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Abstract To identify the mechanisms that caused landslides
during the construction of the Jilin-Hunchun high-speed rail-
way line in Yanji, China, the engineering properties of weath-
ered swelling mudstones extracted from a representative land-
slide site were investigated. The experimental results indicate
that both yellow-brown and magenta mudstones exhibit sig-
nificant swelling and shrinkage behaviour due to significant
amounts of swelling clay minerals. The yellow-brown mud-
stone has an obvious schistose structure with stacked flaky
plates interconnected with a face-to-face pattern, while the
magenta mudstone has an aggregated structure cemented by
iron oxides. Both mudstones are prone to disintegration when
soaked in water. The shear strengths of swollen samples de-
crease dramatically compared with those of unsaturated sam-
ples, and the lower the initial water content is, the smaller the
shear strength of a sample after swelling. By repeatedly in-
creasing the repeated drying-wetting-freezing-thawing cycles,
the shear strength decreases. According to the experimental
findings, the effects of the engineering properties of

mudstones on the landslides occurrence in the Yanji section
are discussed. Heavy rainfall and the weathering of mudstones
induced by fluctuating climatic conditions are regarded as the
principal factors that triggered the landslides. Given the high
landslide incidence on south-facing slopes, the influence of
slope orientation on the stability of mudstone slopes is studied
and discussed.

Keywords Swellingmudstones . Landslides . Engineering
geological properties . Drying-wetting-freezing-thawing
cycles . Heavy rainfall . Slope orientation

Introduction

Swelling rock composed of strong hydrophilic clay minerals
is a special type of soft rock that is harder and stronger than
soils, but does not behave as a hard rock (Sabtan 2005; Tan
and Kong 2006; Lee et al. 2007). Notably, this rock type
swells and softens after absorbing water, and it shrinks and
cracks during dehydration (Hou et al. 2013). These processes
can cause undesirable changes to its engineering geological
properties and result in the instability of swelling rock slopes
during the construction of railways or expressways, leading to
significant additional costs (Yue and Lee 2002; Tang et al.
2009; Hou et al. 2013).

Numerous studies have investigated the properties of
swelling rock, including the mineral composition (Al-
Mukhtar et al. 2012), microstructure (Lin and Cerato 2014),
swelling-shrinkage processes (Pejon and Zuquette 2006; Lin
and Cerato 2013), strength (Li et al. 2012; Pellet et al. 2013),
and disintegration (Erguler and Shakoor 2009). In China, a
series of experiments were performed by Shi et al. (2002)
and Zhang et al. (2003) to study the engineering geological
characteristics of swelling rocks and soils in different areas,
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including Guangxi, Yunnan, Jiangsu, Henan, and Hebei prov-
inces. However, these studies focused primarily on swelling
rocks in rainy and hot areas (Shi et al. 2002), and little atten-
tion has been paid to those in seasonally frozen areas. It has
been reported that weathered swelling mudstones are widely
distributed in the Yanji Basin, which is a typically seasonally
frozen area in China (He et al. 2003).

A new high-speed railway line connecting Jilin and
Hunchun was designed to pass through this basin from west
to east. The construction of this line requires numerous exca-
vations of swelling mudstones to achieve acceptable grades.
Some of these cut slopes slid after rainfalls that occurred dur-
ing or after the excavation process. Notably, the presence of
swellingmudstones has been generally recognized as the main
reason for the instability of cut slopes of mudstone (He et al.
2003; Li et al. 2011). Additionally, almost all the landslides
occurred on south-facing slopes along the railway line.
Because of varying seasonal climate conditions, swelling
mudstones were subjected to drying-wetting-freezing-
thawing (D-W-F-T) cycles in the Yanji Basin, and unique
physical and mechanical characteristics were formed. To un-
derstand better the failure mechanism of swelling mudstone
landslides, investigations of engineering properties with and
without the D-W-F-T process are of great importance.

