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Abstract: An understanding of fault reactivation induced by water injection is of great significance
for geothermal energy development and utilization. We conducted a series of water injection shear
tests on low-permeability granite samples that each contained a single saw-cut fault under locally
undrained conditions. Slip characteristics were analyzed by varying the fluid pressurization rate,
confining pressure, and stress state of the fault to understand fault reactivation. The experimental
results demonstrated that at a high pressurization rate, a higher local fluid pressure was needed to
reactivate the fault than had been estimated theoretically, and the required fluid pressure increased
with an increase in pressurization rate. The fluid pressurization rate and confining pressure both
controlled the slip mode of the fault. The slip mode changed from dynamic slip to quasi-static slip
at a high pressurization rate, and the peak slip rate of dynamic slip increased with an increasing
pressurization rate. The fault showed significant stick-slip characteristics under a high confining
pressure, as fault locking and reactivation phenomena occurred repeatedly. Faults with different
initial stress states had little influence on the slip mode after the onset of slip.

Keywords: dynamics and mechanics of faulting; induced seismicity; instability analysis; geomechanics

1. Introduction

With the rapid development of the global economy, conventional energy sources such
as oil and coal have been consumed in large quantities, resulting in high total carbon
emissions [1]. To reduce carbon emissions, many countries encourage the development
and utilization of new energy [2—4]. Geothermal energy, as a kind of clean energy, has
wide application prospects in energy supply due to its sustainable and recyclable nature.
At present, enhanced geothermal systems (EGS) use hydraulic stimulation to create highly
permeable flow paths to retrograde reservoirs and to extract geothermal energy by injecting
cold water into injection wells to produce hot water or steam from production wells
[5,6]. However, a series of earthquakes has occurred during geothermal exploration
projects in many countries, which has become the primary obstacle to further geothermal
energy exploration [7-9]. For example, in 1997, hundreds of earthquakes with a moment
magnitude (M) of 1.5 were induced by injection beneath The Geysers, a geothermal field
in the United States. A cluster of earthquakes occurred in an EGS project in Basel, which
brought the project to a shutdown [10]. The largest earthquake of My ~ 5.5 during an EGS
project occurred in Pohang, Korea, as a result of the acquisition of geothermal energy by
hydraulic stimulation, and 50 people were seriously injured [11].

The understanding of the mechanisms of fault reactivation is based on the Mohr-
Coulomb criterion, which incorporates the effective stress principle, stating that whether a
fault is reactivated or not is determined by the critical shear stress 7, and the shear stress 7.
The fault reactivation criteria is as follows [12]:
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T2 T = p(on—p) 1)

where y is the friction coefficient, oy, is the normal stress applied to the fault, and p is the
fluid pressure on the fault. Equation (1) indicates that both an increase in fluid pressure
and a decrease in the friction coefficient due to fluid lubrication effects [13] and chemical
effects [14] drive the fault into an unstable state [15-17]. However, Seagull [18] suggested
that a decrease in pore pressure in a reservoir may also induce fault reactivation and
generate earthquakes through theoretical analysis. Field and in-situ tests have controlled
the number of earthquakes in EGS to some extent by changing the injection parameters,
indicating that fault slip reactivation may be sensitive to the pressure, rate, and volume of
fluid injection [19-22]. Moreover, researchers have noted that earthquakes often occur when
the injection stops [23-25]. Even though a large number of researchers have interpreted
these field observations by building two-dimensional geological models, little is known
about the influence of fluid injection parameters on fault reactivation [26-28]. On this basis,
laboratory experiments can be further used to study the effects of injection parameters on
fault reactivation. So far, most laboratory experiments have focused on direct shear tests
or displacement-driven triaxial shear tests [29]. Neither of the above two experiments can
reveal the real injection-induced fault slip behavior in EGS. Therefore, some scholars have
carried out triaxial injection-driven shear slip experiments to characterize the mechanism
of fault slip induced by water injection during geothermal exploitation. Passelegue [30]
changed the fluid injection rate, and the results suggested that it was a higher injection
pressure that induced fault reactivation. Ye [31] increased the fluid pressure stepwise on
fault samples of different roughness levels, and the results suggested that the fluid pressure
for fault slip initiation at high speeds was inconsistent with the theoretical value.

