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a b s t r a c t
Changes in reservoir water level alter the hydraulic environment of bank slopes and negatively 
impact their stability by accelerating the process of water–rock interaction. This study, therefore, 
studied the failure characteristics of a red bed slope near the bank of a hydropower reservoir in 
Southwest China. Bank material specimens with various initial fracture angles were numerically 
simulated under different pore water pressure environments and a slope stability analysis was 
conducted to determine the resulting slope deformation characteristics and stability. The results 
show that: (1) Pore water pressure mainly affected the peak compressive stress and post-peak 
behavior of the rock. Under the same pore water pressure, the peak stress first increased and then 
decreased with increasing initial fracture angle. (2) The initial fracture angle mainly affected the 
distribution of microscopic tensile failures in the specimen, which in turn affected its compres-
sive strength. The main factor controlling factor rock mass deformation and failure was the pore 
water pressure. (3) When the long-term water level fell to a given level, the safety factor of the 
bank slope was lower than that when the long-term water level rose to the same level. The main 
failure mode of the slope was a shear failure, while tensile failure exhibited a strong correlation 
with the safety factor. (4) The bank slope risked local instability when the long-term water level 
rose and risked sectional instability when the long-term water level fell, and there was instability 
and penetration of the section, indicating the possibility of landslides. (5) When the long-term water 
level fell, there was a considerable difference between the deformation of the shallow rock mass 
and the deformation of the deep rock mass, and the traction and deformation effect of the shallow 
rock mass on the deep rock mass was more obvious.

Keywords:  Slope near the bank of a hydropower reservoir; Red bed slope; Water–rock interaction; 
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1. Introduction

With the gradual improvement and increasing, complex-
ity of infrastructure projects related to water conservancy, 
hydropower, and transportation, the safe construction, oper-
ation, and maintenance of these projects will inevitably face 
challenges associated with geological conditions. Notably, 
the construction of dams associated with water conser-
vancy and hydropower projects changes the environment, 

and excavation during dam construction can expand the 
original joints and fractures in the underlying rock mass. 
During the water–rock interaction process along the shores 
of dam-created reservoirs, the structure as well as the phys-
ical and mechanical properties of the bank slope rock mass 
can deteriorate, causing the water–rock interaction process 
to further accelerate, decreasing the shear resistance and 
tensile strength of the sliding rock mass at the lower part of 
the bank slope. This leads to a gradual loss of slope stability 
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and can induce local instability and failure that may in turn 
cause bank slope collapse, slippage, or other geological disas-
ters. Indeed, there have been many large-scale landslides 
in the Three Gorges Reservoir area since the construction 
of the dam downstream, resulting in damage to roads and 
farmland and causing major economic losses [1–4].

Various research has already been conducted investi-
gating the effects of reservoirs on their surrounding banks. 
Deng and Li [5] studied the mechanism by which the res-
ervoir water level influences bank slope deformation and 
stability. Sahana et al. [6] established a model of rock mass 
strength degradation under the effects of water–rock inter-
action over time. Sufiyan et al. [7] studied the deformation 
and failure modes of different bank slope rock mass struc-
ture types. Zhang et al. [8] studied the stability change 
characteristics of bank slope fluid–solid coupling during 
sudden changes in water level. Chang et al. [9], Xu et al. 
[10], Li et al. [11], and Li [12] analyzed bank slope stability 
using numerical analysis.

Joints and fractures can have a significant impact on the 
physical and mechanical properties of rock, and their pres-
ence and distribution in a rock mass are therefore closely 
related to its failure and instability. As a result, a great deal 
of research has investigated the effects of joints and fractures 
on rock failure behavior. Dong et al. [13] conducted uniax-
ial compression tests on granite with two non-parallel frac-
tures. Wang et al. [14] conducted numerical experiments 
on red sandstone with intermittent double fractures under 
different confining pressures. Lee and Jeon [15] et al. stud-
ied the influence of closed and open double fractures on the 
failure mode of a series of rock specimens. Yang et al. [16] 
used the finite element method to study the fracture initia-
tion, propagation, and penetration modes of prefabricated 
fractured rock mass samples. These studies demonstrated 
that water level fluctuations can change the chemical, phys-
ical, and mechanical properties (internal friction angle and 
cohesion) of a bank slope rock mass in such a way as to pro-
mote the expansion and development of joints and fractures. 
As these fractures develop, the structure and mechanical 
properties of the rock mass further deteriorate, adversely 
affecting the deformation and strength of the rock mass.

