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Abstract: Whereas loess-mudstone landslides are 
widely distributed and frequently occurred at the 
loess Plateau, this type of landslides is hard to detect 
due to its particularity, and easily generates serious 
losses. To clarify the shear characteristics and 
formation mechanism of loess-mudstone landslides, 
field investigations, ring shear tests and numerical 
simulation analyses were performed on the loess 
specimens collected from the Dingjiagou landslide in 
Yan’an city, China. The test results showed that both 
the peak strength and residual strength of slip zone 
soils have a decreasing tendency with moisture 
content, while the increasing of normal stress caused 
an increase in the shear strength. These phenomena 
indicate that the rise in the moisture content induced 
by precipitation or the decreasing of normal stress 
due to excavation activities would result in the 
weakening of slip zone soils. Numerical simulations of 
the evolution process of slope failure using the finite 
element method were conducted based on the Mohr–
Coulomb criterion. It was found that the heavy 
precipitation played a more important role in the 
slope instability compared with the excavation. In 
addition, the field investigation showed that loess 
soils with well-developed cracks and underlying 

mudstone soils provide material base for the 
formation of loess-mudstone landslides. Finally, the 
formation mechanism of this type of landslides was 
divided into three stages, namely, the local 
deformation stage, the penetration stage, the creeping 
- sliding stage. This study may provide a basis for 
understanding the sliding process of loess-mudstone 
landslides, as well as guidelines for the prevention 
and mitigation of loess-mudstone landslides.  
 
Keywords: Loess-mudstone landslides; Slip zone 
soil; Ring shear tests; Numerical simulation; 
Formation mechanism 

1    Introduction  

Loess-mudstone landslides are one of the most 
catastrophic slope instability phenomena that has 
distributed widely and occurred frequently in the 
Loess plateau (Wen et al. 2005; Wen and He 2012), 
posing a serious risk to construction infrastructures 
and human lives. Thus, there has been many 
researchers paid attention to the mechanical behavior 
of loess-mudstone landslides soils (Kimura et al. 2015;  
Mu et al. 2019; Peng et al. 2015;  Peng et al. 2016). 
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Loess-mudstone landslides are referred to as one 
type of landslides that slides along a contact surface 
between loess soils and its underlying Neogene-age 
mudstones (Wen and He 2012). This type of 
landslides generally occurs on very flat terrain with a 
short run-out distance. Under the subsequent 
influence of the geological activities and human 
activities that caused the sliding cracks to be covered, 
the shape characteristics of landslides is not obvious 
and is hard to be detected (Wu et al. 2014a). However, 
foundations for buildings are often installed on such 
unstable landslide slopes as the construction lands 
available become more and more scarce, causing 
catastrophic hazards upon precipitation (Juang et al. 
2019). Therefore, to construct foundations on loess-
mudstone landslides more stable and safer, it is 
necessary to understand the triggering factors and 
failure mechanism of this type of landslides. 

To date, there have been considerable researches 
for understanding the properties of loess-mudstone 
landslides (Peng et al. 2015;  Wen and He  2012; Wu 
et al. 2014b;  Zhang et al. 2017). For instance, many 
authors have examined the deformation properties of 
loess-mudstone landslides (Wen and He 2012;  Wu et 
al. 2014a). Chen et al. (2014) pointed out that the slip 
zone soils of loess-mudstone landslides exhibit strain-
softening behavior, which may be caused by the 
existing of fine soil particles such as expanded clay 
particles in the slip zone soils. Peng et al. (2016) 
conducted a field survey on the Liujiabu loess-
mudstone landslide and concluded that the evolution 
process of landslides is controlled by the fault fracture. 
Li et al. (2016) carried out a semi-similar material 
physical model test to investigate the initiating 
conditions of precipitation-induced loess-mudstone 
landslides and proposed that the initiation of 
landslides are related to factors such as precipitation 
intensity, duration and thickness of overlying loess 
soils. More recently, Wang et al. (2019) reported that 
water would gradually accumulate above a relatively 
impermeable layer (i.e., the Tertiary mudstone), 
causing the soil above to be softened and triggering 
landslides eventually. 

Shear strength parameters including the peak 
strength and residual strength of slip zone soils play 
significant roles for assessing the slope stability (Lian 
et al. 2020). The composition of slip zone soils 
obtained from loess-mudstone landslides is very 
complex and will be changed over time, the 
understanding of the mechanical properties for slip 

