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The deformation of high-steep rocky banks is caused by the self-weight of overlying rock mass and the fluctuation of reservoir
water. In this paper, the newly developed testing equipment and the particle flow code (PFC) were used to complete the cross-
scale study of the high-steep rocky banks under different mechanical states. The test conditions involved the dry state,
saturated state, and hydraulic coupling states under different confining pressures. Combined with the micrographs of the
fractured surface under different mechanical states, it can be found that the participation of the water could reduce the bond
contact and accelerate the deformation of the particles, ultimately leading to an increase in the plastic deformation and a
decrease in the peak strength of the rock mass. Compared to the saturated state, the water in the hydraulic coupling state was
not transferred though the storage space was compressed; thus, the water pressure would further promote the extension of the
microcracks. When considering the fluctuations of the reservoir water, the changes in the mechanical state may accelerate the
degradation rate of the rock mass. The related methods can provide data support and a theoretical basis to the evolution trend
of high-steep rocky reservoir banks.

1. Introduction

Since the implementation of experimental water storage in
the Three Gorges Reservoir area in 2008, the highest con-
trolled water level was 175m, and the lowest controlled
water level was 145m. With the increase of numbers of res-
ervoir water level fluctuations, a degradation zone up to
30m height is developed on both reservoir banks [1, 2].
The rocks in the degradation zone have been in a complex
dynamic mechanical environment, leading to degradations
at a visible rate [3, 4]. And this deterioration trend becomes
a key factor inducing the instability of the high-steep reser-
voir banks in the current stage [5–7]. Specifically, the foot
of the high-steep reservoir bank is located in the degradation
zone. During the fluctuations of the reservoir water, the base
rock mass circulates between two ultimate states, namely,
the dry state and the hydraulic coupling state [8, 9].

In the current test method, to establish a hydraulic cou-
pling environment, the rock is generally wrapped in a rubber
membrane, and seepage pressure is applied to one side of the
rock to form a pressure difference [10–13]. However, there is
a large gap between this test method and the hydraulic cou-
pling environment of the base rock mass on the reservoir
bank, and it has become an obstacle to further exploring
the mechanical properties of rocks in a complex mechanical
environment. It should be noted that the hydraulic coupling
state of high-steep rocky banks under actual working condi-
tions is a special mechanical environment without lateral
restraint [14]. Due to the fluctuations of the reservoir water,
the water pressure is also continuously changing.

In this study, newly developed testing equipment was
used to perform hydraulic coupling tests without lateral
restraint. Based on the results of the experiments and parti-
cle flow code (PFC), cross-scale analysis of the high-steep
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rocky bank under different mechanical states was conducted,
including the dry state, saturated state, and hydraulic cou-
pling state under different confining pressures. These work-
ing conditions basically cover the key mechanical states
under the fluctuation of reservoir water, providing data sup-
port and a theoretical basis for determining the evolution
trend of high-steep rocky reservoir banks.

2. Generalization of the Mechanical Model and
the Experimental Method

Taking the Jianchuandong dangerous rock mass (JDRM) in
the Three Gorges Reservoir area as an example, the mechan-
ical model of the rocky reservoir bank in the high-steep can-
yon area could be obtained (Figure 1). Specifically, the
middle-upper part was robust with fewer cracks than the
foot of the rocky bank. Mechanical analysis showed that
the self-weight of the middle-upper part could be simplified
to the axial compressive pressure. Moreover, the basal area
could be generalized using a damage model that incorpo-
rates long-term axial stress and the fluctuations of the reser-
voir water [15]. The monitoring data indicated that the base
rock mass pressure continued to increase with the fluctua-
tion of reservoir water. Therefore, a uniaxial compression
test was applied to simulate the dry state, and hydraulic cou-
pling tests with different water pressures were used to simu-
late the rise and fall of the reservoir water level. This type of
test could reflect the continuously increasing axial pressure
and the progressive deformation of high-steep rocky bank.
Notably, the focus of this study was the mechanical proper-
ties of the rocky reservoir bank under different mechanical

states, so the continuity of the transition between mechani-
cal states was not considered.