In this paper, a representative landslide (K275) in Yanji was
selected to investigate the landslide mechanism. Field observa-
tions of the landslide are described in the next section. Based on
the tests of the samples from the landslide, the engineering

geological properties of Yanji weathered swelling mudstones
were systematically analysed and evaluated. On this basis, the
effects of the engineering properties of the mudstones on the
landslides occurrence in the Yanji Basin are discussed.

Basic characteristics of the landslide

The Yanji Basin, a small Mesozoic residual fault depression
basin, is located on the eastern foot of Changbai Mountain,
Northeast of China. It is located in the eastern part of the
Tianshan-Xinganling fold belt and the southeastern part of
the Hercynian fold belt. Swelling soft rocks in the Yanji
Basin mainly consist of silty mudstone and argillaceous silt-
stone in the Dalazi Formation of the Lower Cretaceous (K1d2),
Longjing Formation of the Upper Cretaceous (K2l), and
Tertiary Hunchun Formation (E2-3 h) (He et al. 2003). The
Yanji Basin has a sub-humid continental monsoon climate
with dry-cold winters and wet-hot summers. Based on data
from the National Meteorological Information Center,
Chinese Meteorological Administration, the monthly mean
temperature in Yanji Basin ranges from −13.2 °C in January
to 21.7 °C in August. The mean annual precipitation is
529.8 mm and more than 80% of rainfall occurs between
May and September.

The construction of the Jilin-Hunchun high-speed railway
line began in November 2010. The total length of the line is
362.1 km. The landslide is located between km 275 + 945 and
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km 276 + 205 in the middle section of the basin (latitude
42°57′14″N, longitude 129°30′36″E) (Fig. 1). The engineer-
ing geological map of the K275 landslide is presented in Fig.
2. At the landslide site, the local geology comprises the
yellow-brown and magenta mudstones of Longjing
Formation in the Upper Cretaceous underlying planting and
gravel soils with variable thickness. By the end of October
2012, the excavation of two cut slopes had been completed.
One, which runs south (180°), has an average slope angle of
19.2° with respect to the horizontal plane, and the other, facing
north (0°), has an average slope angle of 19.8°. The weathered
mudstones were exposed on the cut surfaces of the slopes after
excavation. Following the excavation, the initiation and prop-
agation of tension cracks were observed in the south-facing
slope before the completion of anti-slide piles at the slope toe,
and after a continuous 3-day rainfall, the slope began to slide.
The direction of the slide was consistent with the dip direction
of the cut slope surface. Despite the suspension of construc-
tion, deformation was not controlled until July 2013, and a
dislocation was observed on the top of the slope. The eleva-
tion of the front edge of the landslide is 248 m, and the eleva-
tion of the back edge is 274 m; thus, the relative height differ-
ence is 26 m. The length of the main sliding direction is
185 m, and the width of the front edge is approximately
260 m. The volume of the landslide is estimated to be approx-
imately 503,000 m3. According to the grades established by
the Ministry of Land and Resources of the People’s Republic
of China, the K275 landslide falls into the medium suscepti-
bility class. To determine the causes of damage, an engineer-
ing geological survey, which included 10 boreholes and a
trench, was conducted in the landslide in 2014. It was revealed
that the yellow-brown mudstone had a soft and friable layered

structure with joint fissures, while the magenta mudstone was
fully weathered and had a loose structure (Fig. 3).
Additionally, the sliding basal plane almost overlaps the inter-
face between the yellow-brown and magenta mudstones at a
depth of approximately 10 m and an angle of approximately
6° with respect to the horizontal plane. The groundwater table
is generally located above this plane and almost parallel to the
natural ground surface (Fig. 2b).

Materials and experiments

Materials

Fresh samples of two weathered mudstones were collected
from the trench at depths ranging from 0 to 4.0 m. The phys-
ical properties of the mudstones were determined according to
the BStandard for Soil Test Method^ (Ministry of Water
Resources, P.R. China 1999). As presented in Table 1, the
yellow-brown mudstone has a high density, whereas the ma-
genta mudstone is loose and has a low density and large void
ratio. The liquidity indexes of the two mudstones under natu-
ral humidity conditions are 0.16 and 0.25, respectively. From
the liquid limit, plasticity index and free swelling ratio, it can
be deduced that the yellow-brown mudstone has low-swell
potential, while the magenta mudstone has medium-swell
potential.