In the study of slip modes, Rutter [32] injected water into rocks with very different
permeabilities and believed that fluid injected in impermeable rocks concentrated on the
weak surface, resulting in dynamic slip. Ye [31] found that roughness controls the slip mode
of faults, namely, quasi-static slip and dynamic slip. They pointed out that there is a strong
correlation between fault slip and stress relaxation, and faster slip leads to faster stress
relaxation. Noél [33] believed that fluctuating fluid pressure promotes stick-slip behavior
rather than aseismic creep. Nemoto [34] observed a stepwise slip in the process of injection
into granite. French [35] acknowledged that the increase in fluid pressure enhances the
slip distance and slip rate caused by the change in normal stress, which is related to the
pressurization rate and is independent of the fluid pressure. The fault mode is closely
related to the pressure change, and the slip mode can determine the occurrence or not of
earthquakes [36]. Therefore, the fault slip mode is important and needs to be studied to
explore water-induced earthquakes.

Nevertheless, the theoretical model has been simplified based on friction laws and does
not systematically consider the potential coupling. The analysis of seismic monitoring data
and in situ test results shows that fluid injection is closely related to earthquakes induced
by fault reactivation; however, the initiation condition and slip mode of fault reactivation
are still unclear. Although the above laboratory studies have provided valuable insights,
they are more focused on rock permeability, roughness, and injected pressure. The role
of pressurization rate in fault reactivation induced by water injection is still controversial.
The following aspects are still worthy of further investigation: the effects of pressurization
rate on the initiation of fault slip, as well as the following slip mode, and the effects of
crustal stress on the fault reactivation induced by water injection.

Therefore, in this study, the process of fault reactivation was reproduced by performing
laboratory injection-driven triaxial shear tests on granite samples containing fault. We
analyzed the deformation and stress characteristics under different fluid pressurization
rates, confining pressures, and initial stress states. We discussed the condition of fault
slip onset and the subsequent slip modes under water injection to further improve our
understanding of induced seismic hazards.



Appl. Sci. 2024, 14, 3322

30f13

2. Materials and Methods
2.1. Sample Description and Preparation

The material used for samples is igneous granite. Table 1 summarizes the physical
and mechanical properties of this granite.

Cylindrical samples that were 50 mm in diameter were cored and then cut to a length
of 100 mm. Then, the cylinders were cut at an angle of 45° or 30° with respect to their axes
to form an elliptical saw-cut fault interface. The fault interface was polished with 60 mesh
sandpaper. Finally, we drilled a borehole of 3 mm in diameter in the middle to simulate
an injection well that runs through the upper half of the rock sample to connect the upper
surface and fault interface, allowing the injected distilled water to directly reach the fault
interface (Figure 1).

Table 1. Average measurements of physical and mechanical properties of granite.

Density (g/cm?) Young’s Modulus (GPa) Poisson’s Ratio UCS (MPa)
2.80 92.85 0.26 152.84

UCS represents the uniaxial compressive strength.

() f———— ()

3mm

unuQoT

Figure 1. (a) A sketch of the granite sample size design. (b) A well-prepared granite sample.

2.2. Experimental Configuration

A triaxial testing apparatus was utilized in this experiment, as shown in Figure 2.
The maximum axial load of the test system is 3000 kN and the maximum confining pressure
is 200 MPa with a triaxial cell. The pore systems have a capacity of 200 MPa, and the
temperature can reach 200 °C, which meets the experimental requirements of injection-
driven shear tests under triaxial conditions in this study. The axial stress o7 (MPa) and
confining pressure 03 (MPa) can be monitored and obtained in real time within the GCTS.
The deformation of a sample under stress is shown in Figure 2b. The normal stress ¢, (MPa),
effective normal stress 0,/ (MPa), and shear stress T (MPa) on the fault are as follows:

on = 03+ (07 — 03)sin®P (2)
oul = (05— p) + (01 = 03)sin’p ®)
T = (01 — 03) sinpcosy 4)

where o; (MPa) and o3 (MPa) are the axial stress and confining pressure, respectively; p
(MPa) is injection fluid pressure; and ¢ (°) is the fault inclination angle with respect to the
core axis.
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In this experiment, the axial deformation and radial deformation can be measured using
two linear variable differential transformer (LVDT) position sensors, as shown in Figure 2a.
Thus, slip distance ds (um) and slip rate vs (um/s) along the fault can be calculated as follows:

ds = A zcosp + A xsinsin ¢ (5)

ds
-2 ©)
where Az (ym) is the axial deformation of the sample minus the compression deformation
of the rock matrix, Ax (ym) is the total radial deformation of the sample minus rock matrix,
and ¢ (s) represents time.