A multiscale mechanical experimental system (HMC-
1000-60) was used to study the effect of the hydromechani-
cal coupling (Figure 2). For the subject studied in this paper,
the most significant advantage of this equipment lies in the
application of hydraulic coupling. The water is directly used
to apply the confining pressure to the rock mass, which can
accurately represent the water-stress environment of the
rocky reservoir bank. A detailed description of this appara-
tus can be found in Liu et al. [16] and Zhou et al. [17].

2.1. Analysis of the Macrostrength. Based on the mechanical
model of the high-steep rocky bank, the rock samples under
five mechanical states were tested. These five mechanical
environments included uniaxial compression in the dry
state, uniaxial compression in the saturated state, and
hydraulic coupling under confining pressures of 0.3MPa,
1MPa, and 3MPa. The maximum water level difference in
the Three Gorges Reservoir area is 30m, which corresponds
to a water pressure of 0.3MPa. Therefore, we focused on a
water pressure of 0.3MPa [9]. Then, confining pressure
was increased by three times [12, 18], and the hydraulic cou-
pling states under 1MPa and 3MPa were further analyzed.
The saturated state was mostly used in the conventional
dry-wet cycle test [8, 19], and it was used as a control group
to reveal the mechanical properties of the rocky reservoir
bank. Specifically, the samples were naturally soaked in
water for 48 h to achieve the saturated state [15, 20, 21]. A
comparison of different testing conditions is shown in
Figure 3.
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Figure 1: The mechanical model of the high-steep rocky reservoir bank.
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The samples were limestone collected from the degrada-
tion zone in the Three Gorges Reservoir area. Three samples
were tested in each mechanical state, and the typical test
curves under different testing conditions were compared
during the analysis (Figure 4).

For the dense limestone used in the tests, the uniaxial
compressive strength was 5.10% lower in the saturated state
than in the dry state, but this decrease could be neglected.
This indicated that the saturated state had less effect on the
strength of the dense limestone. However, the strain corre-
sponding to the saturated state’s peak strength was higher
than that of the dry state, indicating that the plasticity of
the limestone increased in the saturated state. This difference
in plasticity may be amplified when the rock mass was con-
verted between the dry and saturated states.

Under the hydraulic coupling mechanical conditions of a
low confining pressure (0.3MPa), the strength of the lime-
stone would be further reduced compared to that of the sat-
urated state. Specifically, the strength of the limestone in the
0.3MPa hydraulic coupling state was 3.64% lower than that
in the saturated state, and it was 8.56% lower than that in the
dry state. This phenomenon revealed that the participation
of the water increased under hydraulic coupling. And the
mechanical state of hydraulic coupling could soften the
rock’s particles and accelerate the failure process through
the existing microdamage.

As the confining pressure continued to increase, the peak
strength of the limestone gradually increased. In terms of the
actual working conditions, the peak strength of the rock
mass in the deep-water area was higher than that in the
shallow-water area. Although the peak strength of the rock
mass increased, the amount of plastic deformation contin-
ued to increase. The relevant analysis will be further ana-
lyzed after obtaining the microscopic parameters via
numerical simulation.

2.2. Quantitative Study of the Microparameters. At present,
with the development of computer technology, many
numerical calculation methods have been introduced to ana-
lyze the evolution process [22, 23] and regional distribution
of natural hazards [24, 25]. Compared to the continuum
mechanics methods [26, 27], PFC can be used to study the
mechanical properties and behavior of the elements from
the perspective of microstructure [28, 29]. To be specific,
the PFC can simulate the movement of and interactions
between finite-sized particles. These particles are defined as
rigid elements with finite masses that move independently
of one another and can both translate and rotate. The parti-
cles interact at pair-wise contacts through the internal forces
and moments. The contact mechanics are embodied in the
particle-interaction laws that update the internal forces and
moments. The time evolution of this system is computed
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Figure 2: The experimental system for the mechanical model.
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Figure 3: Comparison of the testing conditions.
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via the distinct-element method, which provides an explicit
dynamic solution to Newton’s laws of motion. The PFC
model provides a synthetic material consisting of an ensem-
ble of rigid grains that interact at contacts and include gran-
ular and bonded materials [30–32].