To investigate the effects of water–rock interaction on 
the stability of reservoir slopes, this study took a red bed 
slope near the bank of a reservoir in Southwest China as 
the research object. Numerical simulations of rock behavior 

were then conducted considering the geometric parame-
ters and distribution of fractures under the action of pore 
pressure to determine their influence on the physical and 
mechanical properties of the rock. The degradation law 
of the mechanical properties of the rock was then com-
bined with a numerical analysis of bank slope stability 
to comprehensively analyze the bank slope deformation. 
The results of this analysis are expected to provide a the-
oretical reference for the construction of mitigation mea-
sures in areas newly subjected to the action of repeated 
water level fluctuations, such as reservoir and port slopes.

2. Target slope overview

2.1. Slope structure characteristics

The micro-topography of the red bed slope near the 
bank of the target reservoir is relatively developed, and 
mainly consists of two small mountain ledges with adja-
cent steep ridges and gullies; the natural slope follows the 
water flow direction, turning from the NNW to the NW. 
The lithology is a tertiary red bed with monzonite under-
neath. The top of the bedrock gradually rises from the 
upstream to the downstream of the slope; the overall stabil-
ity of the natural slope is good. The tertiary red bed strata 
in this part had a strike of NE 75°–85° and a dip angle of 
10°–14° to the NW. There are mainly three groups of struc-
tural planes in the rock formation: one is near-upright in the 
NW direction, one is a steep dip in the NE direction, and 
the final is a gentle dip. Some of the structural planes in the 
NW direction cut through the underlying conglomerate 
rock layer. The tertiary red bed is strongly weathered with 
a thickness of 15–20 m, and the excavation of the slope is 
mainly controlled by the above three groups of fractures. 
Under the repeated, alternating effects of the dry and wet 
environment associated with reservoir water storage and 
flood discharge, the rock mass structure of this Tertiary red 
bed has been continuously damaged and disturbed on both 
micro and macro levels, and as a result, the strength of the 
rock mass has been rapidly reduced as is shown in Fig. 1.

2.2. Analysis of instability mode

The Tertiary red beds considered in this study are very 
thick and exert the main control effect on the bank slope 

   

Fig. 1. The original landform of the red bed slope is considered in this study.
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stability; the inter-layer contact zone between the red bed 
and the underlying monzonite is an unconformity sur-
face filled with clastic materials, and gradually rises from 
upstream to downstream following the direction of water 
flow. This zone readily becomes a weak structural surface 
under the action of the reservoir water, potentially lead-
ing to the failure of the upper Cenozoic Reservoir Bank. 
The red bed slope stability control conditions consist of a 
reservoir upper limit water level of 3,330.0 m and a reser-
voir low water level of 3,185.0 m when emptied under spe-
cial circumstances. Existing geological survey data show 
that there is no specific structural surface on the rear edge 
of the red bed slope; the basic failure mode is the sliding of 
the red bed slope inter-layer contact zone and the shallow 
surface layer downward along the slope in a circular arc.

3. Numerical simulations

3.1. Numerical model and calculation process

In this study, the FLAC3D software was used to numer-
ically simulate the compressive behavior of a red bed 
slope material specimen model under seepage pressure. 
As shown in Fig. 2, the model was 100 mm × 50 mm and 
comprised a total of 40,000 elements. Using the Mohr–
Coulomb plastic model, specimen models with an initial 
fracture length and width of 10 and 3 mm, respectively, 
and different fracture angles of 0°, 45°, 90°, and 135° were 
subjected to compressive load under various seepage pres-
sures of 0.6, 1.2, and 1.8 MPa, based on the actual situa-
tion of the target slope. The uniaxial compressive strength 
of a complete specimen collected for the site was deter-
mined by laboratory testing to be 23.5 MPa, and the value 
obtained from the complete rock numerical simulation 

with no fractures or pore water pressure was 22.7 MPa. 
The shear strain increment cloud image obtained by the 
simulation was similar to an image of the fracture cap-
tured during the laboratory compression test, as shown 
in Fig. 3 along with the stress–strain relationship.

