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Abstract

Fluid injection into subsurface reservoirs may cause existing faults/fractures to slip seismically. To study the effect of
temperature on injection-induced fault slip, at a constant confining pressure of 10 MPa, we performed a series of injection-
induced shear slip experiments on critically stressed sandstone samples containing saw-cut fractures (laboratory-simulated
faults) under varying fluid pressurization rates (0.1 and 0.5 MPa/min, respectively) and temperatures (25, 80, and 140 °C,
respectively). At 25 °C, slow fault slip events with a peak slip velocity of about 0.13 pm/s were observed on a tested
sample in response to a low fluid pressurization rate of 0.1 MPa/min. In contrast, fluid injection with a high pressurization
rate of 0.5 MPa/min caused fault slip events with a peak slip rate up to about 0.38 pm/s. In response to a given fluid
pressurization rate, several episodes of slip events with a higher slip velocity were induced at an elevated temperature of
140 °C, indicating an appreciable weakening effect at elevated temperatures. We also experimentally constrained the rate-
and-state frictional (RSF) parameters at varying effective normal stresses and temperatures by performing velocity-
stepping tests. The obtained RSF parameters demonstrate that for a relatively high normal stress, increasing temperature
tends to destabilize fault slip. Post-mortem microstructural observations reveal that elevated temperatures promote the
generation of abundant fine-grained gouge particles associated with injection-induced shear slip. Our experiments highlight
that injection-induced fault slip is affected by temperature-related wear production over the fault surface.
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1 Introduction

Since the seminal work of Healy et al. [26] on the Denver
earthquakes, it is well established that fluid injection into
subsurface reservoirs may induce earthquakes. Over the
last decades, a plethora of studies have investigated
induced seismicity from massive wastewater disposal, CO,
sequestration, and wellbore stimulation to enhance reser-
voir permeability in hydrocarbon production and enhanced
geothermal system (EGS) projects [2, 18, 23, 32, 37].
Previous observations indicate that induced earthquakes
typically occur due to reactivating slip on pre-existing
natural faults [2, 57]. Fluid injection is expected to modify
stress states at faults resulting from effective normal stress
changes, poroelastic stress transfer, and/or aseismic shear
slip [2, 23, 24, 67]. For critically stressed fault in
geothermal reservoirs, such stress changes may result in
slip that may be either seismic or aseismic. However, the
complexity of coupled thermo-hydrological-mechanical
processes involving injected fluids and reservoir rocks
poses a challenge in evaluating the stability of induced
fault slip.

To unravel the physical mechanisms governing shear
slip along natural faults induced by fluid injection, many
experimental studies have been performed simulating
injection-induced slip on faults. By increasing the injection
pressure under constant normal stress and constant shear
stress conditions, Nemoto et al. [42] observed that stepwise
slip and shear dilation give rise to temporal fluid pressure
drops on saw-cut lidate granite fractures. Using both saw-
cut and tensile Sierra White granite fractures, Ye and
Ghassemi [75] observed that the characteristics of shear
slip induced by stepwise increasing fluid pressure depend
on fracture roughness at stress relaxation condition (i.e., the
constant axial piston displacement mode). Further, the
spatial heterogeneity of fluid-induced slip characterized by
the recorded acoustic emission hypocenter distribution in
space and time is found to be correlated with fracture
roughness [76]. Injection-induced slip experiments with
varying fluid pressurization rates conducted on saw-cut
Westerly granite samples revealed that shear slip initiation
is affected by fluid pressure heterogeneity [48]. In contrast
to findings from less porous and impermeable granitic
rocks, injection-induced shear slip in permeable Berea and
Darley Dale sandstones was found to be more sensitive to
normal stress changes than to fluid pressurization [19]. The
important role of rock matrix permeability in controlling
the characteristics of induced slip on laboratory-sized
samples has been highlighted by Rutter and Hackston [53].
Fluid injection experiments on critically stressed saw-cut
samples of porous Bentheim sandstone with different
pressurization rates revealed that induced shear slip mode
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(steady creep vs. slow-slip events) is governed by fluid
pressurization rate rather than by injection pressure
[70, 71]. Injection-induced fault slip behavior was also
experimentally found to be affected by the initial stress
states (e.g., [14, 46]), fault surface roughness (e.g.,
[68, 69]), and boundary conditions (e.g., [62]). In addition
to the experiments performed on bare rock surfaces, fluid
injection experiments performed on samples containing
carbonate-bearing fault gouge [59] and shale-rich fault
gouge [58] showed that fault stability is governed by the
interplay between fluid pressure and varying fault rate-and-
state frictional (RSF) parameters. All aforementioned
experimental studies, however, were performed at room
temperature.

