513
Soaked for 45 days at pH 2 24.7 29.1 36.0 10.2 0.0 53.8 46.3
Soaked for 45 days at pH 14 25.4 25.5 32.1 16.9 2.1 50.9 49.1

R, (siltstone)  Original 6.6 31.9 43.5 16.5 1.6 38.5 61.5
After 15 wetting-drying cycles 11.0 289 37.6 20.4 22 39.9 60.1
Soaked for 45 days at pH 7 8.5 304 42.5 16.1 25 38.9 61.1
Soaked for 45 days at pH 2 10.3 343 40.8 14.6 0.0 44.6 55.4
Soaked for 45 days at pH 14 83 329 39.0 17.8 2.0 412 58.8

decreases continuously from approximately 11 kPa at the be-
ginning to 1.1 kPa at the end of the soaking test, while the
residual friction angle experiences a much higher decrease.
The test results reveal that the effects of fluid-solid interaction
are more significant for the friction angle of sample S, taken
from the muddy interlayer, while the cohesion of sample S,
taken from eluvium is more sensitive for the interaction.

Mineral changes characteristics Table 6 shows the mineral
composition of soil samples during the tests. The propor-

tions of the detrital mineral gradually decrease, while the

Fig. 11 Shear strength envelope a

clay minerals increase at the same time. This phenomenon
indicates that detrital mineral may have been partially con-
verted to clay mineral during the interaction. The propor-
tion of clay minerals in sample S; increases fastest during
the 3rd to 5th cycles in the wetting-drying cycles test. The
content of clay minerals becomes 1.2% larger than that of
the detrital minerals after 15 cycles. This conversion pro-
cess is significantly accelerated by soaking since the con-
tent of clay minerals already exceeds that of the detrital
minerals after 5-day soaking, and a high content of
58.6% is achieved in the end.
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Compared to sample S;, however, the clay minerals of
sample S, grow much more slowly and does not exceed the
content of detrital minerals at the end of the test. Obviously,
the soaking test gives rise to faster growth of the clay minerals,
and the clay minerals of the soil samples in the muddy inter-
layer are more sensitive to fluid-solid interaction.
Correspondingly, both wetting-drying cycles and long-term
soaking will accelerate the conversion of detrital minerals to
clay minerals in the soil from shear zones and subsequently
increase of the potential for argillization.

Discussions
Minerals conversion at different pHs

Argillization is known to account for an important step that
generates shear-zone soil (Gibo et al. 1987; Tang et al. 2015).
In our case, we specialized to investigate the mineral content
of the tested samples against time because the clay content in
fine-grained particles reflects the ability of argillization in
shear-zone materials. Therefore, it is important to understand
how the detrital minerals convert to clay mineral during the
fluid-solid interaction with chemical solutions.

Table 7 shows the reaction equations of mineral dissolution
in different acid-base environments. For detrital minerals in

Days

the shear-zone soil samples and clastic rock samples, calcite
dissolves rapidly and K* and Na* in feldspar will be replaced
by H* in acidic solution (Raeside 1959). This reaction leads to
the formation of the colloidal precipitate (H4Si0,4), which pro-
vides material for the generation of clay minerals. In the alka-
line solution, quartz is more likely to convert into
phyllosilicate (H,SiO,), which may be related to the genera-
tion of the flocculent montmorillonite (Lim and Jackson 1986;
Reinholdt et al. 2005).

The test results show that both mudstone and siltstone sam-
ples experienced pronounce reductions in feldspar content,
while the proportion of montmorillonite-illite minerals and
chlorite increase in the mudstone and siltstones samples, re-
spectively. Feldspar and quartz in the two soil samples de-
crease dramatically, which proves that they are the main
source of the increase of the clay minerals. This phenomenon
is, however, hardly observed in nature because the chemical
interaction is very slow in the natural state, while the acidic
environment in the test accelerates the process.

As the most common clay minerals in mudstone stratum,
the mixed minerals of illite, montmorillonite, and chlorite
characterize the mechanical properties of rock and soil
(Taylor and Smith 1986; Siegesmund et al. 2018).
According to the above analysis, the shear-zone materials of
the Shanshucao landslide will continuously convert to clay
minerals, which irreversibly leads to the generation of shear
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Table 6 Mineral composition results of the soil samples by XRD (%)