The specific process entailed by the numerical water–
rock coupling simulation is to apply water pressure at the 
bottom face of the specimen with the upper face serving as 
the water outlet and the lateral surface of the specimen sealed 
by an impervious boundary. The seepage pressure is defined 
as the difference between the upstream and downstream 

 

 

 

50 mm/ Water outlet 

 

100 mm 

 Width 10 mm 

 Height 3 mm 

Impervious 

boundary 

 Position of hole pressure 
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Fig. 2. Numerical simulation model.

 

Fig. 3. Stress–strain curves of the simulated and actual specimens under uniaxial compression.
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water pressure, and is used to simulate the effects of pore 
pressure in this study. Note that in the process of applying 
seepage pressure, the mechanical process is closed, which 
indeed maintains a constant pore pressure consistent with 
the reality of the subject red bed slope, but also prevents 
the transient response of the pore pressure, potentially 
affecting the accuracy of the numerical simulation results.

3.2. Stress–strain relationship

The simulated compressive stress–strain curve of the 
specimen without seepage pressure is shown for differ-
ent initial fracture angles in Fig. 4, in which it can be seen 
that the compressive stress decreased rapidly after reach-
ing its peak, indicating obvious brittle characteristics. 
The peak stress increased with the initial fracture angle; 
the peak stress for the horizontal fracture was clearly the 
smallest. It is speculated that the reason for this relation-
ship may be that the horizontal projection of a more hor-
izontal fracture is larger during specimen compression, 
and as the external force does work on the specimen, the 
energy accumulated in the specimen is released over time 
along this horizontal projection; thus, the maximum stress 
peak was observed when the fracture angle was vertical. 
When the fracture angle exceeded 90°, the peak strength 
decreased; the stress–strain curves for 135° and 45° frac-
ture angles were quite similar. Indeed, the numerical 
simulations yielded an axisymmetric graph, in which the 
elastic moduli of specimens with different fracture angles 
(as determined by the slopes of their stress–strain curves) 
were basically the same on either side of 90°.

The compressive stress–strain curves of the simulated 
rock specimens subjected to various seepage pressures 
under different initial fracture angles are shown in Fig. 5, 
in which it can be seen that under all three seepage pres-
sures, the curves for the same initial fracture angle remained 

close before the compressive peak stress, and the peak com-
pressive stress when no initial fracture was present was 
obviously higher than that when an initial fracture was pres-
ent. However, the peak compressive stress decreased more 
obviously under higher seepage pressures before remaining 
relatively flat. This is obviously different from the case in 
which no seepage pressure was present, indicating that pore 
water pressure mainly affected the peak compressive stress 
value and post-peak behavior of the rock. Furthermore, 
under a given seepage pressure, as the initial fracture angle 
increased, the peak compressive stress first increased and 
then decreased, which is consistent with the observed 
change law in the case with no applied seepage pressure.

3.3. Law of strength deterioration

The compressive strengths obtained according to Fig. 5 
are shown in Fig. 6, in which it can be observed that the 
compressive strength gradually decreased with increasing 
seepage pressure. In view of the small value of seepage 
pressure in the early stage, the magnitude of decrease was 
not immediately obvious; however, as the seepage pres-
sure increased, the decrease in compressive strength grad-
ually became more prominent. For example, the uniaxial 
compressive strength was determined to be 22.2 MPa for 
the specimen with a 90° initial fracture under no seepage 
pressure, but decreased to 20.1 MPa for the same specimen 
under a seepage pressure of 1.8 MPa; a decrease of nearly 
10%. This decrease occurred because the cement between 
the mineral particles, which was originally monolithic, 
developed expanding fractures under the action of the 
strong pore pressure; these fractures joined and merged, 
changing the specimen’s structure from its initial compact 
state into a more porous structure. In addition, when the 
applied seepage pressure was the same, the compressive 
strengths of the specimens without initial fractures were 

 
Fig. 4. Compressive stress–strain curves of specimens with different initial fracture angles under no seepage pressure.
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(b) 