The stability of injection-induced fault slip relies on
associated frictional properties. Some experimental studies
have been conducted to examine effects of temperature on
frictional behavior of simulated faults either in the absence
of fluid pressure or under the constant fluid pressure. For
bare rock surfaces in contact, Brace and Byerlee [10]
performed triaxial compression tests on the saw-cuts and
faults in dry granite and gabbro samples at a confining
pressure from 100 to 500 MPa, and they found a transition
from stick—slip to stable sliding as temperature was
increased from 200 to 500 °C. In addition, at temperature
and confining pressure less than 100 °C and 100 MPa, the
triaxial experimental results of Passelégue et al. [47] sug-
gested that increasing both temperature and confining
pressure destabilizes the sliding of dry dolostone faults.
This is also consistent with the sliding experiments on dry
and pre-fractured granite at confining pressure of 250
MPa [64], which revealed that stick—slip is prone to occur
below 300 °C, and stable sliding at higher temperature. In
contrast, Lockner et al. [36] reported somewhat contra-
dictory experimental results that the velocity dependence
of friction coefficient was nearly independent of tempera-
ture (22 ~ 845 °C). The presence of pore fluids at elevated
temperatures has been experimentally observed to influ-
ence the sliding behavior of faults. Velocity-stepping
experiments on wet granite at hydrothermal conditions
showed velocity-strengthening at room temperature but
velocity-weakening from 100 to 350 °C [8, 9]. When
temperature was further increased from 350 to 600 °C,
there was a systematic trend from velocity-weakening to
strong velocity-strengthening, which was not clearly
observed on dry granite. Assuming that the mechanisms of
frictional slip operating at contact points are thermally
activated, the temperature dependence of friction, particu-
larly in the presence of water, has been incorporated in a
state variable constitutive relation, and the activation of
several potential microscopic deformation mechanisms at
varying temperatures has been discussed by Chester [15].
However, these fault reactivation and slip experiments
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aforementioned were driven by a given load point dis-
placement, rather than by fluid injection.

To date, only a limited number of laboratory experi-
ments have been conducted to probe the fracture (fault) slip
behavior induced by fluid overpressure at elevated tem-
peratures (e.g., [4, 31]). Through injecting cold water into
hot and stressed saw-cut Westerly granite fractures under
drained conditions, Bauer et al. [4] observed that the
combined effects of fluid pressure and cooling may cause
the fracture system to deform (slip), resulting in perme-
ability modifications. Huang et al. [28] further found that
the cooling effect of fluid can cause irreversible slip on hot
fracture surfaces using a 3D coupled thermo-porome-
chanical model. At a larger scale of geothermal field at
Brawley, the geomechanical modeling accounting for
thermo- and poroelastic stress changes associated with the
geothermal operations revealed that pore pressure changed
and thermal unclamping (cooling effects) drove aseismic
motion on a normal fault intersecting the geothermal
reservoir [29]. Kc and Ghazanfari [31] experimentally
found that fault slip induced by fluid pressure gradients
resulted in permeability enhancement likely due to self-
propping of asperities. The triaxial shear-flow experiments
performed by Ji et al. [30] suggested that an elevated
temperature favors a more uniform fluid pressure distri-
bution over the fault surface by reducing water viscosity.

In this study, we present results of laboratory fluid
injection experiments performed at varying temperature
and pressurization rate conditions on critically stressed
sandstone samples containing saw-cut faults. We experi-
mentally determined the RSF parameters of water-satu-
rated fractured samples at varying pressures and
temperatures using velocity-stepping tests. We studied the
characteristics of injection-induced shear slip at varying
temperatures and analyzed the post-mortem
microstructures.

2 Materials and methods
2.1 Rock sample preparation

Sandstone samples used in this study are from Sichuan
Province, China. This sandstone is composed of 50.73%
quartz, 34.01% albite, 10.59% calcite, 3.32% illite, and
1.36% montmorillonite, respectively. The average grain
size is about 0.1 mm. Samples were prepared as cylinders
with dimensions of 50 mm in diameter (d) and 100 mm in
length (L) (Fig. 1). Uniaxial compression tests were per-
formed to determine Young’s modulus (E =~ 6.1 GPa),
Poisson’s ratio (v~ 0.16), and uniaxial compressive
strength (=~ 46 MPa). Porosity of the sandstone was
determined to be about 10%.

10 cm

-

Fig. 1 Photographs of intact cylindrical and saw-cut sandstone
samples

The cylindrical samples were split into two equal halves
along the sample axis using the automatic wire cutting
machine, and then the surfaces were polished using the
1000#-grit silicon carbide abrasive paper. We prepared five
saw-cut samples (samples SC1-SC5), whose surfaces were
scanned using a 3D optical profilometer with a pixel width
of 50 um before experiments. Here, we used the root mean
square roughness, A, to evaluate the ensemble roughness
characteristics of 2D sample surfaces. The values of Ay,
for these saw-cut surfaces were measured to be
6 ~ 15 pm. Following Barton [3], the joint roughness
coefficient (JRC) was calculated to be negative, suggesting
that the saw-cut surfaces were very flat.

Using the pulse decay method, we measured the per-
meability of intact samples, which is about
1.36 x 107" m? at an effective confining pressure of
6 MPa. The low permeability of the rock matrix results in a
sufficiently long diffusion time for pore pressure equilib-
rium within rock matrix (see Appendix 1). Thus, we
assume that fluid pressurization mainly affects the high-
permeability fracture interface separating the two low-
permeability wall rocks, as confirmed by minimal observed
delay of fluid pressure between the two ends of samples
during fluid injection (see Sect. 3.1).