zone soils is therefore important for clarifying the 
formation mechanism of loess-mudstone landslides 
(Wen and He 2012). For instance, it has been found 
that using a direct shear test, the kinematic history of 
the slip zone can be reconstructed (Wen and Aydin 
2003). Furthermore, the shear behavior of slip zone 
soils obtained from a loess-mudstone landslide was 
investigated by using a triaxial compression test and 
the results showed that the fully soften shear strength 
of soils at the low normal stress level is greater than 
that at the high normal stress level (Kimura et al. 
2015). More recently, Mu et al. (2019) proposed the 
correlation between the moisture content and the 
shear strength of slip zone soils, and  pointed out that 
the increase in the moisture content of a loess-
mudstone interface causes a reduction in the shear 
strength of slip zone soils. By now, the residual 
strength has been mainly determined by using the 
reversal direct shear test  and ring shear tests (Sassa 
et al. 2004; Wang et al. 2014), while the triaxial 
compression test is not preferred (Vithana et al. 2012). 
By adopting a ring shear apparatus, the soil samples 
could be sheared at a surface with a constant area at 
large shear displacements, which could better 
simulate landslides in the field site (Garga et al. 1971; 
Lian et al. 2019). Up to now, some researchers have 
made attempts to investigate the formation 
mechanism of loess-mudstone landslides (Mu et al. 
2019;  Wu et al. 2014b). However, the formation 
mechanism of loess-mudstone landslides is very 
complicated and may differ from one another in 
fundamental ways. Therefore, the formation 
mechanism of this type of landslides requires more 
experimental evidence as well.  

The main goal of present work is to clarify the 
triggering factors and failure mechanism of loess-
mudstone landslides through ring shear tests and 
numerical analysis of a slope under various conditions, 
taking into account the field condition at the site in 
the study area.  

2    Background of the Study Site  

The landslide occurred at 36°38′38.62″N, 
109°32′15.24″E, in the Dingjiagou village (hereinafter 
referred to as the DJG landslide) in Yan’an city (Fig. 
1a), China, on 4th June, 2016, with a volume of 
approximately 105×104 m3 (350 m wide from the 
south to the north, 180 m long from the east to the 
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west and 20 m thick in average). The main slide 
movement was eastern-dip, and the elevation in the 
northwest was higher compared with that in the 
southeast, with the height difference of about 70 m. 
The dip direction was in a range of 75-85°.  Due to the 
excavation activities (Fig. 1b) at the front edge of an 
ancient landslide during a foundation construction of 
a building, the ancient landslide was reactivated and a 
special double sliding surfaces was induced 
consequently (Fig. 1c). It was found that the landslide 
debris was mainly composed of loess soils with 
mudstones bedrocks and then was classified as a 
typical loess-mudstone landslide (Fig. 1d). In addition, 
the slip zone soils, varied in thickness (with about 30 
cm in average), were a mixture of the upper loess soils 
and the lower part of the strongly weathered 

Neogene-age mudstones. The shearing surface at the 
front part was found relatively smooth (Fig. 1f), in 
which the soil particles showed an obvious orientation 
and evident scratches (Fig. 1g). The slip zone soils 
were collected at the sampling site and then taken 
back to the laboratory to conduct tests.  

The magnitude of the average monthly 
precipitation in the study area varied over time (Fig. 
2). It is clear that the wet months in the study area 
tended to be in July and August. In the periods of 
consideration (in last 20 years), the greatest 
measured precipitation was roughly 120 mm, while 
the lowest level of precipitation was close to 0 mm at 
the start and the end of the year (Fig. 2). Interestingly, 
the number of geological hazards such as landslides 
and collapse changed over time, and most of the 

 
Fig. 1 Study area. (a) Location of the study area; (b) The overview from the toe part of the landslide; (c) Longitudinal 
section along the main sliding path; (d) Excavation at the toe of the slope; (e) Sampling site; (f) Shearing surface; (g) 
Scratches. 



J. Mt. Sci. (2021) 18(9): 2412-2426 

 2415

geological hazards occurred in the wet months (from 
June to August). Clearly, the frequent occurrence of 
the landslides is closely associated with the magnitude 
of precipitation. Therefore, the ring shear tests were 
conducted on specimens with different moisture 
contents to clarify the formation mechanism of loess-
mudstone landslides associated with precipitation.  

3    Materials and Methods 

3.1 Testing sample 

The soil samples were collected from the back 
scarp of the DJG landslide (Fig. 1e). Two soils samples 
(S1 and S2) were used to determine Grain size 
distribution of the specimens by using a laser particle 
size analyzer Bettersize 2000 (Dandong Bettersize 
Instruments Corporation, Dandong, China). The grain 
size distribution was illustrated in Fig. 3. The results 
of S1 showed that the soil sample contains about 24.5% 
of clay (<0.002 mm), 74.5% of silt soils (0.002-0.075 
mm), and 1% of sand (0.075-0.05 mm). Following the 
Annual Book of ASTM Standards (ASTM 2006), 
some basic properties (the plastic limit, the liquid 
limit and the specific gravity) of samples were 
determined and summarized in Table 1. The results 
showed that the average value of plastic limit, liquid 
limit and specific gravity of the specimens are 21.5, 
37.7, and 2.67, respectively. By using the oven-drying 
method, it is found that the initial bulk density and 
natural water content of the slip zone soils are 2.09 
g/cm3 and 19.65%, respectively.  

3.2 Testing procedure 

As mentioned above, the normal stress and 
moisture content have a significant influence on the 
shear behavior of loess-mudstone landslides (Li et al. 
2016; Wen et al. 2005).  To clarify the effect of normal 
stress and moisture content on the loess-mudstone 
landslides, ring shear tests were conducted on soil 
samples with different initial normal stresses and 
moisture contents.  

