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Since water storage, earthquakes occurred in Badong County, Hubei Province,
accounted for as much as one-third of the strong earthquakes in the Three
Gorges Reservoir area. For example, the MS5.1 earthquake occurred in December
2013 near the Gaogiao fault in Badong County. The earthquake time, magnitude, and
location analysis showed that reservoir earthquakes in this area exhibited some
characteristics, such as periodicity, migration, and deep extension. Based on the
regional stratum lithology and structural characteristics, this paper designed a curved
joint on a small scale to simulate the structural morphology of the Gaogiao fault and
carried out triaxial compression tests under different immersion times to analyze the
morphological parameters of the joint surface. The results showed that topological
parameters such as root mean square height (Sq), arithmetic average height (Sa),
reverse load area ratio (Smc), and minimum autocorrelation length (Sal) could
effectively characterize the degree of damage and deterioration of curved joints.
The test privides a reference for analyzing the evolution law of the seismic
characteristics of the reservoir.

Keywords: reservoir earthquake, curved joints, seismic laws, three-dimensional shape parameters, mechanical
properties

INTRODUCTION

In the construction of engineering activities, such as reservoirs and energy exploitation, human
beings found the induced earthquakes [1] and began to study their temporal and spatial distribution
[2-5], regional lithology [6-8], and dynamic response [9].

Reservoir earthquake is a geological phenomenon with complex seismic geology, long duration,
and varying damage degrees. The mechanism of the reservoir earthquake has not been fully studied
so far. Reservoir earthquake is also one of the special problems in the large-scale development and
utilization of water resources. For high dams and large reservoirs, moderate or large earthquakes may
cause damage to hydraulic structures and losses of personnel and property. So far, the M6.3 Koyna
earthquake that occurred on December 10, 1967, has been the largest and the most destructive
reservoir-triggered earthquake [10]. The earthquake caused about 200 deaths, 1,500 injuries and left
thousands homeless. More than 300 M > 3 earthquakes occurred in the Koyna Dam reservoir area
from 1963 to 1995. In terms of the probability of occurrence, not all reservoirs will necessarily have a
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reservoir earthquake after establishment. The seismicity includes
the increase in seismic activity after water storage [11], weakening
[12], periodic changes, changes during an earthquake [13], etc.

Harsh K. Gupta et al. [14] found that some large reservoirs did
not trigger earthquakes, while some small reservoirs caused
obvious seismic activity. They believe that geology and
structure may be important factors in determining the
potential earthquake of a reservoir. Talwani [15] used
improved positioning parameters to analyze multiple
earthquakes in the Koyna area and inferred that seismogenic
blocks were under several fluid-filled fracture zones. Seismic
activity occurred westward in the Koyna River Fault Zone
(KRFZ) and eastward in the northeast-south-south Patan fault.
The northwest-southeast rupture that separates the area between
the KRFZ and Patan faults may be the channel that extends from
the near-surface to the depth of the earthquake source, allowing
the penetration of fluid into the depth of the earthquake source.
Therefore, the special geological structure is one of the factors
that must be considered in the seismic research of reservoirs.

The Three Gorges Project is the largest water conservancy project
in China. The earthquake monitoring in the Three Gorges Reservoir
area began in 1954. Based on the monitoring data, the largest
earthquake in the reservoir area before the dam impoundment
was the Ms5.1 earthquake in Longhuiguan, Zigui County in 1979.
According to the “Ecology and Environmental Monitoring Bulletin of
the Three Gorges Project on the Yangtze River” (1996-2017) issued
by the Ministry of Environmental Protection over the years,
earthquakes in the reservoir area are mainly distributed in Badong
County, Zigui County, Hubei Province, and Wushan County,
Chongqing City. Many scholars [16-19] believe that the
earthquake that occurred in Badong County, Hubei Province, is
inextricably linked to the special geological structure of the area,
especially the Gaoqiao fault.