2.2 Experimental setup and experimental
procedures

Our laboratory experiments were carried out using a tri-
axial direct-shear apparatus [77], which consists of a servo-
controlled axial loading unit (loading capacity of 250 kN),
closed-loop controlled confining pressure (maximum of
70 MPa using silicone oil as the pressure medium), fluid
pressure (maximum of 40 MPa) units (ISCO pumps), a
temperature control unit (room temperature to 150 °C), and
a data acquisition system. The stiffness of machine plus
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assembly is about 35.65 MPa/mm. The fractured sample
and L-shaped shear module were encapsulated in a Teflon
heat-shrink tube (from Penn & Nitto Corp., Japan), which
was used to isolate the sample from the silicone oil
(Fig. 2). Two internal linear variable displacement trans-
ducers (LVDTs) with resolution of £ 0.1 um were used to
measure the load point displacement. Here, the mean value
obtained by LVDTs is considered as the shear slip dis-
placement (u) along the fault, ignoring the elastic defor-
mation of the rock matrix caused by minor changes of
stress state. We then updated the contact area (A) of fault
zone associated with the recorded shear slip data. The axial
force (F) loaded on the tested samples was measured using
an internal load cell (resolution of + 0.001 kN, from GDS,
Hampshire, UK). The resistance of compliant silicone
plugs is negligible. Thus, the shear stress (7) can be directly
calculated by © = F/A. The fault-normal deformation was
measured by two extensometers (resolution of £ 1 um)
located at about 3 cm distance from each end of the sample
(Fig. 2a). The extensometers clamp the cylinder at two
opposite points with their connection normal to the fault
plane. Fluid pressure changes at two ends of fractured
samples (i.e., injection pressure P; and monitoring pressure
P.,) were monitored by two fluid pressure transducers
(resolution of 4+ 0.01 MPa) installed at fluid inlet and
outlet, respectively (Fig. 2a). The temperature inside the
pressure chamber was controlled by four internal heaters
(Fig. 2b) with an accuracy of & 0.5 °C. There is a thermo-
couple mounted inside the pressure vessel, measuring real-
time temperature changes. The more details about the
experimental apparatus can be found in Zhang et al. [77]
and Shen et al. [61]. Throughout the experiments, all

(@)

LVDT

experimental data were recorded at a sampling rate of 10
Hz.

2.2.1 Injection-induced shear slip tests

The triaxial cell was filled with silicone oil after the sample
assembly was installed (Fig. 2b). Prior to testing, the
sample was first heated to the target temperature, followed
by increasing confining pressure (P.) to a target value of
10 MPa. To reach a steady state, the tested sample was
kept at constant temperature and constant confining pres-
sure for two hours. Subsequently, the sample was placed
under a vacuum for about 1 h and then saturated with
deionized water at 2-MPa fluid pressure. Then all tests
were performed in the following three consecutive stages.
First, the axial force was progressively increased at a
constant displacement rate of 0.3 mm/min up to peak shear
stress (i.e., Stage 1 in Fig. 3). Subsequently, the axial
piston was stopped, and axial stress was allowed to relax
and settle at a steady-state value (t4). Then the shear stress
was adjusted to about 0.927y by retracting the axial piston
slowly (i.e., Stage 2 in Fig. 3). From this point on, the axial
piston position was fixed throughout the subsequent fluid
injection test, following the method proposed by Ye and
Ghassemi [75]. The fluid (water) was directly pumped into
the fault from the bottom (upstream), while the top end of
the sample (downstream) was undrained. Injection pressure
(P;) was increased in a stepwise manner from 2 to 6 MPa at
arate of 0.1 MPa/min (i.e., Stage 3 in Fig. 3a) or 0.5 MPa/
min (i.e., Stage 3 in Fig. 3b), consisting of four consecutive
fluid injection periods. During each fluid injection period,
fluid pressure was increased by 1 MPa over a time period

Fluid out A\ ‘ ‘
Heat-shrink tube | B (P) Valve
Sample Pressure
> e sensor Vacuum pump
» Valve[\/ N/ Valve
P = -« P Nl
* «
Extensometer Silicone
Pressure
Fluid in sensor
o P
T ISCO pump

Fig. 2 a A schematic diagram of the experimental apparatus. b Photograph of the mounted sample assembly
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Fig. 3 Shear slip displacement (black), shear stress (green), and injection pressure (blue) as a function of time throughout the whole experiment
at pressurization rates of 0.1 MPa/min (a) and 0.5 MPa/min (b), respectively. The whole experiment is composed of three consecutive stages, as
indicated by three different color-shaded areas. Note that the shear slip displacement is set to zero at the beginning of the third stage for better

comparison among all experiments (color figure online)

of 10 min for a pressurization rate of 0.1 MPa/min or 2 min
for a pressurization rate of 0.5 MPa/min, and then the fluid
pressure was maintained constant for 7 or 15 min (Fig. 3),
respectively. Table 1 lists the main parameters obtained in
the injection-induced shear slip tests.

After each experiment, the fault surface was scanned
again using the 3D laser scanner. In addition, the
microstructures of the fault surface and gouge production
were analyzed using a scanning electron microscope (SEM,
Tescan Mira3 Zeiss Sigma 500).

2.2.2 Velocity-stepping tests
The single degree-of-freedom spring-slider model with the

RSF constitutive law is commonly used to describe the
frictional behavior of a fault [17, 52], as expressed by

0
u=u0+a1n<v—vo>+b1n<§> (1)

where p is the friction coefficient; uo is the reference
friction at a reference slip velocity vy; @ and b represent the
direct and evolution effects for the friction coefficient
reaching a new steady state over a critical slip distance D,
(Fig. 4) as slip velocity is stepped from vg to v; and 0 is the
state variable. Using the slip law [17, 52], the evolution of
state variable 0 with time t is given by

do vO  (v0

For steady-state friction, the state variable remains
unchanged over time (i.e., dd/dr =0 holds). Thus, the
frictional stability parameter (a—b) at steady state can be
obtained from Eq. (1), as given by

Table 1 Summary of experimental conditions and results of injection-induced shear slip tests

Samples P. (MPa) P; (MPa) R (MPa/min) T (°C) 0.92ty, (MPa) pu At (MPa) AV (mL)  Au (pm)  vpeq (Um/s)
SC1 10 2-6 0.1 25 4.68 0.58-0.75 1.73 1.08 87.3 0.13
SC2 10 2-6 0.1 80 4.10 0.51-0.66  1.57 1.24 79.7 0.12
SC3 10 2-6 0.1 140 4.17 0.52-0.67 1.62 1.73 78.9 0.28
SC4 10 2-6 0.5 25 4.17 0.52-0.69 1.57 1.36 78.6 0.38
SC5 10 2-6 0.5 140 4.29 0.53-0.71 1.75 1.22 92.8 0.58