Samples Test conditions Chlorite Illite/ Quartz Feldspar Clay mineral Detrital mineral
montmorillonite
S; (soil in muddy interlayer) Original 8.8 38.9 38.8 13.5 47.7 523
Wetting-drying cycles 3 cycles 9.4 38.0 40.7 120 47.4 52.6
5 cycles  10.6 37.7 42.8 8.9 48.3 51.7
10 cycles 8.5 40.2 413 100 48.7 51.3
15 cycles 10.0 40.6 42.6 6.8 50.6 49.4
Soaking at pH 2 5 days 9.3 43.8 36.8 10.1 53.2 46.9
15 days 10.4 46.6 355 7.5 57.0 43.1
30 days 123 45.8 36.1 5.7 582 41.8
45 days 133 453 37.6 3.8 58.6 41.4
S, (soil in eluvium) Original 3.8 17.1 543 248 20.9 79.1
Wetting-drying cycles 3 cycles 4.4 17.2 554 230 21.6 78.4
5cycles 4.4 16.2 59.0 204 20.6 79.4
10 cycles 9.4 123 56.5 218 21.7 78.3
15 cycles 9.9 12.7 552 222 22.6 77.4
Soaking at pH 2 5 days 7.0 15.3 57.6  20.1 223 77.8
15 days 8.0 153 588 17.8 23.4 76.6
30 days 11.5 133 573 179 24.8 75.2
45 days  11.7 13.7 559 187 25.4 74.6

zone regardless of the process, i.e. wetting-drying cycles and
soaking conditions.

Evolutionary relationship of shear-zone materials

To gain a deeper insight into the effects of fluid-solid interac-
tion on the shear strength-weakening behaviour, Fig. 13a
compares the fraction of fine-graded particles in the intact soil
samples (S; and S,) and in the clastic rock (R; and R,) after
soaking for 45 days in the neutral solution. Additionally, a
weathering product of quartz sandstone from the landslide
area was tested for comparison. The comparison shows that
more fine-grained particles were produced by the sample S;.
As shown in Fig. 13b, all the soaked rock samples and the
weathering product exhibit similar grain size distribution as

that measured from the sample S, (soil in eluvium), while a
plateau characterized by particles with a size of approximately
30 um is observed in the three samples. The analysis indicates
that the soil sample S, is more likely to originate from the silty
mudstone, argillaceous siltstone, and quartz sandstone in the
shear zones of the landslide.

It is worth noting that there still exhibits debate in the origin
and evolution of the shear-zone soil in the muddy interlayer.
The shear-zone materials of the landslide are distributed in a
wide range and usually exhibit nonuniform characteristics.
However, the samples used in our tests cannot represent all
the characteristics. Moreover, in real situations, the interaction
between water and slope materials occurs over a long period,
while this process is hard to replicate in the laboratory due to
the limitation of test time.

Table 7 Reaction equation of

mineral dissolution (Feng et al. Minerals Reaction equation Solutions
2010)
Quartz SiO5 + 2H,0 = H4SiO,4 Neutral and acidic
Si0, + 20H =H,Si0, Alkaline
Calcite CaCO;=Ca> + CO>~ Neutral and alkaline
CaCOs +2H* = Ca** + H,0 + CO, Acidic
Albite NaAlSi;0s + 5.5H,0 = 0.5A1,81,05(0H), + Na*+OH +2H,Si0s  Neutral
NaAlSi;0g + 4H* + 4H,0=Na* + AI** + 3H,Si0O, Acidic
NaAlSi;Og + 60H +2H,0=Na" + AI(OH)* + 3H,Si0,> Alkaline
Potash feldspar ~ KALSi;0g + 5.5H,0 = 0.5A1,Si,05(0OH), + K* + OH +2H,Si0;  Neutral
KAISi;Og + 4H" + 4H,0=K" + A" + 3H,SiO, Acidic
KAISi;Og + 60H +2H,0 =K* + AI(OH)* + 3H,Si04>~ Alkaline
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Conclusions

This paper investigates the interaction between water and
shear-zone materials taken from a bedding landslide in the
TGR area of China. A series of wetting-drying cycles and
soaking (at different pHs) tests are carried out on both shear-
zone soil and clastic rock. The intensity of the interaction is
characterized by some widely used soil indexes, such as shear
strength and grain size distribution. The following conclusions
can be drawn:

(1) The shear strength of the shear-zone soil in the muddy
interlayer is lower than that in the eluvium, while a longer
shear displacement is required by the former to achieve
the residual state. Compared to the wetting-drying cycles,
the effect of soaking on the reduction in shear strength of
the shear-zone soil is more significant. The fluid-solid
interaction results in a greater fraction of clay minerals
for the shear-zone soil from the muddy interlayer.

(2) The weakening effect of water on clastic rocks from the
shear zone appears as a dramatic promotion of disinte-
gration. After 15 wetting-drying cycles, the siltstone
sample produces the most significant fine-grained parti-
cles. In addition, soaking in acidic and alkaline solutions
can accelerate the process of fine-grained production,
and the acidic environment can significantly increase
the clay mineral content of all the clastic rock samples.

In summary, the fluid-solid interaction is able to affect the
shear strength of the shear-zone soils and the disintegration
rate of the clastic rocks in the shear zones. Furthermore, this
interaction can promote the production of the clay minerals in
the shear-zone soil, which may relate to the formation of shear
zones; therefore, we speculate that the clastic rocks in the
shear zones may be the parent materials of the shear-zone
soils. The experimental results suggest that the effects of
wetting-drying cycles and soaking play a significant role in
the evolution of the shear zone in the TGR area.

---------- Weathering product in landslide area
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