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Introduction

Under the condition of heavy rainfall, the infiltration of fis-
sured soft rock slope and the softening of rock mass caused 
by rainfall are the difficulties in the field of landslide disaster 
research [1, 2]. Rainwater infiltration will cause the change 
of pore water pressure field and reduce the stability of slope 
[3, 4], and the variation of pore water pressure field of fis-
sured rock mass is affected by fissure depth, fissure angle, 
fissure spacing and permeability coefficient ratio [5–7]. For 
soft rock slope, the softening effect of soft rock in water is 
also an important cause of slope disaster [8]. Therefore, it is 
necessary to study the fissure seepage and softening charac-
teristics of soft rock slope under rainfall.

Rainfall is an important factor inducing slope instabil-
ity; many scholars have studied the rainfall infiltration of 
slope [9–14]. Zhou et al. [15] established the lower-limit 
analysis model of slope stability under unsaturated seepage. 
Zhang et al. [16] found that the deformation of fill slopes 
induced by short-term continuous rainfall has shallow inter-
mittent and sudden damage. Pedroso et al. [17] proposed a 
simple and effective method to realize the boundary con-
ditions of finite element seepage surface. Zuo et al. [18] 
obtained the variation law of slope volume water content, 
pore water pressure and soil suction with rainfall infiltration. 
Shi et al. [19] explored the water content distribution of soil 
slope under the condition of rainfall infiltration. Deng et al. 
[20] introduced Monte Carlo method into the early warn-
ing and prediction of rain-induced landslides. Chang et al. 
[21] explained the failure mechanisms of each failure stage 
based on the changes in the hydrological and mechanical 
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conditions of the slope with the infiltration of rainwater. Liu 
et al. [22] proposed a slope reliability analysis method con-
sidering rainfall. Tian et al. [23] proposed a two-dimensional 
simplified numerical method that considers the impact of 
runoff recharge on landslide infiltration. Bandara et al. [24] 
proposed a simulation method of unsaturated slope landslide 
under rainfall infiltration. Ma et al. [25] found that the rela-
tionship between rainfall intensity and the saturated perme-
ability coefficient of soil slopes determines the distribution 
characteristics of pore water pressure. Long et al. [26] car-
ried out the dry wet cycle experiment of red clay slope under 
different rainfall intensity.

The existence of fissures will have an important impact 
on the seepage field of rock and soil [27, 28], and a lot of 
research on fissure seepage has been carried out. Duan et al. 
[29] studied the seepage characteristics of single fissured 
limestone under water rock interaction. Park et al. [30] found 
that the generation of local flow circulation is due to the 
interaction between the cross geometry and the correspond-
ing boundary conditions of flow along the crack boundary. 
Sheng et al. [31] explored the permeability characteristics 
of limestone fissures under the condition of temperature 
change. Zhang et al. [32] established a rock mass strength 
degradation model and calculated and analyzed it in combi-
nation with the reservoir bank slope. Hou et al. [33] simu-
lated the transient water migration of slope under different 
fissure depths. Leng et al. [34] discussed the role of rainfall 
and traffic load in the process of slope fissure expansion and 
deformation development. Zhang et al. [35] discussed the 
research progress of deformation and failure of hydraulic 
coupling fissured rock mass. Guo et al. [36] studied the seep-
age characteristics of fissured marble. Liu et al. [37] found 
that under shear load, the permeability of cracks decreases 
with the increase of shear stress before shear action. Xiong 
et al. [38] conducted experimental and numerical study on 
single fissure seepage. Zhang et al. [39] conducted experi-
ments on seepage characteristics of red sandstone with dif-
ferent damage degrees. Valko et al. [40] used the continuum 
damage mechanics method to simulate the fluid driven frac-
ture propagation in the process of large-scale hydraulic frac-
turing of oil and gas reservoirs. Yan et al. [41] found that 
the infiltration rate of rainwater was higher than that of non-
fissured slope due to the formation of centralized infiltration 
points at the fissures.

Due to the high complexity of the coupling mechanism 
between water and rock mass of soft rock, the analysis of 
rainfall seepage and rock mass softening of soft rock slope 
is still in the exploratory stage [42]. Bai et al. [43] conducted 
a model test on the catastrophic process of landslide geo-
logical disasters under the action of rainfall. Yang et al. [44] 
obtained the process of thick soft rock failure under rainfall 
conditions. Xie et al. [45] found the microstructure charac-
teristics of mudstone under the long-term action of water. Ji 

et al. [46] analyzed the microstructure evolution of weakly 
cemented sandstone in the process of softening in water. 
Jiang et al. [47] found that as the water content decreased, 
the total energy absorbed by the mudstone increased. Pic-
arelli et al. [48] found that even small details can affect the 
movement pattern of flow like landslides. Xin et al. [49] 
analyzed the influence of groundwater activities on soft rock 
landslide.