P. is the confining pressure, P; is the fluid pressure, R is the fluid pressurization rate, T is the temperature, 0.927 is the initial shear stress of the
fractured sample before fluid injection, p is the range of friction coefficient during fluid injection, At is the shear stress drop associated with
injection-induced slip, 4V is the total injected fluid volume, Au is the injection-induced total slip displacement, and vy, is the peak slip velocity
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Fig. 4 A typical experimental curve (i.e., friction coefficient vs. shear slip displacement) for velocity-stepping tests at confining pressures of 4
and 8 MPa, respectively (i.e., Test #3 and Test #4, respectively, see Table 2). When shear velocity is stepped from 1 to 5 pm/s (enlarged in the
black rectangle), the RSF parameters (a, b, and D) can be estimated from the experimental friction data with linear least squares regression

Table 2 Summary of experimental conditions and results of velocity-stepping tests

Test numbers P. (MPa) T (°C) Lo Trend Comment

Test #1 4 25 0.656 Velocity-strengthening Water-saturated
Test #2 8 25 0.655 Velocity-neutral Water-saturated
Test #3 4 80 0.553 Velocity-strengthening Water-saturated
Test #4 8 80 0.630 Velocity-neutral Water-saturated
Test #5 4 140 0.559 Velocity-strengthening Water-saturated
Test #6 8 140 0.631 Velocity-weakening Water-saturated

P, is the confining pressure, 7T is the temperature, and p is the reference steady-state friction coefficient at slip velocity of 1 um/s

apo H o )

A positive value of (a—b) indicates that the friction
coefficient increases with increasing slip velocity (i.e.,
velocity-strengthening behavior, promoting stable slip),
whereas a negative value of (a—b) represents velocity-
weakening behavior, and slip may be unstable once the
critical stiffness is met.

We obtained the frictional constitutive parameters (i.e.,
a, b, and D.) by performing velocity-stepping tests on
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water-saturated saw-cut sandstone samples at varying
normal stress and temperature conditions (Table 2). Before
testing, the sample temperature was elevated to the target
value and kept constant for 2 h. Then, the sample was
saturated with deionized water of 0.1 MPa under a given
confining pressure (4 and 8 MPa in this study). To avoid
potential local fluid pressure heterogeneity associated with
shear-enhanced dilation or compaction [35, 62] during
shear slip, the fluid overpressure of 0.1 MPa applied for
saturation was removed before subsequent shearing. Note
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that the selected confining pressure values (i.e., 4 and
8 MPa in this study) represented the lower and upper
bounds of evolving effective normal stress at which the
induced slip occurred in the fluid injection experiments.
After reaching a relatively steady shear strength, a veloc-
ity-stepping test was carried out by varying slip velocity
from 1 to 5 um/s (Fig. 4). We ignored the effect of fault
surface wear at a low confining pressure of 4 MPa on the
subsequent velocity-stepping tests performed at a higher
confining pressure of 8 MPa. Two velocity-stepping tests
were performed on the same sample at a given temperature
(Fig. 4).

2.2.3 Data processing

In our experiments, axial piston displacement was mea-
sured with an external grating ruler. In addition, the shear
slip displacement was recorded by two internal LVDTs,
i.e., the mean value was used in this study. The readout of a
LVDT may be influenced by environmental temperature
change due to the thermal deformation of built-in metallic
parts and the temperature dependence of electro-magnetic
properties of iron core and coil [40, 74]. Thus, we carefully
calibrated the measured shear slip displacement by con-
sidering the temperature variation in the pressure vessel.
Further, we obtained slip velocity from the time derivative
of the corrected shear slip displacement. As mentioned
before, we also deployed two extensometers located at 3-
cm distance to each end of the sample to monitor fault-
normal deformation (negative for dilation). We found the
two extensometers’ measurements consistent throughout
all the experiments, indicating that the fault-normal
deformation was fairly similar across the sample. Hence,
the corresponding mean value was used to represent fault-
normal deformation.

The density of water varies at different temperatures,
from 999.0 kg/m® at 25 °C, 973.5 kg/m’ at 80 °C to
928.0 kg/m® at 140 °C, respectively (https://webbook.nist.
gov/chemistry/). In this study, the real water volume
injected into the fault zone at high temperatures was
obtained by multiplying the water density ratio (the ratio of
water density at room temperature to that at high temper-
atures) with the fluid volume change recorded by the ISCO
pump at room temperature (25 °C). During the period of
fluid injection-induced shear slip (i.e., Stage 3 in Fig. 3a), a
total water volume less than 1.5 mL was injected into the
laboratory fault within 68 min. Hence, it is reasonable to
assume that the heat exchange between injected cool water
and hot fractured sandstone sample (e.g., the sample SC3 in
Table 1) was completed shortly after the commencement
of fluid injection. This suggests that the potential cooling
effect of fluid injection on induced fault slip behavior in
this study may be negligible.

8 _
’7 -
6 SC\I
< | SC5
(=¥
= 54 L
< 2
g 4
Lo \(3)
2 31
wnn 4
2 -
A‘L’BKW ~ 19 MPa/mm
1 Au
0 T T T T 1
0.0 0.5 1.0 1.5 2.0

Shear slip displacement (mm)

Fig. 5 Evolution of shear stress with shear slip on faults. The
numbers in brackets correspond to the three stages showed in Fig. 3.
The decay curve of shear stress against slip displacement beyond fault
reactivation in Stage 3 may give the slip-weakening rate (unloading
stiffness) K,,, which is about 19 MPa/mm for all tested faults

Based on the experimental results of velocity-stepping
tests, the inversion for RSF parameters (a, b, and D.) was
achieved using the software package developed by Skarbek
and Savage [63] based on linear least squares regression.