The testing procedure includes three basic steps. 
The first step is sample preparation.  The soil sample 
was placed in an oven at about 105°C for about 48 h 
to remove the moisture content completely. Then, the 
soil sample was crushed and oven-dried and passed 
through a 2.0 mm sieve. After that, about 2000 g of 
dried soils were weighed by using a weighting scale, 
and then a specific distilled water was added to the 
soils to achieve the target water contents (8%, 12%, 
16%, 20% and 24%). Finally, the remolded soil 
samples, which have been prepared, were kept in a 
sealed container for about 24 h to achieve a uniform 
distribution of water. The second step is sample 
installation. The soil sample was poured into the 

 
Fig. 2 Average monthly precipitation and geological 
hazards in the study area in last 20 years. 
 

 
Fig. 3 Soil grain distribution of slip zone soils (S1). 

Table 1 Physical properties of the soil samples 

Sample No. Wn ρ Gs WL Wp 
Grain size fractions (%) 

<0.002 mm 0.002-0.075 mm 0.075-0.05 mm 
S1 19.8 2.1 2.67 38 21.5 24.5 74.5 1 
S2 19.5 2.08 2.66 36 21 26 73.2 0.8 
Notes: ρ= Bulk density (g/cm3); Gs =Relative density; Wn= Natural water content (%); WL= Liquid limit (%); Wp= 
Plastic limit (%). 
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shear box of the SRS-150 ring shear apparatus 
developed by GCTS Company for consolidation. The 
SRS-150 ring shear apparatus, which is manufactured 
by GCTS Company, is used in current study. The ring 
shear specimen is annular with an inside diameter of 
100 mm, an outside diameter of 150 mm and a height 
of 25 mm. The apparatus allows for the application of 
axial loads up to 10 kN, normal stress up to 1000 kPa, 
and shear stress up to 1300 kPa. In this phase, the soil 
sample was placed in three layers in the shear box to 
achieve a uniform sample while packing. The 
interface between the adjacent layers was scarified to 
obtain a more uniform soil sample. The third step is 
sample consolidation and shearing. After the soil 
sample was placed in the shear box, the soil sample 
was normally-consolidated with different normal 
stresses (100 kPa, 200 kPa, 300 kPa and 400 kPa), 
and then was sheared at the same normal stress level 
as consolidated stress until the residual strength was 
attained. In current study, the consolidation process 
was considered completely when the axial settlement 
rate was smaller than 0.01 mm/min according to the 
conclusion reported by (Yuan et al. 2019). To insure a 
drained condition and avoid the shear rate effect, a 
shear rate of 0.1 mm/min was adopted in all tests, 
following Wang (2014) who pointed out that the shear 
rate below 5 mm/min has little effect on the shear 
strength of loess soils.  

4    Results 

4.1 Shear behavior of slip zone soils under 
different moisture contents 

To exemplify the shear behavior of slip zone soils, 

five soil samples with different moisture contents (8%, 
12%, 16%, 20% and 24%) were tested and their results 
are shown in Fig. 4. Fig. 4a plots the shear stress 
against the shear displacement, and Fig. 4b depicts 
the relationship between the shear strength (the peak 
strength and residual strength) and moisture content. 
It can be seen that in all tested samples, the slip zone 
soils exhibited strain-softening behavior, i.e., after the 
shear resistance reaches the peak value, with further 
increase in the shear displacement results in a 
reduction in the shear strength. Furthermore, it is 
observed that both the peak strength and residual 
strength showed a decreasing tendency with moisture 
content. To be more specific, an increase in moisture 
content (from 8% to 24%) of soil specimen causes a 
considerable reduction in peak strength (from 
168.45kPa to 91.5 kPa). Comparatively, the residual 
strength of soil specimen tends to decrease from 
104.77 kPa to 46.2 kPa when moisture content 
increases from 8% to 24%, decreasing about 55.9% 
(Fig. 4a). Fig. 4b illustrates the correlations between 
the shear strength and moisture content. It can be 
observed that both the peak strength and the residual 
strength show almost a linear decreasing tendency 
with the moisture content in a range of between 8% 
and 24%.   

It has been found that the reorientation of soil 
particles along the shearing surface varies under 
various moisture contents (Skempton 1985; Yin et al. 
2017). Similarly, we found that with a low moisture 
content, the soil particles on the shearing surface are 
arranged randomly with large edges (Fig. 5a), and the 
rolled steps were observed clearly at the local view of 
the shearing surface (Fig. 5b). As moisture content 
increases, the steps on the shearing surface decreases 

                
(a)                                                                                               (b) 

Fig. 4 Ring shear test results on slip zone soil specimen at various moisture contents 

( ). (a) Shear stress against the shear displacement; (b) Relationship between shear 

strength and moisture content (Mc is moisture content). 
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(Fig. 5c) and becomes more smooth (Fig. 5c-d). This 
phenomenon may be attributed to the liquefaction 
caused by the accumulation of fine soil particles and 
water on the shearing surface induced by the built up 
of high pore water pressure (Wang et al. 2014). 