The minerals in the two mudstones were identified using
X-ray diffraction (XRD) and differential thermal analysis
(DTA). The clay minerals, mainly composed of montmoril-
lonite and illite, take up approximately 30% of Yanji swelling
mudstones (Table 2). The chemical compositions of the two

(a) (b)

2014  9  11 2014  9  12

Fig. 3 Yellow-brown and
magenta mudstones exposed in
the trench. aMagenta mudstone at
depths ranging from 0 to 1.8 m. b
Yellow-brown mudstone at
depths ranging from 1.8 to 4.0 m

Table 1 Physical properties of the swelling mudstones

Mudstone
sample

Natural water
content/%

Dry density/
(g/cm3)

Specific
gravity

Void
ratio

Liquid
limit/%

Plasticity
index/%

Free
swelling
ratio/%

Volume
shrinkage ratio/
%

Contraction
coefficient

Shrinkage
limit/%

Yellow-brown 20.0 1.67 2.72 0.63 41.4 15.8 54 14.0 0.49 13.9

Magenta 28.1 1.48 2.79 0.88 54.2 19.4 64 20.6 0.31 11.1

L.-W. Kong et al.



mudstones obtained using the Typical Chemical Methods
(ASTM D2487–06 2006) are presented in Table 3. The me-
tallic oxides in the swelling mudstones are mainly SiO2 and
Al2O3. The total amount of iron in the magenta mudstone was
as high as 7.43%, which explains why it appears magenta. The
energy dispersive spectrometer (EDS) results indicate that the
mudstones contain large amounts of oxygen, silicon, and alu-
minium, which is consistent with the findings of the chemical
composition analysis (Table 4).

Experimental procedure

The microstructures of undisturbed and remoulded samples
were investigated using a scanning electron microscope
(SEM) and mercury intrusion porosimeter (MIP). Samples
were chopped into small cubes with a side length of 1 cm
using a thin blade. Then, the cubes were rapidly frozen in
liquid nitrogen for 15 min and dried through sublimation in
a vacuum for 24 h using a refrigeration dryer at −50 °C (Wang
et al. 2015).

The grain size distributions of weathered mudstones were
determined before and after disintegration. The particles
above 0.075 mm were tested using two methods. In the first
method, particles were sieved through screens of 20, 10, 5, 2,
1, 0.5, 0.25, 0.075 mm after being dried at 105 °C for 2 days.
In the secondmethod, particles were sieved after being soaked
in water for 48 h, and then sieved particles were dried at
105 °C for 2 days and weighed. Particles with diameters
< 0.075 mm were measured using a hydrometer.

Given the friability of undisturbed samples of Yanji weath-
ered mudstones, remoulded samples were used for swelling
deformation and direct shear tests.Weathered mudstones were

pulverized and then sifted using a sieve with a diameter of
2 mm. Samples with different initial water contents were
shaped in a cylindrical mould with a 61.8 mm inner diameter
and 20 mm height. The initial water contents and dry densities
of the samples are listed in Table 5. Swelling deformation tests
were performed in the oedometers at vertical normal stresses
of 0, 12.5, 25, 50, 100, 200, 300, and 400 kPa.

Direct shear tests were conducted to investigate the influ-
ence of the initial water content and swelling deformation on
the shear strength. After swelling deformation tests, the sam-
ples were dismantled and used for quick shear tests, and the
normal stress applied on each specimen during shearing was
consistent with that during the swelling deformation test.
Meanwhile, direct shear tests using unsaturated samples were
performed at a constant water content for vertical stresses of
50, 100, 200, and 300 kPa to acquire the shear strength pa-
rameters before swelling. A displacement control of 0.8 mm/
min was adopted in this study.