Rainfall is an important inducement to induce landslide 
disasters; especially under extreme rainfall conditions, slope 
cracks cause changes in seepage field and lead to instabil-
ity disasters of soft rock slope, which cannot be ignored. 
In view of this, the numerical simulation method was used 
to study the rainwater infiltration process of fissured slope 
under extreme rainfall, and the mechanism of instability of 
soft rock slope induced by extreme rainfall was discussed. 
The research results can provide reference for the stability 
analysis and landslide disaster treatment of similar fissured 
soft rock slope.

Project Profile

Nanfen open-pit mine is located in Liaoning Province 
(Fig. 1), China. The mine was completed and put into opera-
tion in 1957; it was the largest single open-pit iron mine in 
Asia. In September 2004, phase III and phase IV mining 
design was carried out to increase the annual mining stone 
to 12 million tons and the annual stripping rock to 84 mil-
lion tons.

Engineering Geology

The landform of the mining area is eroded medium high 
mountain landform, which is mainly composed of metamor-
phic rock strata. After years of open-pit mining activities, the 
footwall slope of open-pit mine has been formed (Fig. 2b). 
Under the influence of mining, the footwall slope had 
developed fissures, high rock permeability and low overall 
strength. The landslide area is located on the footwall slope 
of Nanfen open-pit mine, with an elevation of 370–622 m. 
After many landslides, zone I, II and III landslide masses are 
formed (Site 1 and Site 2 in Fig. 2), and the area distribution 
of landslide mass in the study area is shown in Fig. 2a.

The mining area is located in the north temperate mon-
soon climate area. The annual average rainfall is 880 mm, 
the maximum daily rainfall is 274 mm, the rainfall is con-
centrated from June to September, and the annual average 
evaporation is 1729 mm. The statistics of distribution of 
monthly average rainfall from 2010 to 2012 are shown in 
Fig. 3; it can be seen that the maximum rainfall month is 
August, and the monthly rainfall reaches 361 mm.
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Rock Mass Properties

Through our geological radar geophysical prospecting and 
borehole coring, we can conclude that the slope is composed 
of chlorite amphibolite in the upper part and iron-bearing 
chlorite quartzite rock in the deep part. Under the action of 
weathering, rainfall, blasting, landslide and other factors, 
the slope has formed four rock stratum: fissure develop-
ment area, fissure relatively developed area, and chlorite 
amphibolite rock and iron-bearing chlorite quartzite rock 
in the fissure undeveloped area. 2–5 m thick loose deposits 
formed by rock weathering are widely distributed in the fis-
sure development area, the fissure relatively developed area 
is composed of 5–10 m thick broken rock mass and weath-
ered soil mass, and the fissure undeveloped area is relatively 
complete chlorite amphibolite. The engineering geological 
profile of footwall slope of Nanfen open-pit mine is shown 
in Fig. 4. The mechanical parameters of slope stratum are 
shown in Table 3.

Brief History of Landslide Disaster

Before 2010, there were three major landslides on the foot-
wall slope of Nanfen open-pit mine. In July 2000, a landslide 
occurred on the 370 m to 622 m bench, with an inclined 
length of 252 m, a width of 250 m and a volume of 5.2 × 105 

m3. In August 2008, a landslide occurred on the 394–526 m 
bench, with a length of about 130 m and a width of about 
200 m. In June 2009, a large-scale potential collapse body 
appeared on the 430–526 m slope platform. Since 2010, with 
the mining of ore resources and slope expansion, many geo-
logical disasters such as tension fissures and collapse have 
occurred at 310–390 m steps, and the unstable area of the 
slope has been transferred to 310–390 m steps.

A large number of loose bodies have accumulated on 
the slope surface, increasing the sliding force of rock mass; 
at the same time, mining and expanding the slope toe will 
reduce the anti-sliding force of rock mass. The loose accu-
mulation and rock mass fissures enhance rainfall infiltration, 
the chlorite soft rock on the potential sliding surface softens 
with water, and the rock mass strength decreases and further 
reduces the slope stability.

Real-time monitoring of rainfall and footwall slope land-
slide in the mining area, and statistics of rainfall and foot-
wall slope landslides in Nanfen open-pit mine are shown in 
Table 1. The statistics show that landslides usually occur 
after rainfall; especially in August with frequent heavy rain-
fall (Site 3 and Site 4 in Fig. 2), the number of landslides 
increases significantly, which indicates that rainfall is an 
important factor of footwall slope landslide.

Extreme rainfall will change the distribution of pore 
water pressure in rock and soil, soften soft rock, and 
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Fig. 1   Location map of the study area and its nearby cities
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reduce the strength of rock and soil, which is not con-
ducive to the stability of the slope. The footwall slope 
of Nanfen open-pit mine has developed fissures. The 

seepage field of fissured rock mass changes greatly under 
extreme rainfall conditions, which affects the slope stabil-
ity; with the continuous rainfall, the continuous softening 
effect of water on rock of the slope also reduces the slope 
stability.