The linear parallel bond model (LPBM) was used to
define the contact relationships between the particles in the
numerical calculations. This bond model is primarily
employed to simulate materials such as rock and concrete.
And it has the characteristics of a high bond strength and
can withstand bending moments and other loads.

There are two interfaces of LPBM: an infinitesimal,
linear elastic (no-tension), frictional interface that carries
a force and a finite-size, linear elastic, bonded interface
that carries a force and moment (Figure 5). Generally,
the first interface is equivalent to the linear model. When
the second interface is bonded, it resists the relative rota-
tion, and its behavior is linear and elastic until the
strength limit is exceeded and the bond breaks, making
it unbonded. If the second interface is unbonded, it
carries no load.

According to the macrotest data, the numerical simula-
tion parameters were calibrated through multiple correc-
tions. Thus, the numerical model can realistically reflect
the loading process of the sample and link the macromecha-
nical parameters to the microparameters. Based on the con-
stitutive relationship of the LPBM, the calibration of the
microparameters followed these principles:

(i) The parallel bond model degenerated into a linear
contact model after the bond was broken. There-
fore, when the sample was under tension or com-
pression, the parallel bond part worked, but its
deformation modulus was different. The linear con-
tact part only worked when the sample was pressed

(ii) Poisson’s ratio of the elastic deformation was
affected by the normal-to-shear stiffness ratio, and
these two parameters were linearly related

(iii) The value of the effective bond modulus was deter-
mined by the elastic modulus, and these two param-
eters were linearly related

Dashpot force (Fd), not shown.
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Figure 5: The constitutive model of the LPBM. gs is the surface gap, kn is the normal stiffness of the linear bond, ks is the shear stiffness of the
linear bond, μ is the friction coefficient of the linear bond, �kn is the normal stiffness of the parallel bond, �ks is the shear stiffness of the parallel
bond, �σc is the tensile strength of the parallel bond, �c is the cohesion of the parallel bond, and ϕ is the friction angle of the parallel bond.
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Figure 4: The stress-strain curves under different mechanical states.
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(iv) The failure mode of the sample was determined by
the normal-to-shear stiffness ratio

(v) After the normal-to-shear stiffness ratio of the bond
was determined, the amplification factor of the
microscopic bonding parameter was linearly related
to the axial compressive strength

In the process of constructing the numerical model, the
porosity was set to 0.01; the diameter of the particle unit
was set as 0.6–0.8mm; and then, a 2D model with a diameter
of 50mm and a height of 100mm was established. There
were 3186 particles and 8078 initial contacts in this numeri-
cal model. The same physical model was used to quantita-
tively analyze the microparameters in the different
mechanical states. The calculation model constructed using
the PFC is shown in Figure 6.

Compression tests and tensile tests were conducted to ana-
lyze the mechanism of the macrosettings under corresponding
microparameters. Due to the mutual influence of each param-
eter, it was necessary to further modify the contact model’s
microparameters. In the initial compaction stage (strain of less
than 0.002), the related elastic modulus was about 10% of the
linear stage’s elastic modulus. This feature was simulated
through the PFC programming. The numerical simulation
experiments of the remaining four mechanical states were also

carried out using the same method. The relevant numerical
results are shown in Figure 7.