In situ weathering caused by changes in the temperature
and water content can greatly influence the mechanical prop-
erties of geomaterials (Gullà et al. 2011). In this paper, the
influences of frequent D-W-F-T cycles on the shear strength
of yellow-brown mudstone were studied. Cylindrical samples
with a diameter of 61.8 mm and a height of 40 mm were
prepared for the consolidated drained (CD) triaxial test. The
D-W-F-T process was artificially produced using a test appa-
ratuses. Samples were dried to the shrinkage limit at a temper-
ature of 25 °C and a relative humidity of 75%. After vacuum
saturation, they were dried to the initial water content.
Subsequently, the samples were wrapped and frozen at
−15 °C for 12 h and then thawed at 15 °C for 12 h. This
process was repeated until the desired number of D-W-F-T
cycles (0, 1, 2, 4, 6, and 8) was reached. The samples were

Table 2 Mineral compositions of the swelling mudstone by X-ray
diffraction analysis

Mudstone
sample

Mineral relative content/%

Montmorillonite Illite Dolomite Feldspar Quartz

Yellow-brown 23.0 5.2 3.1 45.2 23.5

Magenta 29.3 4.8 ND 33.9 32.0

ND Not detected

Table 3 Chemical compositions of the swelling mudstones

Mudstone sample Relative content/% Ignition loss/%

SiO2 Al2O3 FeOT MgO CaO Na2O K2O TiO2 P2O5 MnO H2O

Yellow-brown 60.97 15.35 3.10 1.94 1.94 2.83 2.51 0.46 0.16 0.08 5.30 10.50

Magenta 49.39 15.90 7.43 3.25 2.11 0.87 2.86 0.74 0.47 0.38 9.36 16.68

Table 4 Energy dispersive spectrometer (EDS) results of the swelling
mudstones

Mudstone sample Relative content/%

O Na Mg Al Si K Ca Mn Fe

Yellow-brown 13.3 1.7 2.4 13.9 59.3 1.2 4.1 1.3 2.8

Magenta 14.7 1.0 3.4 15.0 48.0 3.1 1.3 ND 13.6

ND Not detected

Engineering geological properties of weathered swelling mudstones



sheared at the confining pressures of 50, 100, 200, and
300 kPa, and shear strain reached 20%.

Test results

Microstructure

Clay structure

The microstructures of undisturbed and remoulded samples
were illustrated in Figs. 4 and 5. In the undisturbed samples,
compact microstructures, which can be attributed to the long-
term geological processes, can be observed (Fig. 4a, b, c). The
undisturbed yellow-brown mudstone exhibits an obvious
schistose structure with stacked flaky plates that are intercon-
nected with a face-to-face pattern. This schistose structure is
extremely unstable upon water absorption. The space between
flaky particles can widen after absorbing water and the link-
ages can break, which leads to the degradation of the overall
structure and the disintegration of mudstones. An aggregated
structure assembled of particles and plates can be observed in
the undisturbed magenta mudstone (Fig. 5a, b, c). Iron oxides,
which are relatively common in the samples, are regarded as
the cementation materials acting as bridges between particles
(Zhang et al. 2014, 2016). Unlike the iron oxides studied by
Takahashi and Toriyama (1998) and Zhang et al. (2016), the
iron oxides in the magenta mudstone exist mainly in a colloi-
dal state. Therefore, they can disperse into the pore solution
after absorbing water. Because of the long-term weathering
and leaching of rainfall, a loose structure with microfractures
(Fig. 5a, b) and denudation pores (Fig. 5c) formed in the
undisturbed magenta mudstone, and it is surprising that such
a loose structure can be relatively stable. This stability may be
explained by the water-unstable cementation in the undis-
turbedmagenta mudstone. After immersion, the cement bonds
will weaken, and consequently, severe disintegration and large
collapsible can affect the overall structure (Zhang et al. 2014).