Area Ⅱ
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Area Ⅰ

0 1 2
km

Study area Slope Stope
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Fig. 2   Field observations of the slope: a area I distribution of landslide mass in the study area; Site 1: landslide in area II; Site 2: landslide in 
area III; Site3: rainfall induced slope step fissures; Site 4: rainfall induced small landslide; b Footwall slope of Nanfen open-pit mine
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Fig. 3   Distribution of monthly average rainfall

0 10 20 30 40 50 60 70 80 90 100 110 120

300

310

320

330

340

350

360

370

380

390

400

E
le

v
at

io
n
 (

m
)

Distance (m)

300

310

320

330

340

350

360

370

380

390

400

E
le

v
at

io
n
 (

m
)

Chlorite amphibolite

Iron-bearing chlorite quartzite

Boundary of fissure undeveloped area

Boundary of fissure relatively developed area

Boundary of fissure development area

Fig. 4   Engineering geological profile of footwall slope of Nanfen 
open-pit mine (elevation: 300–390 m)



Indian Geotech J	

Numerical Simulation

It is found that extreme rainfall is an important inducing 
factor of footwall slope landslide in Nanfen open-pit mine. 
The change of seepage field caused by fissures and the slope 
instability caused by the softening of rock and soil by rain 
cannot be ignored. It is necessary to study the influence of 
fissures on slope rainfall infiltration and analyze the soften-
ing of slope rock mass by rainfall.

Numerical Simulation Process

The typical profile of 310–390 m platform of footwall slope 
of Nanfen open-pit mine was selected as the numerical 
simulation object to simulate the rainfall infiltration and 
softening of fissured soft rock slope. Using seep/W and 
sigma/W numerical simulation software based on finite ele-
ment method, 22 groups of slope rainfall seepage numerical 
models with different fissure depths, different fissure angles, 
different fissure spacing and different permeability coeffi-
cient ratios were established, and three groups of numeri-
cal models of slope stability under rainfall conditions were 
established, including without fissure and softening, with fis-
sure and without softening, with fissure and with softening. 
The simulation results of pore pressure and displacement 
were compared and analyzed. The drainage effect of slope 
drainage holes was simulated and analyzed. The numerical 
simulation process is shown in Fig. 5.

Numerical Model

Model and Boundary Conditions

In order to study the rainfall seepage and slope stability of 
the 310–390 m platform of the footwall slope of Nanfen 
open-pit mine, the numerical model was established with an 
elevation of 300–390 m and a distance of 120 m. There were 
four layers of strata from top to bottom within the model, 
including fissure development area, fissure relatively devel-
opment area, chlorite amphibolite area and iron-bearing 
chlorite quartzite. According to the geological survey report 
[50], the seepage parameters and mechanical parameters of 

the model are shown in Tables 2 and 3. Twenty-two groups 
of numerical models under different rainfall seepage condi-
tions and three groups of numerical analysis models of slope 
stability were established. In the rainfall seepage numerical 
model, the slope surface was seepage boundary, and the bot-
tom boundary and left and right boundaries were imperme-
able boundary. The slope stability analysis model adopted 
the displacement constraint boundary, in which the bottom 
edge was the displacement fixed boundary, the left and right 
edges were the horizontal displacement fixed boundary, 
and the slope surface was the free boundary. Triangular and 
quadrilateral elements were mixed in the numerical model, 
with a total of 6157 nodes and 5989 elements, as illustrated 
in Fig. 6.

Seepage Theory and Parameters

There are pores and fissures on the surface of the slope, and 
the part above the groundwater level is in an unsaturated 
state. The permeability coefficient of unsaturated zone is 
often less than that of saturated zone, when the water content 
decreases, the flowing water decreases. In the unsaturated 
seepage stress analysis, the slope is regarded as a porous 
medium, the gas in the porous medium is regarded as an 
ideal gas, and the internal fluid follows Darcy’s seepage law 
[51]. Therefore, in the unsaturated seepage analysis of soft 
rock slope, Richards’s governing equation is used to express 
the permeability coefficient of unsaturated zone as a function 
related to saturation, matrix suction or volume water content:

where mw =
��w

�uw
 is the slope of water cut characteristic curve, 

which represents the change rate of water content of rock 
mass with pore water pressure, Hw is the unsaturated total 
head, θw is the volume moisture content, uw is pore water 
pressure, ρw is the density of water, g is gravity, and kx and 
ky are permeability coefficients in x and y directions, respec-
tively. The relationship between permeability coefficient and 
matrix suction (SWCC) could be expressed as:

(1)mw�wg
�Hw

�t
−

�

�x

(

kx
�Hw

�x

)

−
�

�y

(

ky
�Hw

�y

)

= 0

Table 1   Statistics on rainfall and landslides in Nanfen open-pit mine (two-year cumulative value of each month from November 2010 to 
November 2012)

Month January February March April May June July August September October November December

Days of rain 0 0 0 18 11 38 30 37 25 26 3 0
Days of heavy rain (More 

than 50 mm within 
24 h)

0 0 0 0 2 6 8 9 9 4 0 0

Number of landslides 1 0 0 0 0 4 6 15 2 2 0 0
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(2)kw = ks
[1 − a�n−1(1 + (a�n)−m)]2

(1 + a�n)
m

2

where ks is the saturated permeability coefficient. a, n and 
m are model fitting parameters, n = 1/(1-m). Ψ is matrix 
suction.