Us

Figure 2. (a) The GCTS equipment and sample assembly. (b) A sketch describing the stress and
deformation of the fault under triaxial shear test.

2.3. Experimental Procedure

The pre-test preparations are as follows. (1) Apply a layer of epoxy resin adhesive
between the gasket and the rock sample to prevent water leakage. (2) Put the specimen into
a heat shrink tube and heat it with a hot air gun. (3) Install the LVDT position sensors for
measuring the axial and radial deformation and check whether the experimental device is
available with no leakage. (4) Stall the sample on the base of the triaxial pressure chamber
and then inject the silicone oil. (5) Set the confining pressure (¢3) to a predetermined value
and give the initial injection pressure (p) to 1 MPa. Fluid pressure was applied from the top
end of the sample by advancing the downstream syringe pump while the bottom end of
the sample is connected to a closed reservoir (undrained condition).

The test procedure is shown in Figure 3. First, in Stage 1, the shear strength(7;) of the
rock sample was obtained via a displacement-driven shear test at an axial displacement
rate of 1 um/s. Then, we reduced the axial stress until T = 7, (i.e., 7. = 0.8, 0.85, 0.9 times
T;), as shown in Stage 2. At last, we kept the position of the piston constant and increased
the fluid pressure at a certain pressurization rate (i.e., 0.5, 2, 8, or 32 MPa/min) through
the injection-driven shear test, as shown in Stage 3. We increased the fluid pressure from
1 MPa to 9 MPa, where 03 = 10 MPa, to 18 MPa, where 03 = 20 MPa, and to 27 MPa, where
03 = 30 MPa. There were 9 groups of 27 specimens tested in this experiment, and each
group was tested 3 times. The test scheme is shown in Table 2.
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Figure 3. Diagram of the whole load path including the following: displacement-driven shear test
(Stage 1), unloading (Stage 2), and injection-driven shear test (Stage 3), performed at pressurization
rates of 0.5 MPa/min, o3 = 10 MPa, and an inclination angle i = 30°.

Table 2. Summary of experimental conditions and partial results.

Pressurization = Confining Inclination Shear Critical Slip Peak Slip

Test No. Rate Pressure o3 Angle (%) Strength 7 Shear Stress Distance d; Rate v,

(MPa/min) (MPa) (MPa) 7. (MPa) (um) (um/s)
Z1 0.5 10 60 9.26 09 7 226.89 0.84
zZ2 2 10 60 9.57 09 7 198.14 30.95
Z3 8 10 60 9.59 09 7 227.9 59.89
Z4 32 10 60 9.35 09 7 213.8 64.6
W2 2 20 60 17.59 097 142 191
W3 2 30 60 28.99 097 52.88 1.03
J1 2 10 45 19.87 09 7 253 10.08
]2 2 10 45 19.01 0.85 75 109 12.68
J3 2 10 45 18.23 0.80 75 21.53 14.70

3. Results

3.1. Cases of Different Pressurization Rates

The evolution of the shear stress 7, effective normal stress ¢;,/, injection pressure p, slip
distance dj, slip rate vs, and water injection volume under the different pressurization rates
is shown in Figure 4. To study the effect of pressurization rate, four tests were conducted
at the same initial stress state (0y,/ ~ 13.5 MPa, T =~ 8.5 MPa). According to the four slip
distance curves in the figure, the fault remained locked (slip distance ~ 0) in the initial of
water injection.

According to the yellow circle in Figure 4a, at a pressurization rate = 0.5 MPa/min,
fault slip onset (slip distance curve appears and shear stress began to go down) was
detected at p = 3.08 MPa. As the pressurization rate increased, so did the injection pressure
required for fault slip initiation, which was 4.57 MPa, 4.95 MPa, and 6.01 MPa, respectively
(Figure 4a—c).