After the disturbance, the yellow-brown mudstone no lon-
ger exhibits its original structural features (Fig. 4d, e, f), and an
unordered, open, and flocculated structure that covers the sur-
face of matrix via point contacts is formed by schistose and

flat particles. In the remoulded magenta mudstone, a floccu-
lated structure is formed by particles that are interconnected
with the edge-to-face and face-to-face patterns (Fig. 5d, e, f)
(Zhang et al. 2014).

Pore characteristics

The pore size distribution (POSD) curves are shown in Fig. 6.
The POSD curves of the undisturbed samples exhibit two
main peaks at the pore diameters of approximately 0.01 μm
and 10 μm. Additionally, an increase in the pore diameters at
peak values for the remoulded yellow-brown sample and a
decrease in peak values for the remoulded magenta sample
are observed. The pores can be classified into four groups
i n c l u d i n g d < 0 . 1 μm, 0 . 1 μm < d < 1 μm,
1 μm < d < 10 μm, d > 10 μm. Moreover, the pore volumes
in 1 g of dry soil are compared with respect to the pore diam-
eter (Table 6). In the yellow-brown mudstone, the pores with
d < 1 μm account for more than 70% of the total pore volume
of the undisturbed sample. After the disturbance, the volume
of pores with d < 1 μm decreases significantly and pores with
d > 1 μm account for approximately 50% of the total pore
volume. Unlike the yellow-brown mudstone, the magenta
mudstone exhibits only a slight increase in the volume of large
pores.

Disintegration behaviour

As mentioned in the SEM analysis, both the yellow-brown
and the magenta mudstones may exhibit disintegration behav-
iour. When the samples are once dried and then soaked in
water, cracks form, the water becomes muddy, the samples
disintegrate rapidly, and the volumes swell to nearly twice
their original sizes (Figs. 7 and 8). The grain size distributions
of the dried and soaked samples undergo obvious alterations
in their particle compositions after immersion (Fig. 9). The
content of coarse particles decreases, whereas that of fine par-
ticles increases. In the yellow-brown and magenta mudstones,
the content of particles with diameter d < 0.075 mm increased
from 4.2% to 20.7% and from 12.5% to 67.6%, respectively.

The uniformity coefficients (Cu) and curvature coefficients
(Cc) of the original and disintegrated samples were calculated
to further evaluate the alteration of the particle composition
induced by disintegration (Table 7). The uniformity coeffi-
cient characterizes the degree of uniformity of particles, while
the curvature coefficient reflects the overall shape of the grain
size distribution curve and the content of fine particles. After
disintegration, the curvature coefficients of both the yellow-
brown and magenta mudstones increased. The uniformity co-
efficient of the yellow-brown mudstone increased from 17.38
to 67.35. This likely occurs because the yellow-brown mud-
stone is hard relatively, and only a small proportion of large
particles disintegrate into small particles. Thus, a much wider

Table 5 Initial water content and dry density of remoulded samples
prepared for swelling deformation and direct shear tests

Mudstone sample Dry density /(g/cm3) Initial water content/%

Yellow-brown 1.67 12.0, 16.0, 20.0, 23.0

Magenta 1.48 20.0, 24.0, 28.0, 31.0

L.-W. Kong et al.



grain size range is created, and the degree of uniformity of
particles decreases. However, a distinctly different phenome-
non is observed in the magenta mudstone. Its uniformity

coefficient is found to decrease from 51.67 to 37.00 because
of disintegration. Unlike those in the yellow-brownmudstone,
the larger particles in the magenta mudstone break apart after

(a) (b) (c)

(d) (e) (f)

Fig. 4 Scanning electron micrographs of yellow-brown swelling mud-
stone. a Undisturbed sample (800 × magnification). b Undisturbed sam-
ple (2000×magnification). c Undisturbed sample (5000×magnification).

d Remoulded sample (800 × magnification). e Remoulded sample
(2000 × magnification). f Remoulded sample (5000 × magnification)

(a) (b) (c)

(d) (e) (f)

Fig. 5 Scanning electron micrographs of magenta swelling mudstone. a
Undisturbed sample (800 × magnification). b Undisturbed sample
(2000 × magnification).c Undisturbed sample (5000 × magnification). d