 
(c) 

(a) 

Fig. 5. Compressive stress–strain curves for different fracture angles under different seepage pressures: (a) Seepage pressure 
= 0.6 MPa, (b) Seepage pressure = 1.2 MPa and (c) Seepage pressure = 1.8 MPa.
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greater than those of the specimens with initial fractures, 
and first increased before decreasing with increasing ini-
tial fracture angle. For example, the compressive strength 
of the specimen with a horizontal initial fracture under a 
seepage pressure of 0.6 MPa was 19.6 MPa, whereas that 
of the specimen with a 90° initial fracture angle under the 
same seepage pressure was 21.5 MPa. Furthermore, the 
difference between the maximum and minimum compres-
sive strengths according to initial fracture angle gradually 
decreased with increasing seepage pressure because the 
mineral particle skeleton softened, while the increase in 
internal cracks and fractures gradually slowed due to the 
waning influence of the fracture angle at the higher pore 
water pressures that accompany larger seepage pressures. 
When a fractured rock mass is subjected to a water-bearing 
geological environment, special attention should therefore 
be paid to the seepage pressure as the main controlling fac-
tor that causes rock mass deformation and failure under 
high seepage pressure is the pore water pressure, and 
there is little relationship with the stress fracture angle.

3.4. Failure characteristics

The plastic region and maximum shear strain incre-
ment cloud map obtained from the numerical simulations 
of red bed rock specimens containing different initial frac-
ture angles and subjected to different seepage pressures 
were used to study the distribution of failure regions. The 
analysis results show that the failure types of the speci-
mens were roughly the same. Therefore, the failure charac-
teristics of the specimens subjected to a seepage pressure 
of 1.2 MPa, shown in Table 1, were analyzed and are pre-
sented in this paper as representative. The FISH language 
included in FLAC3D was used to obtain the volume of ele-
ments corresponding to the type of failure, as shown in Fig. 7.

It can be seen from Table 1 that the specimens mainly 
displayed “X”-shaped failure characteristics. Tension–
shear failures occurred near the fracture shoulder angle, 

the cracking perpendicular to the upper and lower end 
faces indicated primarily tensile failures, and shear failure 
occurred in large areas. Thus, the specimen failure began 
at the shoulder, then expanded along the loading direction, 
but did not penetrate the specimen. Then, tensile failure 
occurred at the upper and lower ends of the specimens, and 
obvious shear failure zones were formed. The maximum 
shear strain increment cloud map distribution for the 90° 
initial fracture specimen was relatively uniform, indicating 
that there was no obvious stress concentration phenom-
enon for this specimen. Both the maximum shear strain 
increment cloud map and the distribution of the failure 
area of the 0° initial fracture specimen were more uneven 
and larger than those of the other specimens, reflecting 

 

Fig. 6. Compressive strength according to initial fracture angle and seepage pressure.

Table 1
Failure types of fractured specimens under a seepage pressure 
of 1.2 MPa

Crack angle 0° 45° 90° 135°

Plastic zone 
distribution

 

Maximum shear 
strain increment
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the lower compressive strength of this specimen. It can be 
seen from Fig. 7 that the specimens mainly failed in shear; 
indeed, the volume of elements failing in tension was 
about 1/4 to 1/3 that of those failing in shear. The volume 
and quantity of elements failing in tension first increased 
and then decreased with increasing initial fracture angle, 
following a change law similar that observed for the com-
pressive strength. However, the volume and quantity of 
elements failing in shear first decreased, then increased 
with increasing initial fracture angle. This indicated that 
the initial fracture angle mainly influenced the compres-
sive strength of the specimen through the distribution and 
quantity of microscopic tensile failures.

4. Slope stability analysis

4.1. Calculation method and modeling

Due to its limitations, FLAC3D cannot truly realize an 
unsaturated seepage analysis, so there are certain limitations 
in it application to analyze the rise and fall of the reservoir 
water level. The FLAC3D software adopts the following 
equation to describe the saturated–unsaturated seepage 
in a porous continuous media:

q k S K h j k S K z ji r ij r ij� � � � � � � � �� �, ,�  (1)

where qi is the unit flow vector; Kij is the permeability 
coefficient tensor; kr = s2(3–2s) is the relative permeability 
coefficient, in which s is the saturation; Ψ = p/γw, in which 
p is the pore water pressure and γw is the weight of water; 
and z is the position head.