Fig. 5   Numerical simulation process

Table 2   Seepage parameters of 
the model

Stratum Saturated 
water content 
θs

Residual 
water content 
θr

Model fitting 
parameters

Saturated perme-
ability coefficient ks 
(m/s)

a n

Fissure development 0.45 0.16 1.5 × 10–4 1.06 2.4 × 10–7

Fissure relatively developed 0.42 0.14 2.1 × 10–3 1.04 1.8 × 10–7

Chlorite amphibolite 0.40 0.13 1.5 × 10–2 1.05 5.6 × 10–8

Iron-bearing chlorite quartzite 0.37 0.10 1.1 × 10–2 1.01 1.2 × 10–8
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where θw is the water content, θs is the saturated water con-
tent, θr is the residual water content, and Ψ is matrix suction. 
When the saturated permeability coefficient ks, model fitting 
parameters a and n, saturated water content θs and residual 
water content θr are obtained, the relationship between per-
meability coefficient and volume water content or matrix 
suction can be obtained. The seepage parameters of rock and 
soil mass could be obtained through indoor pressure plate 
test and on-site double-ring water injection test, as shown 
in Table 2.

Slope Stability Analysis Theory and Mechanics Parameters

In the calculation of unsaturated soil, the shear strength for-
mula of linear unsaturated soil proposed by Fredlund and 
Morgenstern [52] was adopted, as shown in Eq. (4).

where c′ is effective cohesion, � is total normal stress on the 
failure surface,ua is pore gas pressure on the failure surface, 
u� is pore water pressure on the failure surface, �′ is the 
internal friction angle related to the net normal stress state 
variable 

(

� − ua
)

 , and �b is rate of shear strength increasing 
with matric suction (ua − u�).

Through geological analysis and field exploration, rock 
samples were obtained for indoor testing, as shown in Fig. 7. 
Mechanical parameter testing was performed on samples 
in their natural state and those saturated for 14 days. The 
cohesive value depended on the density of rock joints and 
the cohesive of intact rock blocks. After obtaining relevant 
test data of the samples, the value of cohesive was calculated 
using empirical formula (5).

where C is cohesion, CI is cohesive of intact rock blocks, 
and t  is density of rock joints. The friction value is taken 
as the average of the shear resistance friction angle of the 
intact rock blocks and the peak friction angle of the joints. 
The rock and soil parameters of the numerical model are 
shown in Table 3.

Numerical Simulation of Rainfall Infiltration 
in Fissured Slope

In the numerical model, the solid element was established 
to equivalent the fissure, the fissure was defined as another 
material different from rock and soil, and the length, angle 
and spacing of the established fissure solid element were 
changed to simulate the fissure distribution. Permeability 

(3)�w = �r +
�s − �r

[1 + (
�

a
)n]m

(4)�f = c� + (� − ua) tan�
� + (ua − u�) tan�

b

(5)C = CI[0.114e
−0.48(t−2) + 0.02]
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coefficient ratio η is the ratio between the permeability 
coefficient ky along the fissure direction and the permeabil-
ity coefficient kx along the vertical fissure direction [53].

In order to make the numerical simulation close to 
reality, an extreme rainfall event in August 2011 was 
simulated. The rainfall was 205 mm and the duration was 
14 days, and the cumulative duration of rainfall and rain-
fall were both the maximum values from November 2010 
to November 2012. To study extreme rainfall conditions, 
this rainfall was selected for simulation. The rainfall inten-
sity was designed as 1.7 × 10–7 m·s−1. Twenty-two groups 
of cases were designed to simulate the effects of fissure 
depth, fissure angle, fissure spacing and permeability coef-
ficient ratio on rainfall infiltration process, The numerical 
simulation scheme is shown in Table 4.

Stability Analysis of Slope Under Seepage 
and Softening

Under the condition of rainfall infiltration, the change of 
seepage field will lead to the temporary increase of pore 
water pressure in soft rock slope, the increase of water con-
tent, the decrease of matrix suction, and the transition of 
soft rock from unsaturated state to saturated state. When 
the pore water pressure increases to a positive value, the 
corresponding area in the slope is called transient saturation 
area, and the rock and soil in the transient saturation zone of 
the slope will soften.

In this paper, the transient saturation zone of the slope 
during rainfall was connected with the softening zone of 
the slope, the soft rock softening parameters measured in 
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the test were given to the corresponding soft rock mass in 
the transient saturation zone, and then the water softening 
region and softening degree of the soft rock slope were sim-
ulated by determining the occurrence region and duration 
of the transient saturation zone, so as to realize the indirect 
simulation of the softening effect of the soft rock slope. The 
specific implementation steps are as follows:

1.	 Calculate the initial in situ stress and initial seepage field 
of slope stratum.

2.	 Distribution of slope transient saturation zone at differ-
ent times is obtained by rainfall infiltration simulation.

3.	 The water immersion test and analogy estimation of 
slope rock mass softening in water are carried out to 
obtain the 14-day saturated mechanical parameter values 
of slope rock mass as shown in Table 3.

4.	 The distribution of the transient saturation zone of the 
slope in (2) corresponds to the softening parameter value 
of the rock mass in (3).