4.2 Shear behavior of slip zone soils under 
different normal stresses 

It has been long recognized that the shear 
behavior of soils is closely related with normal stress 
(Gibo et al. 1987; Motoyuki et al. 2000;  Xu et al. 
2018). The results of four tested samples are selected 
to illustrate the effect of normal stress on the shear 
behavior of loess-mudstone soils. Fig. 6a shows the 
shear stress against shear displacement. The test 
results revealed that an increase in the normal stress 
(from 100 kPa to 400 kPa) resulted in a great increase 
in the peak strength (from 55.28 kPa to 85.16 kPa). 
Furthermore, the residual strength of the specimen 
increased about 90%, from 43.25 kPa at the normal 
stress of 100 kPa to 82.65 kPa at the normal stress of 
400 kPa. To quantitatively describe the correlation 
between shear strength and normal stress, the 
experimental data were fitted in Fig. 6b. It can be 
found that both the peak strength and the residual 
strength have a linear relationship with normal stress. 
The experimental results herein (Fig. 6) indicated that 
the decreasing of the normal stress would result in a 
reduction in shear strength, leading to shear failures 
and eventually triggering the occurrence of landslides.  

The residual strength is an important parameter 
for evaluating the stability of slopes (Gibo et al. 2002). 
In order to compare the normal stress effect on the 
shear behavior of slip zone soils, the stress ratio which 
is defined as the shear stress divided by the normal 
stress is proposed following (Eid et al. 2016). The 
typical stress ratio is plotted in Fig. 6c against the 

corresponding normal stress. It can be seen from that 
the magnitude of the stress ratio at lower normal 
stress levels is higher than that at higher normal  
stress levels. This finding is consistent with the results 
reported in the literature (Maksimovic, 1989; Tiwari 
and Marui 2005). The nonlinearity of the stress ratio-
normal stress curve is more pronounced at lower 
normal stress levels, indicating that selecting an 
appropriate normal stress range to determine the 
residual strength of slip zone soils obtained from a 
shallow slope with a low overburden pressure is 
essential for accurately assessing the stability of a 
slope.   

5  Numerical simulation of the evolution 
process of slope failure  

There has been many researchers using finite 
element techniques to investigate the landslide 
hazards (Cremonesi et al. 2011;  Mulligan et al. 2020;  
Zhu and Randolph 2010). As the implementation of 
the numerical simulation make possible to observe 
the changes of quantitative characteristics such as 
stress distribution and deformation properties that 
may be difficult to observe in the physical model 
testing, thus, the evolution process of a slope failure 
was simulated under different conditions (i.e., self-
weight, heavy precipitation and excavation) by using 
the finite element method and GeoStudio 2007 
computer software in current work, and the stress 
distribution, as well as the deformation characteristics 
of the slope was presented in the following sections.  

5.1 Model description 

It is widely acknowledged that precipitation and 
excavation activities have a great influence on the 

     
(a) Mc=8% (b) Mc=12% (c) Mc =16% (d) Mc =24% 

Fig. 5 Macro morphology of shearing band at different moisture contents. 
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stability of a slope (Mu et al. 2019; Peng et al. 2019). 
Therefore, numerical analysis with four engineering 
cases (Case I: a natural slope; Case II:  a natural slope 
subjected to precipitation; Case III: a natural slope 
subjected to excavation; Case IV: a natural slope 
subjected to excavation and then precipitation) was 

performed to successively elucidate the mechanism of 
slope failure in a series.  

 The numerical modeling of the slope, with a 
height of 103 m on the left, a height of 33 m on the 
right, and a length of 270 m at the bottom, was 
established according to the main sliding section of 
the landslide (Fig. 1d). As shown in Fig. 7, the 
predominantly dark green, dark brown, gray and 
yellow areas show Q3 loess soils, Q2 loess, mudstone 
and the excavated Q4 loess soils, respectively. In 
addition, the orange banded mesh and the bright blue 
banded mesh represent the red clay and the old 
sliding surface (slip zone soils in Table 2), 
respectively. All geometric dimensioning of stratum 
including such as Q3 loess soils, Q2 loess, mudstone 
and the thickness of sliding zones were modeled 
according to the geological survey report. The 
boundary conditions of the model in this section are 
listed as follows: the boundaries with x-coordinates 
equal to 0 and 270 are fixed in the x-direction and y-
direction, and the left side and the right side of the 
model are fixed in the x-direction. 