As can be seen from the comparison, the results of the
numerical simulation are in good agreement with the experi-
mental data, and the corresponding law of the mechanical
properties of the sample can be realized from amicroscopic per-
spective. This method provides data support to the quantitative
analysis of the characteristics under different mechanical states.

2.3. Cross-Scale Analysis of the Mechanical Properties. Dur-
ing the numerical experiments, the compressive strength, ten-
sile strength, and cohesion strength were extracted to reflect
the macromechanical properties of the rock mass. And the
effective modulus, the bond effective modulus, the normal-
to-shear stiffness ratio, and the bond normal-to-shear stiff-
ness ratio were used to define the microcharacteristics of the
particles. The relevant mechanical parameters involved in
the numerical simulation are shown in Table 1. The trends
of the parameters related to strength and deformation are
shown in Figure 8.

By combining the constitutive relationship of the LPBM
and the sensitivity analysis of the critical micro-parameters,
the mechanical properties under the different states can be
summarized as follows.

(a) (b)

Figure 6: The numerical model of the particle flow. (a) The particle diagram of numerical model. (b) The force bond diagram of numerical
model.
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Table 1: Parameters under different mechanical states (obtained from the numerical simulation).

(a)

The macroparameters
Uniaxial compression

in dry state
Uniaxial compression in

saturated state
Hydraulic coupling

(0.3MPa)
Hydraulic

coupling (1MPa)
Hydraulic

coupling (3MPa)

Peak intensity (MPa)/test
data

54.9 52.1 50.2 54.5 58.6

Poisson’s ratio/test data 0.25 0.25 0.26 0.26 0.26

Elastic modulus (GPa)/
test data

12.5 9.82 7.5 7.42 7.21

Tensile modulus (GPa)/
theoretical data

9.615 7.262 5.762 5.707 5.54

(b)

The microparameters
Uniaxial compression

in dry state
Uniaxial compression in

saturated state
Hydraulic coupling

(0.3MPa)
Hydraulic

coupling (1MPa)
Hydraulic

coupling (3MPa)

Effective modulus
(GPa)

6.518 5.112 2.845 2.78 1.532

Bond effective modulus
(GPa)

6.615 4.852 4.373 4.351 4.223

Normal-to-shear
stiffness ratio

1.2 1.05 1.0 1.0 1.0

Bond normal-to-shear
stiffness ratio

1.2 1.2 1.2 1.2 1.2

Tensile strength (MPa) 28.49 28.2 27.3 23.39 21.89

Cohesion strength
(MPa)

23.74 23.5 22.8 19.99 18.24
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Figure 8: The trends of the parameters related to strength and deformation. (a) Comparison of macroparameters. (b) Comparison of
microparameters.
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As the rock mass changed from the dry state to the sat-
urated state and then to the hydraulic coupling state, the
elastic modulus continued to decrease, while the plastic
characteristics continued to strengthen. Microscopically,
the effective modulus and the bond effective modulus of
the particles decreased. That is, when the degree of water
participation increased, the bond effective modulus of the
particles decreased under compression and tension. After
the bond contact between the particles broke and the parallel
bond model degenerated into linear contact, the effective
modulus of the particles also decreased. The participation
of the water accelerated the deformation between the parti-
cles and eventually led to an increase in the plastic deforma-
tion of the rock mass.

Similarly, as the degree of water participation increased,
the bond contact between the particles became smaller. Fur-
thermore, the number of fractures between the particles
increased, which accelerated the destruction of the rock
mass and eventually led to a decrease in the peak strength.

3. Discussion

Based on the mechanical state revealed by the laboratory
experiments and the numerical simulations, the mechanical
mechanism between the rock particles under different
mechanical states can be further discussed (Figure 9).

In the saturated state, when the space occupied by the
water was compressed, the water was transported, causing
the water to have a limited impact on the particle contacts.
In the hydraulic coupling state, the compression of storage

space did not affect the water pressure. Moreover, the con-
tinuous existence of water pressure accelerated the breaking
of the contact bond between the particles and further pro-
moted the extension of these microcracks. This was the rea-
son of the difference in the mechanical properties between
the saturated state and the hydraulic coupling state.