At present, seismic research on special geological structures still
focuses on seismic parameter research [20], with little consideration
of the special shape of the structure [21]. The existing literature
[22-24] on jointed rock masses mainly studies the influence of
geometric parameters, including the inclination angle [25], length,
and connectivity rate [26], on the mechanical properties of rock
masses. There are few joint studies on the inclination angle changes.
In this paper, the listric fault structure of the Gaogiao fault was
simplified as a curved joint in the rock sample. Long-term soaking
was carried out for the limestone in the seismic area of the reservoir,
and triaxial compression tests considering the water pressure of the
fissure were carried out to study the morphological characteristics of
the joint surface. Combined with the temporal and spatial laws of
reservoir earthquakes, the mechanism of triggering earthquakes was
analyzed. The results indicated that the changes in the morphological
characteristics of the joint surfaces could explain the seismic laws of
the reservoir in the listric fault structure area.

SEISMIC LAW OF BADONG SECTION IN
THREE GORGES RESERVOIR AREA

According to the statistics of the “Operation Record of the Three
Gorges Project on the Yangtze River” released by the Yangtze
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Three Gorges Group, from the beginning of water storage in 2003
to the maximum water level in 2009, the number of earthquakes
in the Three Gorges reservoir area has reached tens of thousands.
Earthquakes in the reservoir area are mainly manifested in weak
earthquakes, slight earthquakes, and extremely small
earthquakes, and individual earthquakes have reached the level
of moderate to strong earthquakes. Due to artificial earthquakes
and the loss of some seismic data before 2009, this article mainly
analyzed earthquakes with a magnitude greater than 1 in Badong
County from 2009 to 2020.

Periodic

The number of earthquakes from 2009 to 2020 is listed in
Figure 1. At the initial stage of the 175m testing
impoundment from 2009 to 2010, the number of earthquakes
in the reservoir increased rapidly, forming the first peak after
impoundment. From 2011 to 2013, the number of earthquakes in
the reservoir declined, entering a period of relative calm. From the
end of 2013 to the end of 2014, the number of earthquakes in the
reservoir increased again, and the intensity was weaker than that
from 2009 to 2010. From 2015 to mid-2017, the reservoir
earthquake entered a relatively quiet period once again. From
mid-2017 to 2018, the number of reservoir earthquakes
rebounded again, entering a relatively active period. The
average time of the relative active period is 2 years, and the
average time of the relatively quiet period is 3 years.

Migration

In order to clearly illustrate the movement of the epicenter,
Figure 1 only shows the epicenter location of the reservoir
earthquake from 2009 to 2011. Most earthquakes are located
on both sides of the Gaoqiao fault north of the Yangtze River.
Although the earthquake distribution has been concentrated and
mostly near the Gaoqiao fault during the relatively active period
of reservoir earthquakes from 2009 to 2010, the trend of the
epicenter moving to the periphery is obvious.

Extension Downward

The focal depth of the reservoir earthquake is mainly
concentrated in 3-10km, indicating that the rupture
distribution area in the formation is relatively concentrated.
Since 2016, the maximum depth of the seismic source has
shown an increasing trend (Figure 1). From 2016 to 2020,
many earthquakes with a depth of about 20 km have occurred
in the reservoir area, indicating that the scope of influence of the
reservoir water is extending to the deep crust.

EXPERIMENT METHOD

Since the Three Gorges reservoir area began to store water in 2003,
the number of earthquakes in the Badong Reservoir of the Three
Gorges Reservoir area has increased significantly. The occurrence of
earthquakes is closely related to the water level, the water storage
period [27], and the special geological structure of the Gaogiao fault.
This article generalized the Gaogiao fault and strata into limestone
samples with variable dip angle joints and soaked them for different
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FIGURE 1 | Seismic law of Badong Reservoir in the Three Gorges Reservoir area.

g
%.’_15— .
Tl o .
I]?Iatli)()[}%Col.mty, ol ~ o] ' ‘ . 6 i f
ubei Province, China gy 0 .
Ze pt °
R'Ver °{ Focal depth changes with time