It can be seen from the equation above that the key prob-
lem of the saturated–unsaturated seepage equation lies in 
the relationship between the permeability coefficient and 
the saturation, but the FLAC3D calculation process defaults 
to the condition in which the bank slope rock mass is fully 
saturated; that is, the saturation is 1.0. As the reservoir water 
cannot infiltrate through the head boundary above the 

saturation line, the saturated–unsaturated seepage equation 
becomes meaningless. In this study, by referring to the 
research of Shen et al. and Reyes et al. [17,18], the satura-
tion of the water pressure boundary element and node was 
set to 1.0, the fluid tensile strength was set to 0, the nega-
tive pressure mechanism was closed, the saturation of the 
elements below the saturation line was set to 1.0, and the 
saturation of the elements above the saturation line was set 
to 0. In the process of realizing this calculation, as the inter-
nal saturation of the slope changed, the calculation domain 
for seepage was expanded inward, representing the grad-
ual infiltration of reservoir water into the deeper parts of 
the slope. Normal displacement constraints were imposed 
on the side boundary of the model, and displacement 
constraints were imposed on the bottom boundary. The 
resulting slope was a free boundary surface, shown in the 
numerical calculation model in Fig. 8, consisting of 36,387 
elements and 34,099 nodes in total.

4.2. Safety factor

The traditional Mohr–Coulomb strength criterion takes 
the shear of rock and soil as the physical failure mechanism. 
In the calculation process, the factor Ftrail was selected to 
reduce the shear capacity determined according to the rel-
evant equation until the slope experienced instability and 
failure. The value of Ftrail at failure was then considered to 
be the slope safety factor. However, rock–soil mass materi-
als may experience tensile failure in certain stress environ-
ments, but this failure equation can only express the shear 
failure of the rock and soil material of the slope. Therefore, 
for the rock–soil slopes in this study, the change in the ten-
sile strength of the rock–soil mass was considered during 
the reduction calculation process according to previous 
suggestions [19] as follows:

c c
F

trail
trail=  (2)

 

Fig. 7. Tensile and shear failure volumes of fractured specimens under a seepage pressure of 1.2 MPa.
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where ctrail is reduced cohesion of rock–soil and c is cohe-
sion of rock–soil. The scheme applied for the numerical cal-
culation of failure and the corresponding safety factors are 
shown in Table 2.

The safety factor against failure gradually decreased 
when the water level increased above the long-term level 
because the accompanying increase in pore water pressure 
caused the shear strength of the rock mass to decrease rap-
idly. However, a decrease from the long-term water level 
to the same elevation had a larger impact on the safety 
factor. For example, the safety factor of the slope was 2.11 
when the long-term water level rose to 3185.0 m, but was 
1.68 when the long-term water level fell to 3185.0 m. This is 
because the excess pore water pressure was not dissipated 
in time as the water level fell, increasing the excess pore 
water pressure at the exterior of the slope. Furthermore, the 
mechanical parameters of the rock mass had deteriorated 
under immersion, reducing the safety factor of the slope. 
As the long-term water level increased, the safety factor 
increased. For example, the slope safety factor was 1.04 
when the long-term water level fell to 3,330.0 m, but was 
1.40 when the long-term water level rose to 3,330.0 m. This is 
because the rise in water level was equivalent to an increase 
in the compressive constraints applied to the slope, which 
is conducive to its safety and stability. Therefore, during 
the rapid rise of reservoir water level, the surrounding 

slopes will remain stable, and slope instability is likely to 
occur when the reservoir water level falls rapidly and by 
large amounts. Furthermore, during the ongoing process of 
water level fluctuation, the immersed and eroded rock mass 
is gradually damaged, and the water–rock physical and 
chemical interactions are repeated, intensifying the devel-
opment of rock mass fractures and decreasing the strength 
of the rock mass. As the water level continues to fluctu-
ate repeatedly, the rate of fracture development gradually 
decreases and eventually becomes steady [20].