At 0.5 MPa/min, as the injection pressure increased, the fault continued to slip at a rate
of no more than 1 um/s, and the effective normal stress and shear stress decreased linearly
with the slip. The whole process resembled quasi-static slip (Figure 4a), as no locked phase
appeared after slip initiation. In contrast, the slip process under higher pressurization rates
(2 MPa/min, 8 MPa/min, and 32 MPa/min) showed a high peak slip rate (>15 pm/s),
indicating that a dynamic slip appeared and was accompanied by a sharp drop in shear
stress and effective normal stress (Figure 4b—d). At the higher pressurization rate of 8
MPa/min, the slip process underwent two dynamic slip phases, and the peak slip rates
of the two dynamic slips reached 15.57 um/s and 59.89 um/s, respectively, which were
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accompanied by two shear stress drops of 0.4 MPa and 0.64 MPa each (Figure 4c). Between
the two dynamic slips, a fault locked phase was detected, which indicated that the fault
stopped slipping. This embodied an obvious stick-slip characteristic. At 32 MPa/min,
the highest slip rate of 64.6 pm/s was detected among the four tested pressurization rates
(Figure 4d). Cumulative slip distances under four conditions were similar, at approximately
0.2 mm, but the methods of cumulation are different. Under low pressurization rates
(0.5 MPa/min and 2 MPa/min), cumulation occurred through slow slip over a long period
of time. In contrast, rapid slip over a short period of time caused the cumulation of the slip
distance when the pressurization rate was high.
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Figure 4. Time evolution of the shear stress 7, effective normal stress ¢y,/, injection pressure p, slip
distance ds, slip rate vs, and water injection volume in the injection-driven shear test at pressurization
rates of (a) 0.5 MPa/min; (b) 2 MPa/min; (c) 8 MPa/min; and (d) 32 MPa/min. Yellow circles mark
the injection pressure at fault slip onset.
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3.2. Cases of Different Confining Pressures

The evolution of the shear stress T, effective normal stress ¢;,/, injection pressure p, slip
distance d;, slip rate v, and water injection volume under different confining pressures is
shown in Figure 5. The yellow circle in Figure 4b shows that the injection pressure required
for the initiation of slip was 1.70 MPa at a confining pressure of 03 = 10 MPa. In Figure 5a,b,
the injection pressures required for fault slip initiation were 7.30 and 14.48 MPa, which
correspond to o3 = 20 and 30 MPa, respectively, indicating that a greater injection pressure
was needed to reactivate a fault when the confining pressure was higher.

05 =20 MPa
20. 20 400 _ 10 :W()
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Figure 5. Time evolution of the shear stress T, effective normal stress ¢;,/, injection pressure p, slip
distance dj, slip rate vs, and water injection volume at different confining pressures in the injection-
driven shear test (a) at 03 = 20 MPa and (b) at 03 = 30 MPa. Yellow circles mark the injection pressure
at fault slip initiation.

The peak slip rate under different confining pressures varied greatly. The peak slip
rate at a confining pressure of 10 MPa was 30.95 pm /s, which was 16.2 times that at 20 MPa
(1.91 um/s) and 30 times that at 30 MPa (1.03 pm/s). For a confining pressure of 10 MPa,
as shown in Figure 4b, fault reactivation started at a dynamic slip rate of 30.95 pum/s
and was accompanied by an obvious 0.44 MPa shear stress drop and a nonlinear decrease
in the effective normal stress. After that, the slip distance curve almost went up linearly,
with the slip rate fluctuating at approximately 2 um/s. There was no sudden drop in
shear stress during the whole process. There was no fault-locking phase (Ad,= 0) after the
initiation of slip, which indicated that the sliding process was stable. As shown in Figure 5a,
under the confining pressure of 20 MPa, two rapid accumulations of slip distance occurred
during slip at 1752 and 1809 s, respectively. Two fault-locking events (slip distance curve
stopped going up) occurred at 1800 and 1950 s, indicating that stick-slip events occurred
during water injection. As shown in Figure 5b, at a confining pressure of 30 MPa, five
nonlinear shear stress drops were identified at 2703, 2903, 2941, 3007, and 3041 s, which
corresponded to the rapid increase in slip distance. After 2900 s, the slip distance curve
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increased in a stepwise manner, which also indicated that the fault changed back and forth
between locking and reactivation during the slip process.

3.3. Cases of Different Initial Stress State

The evolution of the shear stress 7, effective normal stress 0;,/, injection pressure p,
slip distance ds, slip rate vs, and water injection volume under different initial stress states
is shown in Figure 6. Shear stress was started at 90% (Figure 6a), 85% (Figure 6b), and
80% (Figure 6¢) of their shear strength. As the initial stress state decreased, the injection
pressure needed for reactivation initiation increased, from 3.63 MPa at 90%, to 6.26 MPa at
85%, to 8.97 MPa at 80% (yellow circles in Figure 6). The closer the initial stress state was to
the shear strength, the easier it was to slip.
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Figure 6. Time evolution of the shear stress 7, effective normal stress ¢y,/, injection pressure p, slip
distance d;, slip ratevs, and water injection volume at different initial stress states in the injection-
driven shear test (a) at 7. = 0.9 15; (b) at 7. = 0.85 75; and (c) at 7. = 0.8 7. Yellow circles mark the
injection pressure at fault slip initiation.