 The mechanical parameters of the soil samples 
affect significantly the movement characteristics of 
landslides. Therefore, using appropriate input 
parameters in the numerical model ensures a good 
mechanical response of soils. A series of laboratory 
tests (i.e., bulk density tests (determine bulk density), 
uniaxial compressive tests (determine 
Poisson’s ratio), triaxial compressive tests (determine 
elastic modulus, cohesion and friction angle), etc.) 
were conducted to select material parameters used in 
the numerical model (Fig. 7 and Table 2). It should be 
noted that the strength parameters such as the 
cohesion and friction angle of slip zone soils were 
obtained on the basis of the residual strength of the 
saturated slip zone soil (Fig. 4), and the average bulk 
density of slip zone soils (Table 1) was adopted in the 
numerical model and listed in Table 2. The 

  
(a) 

 
(b) 

 
(c) 

Fig. 6 Ring shear test results on slip zone soil specimen 
under various normal stresses 
( ): (a) Shear stress against 

the shear displacements; (b) Relationship between 
shear strength and normal stress; (c) Stress ratio 
against normal stress.  

Table 2 Input parameters used in the numerical model 

Lithologic 
character 

Unit 
weight 
(kN/m3) 

Friction 
angle 
(°) 

Cohesion 
(kPa) 

Poisson's 
ratio 

Elastic 
Modulus 
(kPa) 

Q4 loess 18.5 19.2 43.5 0.23 67000 
Q3 loess 19.4 20.3 47.8 0.23 75000 
Q2 loess 22.7 21.2 53.3 0.26 87000 
N2 red 
clay 24.3 21.6 58.2 0.27 99000 

Slip zone 
soils 

20.9 7.3 30.0 0.22 18000 

Mudstone 25.2 45.2 880 0.33 1500000 
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precipitation in tensity was set as 4 mm/day 
according to the data shown in Fig. 2, and the total 
duration of the precipitation was 30 days. The elastic-
plastic constitutive model (Mu et al. 2019) was 
applied to the soils in current study and the soil of the 
slope was assumed to obey the Mohr–Coulomb failure 
criterion (Zhao et al. 2017).  

It is widely recognized that an appropriate mesh 
is essential for capturing the main important 
characteristics of soil, which thereby producing 
accuracy in the obtained information (Caendish et al. 
1985; Ding et al. 2007). In order to choose a suitable 
mesh to give an acceptable result, a mesh convergence 
study was performed by using six different mesh 
densities (Fig. 7). The number of elements used in 
each mesh is indicated in Fig. 7 and the results at 
point A for each of the six mesh densities are 
compared in Table 3. As listed in Table 3, an increase 
in the element from 715 to 15643 caused a negligible 
change in the maximum shear stress, the maximum 

shear strain and the maximum shear displacement at 
point A. After performing a convergence study, an 
appropriate mesh configuration which has 756 nodes 
and 715 quadrilateral elements was determined for 
the site and shown in Fig. 8.  

5.2 Stress, deformation and failure caused by 
heavy precipitation 

In slope stability analysis, the limit equilibrium 
method is usually adopted to calculate the factor of 

     
(a) Mesh (133 elements)                                                               (b) Mesh (327 elements)     

     
(c) Mesh (715 elements)                                                               (d) Mesh (1826 elements)    

      
(e) Mesh (3996 elements)                                                               (f) Mesh (15643 elements)    

Fig. 7 A mesh convergence study using different mesh densities. (a) Mesh (113 elements); (b) Mesh (327 elements); (c) 
Mesh (715 elements); (d) Mesh 1826 elements); (e) Mesh (3996 elements); (f) Mesh (15643 elements). 

Table 3 Results of the mesh convergence study 

Numbers of 
elements used 
in each mesh 

Max. shear 
stress 
(kPa) 

Max. shear 
strain  
(%) 

Max. shear 
displacement 
(m) 

133 20 0.12 0.10 
327 21 0.14 0.13 
715 22 0.15 0.15 
1826 22 0.15 0.15 
3996 22 0.15 0.15 
15643 22 0.15 0.15 
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safety of a slope.  In current study, the Bishop method, 
which uses the method of slices to discretize the soil 
mass, was selected to determine the factor of safety of 
slope by using SlOPE/W software (from GeoStudio). 
The factor of safety of a slope is expressed as follows:  




=

×

×+××= l

i
ii

iiii
s

W

mLcWF

1

sin

/]tansec[

α

φα
      （1） 

where sF  is the factor of safety along the slip surface, 

i  is the slice index, iW  is the weight of each slice, 

iα   is the angle of inclination of the potential failure 

arc to the horizontal at the mid point of the slice, c is 
the effective cohesion, φ is the effective internal 

friction angle, l  is the width of each slice, 

）（ siii Fm /sintancos αφα ×+= .  

To calculate the strength characteristics of the 
slope, Mohr–Coulomb failure model which allows 
materials to harden or soften was adopted in the 
numerical simulation.  

 Calculated results are summarized in Table 4 
and presented in Figs. 9-11. The shear stress contour 
map, the shear strain contour map and the shear 
displacements contour map are shown in Figs. 9-11, 
respectively. The factor of safety (Fs) of a slope is 
determined according to the shear strength reduction 
technique (Erzin and Cetin 2013), and the stability 
state of a slope is classified based on the “code for 
geological investigation of landslide prevention”  

(GB/T32864-2016): when the computed Fs is greater 
than 1.15, the slope is under stable state; when 
1.05<Fs<1.15, the slope is basically stable state; when 
1<Fs<1.05, the slope is less stable; when Fs is smaller 
than 1, the slope is under the unstable state.  