4.3. Maximum shear strain increment

The shear strain model evaluated in this study adopted 
the Mohr–Coulomb strength theory. The location at which 
the shear strain increment in a rock mass is largest is the 
most prone to deformation and failure. Therefore, the max-
imum shear strain increment can be used as a basis for the 
analysis of rock mass stability. Cloud maps of the maxi-
mum shear strain increment of six schemes were therefore 
output (the area with the largest shear strain is indicated 
in red) to compare the slope stability under different 
working conditions. On the whole, the slope stability was 
found to be quite good, and there was no overall insta-
bility, but the sectional and local shear strain increments 
were large, indicating sectional and local instability, and 
thereby potentially unstable rock masses [21].

Comparing schemes 2, 4, and 5 shown in Fig. 9, it can 
be observed that as the long-term water level rose, the fail-
ure area gradually deepened, the strain gradually increased, 

 
Fig. 8. Numerical simulation of slope seepage.

Table 2
Scheme for numerical calculation of failure and corresponding safety factors

Scheme Water (m) Safety factor Scheme Water (m) Safety factor

Scheme1 / 2.14 Scheme2 3185.0 m 2.11

Scheme3
3,185.0 m
drawdown

1.68 Scheme4
3,240.0 m
impounded level

1.69

Scheme5 3,330.0 m 1.03 Scheme6
3,330.0 m
water-level rise

1.40
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and there was a gradual increase in penetration. As the long-
term water level fell, the shear strain value increased more 
obviously, as did its range, reaching deeper than when the 
long-term water level rose, and the stability decreased more 
rapidly. Multiple potentially unstable regions were observed 
near the elevations of 3,210 and 3,260 m, where sectional 
instability was likely due to the influence of the water pres-
sure change over the water level cycle. This accelerates the 
water–rock interaction process, gradually increasing the 
shear strain increment. The decrease in reservoir water level 
accelerates the deterioration of the physical and chemical 
properties of the rock mass, dissolving its internal cement-
ing materials, weaking the particle bonding ability within, 
and gradually increasing its porosity. This further promotes 
the erosion of the rock mass, deepening the macroscopic 
failure area. In addition, the decrease in water level had a 
more obvious influence on the distribution of the shear 

strain increment, as indicated by the unloading of stress 
in the bank slope rock mass. This causes the mechanical 
parameters of the rock mass to deteriorate, the shear strain 
increment to increase, and the stability to decrease to less 
than that in present when the water level rises [22].

4.4. Plastic zone

Using the FISH language for programming design 
included in the FLAC3D software, statistics can be obtained 
classifying the quantity of plastic rock mass in the numeri-
cal model, as shown in Fig. 10.

It can be seen from the figure that, as a whole, the res-
ervoir water level fluctuation presented a characteristic 
state with shear failure as the mainstay and tensile fail-
ure as a supplement. Fluctuations in the water level led to 
an increase in the number of elements failing in tension, 

 
Fig. 10. A number of units with failure.

 
 

 

Scheme1 Scheme2 Scheme3 

  

Scheme4 Scheme5 Scheme6 

Fig. 9. Shear strain increment cloud map for six schemes.
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and for the same water level, a falling water level caused 
significantly more elements to fail in tension failure than a 
rising water level. Thus, it can be observed that the stabil-
ity of the bank slope was considerably reduced when the 
water level fell, indicating that accidents such as landslides 
are more likely to occur; this is basically consistent with the 
actual situation around the target reservoir.

When a reservoir is filling, the pore water pressure in 
the surrounding banks increases, causing a change in the 
stress environment of the rock mass. In addition, there 
are a large number of micro-cracks, fractures, joints, etc., 

inside the rock mass, resulting in the acceleration of the 
water–rock deterioration process and forming a favorable 
physical, chemical, and infiltration environment for the 
development and expansion of cracks and fractures. This 
in turn results in a more rapid deterioration of the shear 
strength of the submerged rock mass. Thus, the deforma-
tion and failure of the slope is mainly dominated by shear 
failure. However, comparing the changes in the volume of 
elements failing in tension or shear, it was found that the 
volume of elements failing in shear was weakly correlated 
with the safety factor, whereas the volume of units failing 

Fig. 11. Horizontal displacement cloud map of the inside of the rock mass (units in cm).
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in tension was strongly correlated with the safety factor, 
despite the fact that the latter comprised fewer elements. 
Furthermore, about ten times more elements were observed 
to be failing in tension at a water level of 3,330.0 m than 
at a water level of 3,185.0 m. Thus, ensuring the tensile 
strength of the rock mass is the key factor for ensuring 
the safety and stability of the slope.