The peak slip rate reached 10.08 pm/s, 12.68 um/s, and 14.70 um/s, respectively,
which meant that different initial stress states had little effect on the peak slip rate (Table 2).
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Figure 6 shows that the sliding process in the three cases was similar. After fault slip
initiation, the shear stress dropped sharply, and the effective normal stress decreased non-
linearly under all three situations along with a high slip rate (>10 um/s). Then, the slip
rate dropped rapidly. Finally, faults slipped at a stable slip rate (approximately 1.5 um/s)
without locking. The difference between the three initial stress states was the duration of
the fault-locked phase in the early stage. Nonetheless, the total distance of shear slip varied
greatly. It reached 253 um at 90% and 109 pm at 85%, while it reached only 21.53 pum at 80%.
This had to do with the higher water injection pressure required for slip and the shorter
slip time in the low initial stress state.

4. Discussion
4.1. Effects of Pressurization Rate on Fault Slip Initiation

Under conditions of different factors and different levels, the injection pressure at the
onset of slip was noticeably different, and it was higher than what the fault reactivation cri-
terion predicted. To analyze the potential causes, the overpressure ratio (px) was computed
in this research:

pr=—L )

On = 4

where px is the ratio of the injection pressure p (MPa) at the initiation of slip to the theoretical
fluid pressure when slip occurs, and ¢, (MPa) and T (MPa) are the normal stress and shear
stress on the fault, respectively. The friction coefficient y = 0.64 was fitted with the shear
strength obtained by the displacement-driven shear test under different confining pressures
(Figure 7a).

35 T T T T T T T T T b 5 T T T T
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30 E
’ ’ 4r
-
25F L7
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Figure 7. (a) The frictional coefficient obtained by fitting shear the strength. (b) The overpressure
ratio for different factors and levels.

Taking the pressurization rate as an example, since there are three sets of repeating
groups at each level, the overpressure ratio of each group is calculated by Formula (7)
(Table 3). Excluding data with relative deviations exceeding +5%, the average overpressure
ratio under various levels was calculated, as shown in Figure 7b. The closer the value of
the overpressure ratio is to 1, the closer the measured value is to the theoretical predic-
tion. As the pressurization rate increased, the results demonstrated that the measured
injection pressure deviated more from the expected fluid pressure, which caused the fluid
overpressure ratio to gradually increase from 1.19 to 3.7 (Figure 7b). Furthermore, the over-
pressure ratio exhibited a similar trend with respect to the impact of the confining pressure.
The overpressure ratio rises from 1.78 to 3.24 when the confining pressure increases from
10 MPa to 30 MPa. The overpressure ratio rises from 2.19 to 2.75, while the initial stress
state rises from 80% to 90%. However, the values for faults with different initial stress states
were 2.22,2.54, and 2.57, which showed little difference.

The experimental results showed that the injection pressure required for fault reacti-
vation at a high pressurization rate was greater than that at a low pressurization rate and
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greater than that predicted by theory, possibly showing that the fluid pressure distribution
on the fault was not uniform. Ji [37] reproduced the distribution of fluid pressure on the
fault through numerical simulation. The results show that the closer it was to the borehole,
the greater the fluid pressure, as shown in Figure 8. In addition, a high injection rate
increased the degree of non-uniformity of the fluid pressure distribution, as the pressurized
area at a high injection rate was significantly smaller than at a low injection rate before slip
initiation. Therefore, under a high injection rate, the pressurized area expands continuously
before slip starts, but the pressurized area is still much smaller than the fracture area.
Because only a small part of the fault is in the pressurized area, higher local pressure is
needed to propagate the slip front. As a result, when the pressurization was high, fault slip
initiation required a higher injection pressure. However, when the injection rate was low,
the pressurized area extended to almost the entire fault when the fault slip started.

C e T

low + high high— low

Figure 8. The distribution of fluid pressure during injection.

Table 3. The overpressure ratios of three repeated groups under different pressurization rates.