2008

2014 2016 2018 2020

Year

2010 2012

FIGURE 2 | Schematic diagram of sample and test process.
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lengths of time in advance to simulate the immersion effect of
reservoir water on the strata in the reservoir area. According to the
characteristics of water level change, the water level is divided into
four periods: high water level period (from December to February of
the next year), water level descending period (from March to May),
low water level period (from June to August) and water level rising
period (from September to November). The average time of each
period is 90 days, the maximum immersion time is set to 90 days.
After the immersion, fracture water pressure was applied to the joint
surface. A triaxial compression test was carried out to simulate the
mechanical response of the fault under the long-term action of
reservoir water, and the correlation between the fault and the macro-
seismic law was analyzed through the variation of topographic
parameters on the joint surface. The characteristics of the sample
and the test process are shown in Figure 2. Because different

positions of the joint surface have different forces during the test,
the root mean square height (Sq), arithmetic average height (Sa), and
reverse load has been selected for the joints in this article. The main
analysis parameters are the area ratio (Smc) and the minimum
autocorrelation length (Sal). The Sq represents The standard
deviation of the height distribution, or RMS surface roughness
for computing the standard deviation for the amplitudes of the
surface. The Sa represents the mean surface roughness. The Smc
represents the height ¢ at which a given areal material ratio p is
satisfied. The height is calculated from the mean surface. The Sal
represents the horizontal distance of the autocorrelation function (tx,
ty) has the fastest decay to a specified value s (0 < s < 1). The default
value for s in the software is 0.2. This parameter indicates the content
of the wavelength on the surface. A high value indicates that the
surface has mainly high wavelengths (low frequencies). The change
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FIGURE 3 | Triaxial compressive strength and joint concave surface change with immersion time.

rates of the topography parameters of the concave and convex
surfaces in the joint were considered. Among them, the Sq, Sa, Smc,
and Sal characterize the degree of discrete change in the height of
each point on the joint surface before and after the test, the change in
the average height of each point in the defined area, the smoothness
change of the joint surface before and after the test, and the offset
degree of the upper and lower part of the joint surface before and
after the test, respectively.

The test procedure was as follows. The rock sample in the
saturated state was selected to implement different soaking
conditions, including non-soaking, soaking for 10 days, soaking
for 30days, soaking for 60days, and soaking for 90 days.
According to the self-weight stress of the rock masses in the
study area, the initial axial pressure and confining pressure in the
triaxial test was selected to be 100 and 50 MPa, respectively. After the
initial stress was applied, different water pressures (0 MPa, 20 MPa)
were applied to the fracture surface through the permeable holes at
the bottom of the rock sample. The water pressure remained
unchanged after a period of time, and the axial pressure
continued until the specimen was broken. In the test, the axial
pressure loading rate was 2 MPa/min, the confining pressure loading
rate was 1 MPa/min, and the hydraulic loading rate was 1 MPa/min.
When the water pressure reached the predetermined value, the water
pressure was maintained for 30 min to ensure that the water pressure
was evenly distributed on the fracture surface.

ANALYSIS OF TEST RESULTS

The influence of soaking time on the strength of jointed rock
samples under different pore water pressures is shown in
Figure 3. In the rock samples with different pore water pressures
and different immersion time, the triaxial compressive strength

fluctuates to different degrees. The comparison of different
working conditions (not applying fracture water pressure after
immersion and applying 20 MPa fracture water pressure) showed
a similar variation of the compressive strength of the sample. From 0
to 10 days of soaking, the compressive strength increases first,
then decreases. Among them, the strength of the rock sample is
the highest at 10-day soaking. From 10 to 30 days of soaking, the
compressive strength decreases. From soaking for 30-90 days,
the triaxial compressive strength increases again.