3 Experimental results

3.1 Characteristics of injection-induced shear
slip

We performed injection-induced shear slip experiments on
critically stressed samples with saw-cut faults (Table 1).
Except for the observed slight delay between injection pres-
sure P; and monitoring pressure P, during fluid overpressure
in samples SC2 and SCS5, the fluid pressure was found to be
homogeneously distributed across the whole fault surfaces.

During initial loading of all samples (Stage 1), we
observed an almost linear increase in shear stress until cor-
responding peak strength was reached (see Fig. 5). Beyond
peak strength, the loading piston was fixed, and shear stress
gradually relaxed to a steady-state value 7t (e,
4.5 ~ 5.1 MPa). Then, we reduced the shear stress to about
0.921 by slowly retracting the loading piston (i.e., Stage 2 in
Figs. 3 and 5). This guaranteed that all faults were critically
stressed prior to fluid injection. During fluid injection, all
faults first remained locked. Once slip was initiated, shear
stress dropped gradually (i.e., Stage 3 in Figs. 3 and 5). As
shown in Fig. 5, using the linear regression method, the
values of weakening rate (K,, ~ At/Au) of all tested samples
were approximately 19 MPa/mm.
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Fig. 6 Time history of shear stress, shear slip displacement, injection pressure, monitoring pressure (dashed line), effective normal stress, slip
velocity, fluid volume injected, friction coefficient, and normal displacement (negative for dilation) since fluid injection at a pressurization rate of
0.1 MPa/min on faults (i.e., Stage 3 in Fig. 3). a, b Sample SCI at temperature of 25 °C; ¢, d Sample SC2 at temperature of 80 °C; and e,
f Sample SC3 at temperature of 140 °C. The whole fluid injection process can be divided into four periods, and the representative third injection

period is divided into four (i.e., I, II, III, and IV) phases

The instantaneous sample-averaged friction coefficient (1)
may be estimated by u = t/(P. — P¢) with (P—Py) repre-
senting effective normal stress and Py representing the mean
value of injection pressure and monitoring pressure. The
friction coefficient of all tested samples varied between 0.6
and 1.0 (Table 1) after shear stress started to drop. In the
following, we describe the injection-induced slip behavior of
tested samples during Stage 3 in more detail.

After injection started (i.e., P; was increased from 2 to
3 MPa with a rate of 0.1 MPa/min), faults in all samples
remained locked initially (Fig. 6a, c, e). However, for
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faults deformed at elevated temperatures, we observed a
minor decline in shear stress, which would be discussed in
Sect. 5.2. Friction coefficient showed a progressive growth
as fluid pressure increased (Fig. 6b, d, f). Meanwhile, only
a small amount of fault-normal dilation was observed for
faults at different temperatures (Fig. 6b, d, f).

During the second injection period (i.e., P; was
increased from 3 to 4 MPa), samples SC1, SC2, and SC3
approached failure, and shear slip started. The onset of
shear slip in response to fluid injection was accompanied
by a significant shear stress drop and fault-normal dilation.
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Specifically, slip initiation occurred at fluid pressures of
about 3.47, 3.88, and 3.75 MPa for samples SC1, SC2, and
SC3, respectively (Fig. 6a, c, e). As shown in Fig. 6b, d, f,
a slow fault slip event was observed with a peak slip
velocity of about 0.1 pm/s, which was accompanied by a
sudden decrease in friction coefficient. Moreover, the
decay rates of friction coefficient showed a growing trend,
resulting from a faster shear stress drop.

For each individual fault, we found that slip character-
istics were similar for the third and the fourth fluid injec-
tion periods. To clearly describe the dynamics of induced
slip by fluid injection, we divided the third fluid injection
period into four phases (Fig. 6). After fluid injection star-
ted, all faults remained locked until the onset of slip
occurred (Phase I in Fig. 6a, c, e). As fluid pressure
increased continuously, slip accelerated to peak velocity
(0.13, 0.09, and 0.28 pm/s for SC1, SC2, and SC3,
respectively) and decelerated, accompanied by a rapid drop
in shear stress and shear-enhanced dilation (Phase II in
Fig. 6b, d, f). A gradual decrease in friction coefficient was
observed concurrently. In the following third phase, slip
behavior of faults varied depending on temperature. Sam-
ple SCI loaded at room temperature underwent a long-
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lasting relaxation phase at constant slip rate (steady slip) of
about 0.05 pm/s until the shut-in of fluid injection, and the
friction coefficient increased slowly with shear slip. This
slip behavior was similar to observations of Wang et al.
[71] on saw-cut Bentheim sandstone in response to step-
wise fluid injection. In contrast, at 80 and 140 °C, the
second slow fault slip event with peak velocities of
0.1 um/s and 0.15 pm/s was observed on samples SC2 and
SC3, respectively, toward the end of fluid pressurization
(see Phase III in Fig. 6d, f). Such slow fault slip events
were accompanied by a rapid reduction in friction coeffi-
cient, especially at 140 °C. The distinct slip responses at
similar injection conditions between samples SC1, SC2,
and SC3 highlight that slip behavior on faults depends on
temperature. For all tests, slip decelerated, and faults
became locked after fluid pressurization ceased (see Phase
IV in Fig. 6b, d, f). This was also accompanied by a
gradual decrease in friction coefficient.

