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Faults or joints widely exist in rock masses, which deeply affect the mechanical
properties of rock. The seismic frequency of the Gaoqiao fault and its surrounding
areas in the Three Gorges Reservoir area before and after water storage is significantly
higher than that in other areas. In this study, a curved joint is used to simulate the
occurrence characteristics of the Gaoqiao fault, and the influence of reservoir water is
simulated by adjusting the fracture water pressure. Compared with the changes of joint
surface morphology parameters before and after the test, it is found that the macro
failure characteristics of rock samples are in good agreement with the
micromorphology changes of the joint surface. Among them, the parameters such
as root-mean-square height (Sq), arithmetic mean height (Sa), reverse load area ratio
(Smc), and minimum autocorrelation length (Sal) can better characterize the joint
surface deterioration of rock samples under the action of fracture water pressure.
The test results have a certain reference value for studying the fault response under the
action of reservoir water.
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INTRODUCTION

Faults or joints are widespread in rock masses, and the mechanical characteristics of the rock
masses vary with the environment in which they occur [1]. Especially, the mechanical response
of faults or joints has a significant influence on the mechanical properties of the rock mass
within the reservoir’s influence range. In 1963, during the impounding of the Vajont Dam in
Italy, rainstorms triggered the sliding of the left bank rock mass along the internal structural
plane, with a volume of 240 million cubic meters, resulting in serious casualties and property
losses [2–4]. On July 13, 2003, Qianjiangping Village, Zigui County of China, suffered a sudden
decline of more than 15 million square meters, resulting in houses collapsing, plant destruction,
traffic interruption, river blockage, and 24 deaths. According to the analysis of deformation
traces, sliding process, and mechanical causes of the landslide, it was concluded that
Qianjiangping landslide was a new-type, super-large, high-speed, deep bedding rock
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landslide of the reservoir which was mainly induced by
reservoir impounding, combined with strong rainfall [5].

The existence of a rock mass interruption layer or joint in a
reservoir area not only causes shallow geological disasters such
as landslides but also induces a series of reservoir earthquake
problems in the deep crust. The 1967 earthquake at the M6.5
reservoir at the Koyna Dam in India caused about 180 deaths
[6–8]. Similarly, the 1966 M6.3 reservoir earthquake at
Kremasta reservoir in Greece [9], the 1963 M6.1 reservoir
earthquake at Kariba reservoir in Zambia–Zimbabwe [10, 11],
and the 1962 M6.1 reservoir earthquake at Xinfengjiang
reservoir in China [12] are also included. Seismologists
mainly study from the perspective of seismology, focusing
on the study of specific seismic parameters such as focal depth,
corner frequency, seismic moment, seismic energy, apparent
stress, fractal dimension, and b value [13–17]. Hydraulic
fracturing technology commonly used in the field of energy
exploitation may also produce similar induced seismic effects
[18, 19].

Therefore, the study of the mechanical response of joint
surface under natural water provides a new idea for studying
geological disasters and reservoir earthquakes in reservoir areas.
Previous studies have shown that the mechanical properties of
compression and shear of jointed rock masses deteriorate under
the action of water [20, 21]. The seismogenic fault of reservoir
earthquakes is generally affected by groundwater, in-situ stress,
and other factors. The porosity, pore geometry [22], and fracture
surface [23] of different types of rock masses are different.
Coupled with the changes in the groundwater storage
environment (such as fracture water pressure), the pore water
pressure in rocks shows great differences.

However, most of the above studies only consider the variation of
joint shape and fracture water pressure. The deep rock mass in the
reservoir area is also affected by water pressure at the fracture surface
and pore water pressure, which makes its mechanical properties
more complex. Furthermore, in the laboratory test of rock
mechanics, most studies mainly generalize the natural joints as
linear or plane joints [24–27], and the occurrence form is
through joints or non-through joints. However, in the process of
actual geological structure evolution, different strata and faults are
mostly curved surfaces from a macro point of view.