4.5. Displacement

To obtain the law describing the internal displacement 
of the rock mass as the reservoir water level rose and fell, 
a section was set in the middle of the simulation model to 
obtain a horizontal displacement cloud map inside the rock 
mass, as shown in Fig. 11. It can be observed in the figure 
that the horizontal displacement inside the rock mass pre-
sented an obvious step-like change, with the displacement 
gradually decreasing with distance into the rock mass. The 
change law of the horizontal displacement can be basically 
divided into an adjustment zone, a stable zone, and a pro-
tolith zone. The adjustment zone was located in the range of 
0–25 m, where the horizontal displacement changed dras-
tically. This displacement was small when the water level 
rose and large when the water level fell. The stable zone was 
located around 50 m into the rock mass, where the change 
in displacement was small regardless of water level change. 
Finally, the protolith zone near the bedrock exhibited signifi-
cantly reduced displacement compared to the other zones.

Therefore, a rising water level can be considered equiv-
alent to adding constraints to the bank slope rock mass. 
Furthermore, and the internal rock mass displacement 
change was relatively continuous, indicating good internal 
stability. However, when the water level fell, the internal 
displacement of the rock mass was discontinuous, indicat-
ing that large fractures are prone to occur within, reducing 
the stability of the rock mass. The horizontal displacement 
increment of the landslide body owing to the rise of the res-
ervoir water level was very small overall, and was larger at 
the rear edge of the landslide mass than at of the front edge. 
On the other hand, the horizontal displacement increment 
of the landslide body owing to the falling reservoir water 
level was large, and the horizontal displacement incre-
ment of the landslide front edge was much larger than that 
of the rear edge; this will probably result in the instability 
and failure of the landslide mass. Therefore, the front edge 
of the landslide body near the reservoir bank is recognized 
as a key region that affects the stability of the slope. This 
region should accordingly be given strong consideration 
for slope treatment and monitoring.

5. Conclusion

This study conducted a series of numerical simulations 
of red bed slope behavior along the bank of a reservoir. The 
following conclusions were obtained from the results of the 
simulations.

• The pore water pressure, as induced in this study by 
seepage pressure, had a significant impact on the peak 
compressive stress and post-peak mechanical charac-
teristics of the simulated red bed material specimen.  

A horizontal initial fracture was found to have a more 
obvious impact on the peak compressive stress. As the 
initial fracture angle increased, the peak stress first 
increased and then decreased, while the compressive 
strength gradually decreased.

• The compressive strength of specimens with differ-
ent initial fracture angles gradually tended to the same 
value and the degree of influence of the initial fracture 
angle on the specimens behavior gradually decreased 
with increasing seepage pressure. The specimens mainly 
presented “X” shaped failure characteristics, indicating 
mainly shear failure; the shoulder angle presented ten-
sile–shear failure, and the upper and lower faces pre-
sented tensile failure.

• The fluctuations of the reservoir water level were 
observed to have a significant impact on the safety fac-
tor against slope failure. When the long-term water level 
fell to a given elevation, the bank slope safety factor was 
lower than that when the long-term water level rose 
to the same elevation, and the risk of slope instability 
increased when the reservoir water level fell rapidly.

• The bank slope exhibited a risk of local instability when 
the long-term water level rose, exhibited a risk of seg-
mental instability when the long-term water level fell, 
and segmental instability and penetration were generally 
observed, indicating overall instability and the poten-
tial for landslides.

• The horizontal displacement was found to play a major 
role in the deformation and failure of the bank slope rock 
mass. When the long-term water level fell, the differ-
ence between the deformation of the shallow rock mass 
and the deformation of the deep rock mass was large, 
and the traction and deformation effect of the shallow 
rock mass on the deep rock mass was more obvious.
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