We increased the fluid pressurization rate to 0.5 MPa/
min on samples SC4 and SC5 (Fig. 7). The time duration
of each injection period (composed of fluid pressurization
and pressure plateau substages) lasted for 17 min, as the
samples SC1-SC3 did. These two samples started to slip
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Fig. 7 Time history of shear stress, shear slip displacement, injection pressure, monitoring pressure (dashed line), effective normal stress, slip
velocity, fluid volume injected, friction coefficient, and normal displacement (negative for dilation) since fluid injection at a pressurization rate of
0.5 MPa/min on faults (i.e., Stage 3 in Fig. 3). a, b Sample SC4 at a temperature of 25 °C and ¢, d Sample SCS5 at a temperature of 140 °C. The
whole fluid injection process can be divided into four periods, and the representative third injection period is divided into four (i.e., I, II, III, and

IV) phases
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Fig. 8 RSF parameters (a, b, and D.) estimated from the inversion of experimental data of velocity-stepping tests. a Evolution of frictional
stability parameter (a—b) as a function of temperature at different confining pressures. b The characteristic slip distance D, as a function of
temperature at different confining pressures. Error bars represent standard deviation

during the second injection period, but sample SC4 pro-
duced a relatively larger slip rate. In response to the higher
injection power, the sample SC4 at room temperature
achieved a peak slip velocity of around 0.24 ~ 0.38 pm/s
(Fig. 7b). During the third and the fourth injection periods,
the friction coefficient of the sample SC4 dropped sharply
in Phase II and recovered slightly afterward. The sample
SC5 showed a relatively low permeability compared to the
sample SC4, with a slight fluid pressure difference between
two sample ends during fluid pressurization. Subjected to a
higher pressurization rate compared to sample SC3, the
elevated temperature of 140 °C enhanced the peak slip
velocity on fault (up to ~ 0.58 pm/s) (Fig. 7d). Similar to
the sample SC3, the friction coefficient of the sample SC5
dropped quickly when it approached the peak slip velocity,
and subsequently there was no apparent restrengthening
trend.

3.2 RSF parameters at varying pressures
and temperatures

The evolution of RSF parameters at varying pressures and
temperatures was experimentally estimated on saw-cut
sandstone samples under water-saturated conditions. At a
confining pressure of 4 MPa, all samples displayed veloc-
ity-strengthening behavior with a positive frictional
parameter (a—b), regardless of temperature changes
(Fig. 8a). In contrast, a transition from velocity-neutral to
velocity-weakening with increasing temperature was
observed at a higher confining pressure of 8 MPa (Fig. 8a).
Our results also showed that the characteristic slip distance
(D.) decreased with temperature (Fig. 8b). The magnitude
of D, ranged from 5.5 to 12.6 um at confining pressure of 4
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MPa and from 5.6 to 8.4 um at confining pressure of 8
MPa, respectively (Fig. 8b).

4 Microstructural observations

After the experiments, we clearly observed the fault gouge
production associated with shear slip that was distributed over
the fault surfaces. As shown in Fig. 9, the microstructural
characterization of fault surfaces was performed using scan-
ning electron microscope (SEM) before and after testing. For
the sample surface before injection test (Fig. 9a), one layer of
cemented grains on the bare surface was partially crushed
during the sample preparation, and boundaries between grains
can be faintly visible. By contrast, micrographs of deformed
samples after tests at different temperatures show grain
comminution (Fig. 9b—d). We performed quantitative analy-
ses of particle size distribution for the wear products on the
fault surfaces using these SEM images (see more details in
Appendix 2). From Fig. 9e, f, g, we find that increasing
temperature promotes the formation of more fine-grained
gouge particles with a dominant size less than 10 pm in
diameter. This indicates that the gouge particle size may be
responsible for the different fault sliding behavior, as
observed during the fluid injection tests.

5 Discussion
5.1 Effect of fluid pressurization rate

Together with the present experimental results, we com-
piled peak slip velocities caused by varying fluid
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Fig. 9 Microstructures and gouge particles size distribution for grains on fault surfaces. a The initial surfaces of saw-cut sample before the
experiments. The post-mortem surface (b) and gouge particles size distribution (e) of sample SCI1 at 25 °C. The post-mortem surface (c¢) and
gouge particles size distribution (f) of sample SC2 at 80 °C. The post-mortem surface (d) and gouge particle size distribution (g) of sample SC3

at 140 °C

pressurization rates from the previous experiments under
the similar stress relaxation conditions (e.g., [48, 71]). The
combined datasets span across four orders of magnitude in
fluid pressurization rate, as shown in Fig. 10. It clearly
shows that the peak slip velocity caused by fluid injection
scales with fluid pressurization rate, for different confining
pressures and rock types. At a pressurization rate of
0.5 MPa/min, we recorded a peak slip velocity of around
0.3 pm/s, comparable to the experiments by Wang et al.

[71] on a saw-cut fault in Bentheim sandstone. Multiscale
geophysical evidences including the field-scale induced
seismicity occurring in Oklahoma caused by wastewater
injection [34, 73] and laboratory experiments [48, 71] have
suggested that fluid injection rate controls magnitude and
stability of induced slip. This is also supported by our
experimental observations that peak slip velocities of
injection-induced slip events positively scale with pres-
surization rates.
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5.2 Effect of temperature

The fluid injection experiments were performed at
undrained condition, and only about 1.5 mL of water was
injected upon the end of the experiments (Figs. 6 and 7). In
addition, there was a volume of about 0.4 mL in the thin
connection tubes exposed to the heated triaxial chamber.
Thus, we expect that the water injected at our low pres-
surization rates was heated to the ambient temperature
before reaching the fault surfaces. This is notably different
to the fluid injection experiments performed under drained
boundary conditions by Kc and Ghazanfari [31]. In our
experiments, faults displayed substantial shear stress
relaxation when the position of the axial hydraulic piston
was fixed at constant fluid pressures (Figs. 6 and 7). Such
observed stress relaxation that was measured globally with
an internal load cell may be caused by subcritical cracking
[1, 11, 16] and/or pressure solution (mineral solution) [55]
at hydrothermal conditions.