Remoulded sample (800 × magnification). e Remoulded sample
(2000 × magnification). f Remoulded sample (5000 × magnification)

Engineering geological properties of weathered swelling mudstones
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Fig. 6 Pore size distributions of a yellow-brown mudstone and b magenta mudstone by mercury intrusion porosimetry

Table 6 Pore volume distributions of the swelling mudstones

Mudstone sample Total pore volume/(cm3/g) Pore volume distribution/(cm/g) (Pore volume percentage content/(%)

d > 10 μm 1 μm < d < 10 μm 0.1 μm < d < 1 μm <0.1 μm

Undisturbed yellow-brown mudstone 0.1896 0.0122 (6.43) 0.0394 (20.79) 0.0281 (14.83) 0.1099 (57.95)

Remoulded yellow-brown mudstone 0.1815 0.0623 (34.35) 0.0382 (21.06) 0.0362 (19.95) 0.0447 (24.64)

Undisturbed magenta mudstone 0.2369 0.0450 (18.99) 0.0353 (14.90) 0.0470 (19.82) 0.1097 (46.28)

Remoulded magenta mudstone 0.2313 0.0572 (24.73) 0.0377 (16.30) 0.0376 (16.24) 0.0988 (42.73)

(a) (b) (c) (d) (e)
Fig. 7 Photos of disintegrating process of yellow-brownmudstone. a Before soaking. b Soaking for 0.5 min. c Soaking for 2 min. d Soaking for 15min.
e Soaking for 60 min

(a) (b) (c) (d) (e)
Fig. 8 Photos of disintegrating process of magenta mudstone. a Before soaking. b Soaking for 0.5 min. c Soaking for 2 min. d Soaking for 15 min. e
Soaking for 60 min

L.-W. Kong et al.



being soaked in water and a more uniform size distribution is
achieved.

Swelling behaviour

The final strains under different vertical pressures are shown
in Fig. 10. The swelling capacity decreases as the vertical
stress and the initial water content increase. To describe the
relationships among the final swelling strain, initial water con-
tent and vertical pressure, regression analyses were per-
formed. Additionally, the correlation equations and coeffi-
cients of determination (R2) were calculated (Fig. 10).

Based on the load-swell method, in which the specimen is
initially loaded to a vertical pressure and inundated under this
pressure, the swelling pressure can be deduced from the swell-
ing deformation tests using the equations in Fig. 10 (Villar and
Lloret 2008). The obtained values of swelling pressures are
shown in Fig. 11. A negative relationship can be observed
between the swelling pressure and the initial water content.
Notably, the swelling pressure decreases remarkably as the
initial water content increases. For example, the swelling pres-
sure of the yellow-brown mudstone decreases from 356.9 kPa
to 52.6 kPa when the initial water content increases from
12.0% to 23.0%.

Mechanical properties

The stress-displacement curves of the samples before and after
swelling clearly demonstrate that the shear stress increases
until the peak value is reached. This peak is followed by a
sudden drop in the shear stress of the unsaturated samples and
a slight reduction in that of the swelled samples (Fig. 12).
Fig. 13 shows a comparison of the peak strengths of the sam-
ples before and after swelling, and a linear regression is used
to obtain the peak strength envelopes. The shear strength pa-
rameters c (cohesion) and φ (internal friction angle) obtained
in the tests are summarized in Table 8. The cohesion and
internal friction angle of the unsaturated samples decreases
as the initial water content increases, and this finding agrees
well with those reported by Erguler and Ulusay (2009) and by
Yilmaz (2010). However, after swelling, the samples exhibit
different trends. The cohesion of swelled sample increases
with increasing initial water content, whereas the internal fric-
tion angle is nearly constant.