In this study, immersion saturation of rock mass with listric
fault in the reservoir area and crack water pressure are
considered. Triaxial compression tests of dry and saturated
rock samples were carried out by simulating the listric fault
structure with curved joints in the samples. At the same time,
different fracture water pressures are applied to the fractured
surface of rock samples to simulate the dry and wet state of rock
mass during impounding. By comparing the changes of three-
dimensional morphological parameters of the joint surface before
and after the test, the morphological parameters which can
characterize the variation of joint surface are screened out,
and the three-dimensional morphological changes of the joint
surface under different conditions are studied by combining the
strength and failure characteristics. The test results can provide
some reference for mechanical response research of listric fault
structure in the reservoir area.

EXPERIMENT

Sample Preparation and Experimental
Apparatuses
The rock samples are taken from the Gaoqiao fault area where
earthquakes are more frequent in the Three Gorges Reservoir area
and where the Triassic Jialingjiang Formation thick limestone is
widely distributed. From the perspective of the geological
structure, the Gaoqiao fault is larger in the Badong section of
the Three Gorges Reservoir area, which has the conditions to
“trigger” structural reservoir earthquakes. According to the rock
outcrops in this area (Figure 1), the rock inclination angle is from
steep to gentle, about 20°–40°. The preparation method is to first
drill and core the rock blocks retrieved on-site and then perform
joint cutting with a water jet, and finally obtain a rock sample with
curved joints. The permeable hole at the bottom of the rock
sample is used to exert fracture water pressure on the joint
surface.

The French Top Industrie rock triaxial tester is used for the
triaxial stress-fracture hydraulic coupling test, and the
ST500 three-dimensional noncontact surface profiler is used
for the study of the microscopic characteristics of the joint
surface (Figure 2).

The basic physical and mechanical parameters of the complete
rock sample obtained through the triaxial test are shown in
Table 1.

In the triaxial compression test, when the confining pressure is
5, 10, 15, 20, and 25 MPa, the corresponding triaxial compressive
strength is 169.22, 194.02, 234.76, 271.53, and 307.73 MPa,
respectively. According to the fitting formula of triaxial
compressive strength under different confining pressures, the
uniaxial compressive strength is 129 MPa.

Test Method
According to the stress conditions of rock mass in the study
area, in the triaxial test, the initial axial pressure is 100 MPa
and the confining pressure is 50 MPa. The rock samples in dry
and saturated states are selected, respectively, to simulate the
rock mass state before and after water storage. After reaching
the initial stress state, different water pressures (0, 5, 10, and
20 MPa) are applied to the fracture surface through the
permeable hole at the bottom of the rock sample. During
the test, the loading rate of axial pressure, confining
pressure, and the water pressure remains constant. In the
test, the axial pressure loading rate is 2 MPa/min, the
confining pressure loading rate is 1 MPa/min, and the
hydraulic loading rate is 1 MPa/min. When the water
pressure reaches the predetermined value, it needs to be
maintained for 30 min to ensure that the water pressure is
evenly distributed on the fracture surface. After the water
pressure is maintained for 30 min, the axial pressure is
applied continuously until the sample is damaged.

Through the triaxial compression tests of dry and saturated
jointed rock samples under different fracture water pressures, the
alternation of three-dimensional morphology parameters and
macro-mechanical properties of the joint surface before and
after the test are compared, and the correlation between the
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FIGURE 1 | Seismic Earthquake distribution (M ≥ 3.0) and sampling map in the Three Gorges Reservoir area since the impoundment.

FIGURE 2 | Test instruments.
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morphology parameters of the joint surface and the mechanical
properties of rock mass is studied.

Three-dimensional Surface Texture
Parameters
On the upper and lower parts of the contact surface (joint surface)
of the rock sample, there are complex shapes with different

heights, depths, and gaps. Among them, the small spacing and
the unevenness of the small peaks and valleys on the surface are
called surface roughness. During the loading process, the upper
and lower parts of the rock sample will inevitably have frictional
slippage on the contact surface (joint surface). Therefore,
observation and analysis of the microscopic morphology
parameters (surface roughness) of the joint surface before and
after the test is helpful for the comprehensive analysis of the rock

TABLE 1 | Basic physical and mechanical parameters of the rock sample.