In our experiments, we expect that the mechanism of
pressure solution is likely to operate, particularly at 140 °C
[20]. This is supported by the presence of dissolution pits
that were observed on the surface of sample SC5 at 140 °C
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after experiments (Fig. 11). Although we did not chemi-
cally detect the concentration of elements resolved in the
effluent because of our unique experimental configuration
(undrained conditions), at the comparable hydrothermal
conditions (20 ~ 130 °C), Kc and Ghazanfari [31]
experimentally found that increasing temperature resulted
in an enhanced mineral dissolution rate, particularly for
quartz and feldspar. In addition, the formation of fine-
grained gouges at 140 °C facilitates a massive increase in
grain surface area (Fig. 9), which may in turn increase the
contribution of pressure solution process. We roughly
estimated the shear strain rates at varying temperatures
using the measured stress relaxation data in the first fluid
injection period prior to slip initiation. Given the constant
elastic properties of loading machine and rock samples
[55], the strain rate is proportional to the stress relaxation
rate during a laboratory relaxation test, i.e., § = ©/G, with
G being a combined elastic constant of loading machine
and sample [i.e., G ~ 2.2 GPa in our experiments, as
estimated by G = K, x L in which K, = 22 MPa/mm is
the shear stiffness of the loading system (loading machine
and rock sample) and L = 100 mm is the sample length].
This results in the estimated strain rate with an order of
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Fig. 11 Possible dissolution pits on the fault surface after the experiment on Sample SC5 at 140 °C

Table 3 Summary of shear strain rates estimated from the stress relaxation stages

Samples SCl1 SC2 SC3 SC4 SC5
T (°C) 25 80 140 25 140
Strain rate (s™ ") 22 x 107% 32 x 1078 27 x 107% 22 x 1078 5.4 x 107%

magnitude of 107® s~" (see Table 3). Considering that the
pressure solution rate may be higher at the locked state of
fault [20], the marked sensitivity of strain rate to temper-
ature was clearly observed for samples tested at the pres-
surization rate of 0.5 MPa/min (i.e., increased by a factor
of two from 25 °C to 140 °C). For wet sandstone samples,
several studies (e.g., [11, 45, 54, 55]) suggest that defor-
mation rate is controlled by the kinetics of water-assisted
stress corrosion at intermediate to high strain rates (107 to
107 s7"), whereas the pressure solution dominates the
deformation process at low strain rates (10 to 1078 s7h).
Considering that subcritical cracking (brittle creep) has
been reported to predominantly occur at high stress levels
(e.g., beyond yielding stress or dilatancy-dominated stress
levels for the intact rock sample, see [27] and [12]), the
subcritical cracking mechanism could be less important in
our experiments because of the applied low stress levels.
Furthermore, previous experiments on the frictional prop-
erties of quartz gouge under the hydrothermal conditions
revealed that quartz could undergo significant healing due

to solution transfer at a moderate temperature
(100 ~ 200 °C) [41]. These observations suggest that
pressure solution and associated solution transfer healing
mechanisms may be active concurrently in our experi-
ments. The fault can be restrengthened during the shut-in
period by either increasing the true area of contact through
pressure solution or increasing the quality of contact
through healing at hydrothermal conditions. The release of
more restored energy from contact asperities may be one
reason for the higher slip velocity of induced slip events
occurring at an elevated temperature of 140 °C, as
observed in our experiments.

5.3 Injection-induced slip associated
with injected fluid volume

Several models exist that relate the injected fluid volume to
cumulative (and maximum) seismic moment and maxi-
mum event magnitude [21, 39, 65]. However, the theoret-
ical and laboratory studies of moment—volume relation so
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Fig. 12 a The relation between shear slip displacement and fluid volume injected in faults since fluid injection at a pressurization rate of
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far do not take the influence of temperature into account.
The shear geodetic moment (M) is defined as the product
of shear modulus G, fault area A, and average shear slip
displacement u (i.e., My = GAu). Assuming constant shear
modulus and finite fault area, M, is directly proportional to
slip displacement. The results of our study show that the
moment (or shear slip displacement)-volume relation is
affected by temperature (Fig. 12). Laboratory faults show a
delayed onset and a smaller amount of total slip for a given
fluid volume injected with increasing temperature at a
pressurization rate of 0.1 MPa/min (Fig. 12a). This may be
due to the temperature-dependent healing effect at the
locked state, and faults need a higher fluid injection energy
to be reactivated. After the onset of continued slip by fluid
injection, (Fig. 12a), the slope of slip displacement versus
fluid-injected volume shows an increasing trend with
increasing temperature, (i.e., from 0.15 to 0.32 in Fig. 12a),
corresponding to the observed higher velocity of fault slip
(Fig. 6a). Such a similar observation also holds for the
pressurization rate of 0.5 MPa/min (Fig. 12b).