5.	 According to step (4), modify the rock mass mechanical 
parameters in the numerical model at a certain rainfall 
time.

6.	 Input the calculation results of seepage field into the 
numerical model of the certain rainfall time in (5).

7.	 The slope stability calculation considering the seepage 
softening effect of soft rock slope is carried out.

Numerical Simulation Results

Influence of Fissures on Rainfall Infiltration

Rainfall Infiltration with Different Fissure Depths

Under different fissure depths, when rainfall lasts for 14 days, 
the pore water pressure distribution is shown in Fig. 8. The 
seepage field without fissure was significantly different from 
that with fissure; with the increased of fissure depth, the 
depth and range of rainfall infiltration also expanded. When 
the fissure depth was 2 m, the infiltration depth was 5 m, and 
when the fissure depth was 10 m, the infiltration influence 
depth was 20 m. Due to the large permeability coefficient 
of the fissure, the rainwater first entered the slope fissure; 

however, due to the small permeability coefficient of the 
rock and soil mass of the slope, the rainwater in the fissure 
was not easy to flow in the rock and soil mass, and the rain-
water collects in the fissure until the fissure was completely 
filled. A pressure head almost the same as the fissure depth 
was formed in the fissure. When the fissure was filled with 
rainwater, the rainwater in the fissure changed from non-
pressure infiltration to pressure infiltration. Therefore, the 
greater the fissure depth, the greater the pore water pressure 
and rainfall infiltration depth in the fissure.

The variation curve of pore water pressure with depth 
under different fissure depths after 14 days of rainfall is 
shown in Fig. 9. When there was no fissure, the impact of 
rainfall on pore water pressure was minimal. When the fis-
sure depth was greater than 6 m, the infiltration line under 
the fissure had coincided with the groundwater level line, 
and the saturated area increased rapidly and finally directly 
caused the rise of groundwater level. When the fissure depth 
was 10 m, the depth of influence reached about 15 m. As 
the depth of fissures increased, the impact of rainfall on the 
slope seepage field gradually increased.

Rainfall Infiltration with Different Fissure Angles

Under different fissure angles, when rainfall lasts for 14 days, 
the pore water pressure distribution is shown in Fig. 10, and 
the slope distance of the fissure is 68.5 m. It could be seen 
that with the increase of fissure angle, the infiltration depth 
and infiltration range gradually decrease. After a long period 
of rainfall, the fissure gradually reached a saturated state, 
and its saturated permeability coefficient was greater than 
the rainfall intensity. In this case, the infiltration process was 
controlled by the rainfall intensity. The smaller the fissure 
angle was, the stronger the vertical permeability was, and the 
rainfall was easier to infiltrate, causing the saturation of the 
deep area of the slope. When the fissure angle increased, the 
vertical permeability decreases, the horizontal permeability 
increased, and the rainwater was easy to flow horizontally. 
However, due to the lack of gravity of downward seepage, 
the infiltration range decreased significantly.

The variation curve of pore water pressure with depth 
under different fissure angles after 14 days of rainfall is 
shown in Fig. 11. When the fissure angle was 0°, the fissure 

Table 4   Numerical simulation scheme of rainfall seepage

Scheme Fissure depth (m) Fissure angle (°) Fissure spacing (m) Permeability 
coefficient ratio η

Rainfall intensity (m·s−1) Rainfall duration (d)

1 0, 2, 4, 6, 8, 10 0 – 1 1.7 × 10–7 14
2 6 0, 15, 30, 45, 60, 75 – 1
3 6 0 1, 2, 3, 4, 5, 6 1
4 6 0 – 1, 15, 150, 1500
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affected the seepage depth of about 7 m, and all above the 
groundwater level were saturated. As the fissure angle 
increased, the depth of influence gradually decreased and 
the unsaturated depth gradually increased. After an fissure 
angle of 30°, an unsaturated region appeared. When the fis-
sure angle was greater than 75°, the depth of the surface 
saturated area was about 2.5 m, and the variation of the slope 
seepage field was relatively small.

Rainfall Infiltration with Different Fissure Spacing

Under different fissure spacing, when rainfall lasts for 
14 days, the pore water pressure distribution is shown in 
Fig. 12. When the fissure spacing was small, the saturated 
areas in the slope were connected with each other. With 

Fig. 8   Pore water pressure distribution at different fissure depths (unit: kPa)

Fig. 9   Pore water pressure with depth under different fissure depths
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the increased of fissure spacing, the saturated positive pore 
water pressure area was gradually separated. When the 
fissure spacing was greater than 4 m, there was an unsatu-
rated area with negative pressure between the fissures.

The variation curve of pore water pressure with depth 
under different fissure spacing after 14 days of rainfall is 
shown in Fig. 13. There was no significant change in rain-
fall infiltration depth between 1 and 6 m fissure spacing. 
With the increased of fissure spacing, the positive value 
of pore water pressure gradually decreased, indicating that 
the larger the fissure spacing was, the lower the saturation 
range would be. When the fissure spacing was small and 
the fissure density was large, the affected area of rainwater 
infiltration will further increased, which was unfavorable 
to the slope stability.