Overpressure Ratio px

Sample No. 0.5 MPa/min 2 MPa/min 8 MPa/min 32 MPa/min
Testno.1 1.18 1.85 2.68 3.77
Test no.2 1.14 1.69 2.47 3.71
Test no.3 1.29 1.82 2.52 3.63
Average 1.19 1.78 2.56 3.7

4.2. Slip Modes in Fluid Injection

To further study the slip characteristics of faults, changes in the slip rate with time
after fault slip initiation were compared and analyzed, as shown in Figure 9. Through
the shear tests on cracks, Cappa [38] used quasi-static slip to represent fault slip at low
speeds(less than 10 um/s) and dynamic slip to represent fault slip at high speeds (more
than 10 pm/s). In this article, the same terminology is used to further analyze slip mode.

As shown in Figure 9a, at a low pressurization rate (0.5 MPa/min), the slip rate
remained at about 1.5 pm/s after slip initiation, indicating that the whole process was
a quasi-static slip. At a low pressurization rate, the stress relaxation and the applied
shear stress were balanced, resulting in sustained and stable fault creep. At 2 MPa/min,
8 MPa/min, and 32 MPa/min, a dynamic slip stage with a slip rate greater than 10 um/s
appeared after slip initiation, indicating that the friction coefficient of the fault changed
from static friction to dynamic friction during the process of injection-driven shear slip. The
difference among them was the subsequent slip behavior. The slip rate rapidly decreased
to about 2.4 pm/s after dynamic slip at 2 MPa/min for quasi-static slip, while dynamic slip
occurred again after quasi-static slip at 8 MPa/min, and the slip rate was larger than the
first dynamic slip, showing the characteristics of stick-slip. Additionally, the peak slip rate
increased with the increase in the pressurization rate. For a confining pressure of 10 MPa,
the slip mode changed from dynamic slip to quasi-static slip as the slip rate changed.
However, the whole process was characterized by quasi-static slip at higher confining
pressures (20 MPa and 30 MPa), and the slip rate was no higher than 5 um/s, as shown
in Figure 9b. Faults with different initial stress states had no significant effect on the slip
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mode after the onset of slip and had the same transition from dynamic slip with a peak slip
rate higher than 10 um/s to quasi-static slip with a slip rate lower than 4 pm/s, as shown
in Figure 9c. The slip rate measured above is in the same range as the shear slip rate
(10~7-10° m/s) observed by Guglielmi during the occurrence of microearthquakes in field
tests [38]. Due to the limitations of laboratory experiments, the process of fault reactivation
induced by water injection in real geological engineering environments cannot be fully
reflected, and there is a certain size effect, which is also the direction of further exploration.

(a) ——0.5MPa/min (b) o loMPa
60 | ——2MPa/min | ] 17 7
I 8MPa/min 05~20MPa
S0 || ——32MPa/min | T 6,=30MPa| T
[
27 [ | Zz
El | E
230+ | 4 e
3 i
8 |\ E
220 [ - =
17} | Z
10f [
|
. B |
10 L S S———— r—
0 10 0 30 40 50 8 10 12 14 16
Time(s) Time(s)

T
1.=0.91,
1.0.851
1,081

Slip rate(um/s)

8
Time(s)

Figure 9. Time evolution of the slip rate during water injection at (a) different pressurization rates,
(b) different confining pressures, and (c) different initial stress states.

5. Conclusions

To understand the onset of fault reactivation and slip characteristics during shear stim-
ulation, we conducted injection-driven triaxial shear tests on granite samples containing
a single saw-cut fault. Mechanical deformation (stress and deformation) and fluid flow
parameters were measured to investigate the coupled hydromechanical responses.

The results show that both the pressurization rate and confining pressure affected the
onset of fault reactivation. At a relatively low pressurization rate (0.5 MPa/min), the in-
jection pressure required for fault reactivation was in good agreement with theoretical
estimation. With the elevation in pressurization rate, the injection pressure for fault reacti-
vation increased. An increase in the confining pressure also increased the injection pressure
for fault reactivation. Our results found both quasi-static slip and dynamic slip occurred
on the fault during water injection. Dynamic slip tended to occur at high pressurization
rate (>0.5 MPa/min) and was followed by quasi-static slip. It has been observed that the
temporal evolution of shear stress drop correlated well with the changes in slip velocity,
as a high slip rate corresponded to a sharp shear stress drop. In addition, the peak slip
rate of dynamic slip increased with an increasing pressurization rate. The faults showed
significant stick-slip characteristics under high confining pressure, as fault locking and
reactivation occurred repeatedly. Faults with different initial stress states had little influence
on the slip mode after the initiation of slip.
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