Meanwhile, an obvious degradation in the shear strength is
observed after swelling, and the peak strength of the swelled
samples is significantly lower than that of the unsaturated
sample under the same vertical stress and initial water condi-
tions (Figs. 12 and 13). A comparison of the strength param-
eters of samples before and after swelling reveals sharp de-
creases in cohesion and the friction angle. In addition, Table 8
shows that the lower the initial water content is, the greater the
magnitude of the reduction in strength parameters, particularly
cohesion. The maximum reduction in cohesion in the yellow-
brown and magenta mudstones exceeded 95%.

Fig. 14 depicts a series of stress-strain curves of the yellow-
brown samples under different net normal stresses and D-W-
F-T cycles. The curves show a maximum stress level in each
case. After the maximum was reached, the stress exhibited a
significant decrease with increasing axial strain. Additionally,
the peak deviatoric stresses decrease as the number of D-W-F-
T cycles increases. This decrease is most pronounced at a
confining pressure of 50 kPa. The variations in the shear
strength parameters are given in Fig. 15. After 8 D-W-F-T
cycles, cohesion decreases by 55.9% (from 64.90 kPa to
28.61 kPa), while the internal friction angle increases by
10.3% (from 24.53° to 27.06°).
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Fig. 9 Grain size distribution curves of Yanji swelling mudstones before
and after disintegration

Table 7 Granulometric
parameters characterizing the
grain size curves of the swelling
mudstones

Granulometric parameters Yellow-brown mudstone Magenta mudstone

Dried Soaked Dried Soaked

Uniform coefficient Cu 17.4 67.35 51.67 37.00

Curvature coefficient Cc 0.33 0.36 0.78 1.48

Engineering geological properties of weathered swelling mudstones



Discussion

Many cut slopes of mudstones slid during the construction of
the Yanji section of the Jilin–Hunchun railway line. These
landslides were preceded by a dry period and occurred after
heavy rainfalls. In particular, south-facing slopes exhibited a
higher landslide incidence than did north-facing slopes. Given
the experimental results presented above, the effects of the
engineering properties of Yanji mudstones on the landslide
occurrence are discussed as follows.

(1) Figs. 3 and 4 and Table 1 suggest that the magenta mud-
stone has a higher void ratio and higher permeability
compared with those of the yellow-brown mudstone.
After heavy rainfalls in summer, the groundwater table
can quickly rise to the ground surface and the groundwa-
ter movement always occurs along preferential flow
paths where permeability values are high (Yue and Lee

2002; Kwong et al. 2004; Kim et al. 2004). Therefore,
the thick yellow-brown mudstone acts as an impervious
or relatively impermeable bottom layer that leads to the
formation of a perched groundwater table in the magenta
mudstone above. Seepage pressure induced by the flow
after heavy rainfalls can increase the sliding force, and
the increase in the pore water pressure on the sliding
surface leads to a decrease in the resistance force, both
of which consequently accelerate slope failure (Wang
et al. 2016).

(2) When the mudstones on the newly formed cut slope sur-
face encounter water, they collapse rapidly (Figs. 7 and
8). The denudation pores are connected with stress-
release cracks induced by excavation and dry-shrinking
fissures caused by water loss (Fig. 5a, b, c). These cracks
and fissures serve as water evaporation and infiltration
paths and provide spaces for the disintegration of inner
swelling mudstone. The disintegration product has a
loose and soft structure with a high pore ratio and water
content. Ultimately, a reduction in shear strength occurs
in the mudstones that offer little resistance to the land-
slides, which are unfavourable for the stability of the cut
slopes (Yue and Lee 2002).

(3) After the mudstones are saturated with water, they un-
dergo a significant increase in volume and a sharp reduc-
tion in shear strength. Moreover, the lower the initial
water content is, the greater the magnitude of the reduc-
tion and the smaller the value of shear strength. In the
Yanji Basin, high temperatures in summer cause exten-
sive evaporative water loss in mudstones, which may
facilitate the failure of cut slopes after heavy rainfalls
following the high-temperature periods.

(4) The effect of weathering on the engineering properties of
mudstones also contributes to the instability problems of
cutting slopes. Repeated D-W-F-T cycles can increase
the disintegration rate (Erguler and Shakoor 2009) and
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a decrease in the shear strength of mudstones (Figs. 14
and 15). Under such circumstances, compact blocks are
separated into increasingly smaller blocks and become
increasingly soft.