Fig. 10   Pore water pressure distribution at different fissure angles (unit: kPa)

Fig. 11   Pore water pressure with depth under different fissure angles
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Rainfall Infiltration Under Different Permeability 
Coefficient Ratio

Under different permeability coefficient ratio η, when rain-
fall lasts for 14 days, the pore water pressure distribution is 
shown in Fig. 14. With the increased of permeability coeffi-
cient ratio, the vertical permeability coefficient in the fissure 
increased significantly, the fissure was saturated rapidly, and 
the permeability coefficient also increased from unsaturated 
permeability coefficient to saturated permeability coefficient, 
which was greater than the rainfall intensity. When the per-
meability coefficient ratio was greater than 10, there was a 
saturation zone near the fissure, the maximum pore water 
pressure was more than 40 kPa, the saturation line quickly 
coincided with the groundwater level line, the saturation 
range inside the slope increased, the groundwater level line 

(a)Fissure spacing 1 m (b) Fissure spacing 2 m (c) Fissure spacing 3 m

(d)Fissure spacing 4 m (e) Fissure spacing 5 m (f) Fissure spacing 6 m
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Fig. 12   Pore water pressure distribution at different fissure spacing (unit: kPa)

Fig.13   Pore water pressure with depth under different fissure spacing
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rose to the surface, and the saturation area on the slope sur-
face expanded.

The variation curve of pore water pressure with depth 
under different permeability coefficient ratios after 14 days 
of rainfall is shown in Fig. 15. When the permeability coef-
ficient ratio was 1 and 15, the pore water pressure decreased 
and then increased with increasing depth. When the 

permeability coefficient ratio was 150 and 1500, the pore 
water pressure increased with the depth within the fissure 
range, indicating that a large amount of rainfall flowed into 
the slope, the phreatic line was connected with the ground-
water level line, the water level line rose, and the pore water 
pressure increased.

(a)Permeability coefficient ratio η=1 (b) Permeability coefficient ratio η=15

(a)Permeability coefficient ratio η=150 (b) Permeability coefficient ratio η=1500
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Fig. 14   Pore water pressure distribution at different fissure permeability coefficient ratios (unit: kPa)
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Influence of Rock Mass Fissure and Softening on Slope 
Stability Under Extreme Rainfall

In order to study the influence of fissure and water soften-
ing factors of rock and soil mass on slope stability under 
extreme rainfall, the numerical models of slope stability 
without fissure and softening, with fissure and without sof-
tening, and with fissure and with softening under rainfall 
conditions were established. For the scheme with fissures 
and softening, the stability analysis of slope seepage and sof-
tening was carried out according to the method proposed in 
"Stability Analysis of Slope Under Seepage and Softening" 
section. There were three groups of slope stability calcula-
tion schemes designed in this paper, including without fis-
sure and softening, with fissure and without softening, with 
fissure and with softening. The detailed scheme is shown 
in Table 5.

Through numerical analysis, the slope displacement 
field of 14-d rainfall under different simulation schemes 
was obtained, as shown in Fig. 16. When fissures and rock 
softening were not considered (Fig. 16a), the area with 
large slope displacement was located at 324–338 m steps, 
and the maximum displacement was 0.048 m. When there 
were fissures but without softening (Fig. 16b), the area with 
large slope displacement was located at 324–378 m steps, 
the maximum displacement was at 360 m elevation, and the 

displacement was 0.366 m. When there were fissures and 
the rock mass softening (Fig. 16c), the area with large slope 
displacement was located at 324–378 m steps, the maxi-
mum displacement was at the elevation of 360 m, and the 
displacement value was 0.615 m. It could be seen that after 
considering the factors of fissure and rock mass softening, 
the potential sliding surface of the slope gradually deepened 
and the scope of potential landslide expanded. The actual 
failure range and shape of landslide were consistent with the 
simulation results, indicating the rationality and accuracy of 
the simulation results.

The curve of slope safety factor with rainfall duration 
of 14 days is shown in Fig. 17. It could be seen that there 
was no significant change in the slope safety factor without 
considering fissures and rock mass softening under rainfall 
conditions. When there were fissures but no rock softening, 
the slope safety factor decreased from 1.48 to 1.15. When 
there were fissures and rock softening, the safety factor of 
the slope decreased from 1.48 to 0.96 after 10 days of rain-
fall, and to 0.79 after 14 days of rainfall. The slope safety 
factor two days before rainfall was mainly affected by the 
effect of fissure seepage, with the progressed of rainfall, the 
rock mass in the slope softened when encountering water, 
and then the slope safety factor was affected by the dual fac-
tors of fissure seepage and rock mass softening. When the 
rainfall lasted for 5 days, the slope safety factor caused by 
softening decreased to 0.15, and the slope stability factor 
decreased by 0.1 due to the effect of fissure seepage. The 
impact of softening on slope stability began to exceed that 
of fissure seepage. When the rainfall reached 14 days, the 
safety factor decreased by 0.36 due to softening and 0.3 due 
to fissure seepage.