With respect to the soils under the natural state 
(with only self-weight), it can be seen from Fig. 9a 
that, the location of the maximum shear stress is in 

 
Fig. 9 The shear stress contour map. (a) Natural slope; (b) Natural slope after heavy precipitation; (c) Natural slope 
after excavation; (d) Natural slope after excavation and precipitation. 

 
Fig. 8 The model for a loess-mudstone slope with an 
appropriate mesh. 

 
Table 4 Calculated results by the Mohr–Coulomb 
failure model and stability assessment 

Case Max. s 
stre(kPa) 

Max. s 
stra (%) 

Max. s 
disp (m) 

Fs Stability 

I 32 0.0008 0.012 1.424 Stable 
II 60 0.12 0.400 1.032 Less stable 

III 32 0.016 0.016 1.311 
Basically 
stable 

IV 63 0.375 1.200 0.876 Unstable 

Note: Fs=Factor of safety. Max. s stre=Max. shear 
stress; Max. s stra= Max. shear strain; Max. s disp= 
Max. shear displacement. 
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the depth of the trailing edge of the slope, with the 
magnitude of about 32 kPa.  The maximum shear 
strain in this zone is very small, with only about 
0.0008% (Fig. 10a). In addition, the maximum shear 
displacement of the slope is around 0.012 m (Fig. 11a), 
with the Fs about 1.424 (Table 4), indicating that the 
slope is under stable state. Upon the heavy 
precipitation infiltration, the stress, strain and 
displacement of soils changed dramatically compared 
with that of soils under the natural state (Figs. 9b-11 
b). To be more specific, the peak value of shear stress 

of soils after applying heavy precipitation increases to 
60 kPa, and the location of the maximum shear stress 
moves to the front of the slope (Fig. 9b). Furthermore, 
the maximum shear strain that distributed in strips 
inside the slope is about 0.12% shown in Fig. 10b. The 
area zone with large deformation is further increased 
in the middle of the slope, and the maximum  
displacement is found to be 0.4 m (Fig. 11b). At this 
time, the factor of safety decreases to 1.032 (Table 4), 
illustrating that the soils are in an under-stable state 
(pre-sliding state). 

 
Fig. 10 The shear strain contour map. (a)Natural slope; (b) Natural slope after heavy precipitation; (c) Natural slope 
after excavation; (d) Natural slope after excavation and precipitation. 
 

 
Fig. 11 The shear displacement contour map. (a)Natural slope; (b) Natural slope after heavy precipitation; (c) 
Natural slope after excavation; (d) Natural slope after excavation and precipitation. 
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5.3 Stress, deformation and failure caused by 
excavation 

The excavation is simulated by setting the weight 
to be zero for the elements near the toe of the slope. 
With the excavation, the displacement and the stress 
at the toe of the slope is adjusted and gradually 
redistributed.  

Figs. 9c-11c show the shear stress contour map, 
the shear strain contour map and the shear 
displacements contour map after the toe of the slope 
was excavated. The maximum shear stress is 
distributed deep in the middle of the slope, with the 
magnitude of about 32 kPa (Fig. 9c).  The maximum 
shear strain was found to be about 0.016% (Fig.  10c). 
The displacements of soils after excavation have a 
small magnitude (with the maximum deformation 
only about 0.016 m), and it is observed that the 
excavation only affect a small area of the slope that is 
near the excavation zone (Fig. 11c). The computed Fs 
with respected to excavation is roughly 1.311 (Table 4), 
implying that the slope is under a stable state. With 
the calculated results, it can be concluded that no 
failure process occurs in the slope induced by the 
excavation activities at the toe of the slope. However, 
it should be noted that the excavation activities 
caused the decrease of factor of safety (from 1.424 to 
1.311).  

5.4 Stress, deformation and failure caused by 
excavation and precipitation 

Under the combined effect of excavation and 
heavy precipitation, the stress and deformation of 
soils changes greatly compared with that of soils 
under natural state. For instance, the distribution 
zone of the shear stress expanded, and the maximum 
shear stress jumped to about 63 kPa (Fig. 9d). The 
shear strain is distributed in strips and has a wide 
range of distribution, with the maximum shear strain 
of 0.375% (Fig. 10d). The distribution of shear 
displacement zone increased, with the maximum 
value of shear displacement of 1.2 m (Fig. 11d). At this 
time, the Fs of the slope is 0.876 (Table 4), which 
means that the slope is in unstable state. 

Compared with excavation activities, 
precipitation has a more influence on the stress, 
deformation and factor of safety of loess-mudstone 
slopes (Figs. 9-11). Therefore, a slope failure is prone 
to occurring by applying precipitation after the slope 
was excavated.  