As the water pressure increased from 0.3MPa to 1MPa
and then increased to 3MPa, the micromechanical parame-
ters continued to decrease, even though the macromechani-
cal strength increased. This phenomenon generated because
the increase in the water pressure restricted deformation to a
certain extent and further weakened the bond contacts
between the particles. It should be noted that the reduction
in the elastic modulus on the macroparameters was rela-
tively small. When the contact broke into the microcracks,
the increase in the water pressure had little effect on the
bond effective modulus between the particles, but it had a
more significant impact on the effective modulus.

The results of scanning electron microscopy (SEM) of the
samples under different mechanical states were selected for
comparative analysis (Figure 10). Note that the chosenmicro-
graphswere taken from the fractured surface of the rockmass.

The observations of the microstructures revealed that the
fracture surface in the dry state was rough, with more loose
material. The content of the loose material was the smallest
in the hydraulic coupling state, followed by the saturated
state. When the degree of water participation was higher,
the energy needed to break the bond between the particles
was lower; the fractured surface was relatively smooth; and
fewer free particles were generated. This phenomenon not

Figure 9: The particles under different mechanical states.

5 μm 5 μm 5 μm   

(a) (b) (c)

Figure 10: Micrographs of the fractured surface under different mechanical states (5000 times magnification). (a) Uniaxial compression in
the dry state. (b) Uniaxial compression in the saturated state. (c) Hydraulic coupling under a confining pressure of 1MPa.
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only demonstrated that it is feasible to establish a micro-to-
macro link through numerical simulation but it also pro-
vided an evidence to the special mechanical state of hydrau-
lic coupling.

As for the high-steep rocky bank, the weak base rock
mass in the degradation zone is the key to the overall insta-
bility. When considering the changes in the reservoir water
level, the evolution of the high-steep rocky bank will become
more complicated. It can be found that the change in the
hydraulic coupling confining pressure leads to continuous
changes in the plastic characteristics of the foot of the rocky
bank. And this change in the mechanical state may acceler-
ate the degradation rate of the rock mass.

4. Conclusions

Based on the generalized mechanical model, the newly
developed test equipment, numerical simulation, and SEM
were used to perform the cross-scale study of the high-
steep rocky banks under different mechanical states. And
the conclusions can be obtained as follows:

(1) The deformation of high-steep rocky bank was
affected by the self-weight of overlying rock mass
and induced by the fluctuation of the reservoir water.
In this paper, uniaxial compression tests were used
to simulate the dry state of the rock mass, and
hydraulic coupling tests with different water pres-
sures were used to simulate the rise and fall of the
water level. These tests could reflect the increasing
axial pressure and the progressive deformation of
high-steep rocky bank

(2) As the rock mass changed from the dry state to the
saturated state and then to the hydraulic coupling
state, its strength continued to decrease, and its plas-
tic characteristics continued to strengthen. The par-
ticipation of water reduced the bond contact and
accelerated the deformation between the particles,
eventually leading to an increase in the plastic defor-
mation and a decrease in the peak strength

(3) There were differences in the mechanical properties
of the rock mass under the saturated state and the
hydraulic coupling state. In the hydraulic coupling
state, the water was not transferred due to the com-
pression of storage space, and the water pressure
continued to weaken the contact bond between the
particles. Therefore, the hydraulic coupling state
could accelerate the breaking of the bonds between
the particles and further promote the extension of
the microcracks

(4) The increase in water pressure restricted the defor-
mation of the rock mass to a certain extent and fur-
ther weakened the bonds between the particles,
which led to an increase in the peak intensity and a
reduction of the microparameters. When consider-
ing the fluctuations of the reservoir water, this

change in the mechanical state may accelerate the
degradation rate of the rock mass
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