Simulation of Drainage Effect of Slope Drainage 
Holes

Simulation Scheme

This above research confirms that the change of seepage 
field caused by rainfall infiltration in the early stage of rain-
fall is an important factor for slope instability; with rainfall 
infiltration, the softening of slope rock and soil by rainwater 

Fig. 15   Pore water pressure with depth under different fissure perme-
ability coefficient ratios

Table 5   Numerical simulation scheme of stability analysis

Scheme Fissure 
depth (m)

Fissure 
angle (°)

Fissure spac-
ing (m)

Permeability coef-
ficient ratio η

Rainfall intensity (m·s−1) Rainfall duration (d) Soften

1 without 1.7 × 10–7 14 Without
2 6 0 6 1 Without
3 6 0 6 1 With



Indian Geotech J	

immersion has become an important factor for the decline 
of slope safety factor. In order to ensure the stability of the 
slope under rainfall and the smooth progress of open-pit 
mining activities, effectively discharging the surface and 
internal water of the slope is an important goal of slope 
landslide prevention engineering.

Taking the slope of Nanfen open-pit mine as the research 
object, the influence of drainage holes on the stability of 

rainfall slope was studied. The numerical model for stabil-
ity analysis was described in "Numerical Model" section, 
and the mechanics parameters and simulation methods were 
described in  "Stability Analysis of Slope Under Seepage 
and Softening" section. Simulated rainfall intensity was 
1.7 × 10−7 m·s−1, the rainfall duration was 14 d, the fissure 
depth of the slope rock mass was 6 m, the fissure angle was 
0°, and the fissure spacing was 6. The arrangement of drain 
holes in the numerical model is shown in Fig. 6. The air 
element method was used to simulate the drain holes. The 
hydraulic conductivity of the drainage hole depended on the 
ratio Q of the permeability coefficient between the drainage 
hole and the surrounding stratum [54], and the Q value in 
the simulation was 1000. Table 6 shows the permeability 
coefficients of drainage holes in different stratum.

The pore water pressure and safety factor under different 
rainfall time were obtained by simulating the two cases of 
without drainage holes and with drainage holes. The changes 
of pore water pressure and safety factor under the two con-
ditions were compared, and the effect of drainage holes on 
reducing the pore water pressure of slope under extreme 
rainfall was analyzed.

Seepage Simulation Results

Without drainage holes, the pore water pressure changed 
obtained from 14d rainfall infiltration simulation of the 
slope, as shown in Fig. 18. After 4 days of continuous 
rainfall, water would accumulated on the slope. As the 
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Fig. 16   Numerical results of slope displacement after 14  days of 
rainfall: a Without fissure and softening; b With fissure and without 
softening; c With fissure and softening
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Fig. 17   Curve of slope safety factor with rainfall duration of 14 days
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accumulated water continues to increased, the water level 
in the soil layer would also rise. After 12 days of continu-
ous rainfall, the water level would rise to a height of 330 m.

When an inclined drain hole with a length of 10 m, a 
diameter of 80 mm and a dip angle of 5° was arranged on 
the slope (Fig. 6), the rainfall seepage simulation results are 
shown in Fig. 19. It could be seen from the figure that after 
the drainage holes were arranged, the transient saturation 
area of the slope surface was significantly reduced under 
rainfall, the rising speed of groundwater level was slowed 
down, and no obvious ponding area was formed on the slope 
surface. The groundwater level near the drainage hole was 
funnel-shaped, the pore water pressure contour near the 
drainage hole was sparse, and the pore water pressure in the 
slope body decreased significantly.

Calculation Results of Slope Safety Factor

The slope safety factors without and with drainage holes are 
shown in Fig. 20. Under continuous heavy rainfall, the safety 
factor of the slope without drainage holes dropped rapidly. 
At the initial moment, the safety factor of the slope was 
1.48; after 14 days, the safety factor of the slope dropped 
to 0.79, with a decrease of about 46.6%. The safety factor 
of the slope without drainage holes was small, which was 
prone to instability and collapse. After the drainage holes 
were arranged, the safety factor decreased monotonously in 
the rainfall process. The safety factor of the slope decreased 
to 1.18 in 10 d and 1.11 in 14 d, with a decrease of about 
25.0%. Compared with the non-drainage hole, the safety 
factor was increased by 21.6%. The inclined drainage hole 
could effectively solve the problem of rainfall induced land-
slide on the slope.

In order to study the influence of drainage hole length, 
hole diameter and dip angle on slope safety factor, the slope 
safety factor under different drainage hole parameters at 
14-day rainfall was calculated, as shown in Table 7. When 
the length remained constant, the safety factor increased with 
the increase of diameters and angles. The diameter and angle 
remained unchanged, increasing the length would improve 
the safety factor. By using correlation method to calculate 
the correlation coefficient between the layout parameters of 
drainage holes and the slope stability, further conclusions 
could be drawn that the length and diameter of drainage 
holes were factors that affect the safety factor.

According to the above analysis, we have drilled holes 
to arrange drainage pipes to discharge the internal water of 
the slope; at the same time, we have adopted the method of 
setting drainage ditches and intercepting ditches to discharge 
the surface water of the slope. The inclined drain holes are 
connected with the drainage ditches to form the drainage 
system of footwall slope in Nanfen open-pit mine, as shown 
in Fig. 21.