6    Formation Mechanism  

6.1 Factors triggering loess-mudstone 
landslides 

The occurrence of a landslide is controlled by 
internal factors such as geological structure, lithology, 
mineral composition, groundwater, topography and 
landform (Huang et al. 2017; Lian et al. 2020;  Mu et 
al. 2019). Generally, the factors influencing the 
landslide occurrences can be mainly divided into two 
types: one is natural factors mainly including 
precipitation, flood, fluctuation of groundwater level, 
earthquake, etc., the other is artificial factors such as 
mining, slope excavation and loading on the top of a 
slope (Bhasin et al. 2002; Dai et al. 2001;  Peng et al. 
2015;  Wang et al. 2019). Taking the DJG landslide as 
an example, the factors of triggering loess-mudstone 
landslides are analyzed in the perspective view of 
lithology, precipitation and artificial activities that 
caused the stress redistribution in the slope according 
to the field investigation, numerical simulation and 
the monitoring data obtained from literature.  

6.1.1 Lithology 

The slip zone soils of loess-mudstone landslides 
are a mixture of loess soils, strong weathered Tertiary 
mudstone and bed rocks (Fig. 1c-d) in Yan’an area of 
China, among which the loess soils and mudstone are 
the materials basis in the formation of loess-
mudstone landslides. Due to the unique 
characteristics of loess soils such as collapsibility, 
loose structure, well-developed pores and vertical 
joints with fractures (Fig. 12a-c), the surface water 
infiltrate downward easily. Furthermore, the strong 

 
Fig. 12 Field investigation. (a) Cracks at the back part 
of the landslide; (b) Cracks in the sliding debris; (c) 
Cracks in the side wall of the landslide; (d) The 
excavated steps exposed to the precipitation erosion. 
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weathered Tertiary mudstone which are featured by a 
dense structure, a low permeability and a small 
thickness, will develop into a water-resisting layer 
above the underlying bed rocks. In addition, the 
strong weathered Tertiary mudstone has been 
characterized by a low plastic limit and a low liquid 
limit, which facilities the development of a weakening 
zone (Fig. 1d) owing to a sharp reduction in the shear 
strength upon water infiltration. The subsequent 
formation of a slip surface shown in Fig. 1f is 
associated with the formation of a weakening layer, 
which causes a reduction in the slope stability and 
eventually results in the slope failure.  

6.1.2 Precipitation 

Yan’an is characterized by a plateau continental 
monsoon climate, with cold, dry winters and hot, 
somewhat humid summers (Hou et al. 2000), in 
which the annual precipitation is only about 507.7 
mm in the area (Han et al. 2018). However, most 
precipitation are rainstorms and heavy precipitation, 
and mainly concentrated in the summer months 
(June, July and August) and the autumn months 
(September and October) as shown in Fig. 2. Specially, 
the extreme precipitation events concentrate mainly 
in July and August in accompany with the frequent 
occurrence of landslides, which may be explained as 
follows: on the one hand, the self-weight of soils 
increases due to the precipitation infiltration and the 
sliding force increases subsequently. This process is 
continued until the sliding force exceeds the shear 
resistance, leading to the slope instability. On the 
other hand, precipitation infiltrates deep into the soil 
through seepage channels such as cracks and well-
developed large pores (Fig. 12c). Consequently, the 
water content of the soils at lower layers increases and 
the saturated zone area expands as well. In addition, 
the water isolation effect of palaeo-soil or bedrock 
causes the formation of the upper perched water zone 
on the contact surface and the underground water 
level to rise, which leads to the softening of soils, the 
decrease of effective stress and a rapid reduction in 
shear strength, and thus the subsequent occurrence of 
landslides. 

6.1.3 Artificial activities  

Artificial activities such as irrigation and 
excavation have been identified as the main factors 
triggering landslides (Bui et al. 2016; Peng et al. 2019). 
For instance, under unloading effect caused by the 
excavation constructions on the original old landslide 

(Fig. 12d), some evident extension cracks were found 
at the slope of the old landslide. In addition, the 
excavation activities for foundation construction at 
the toe of the slope in recent years (Fig. 1d) has 
caused the shear resistance of the sliding mass to 
dramatically decrease, and resulted in the 
redistribution of the stress within slope. Consequently, 
the stress concentration occurred at the toe of the 
slope and thus caused the creep phenomenon.  

As mentioned above, the unique lithology in the 
study area is the material basis for the landslides 
occurrence and the seasonal precipitation is the main 
factor triggering the landslides. Moreover, the 
frequent excavation activities for the foundation 
construction at the toe of the slope are also a 
fundamental cause triggering landslides. In actual 
engineering, a progressive failure would occur due to 
the reduction in the shear resistance owing to the 
effect of the multiple factors mentioned above. 

6.2 Formation mechanism of loess-mudstone 
landslides   

The formation and evolution process of loess-
mudstone landslides are controlled by the water 
sensitivity, permeability heterogeneity, topographic 
features and unique characteristics of slip zones soils 
(Kimura et al. 2015; Li et al. 2016; Wen et al. 2005). 
Taking the DJG landslide as an example, the 
formation mechanism of loess-mudstone landslides 
was illustrated in the following stages, namely, the 
local deformation stage, the penetration stage and the 
creeping-sliding stage.  