Parameters Density (g/cm3) Elastic Modulus
(GPa)

Deformation Modulus
(GPa)

Cohesion (MPa) Internal Friction
Angle (°)

Tensile Strength
(MPa)

Value 2.69 45.59 48.89 22.27 50.28 6.05

TABLE 2 | Definitions of three-dimensional morphological parameters.

Symbols Name Definition

Sq RMS height The standard deviation of the height distribution or RMS surface roughness. Computes the standard deviation for the
amplitudes of the surface

Sa Arithmetical mean height Mean surface roughness
Smc Inverse areal material ratio Height c at which a given areal material ratio p is satisfied. The height is calculated from the mean plane
Sal Autocorrelation length The horizontal distance of the autocorrelation function (tx, ty) has the fastest decay to a specified value s, with 0 < s < 1. The

default value for s in the software is 0.2
This parameter expresses the content in the wavelength of the surface. A high value indicates that the surface has mainly
high wavelengths (low frequencies)

RMS, root mean square.

FIGURE 3 | Strength and failure characteristics of dry and saturated samples (Thick white lines represent the principal cracks and the thin white lines represent the
secondary cracks).
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sample—the changing characteristics of joint surfaces in the
destruction process and the impact of changes in the external
environment can also be explored through microscopic
morphology parameters. Since the joint surface of the rock
sample is a curved surface arranged obliquely, to better collect
the morphological features, the angle between the axis of the
sample and the normal of the horizontal plane is maintained at
30° during scanning. According to the geometric characteristics of
the joint surface, the root-mean-square height (Sq), arithmetic
average height (Sa), reverse load area ratio (Smc), and minimum
autocorrelation length (Sal) are selected as the main analysis
parameters.

The parameter formulae definitions are shown in Table 2.

CORRELATION ANALYSIS OF
MACROSCOPIC MECHANICAL
CHARACTERISTICS AND THREE-
DIMENSIONAL MORPHOLOGICAL
CHARACTERISTICS

It can be seen from Figure 3 that the triaxial compressive
strength of the dry sample is greater than that of the saturated
sample under different fracture water pressures. It shows that
the saturation state degrades the strength of the jointed rock
mass. For dry rock samples, when the fracture water pressure is
low, the strength deterioration is not obvious, and when the
fracture water pressure rises to 20 MPa, the strength decreases
significantly. According to the available data, the depth of the
reservoir earthquake in the Three Gorges Reservoir area is
4–10 km. Without considering the excess pore water pressure,
the hydrostatic pressure of the magnitude depth of the
reservoir earthquake will reach 40–100 MPa. Obviously,

under the condition of reservoir water storage, the
deterioration of the mechanical properties of seismogenic
faults is inevitable.

According to the distribution of cracks when the specimen
is a failure, when the fracture water pressure is low, a single
through crack appears and a few secondary cracks distributed
along the joint plane appear; when the fracture water pressure
is higher, multiple through cracks and secondary cracks
appear. It can be inferred from this that the specimens
under low water pressure are dominated by
compression–shear failure. With the gradual increase of
water pressure, the failure mode turns to slide shear failure
along the joint plane. The changes of the morphological
characteristic parameters indicate that the morphological
characteristics of the joint surface are closely related to the
failure form of the sample. The change rate of surface
topography parameters is shown in Tables 3, 4. The
variation trend of each parameter is shown in Figure 4.

Based on the change rate of topography parameters, it can be
concluded that the wear degree of concave and convex surfaces
along the curved joints is different.

The alteration of Sq is used to characterize the degree of
dispersion of the height of each point. The Sq value of the
dried sample under the condition of lower water pressure
changes greatly, indicating that the frictional damage of the
joint surface under pressure is more significant on the dried
sample. The Sq values of the concave surface of the saturated
samples all increase, while the Sq value of the convex surface
decreases, indicating that the damage degree of the concave
surface is greater than that of the convex surface.