The footwall slope of Nanfen open-pit mine has devel-
oped fissures and complex geological conditions, and rain-
fall has a great impact on the slope. The surface and internal 
drainage of the slope can reduce rainwater infiltration and 
timely discharge the deep rock mass water, which plays a 
direct and beneficial role in maintaining the stability of the 
slope. When there is no drainage system, rainfall will form 
runoff on the surface, and rainwater will penetrate into the 
slope along the fissures, reducing the strength of rock and 
soil mass and seriously affecting the stability of the slope. 
In addition, we have installed rainfall monitoring points 
and sliding force monitoring points to intelligently monitor 
the real-time hydrogeological environment of the footwall 
slope of Nanfen open-pit mine. This monitoring method can 
comprehensively analyze the slope stability and predict its 
change [55]. The installation of drainage system, the moni-
toring and early warning system of rainfall and slope sliding 
force are of great significance to predict and analyze rainfall 
induced landslide.

Conclusions

A numerical simulation was conducted on the soft rock 
slope with developed fractures in the footwall of the Nan-
fen open-pit iron mine. We explored the influence of fissure 
parameters on rainfall infiltration and analyzed the impact of 
fissure seepage and rock softening factors on the stability of 
soft rock slopes under extreme rainfall conditions. Measures 
for landslide control were proposed for soft rock slopes with 
developed fissures under extreme rainfall.

1.	 Fissure depth, fissure angle, fissure spacing and perme-
ability coefficient ratio all had influence on rainwater 
infiltration, which was mainly reflected in the influence 
on infiltration depth, infiltration range and saturated 
area. The fissure depth was positively correlated with the 

Table 6   Permeability coefficients of drainage hole

Stratum Fissure development Fissure relatively developed Chlorite amphibolite Iron-bearing chlorite quartzite

Permeability coefficient (m/s) 2.4 × 10–4 1.8 × 10–4 5.6 × 10–5 1.2 × 10–5
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(c) Rainfall duration 4 d                          (d) Rainfall duration 6 d 

(e) Rainfall duration 8 d                          (f) Rainfall duration 10 d

(g) Rainfall duration 12 d                          (h) Rainfall duration 14 d 
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(a) Rainfall duration 1 d                          (b) Rainfall duration 2 d 

Fig. 18   Pore water pressure of slope during rainfall without drainage hole (unit: kPa)
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(a) Rainfall duration 1 d                          (b) Rainfall duration 2 d

(c) Rainfall duration 4 d                          (d) Rainfall duration 6 d

(e) Rainfall duration 8 d                          (f) Rainfall duration 10 d
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Fig. 19   Pore water pressure of slope during rainfall after arrangement of inclined drainage holes (unit: kPa)
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rainfall infiltration depth and range, the fissure angle was 
negatively correlated with the rainfall infiltration depth, 
the fissure spacing was negatively correlated with the 
rainfall infiltration range and the saturated area size, and 
the permeability coefficient ratio was positively related 
to the vertical permeability of rainfall.

2.	 With the continuation of extreme rainfall, the shallow 
soft rock of the slope gradually changed from unsatu-
rated state to saturated state, and the pore water pressure 
field presented a positive, negative and positive regional 
distribution trend from the surface to the inside of the 
slope. The transient saturation zone first appeared at the 
top of the slope and gradually extended to the toe of the 
slope.

3.	 Under 14 days of extreme rainfall, rock fissure seepage 
and soft rock softening with water led to the reduction 
of slope safety factor by 22.3% and 24.2%, respectively. 
The change of pore water pressure caused by seepage 
in the early stage of rainfall had a great impact on the 
slope stability; with the increased of rainfall duration, 
the influence of soft rock softening with water on the 
slope stability gradually increased.

4.	 Under the inclined drainage holes arranged on the slope 
(the hole length was 10 m, the hole diameter was 80 mm 
and the dip angle was 5°), the groundwater level near 
the drainage holes was funnel-shaped, the contour of 
the pore water pressure field was sparse and moved to 
the back edge, and the pore water pressure in the slope 
significantly reduced. In the process of extreme rainfall, 
the safety factor of the slope could be kept above 1.11, 
which was 21.6% higher than that of the non-drainage 
hole. This showed that the water control method of the 
inclined drainage hole was an effective means to solve 
the problem of rainfall induced landslide in soft rock 
slope with developed fissures.
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Fig. 20   Slope safety factor without drain hole and with drain hole

Table 7   Slope safety factor under different drainage hole parameters

Scheme Hole 
length (m)

Hole diam-
eter (mm)

Dip angle of 
hole (°)

Safety factor

1 6 80 5 1.04
2 6 120 7 1.05
3 6 160 9 1.06
4 10 80 5 1.11
5 10 120 7 1.12
6 10 160 9 1.14
7 14 80 5 1.18
8 14 120 7 1.19
9 14 160 9 1.19

(a) Surface drainage ditch (b) Inclined drain holes

Fig. 21   Drainage system of footwall slope in Nanfen open-pit mine
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