When the immersion time is 10 days, the tiny pores on the
surface of the rock sample are saturated with water due to
adsorption. When the rock sample is compressed, the bearing
capacity of the pores is greatly enhanced. Due to the short
immersion time, there is no significant connection between
the pores due to water-rock chemistry, and the strength of the
rock sample is increased. When the immersion time is 30 days,
micro-cracks that expand inward due to water-rock chemistry
between the pores will promote the interconnection of the micro-
pores in the rock sample, increase the stress concentration point,
and ultimately reduce the strength. After immersion for 60 days
or 90 days, the softening effect of water on the rock sample
becomes prominent. During the loading process, the passage
between the pores will be closed so that the saturated pores can
bear the load, which increases strength. Figure 3 shows that the
failure form on the joint surface is related to the triaxial
compressive strength. When the strength is lower, the number
of cracks on the joint surface is more and cracks are distributed
closer to the center of the sample. When the strength is higher, the
number of cracks on the joint surface is less, and cracks are
distributed closer to the edge of the specimen. The results shows
that the increase of the immersion time has a non-
uniform influence on the strength and failure morphology of
the sample.
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FIGURE 4 | The change rate of joint surface morphology parameters under different immersion time and fracture water pressure conditions.

Correlation Between Test Results and
Earthquake Laws

The number of earthquakes in the reservoir in Figure 1 shows a
trend of periodic change and decreasing volatility with time,
which is highly similar to the trend of the triaxial compressive
strength of the sample with the immersion time. This
phenomenon shows that the bearing capacity of the stratum
within the influence of the reservoir does not change
monotonously under immersion. When the bearing capacity is
strong, the possibility of earthquakes is reduced. When the
bearing capacity of the stratum is small, the possibility of
earthquakes increases.

The distribution of cracks of the sample after immersion for
90 days (Figure 3) and the phenomenon that the concave surface
is more damaged than the convex surface in the analysis of the
morphological parameter change rate show that the footwall of
the fault is more likely to produce horizontal and downward
cracks when an earthquake occurs. A new reservoir underwater
seepage channel has been formed, which macroscopically
manifested as the migration of earthquakes.

Figure 4 shows the change rate of joint surface morphology
parameters under different immersion time and fracture water
pressures (0 and 20 MPa). The data of Figure 4 have been added
in the Supplementary Material. When the immersion time is 0
and 90 days, the change rate of the parameters on the joint surface
of the sample is low. When the immersion time is 10, 30, and
60 days, the change rate of the morphology parameters is large,
indicating that the local deterioration of the joint surface is more
obvious. Among them, the change rate of morphology
parameters under the condition of fracture water pressure

of 20 MPa is lower than that under the condition of fracture
water pressure of 0 MPa. In the initial stage of water storage,
the fault that occurred during the earthquake has the strongest
degree of non-uniformity and the largest number of
earthquakes. In the mid-term of water storage, local
degradation occurs on the fault plane of the earthquake,
and the number of earthquakes decreases slightly. In the
late stage of water storage, the degree of degradation of the
rock mass on the seismogenic fault plane is relatively uniform,
and the number of earthquakes is correspondingly reduced.

CONCLUSION

Based on the seismic data of the reservoir since the impoundment
of the Three Gorges Reservoir, the periodicity, horizontality, and
downward migration of earthquakes are analyzed. Rock samples
with curved joints are used to simulate special geological
structures. By applying different fracture water pressures and
different immersion times, The time-effect of water storage on the
earthquake-generating fault is simulated. The test results can
better explain the earthquake occurrence law of the reservoir
earthquake. The conclusions are as follows:

1) Earthquakes in the Badong section of the Three Gorges
Reservoir area are periodic and horizontal and tend to
migrate to the depths. It is feasible to simulate special
geological structures in rock samples and study the
influence of reservoir water on seismogenic faults through
indoor triaxial compression tests.
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2) The study of morphological parameters on curved joints
shows that the influence of immersion time on rock
strength is non-linear, and the strength changes
periodically, but the fluctuations weaken in a short period
of time. Large fracture water pressure can reduce the
anisotropy on the joint surface, which shows that the
change rate of morphology parameters is relatively low.

3) Seismic faults have the largest anisotropy in the initial stage of
reservoir immersion, and the number of earthquakes is the
largest. The local degradation of the seismogenic fault is
constantly changing over the immersion time, and the
number of seismogenesis presents a certain periodicity.
When the reservoir water is immersed for a certain period
of time, the degree of degradation of the earthquake-
producing fault will be more uniform, and the number of
earthquakes will be decreased.
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