Another spatial parameter Sa is used to characterize the
arithmetic average height of each point on the surface. For dry
samples, the changing trends of the concave and convex surfaces
of the joint surface are almost opposite. Even when the surface is

TABLE 3 | The change rate of morphological parameters of dry rock samples (%).

Fracture
Water
Pressure

0 MPa 5 MPa 10 MPa 20 MPa 0 MPa 5 MPa 10 MPa 20 MPa

Parameters Concave joint surface Convex joint surface

Sq 31.88 −34.02 −0.62 −8.90 −14.80 −35.77 4.19 −13.88
Sa −6.22 −30.04 14.83 3.27 −13.00 −31.65 6.22 −11.65
Smc −11.44 −29.05 18.38 −16.60 −16.05 -41.29 −7.45 4.02
Sal −4.78 −5.71 −0.03 −9.31 1.66 0.72 1.31 −0.87

TABLE 4 | The change rate of morphological parameters of saturated rock samples (%).

Fracture
Water
Pressure

0 MPa 5 MPa 10 MPa 20 MPa 0 MPa 5 MPa 10 MPa 20 MPa

Parameters Concave joint surface Convex joint surface

Sq 0.21 4.99 75.30 1.29 −24.06 −18.77 −7.87 −2.87
Sa 3.78 2.59 67.57 9.20 −20.11 −14.16 −6.37 −0.61
Smc 3.48 −8.35 46.55 18.90 −29.41 −7.54 −5.26 2.79
Sal −0.24 −3.62 −9.52 4.35 0.40 −6.44 1.73 −2.86
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worn, the roughness of the concave surface is still greater than
that of the convex surface.

A functional parameter Smc is used to characterize the change in
smoothness of the joint surface, and the decrease of the parameter
indicates the decrease of the surface roughness. The Smc values of
the concave and convex surfaces on the joint surface of the dried
sample under different water pressures mainly showed a decreasing
trend, indicating that the slippage of the sample along the joint
surface would reduce the roughness of the joint surface. The increase
of the Smc value of the concave surface of the saturated sample is
related to the change of the surface morphology caused by the
formation of secondary cracks.

The Sal, a spatial parameter, is an autocorrelation function.
According to the profile variation of the measured surface, Sal
represents the overlap between the height data after offset and
the height data itself. If the offset is small, the overlap portion is
large, so the autocorrelation also becomes large. If the offset is
large, the overlap portion is small, so the autocorrelation also
becomes small. The changes of the Sal value under different
samples and different water pressures are all within 10%,
indicating that the relative deviation of the upper and lower
parts of the rock sample is relatively small on the whole.

It can be inferred from the various characteristics of the above
joint surface that under the joint action of external load and
water, more failure cracks will appear in the lower half of the fault,
to form more reservoir water infiltration channels, which may
induce deeper earthquakes. According to the variation trend of
parameter Sal, the relative slip of the upper and lower surfaces of

the seismogenic fault should be within 10%, so multiple
earthquakes may occur in the same area.

CONCLUSION

The rock mass containing curved fault structures in the reservoir
area is affected by water storage, and its mechanical properties are
degraded. Through the triaxial compression test, the article
considers the effects of dry and saturated conditions and the
water pressure of different fracture surfaces, combined with the
failure characteristics of the sample, and analyzes the degree of
change of the topography parameters on the joint surface. It is
concluded as follows:

For curved joints, under pressure, the adjacent surfaces
contacted by the joint have different degrees of wear.

The morphology change of the joint surface is affected by the
main failure mode of the sample, and the wear degree of the dry
sample is greater than that of the saturated sample.

The convex surface of the saturated sample shows a trend of
decreasing surface morphology with the increase of the fracture
water pressure, indicating that water has a certain lubrication
effect on the joint surface, and the greater the water pressure, the
more significant the lubrication effect.

For dry rock samples, the lubrication effect of fracture water
pressure is not obvious. It is because the fissure water partially
acts on the saturation process, and the lubrication effect on the
joint surface is weakened.

FIGURE 4 | Comparison of the change rates of morphological parameters with different samples and joint surfaces.
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The test results reveal the trend that reservoir earthquakes
extend to the deep and occur repeatedly in the same area.
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