(5) The Yanji Basin is located in the middle latitudes of the
Northern Hemisphere, and the sun rises in the southeast
and sets in the southwest daily. Although south-facing

and north-facing slopes are located only a few hundred
meters apart and share the same macroclimate, the south-
facing slopes receive more solar radiation than north-
facing slopes with respect to the incident angle and day-
light hour. Additionally, the temperatures on south-
facing slopes are higher than those on north-facing
slopes, and this difference can lead to a large evaporative
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Fig. 12 Stress–displacement curves for Yanji swelling mudstones. a Unsaturated yellow-brown samples. b Unsaturated magenta samples. c Saturated
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water loss in summer and the early thawing of permafrost
in spring on south-facing slopes. Moreover, sunny slopes
have a more xeric environment, i.e., a warm, dry and
variable microclimate (Auslander et al. 2003; Iogna
et al. 2011). On one hand, after rainfalls events following
the high-temperature periods, dry mudstones on sunny

slopes will experience swelling deformations and dra-
matic disintegration and lose substantial proportions of
their shear strengths after absorbing water (Table 8). On
the other hand, these mudstones undergo more intensive
and frequent D-W-F-T processes, which can cause high
disintegration ratios and large decreases in their shear
strengths (Figs. 14 and 15). Thus, all of the factors and
processes combine to decrease the stability of south-
facing slopes.

Conclusions

(1) The underlying yellow-brown mudstone has a high den-
sity and low-swell potential and acts as a relatively im-
permeable bottom layer, while the overlying magenta
mudstone has a medium-swell potential and is loose with
a large void ratio and high permeability.

(2) The yellow-brown mudstone has an obvious schistose
structure with stacked flaky plates interconnected with
a face-to-face pattern. The magenta mudstone has an
aggregated structure cemented by iron oxides. These

0 5 10 150 5 10 15
0

100

200

300

400

500

600

700

0 5 10 15 0 5 10 15 20
σ

3
=100kPa

Axial Strain ε
1
/%

σ
3
=50kPa

 0 D-W-F-T cycle
 1 D-W-F-T cycle
2 D-W-F-T cycles
4 D-W-F-T cycles
6 D-W-F-T cycles
8 D-W-F-T cycles

D
ev

ia
to

ric
 st

re
ss

 (σ
1-σ

3)/k
Pa

σ
3
=200kPa σ

3
=300kPa

Fig. 14 Stress-strain curves of the yellow-brown mudstone under D-W-F-T cycles

Table 8 Shear strength
parameters of the swelling
mudstones before and after
wetting

Mudstone sample Initial water content w0/% Before swelling After swelling

c/kPa φ/(°) c/kPa φ/(°)

Yellow-brown 12.0 196.2 40.5 3.6 22.9

16.0 155.0 35.9 13.1 25.3

20.0 113.8 30.9 32.1 24.7

23.0 77.5 24.6 45.7 22.3

Magenta 20.0 148.7 31.2 6.3 22.1

24.0 124.6 29.9 14.6 24.2

28.0 109.4 27.3 31.9 24.5

31.0 98.2 23.2 47.4 23.1
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Fig. 15 Shear strength parameters of the yellow–brown mudstone under
D-W-F-T cycles
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structures are often significantly altered and are prone to
disintegration by water.

(3) Both two mudstones exhibit significant swelling behav-
iour. Their swelling strain increases as the initial water
content and vertical pressure decrease. After swelling,
their shear strength decreases significantly, and the lower
the initial water content is, the greater the reduction in the
shear strength. Moreover, the shear strength decreases as
the number of D-W-F-T cycles increases.

(4) The engineering geological properties of mudstones
combined with the effects of heavy rainfalls contributed
to the movement of the slopes. In addition, south-facing
slopes have a more xeric and variable microclimate that
accelerates the weathering of mudstones and decreases
stability.
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