(i) The local deformation stage: due to the change 
in the slope shape or the excavation at the toe of a 
slope, the stress state of the slope changes, and thus 
the creep movement toward empty face of the slope 
occurs. Due to the strong collapsibility of loess, the 
creeping phenomenon develops continually in the 
slope, the vertical joints in the middle and back part 
of the slope are thus pulled apart, which are displayed 
in the forms of the tensile cracks at the back edge of 
the slope on a macroscopic scale (Fig. 13a-b). 

(ii) The penetration stage: Under the combined 
effect of the self-weight of the slope and precipitation, 
the creep deformation keeps continuing to accumulate 
and develops from the surface to the inside of the slope, 
causing the soils at the lower layers to be compressed 
and the shear stress increases in the slope. As the contact 
zone soils of loess-mudstone landslides are the 
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weakening layer that has the lowest shear resistance, 
therefore, a sliding surface gradually develops and 
penetrates along the contact zone soils, forming a 
complete sliding surface (Fig. 13c-d). 

(iii) Creeping-sliding stage: With the further 
development of the sliding surface, the creep 
deformation of the slope accumulates as well. Thus, 
the energy accumulated during the creep process of 
the slope body is suddenly released, and the slope 
body slides down quickly and suddenly, resulting in a 
landslide hazard (Fig. 13d).  

6.3 Limitations and future research 

To calculate the shear behavior of soils in slope, 
the Mohr-Coulomb model which is simple and easily 
determinable model parameters in engineering 
applications was adopted in current study.  However, 
the Mohr-Coulomb model which is a linear elastic-
perfectly plastic model, may not be the first choice for 
simulating the slip zone soils which exhibits strain-
softening behavior in current study. Thus, proposing 
a constitutive model which can describe the strain-
softening behavior of slip zone soils and creating the 

coupled model into the software are needed in our 
future research. Additionally, the stability of slope 
with different moisture contents was not discussed as 
well due to the fact that the infiltration process of 
water into the slope is a spatio-temporal evolution, 
which makes it difficult to determine the area and the 
distribution of slip zone soils affected, the time required 
for soils to achieve the specific saturated degree. 
Therefore, developing a conceptual modeling which can 
simulate water infiltrate into soils such as slip zone soils, 
Q3 loess, Q4 loess and mudstone with dynamically 
wettability would be our future investigation. 

7    Conclusions 

The instability of a loess-mudstone slope, which 
was induced by the excavation, was investigated. 
Based on the ring shear tests, the field investigation 
and the associated numerical simulation, the 
formation mechanism of loess-mudstone landslides 
induced by excavation and precipitation conditions 
was analyzed. The following conclusions can be drawn: 

(1) The experimental results showed that the 
peak strength and residual strength of slip zone soils 

                            
(a) The original slope                                                                (b) Local deformation stage 

                           
(c) The sliding surface penetration stage                                                (d) Creep -slip stage 

 

Fig. 13 Formation mechanism of loess-mudstone landslides in the study area. 
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of loess-mudstone landslides decreased with moisture 
content, while the decrease of normal stress of slip 
zone soils caused the reduction in the shear strength, 
indicating that the rise in moisture content induced 
by precipitation and the drop in the normal stress 
would result in the weakening of shear strength of slip 
zone soils and triggering the landslides hazards 
eventually. 

(2) A numerical model was established to 
simulate the excavation and precipitation infiltration 
process on the slope. According to the numerical 
simulation results, heavy precipitation changed the 
stress, strain and displacement distribution in the 
slope and caused the factor of safety of the slope to 
decrease, leading to the slope in the pre-sliding state, 
whereas the excavation only affected the stress 
balance of soils in slope that is near the excavation 
zone. The combined effect of excavation and heavy 
precipitation caused the factor of safety to decrease 
greatly and triggered landslide hazards, while the 
heavy precipitation played a more important role 
compared with excavation. 

(3) The field investigation and numerical 
simulation results illustrated that the loess-mudstone 
slope, which is mainly composed of loess soils and 

strongly weathered Tertiary mudstone, could develop 
into a landslide due to the fact that the loess soils that 
have the unique characteristics such as collapsibility, 
loose structure, well-developed pores and vertical 
joints allow the surface water infiltrate downward 
easily and the  strong weathered Tertiary mudstone 
that has been characterized by a low plastic limit and 
a low liquid limit facilities the development of a 
weakening zone. Thus, the loess soils and mudstone 
together provide material basic for the formation of 
loess-mudstone landslides. It’s also found that the 
seasonal precipitation is the main factor triggering the 
landslides. 

(4) The deformation and failure process of the 
loess-mudstone landslides underwent three stages, 
namely, the local deformation stage, the penetration 
stage, the creeping-slide stage. The creep movement 
of soils toward the empty face of the slope occurs due 
to the excavation activities and the sliding surface 
develops and penetrates eventually in the weakening 
layer soils under the effect of heavy precipitation. 
Consequently, the energy accumulated during the 
creep process of the slope body was suddenly released, 
and the slope body slip down quickly and suddenly, 
resulting in a landslide hazard. 
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