5.4 Frictional stability of injection-induced slip

Our experiments show that injection-induced fault slip is
affected by temperature and fluid pressurization rate on
smooth saw-cut faults. Slow fault slip events occur at all
experimental conditions. At room temperature of 25 °C,
the sample-averaged friction coefficients of faults exhibit
strengthening trends in the latter two fluid injection peri-
ods, irrespective of pressurization rates. However, this is
less clear at elevated temperatures. This indicates that
increasing temperature (< 140 °C) destabilizes injection-
induced fault slip. Microstructure observations of deformed
specimens reveal more fine-grained gouge particles as

@ Springer

temperature increases (Fig. 9). This is consistent with
experimental results by Bedford and Faulkner [5] who
found that fine-grained gouges promote the occurrence of
unstable stick—slip behavior. Furthermore, pressure solu-
tion promoted by increasing temperature may weaken the
frictional stability of faults [44]. To evaluate the stability of
fault slip induced by fluid injection at elevated tempera-
tures, we conducted velocity-stepping tests on water-satu-
rated saw-cut sandstone samples. The stability of
laboratory fault slip is expected to depend on the com-
parison between the critical stiffness (k.) that is determined
by frictional constitutive parameters (a, b, and D,.) and the
stiffness of the loading system (K,,) [17]. The velocity-
stepping tests performed on natural or artificial granular
fault gouges indicate that the frictional stability parameters
(a—b) are affected by effective normal stress and temper-
ature [6, 33, 43, 49, 56]. The measured frictional stability
parameters (a—b) in our velocity-stepping tests performed
on water-saturated saw-cut samples show a gradual
reduction with increasing temperature (< 140 °C) and
confining pressure, in agreement with the previous obser-
vations of the velocity-strengthening at room temperature
but velocity-weakening from 100 to 350 °C [8, 9] for wet
granite at hydrothermal conditions. In the absence of water,
a transition from fault creep to slow and fast ruptures was
experimentally observed on dry dolostone faults with
increasing both confining pressure (P, < 100 MPa) and
temperature (7 < 100 °C) [47]. This is also reflected by
the higher peak slip velocities associated with injection-
induced fault slip that were observed at 140 °C in our
experiments. To estimate fault constitutive parameters, we
used similar confining pressures as in the fluid injection
tests. For a velocity-weakening fault, unstable slip occurs if
the loading system stiffness is less than the critical stiffness
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[17, 52]. Using the RSF parameters measured at the
boundary conditions of 8 MPa confining pressure and of
140 °C temperature, the critical stiffness (k) is calculated
to be about 1.77 MPa/mm using k. = (P, — P,,)(b — a)/D.
[17, 52]. This value, based on the linear stability analysis,
is much less than the loading system stiffness (K,, =~
22 MPa/mm).

5.5 Implications for injection-induced seismicity

In contrast to the conventional injection protocol with
monotonic injection of high-pressure fluids, the stepwise
injection of fluid pressure we applied in this study allows
relaxation of fault stress and promotes deceleration of fault
slip. The constant normal stress was maintained during
fluid injection into the laboratory faults, suggesting that the
effect of poroelastic stressing was neglected in our exper-
iments. The normal and shear stresses acting on the fault
plane may be altered during fluid injection and then may
stabilize or destabilize the fault, depending on the orien-
tation of faults with respect to the injection well and fault
regimes [22, 67]. The mechanism of poroelastic stressing is
often used to explain the remotely induced earthquakes that
have no hydraulic connection to injection source (e.g.,
[22]). In contrast, in our experiments, fluid overpressure
was directly injected into fracture interfaces, and the fluid
pressure equilibrated rapidly across the entire fracture
planes, which may correspond to the scenario of induced
microseismicity in the fracture system close to the injection
source. We experimentally observed the marked dilation of
fault zones associated with fluid injection and fault slip,
which has also been reported in the in situ fluid injection
experiments [24]. The resulting dilation may in turn alter
the transport properties of fault zones and then further
affect the spatiotemporal distribution of pore pressure and
induced seismicity. For less permeable fault zones (i.e.,
dilatancy occurs more rapidly than fluid pressure diffu-
sion), shear-induced dilation may result in transient fluid
pressure decrease within the fault, tending to prohibit fur-
ther slip (i.e., dilatant hardening) [51]. However, we did not
clearly observe such dilatant hardening behavior, possibly
due to the high permeability of our laboratory faults.
During the stimulation of geothermal and tight oil/gas
reservoirs as well as waste fluid disposal projects [38], the
injected fluid may reach the vicinity of natural faults/
fractures subjected to elevated temperatures [66, 72]. Our
experiments suggest that at a shallow depth (P, =
10 MPa), a high in situ temperature (maximum tempera-
ture ~ 140 °C) may promote the instability of injection-
induced fault slip. Previous studies on granite and dolo-
stone fault materials show the similar observation that
increasing temperature (< 200 °C) may destabilize the

displacement-driven fault slip [8, 47]. Considering that
natural faults may be subjected to a higher normal stress
with depth, our velocity-stepping tests and other studies
(e.g., [5, 25]) imply that the probability of occurrence of
earthquakes is likely to increase with depth (normal
stress < 150 MPa), consistent with the geophysical obser-
vations [46]. It is worthwhile to note that our experiments
were performed at isothermal conditions, neglecting the
thermal stress induced by the temperature gradient during
fluid operations. Indeed, thermal stress may cause fault
deformation (slip) and permeability modification, which
has been reported in the laboratory experiments (e.g.,
[4, 31]) and geothermal fields (e.g., [29]). Thus, for a
critically stressed fault embedded in a geothermal reser-
voir, we speculate that high environment temperature and
high normal stress may destabilize injection-induced fault
slip. In contrast to laboratory-simulated faults, natural
faults usually have more complex permeability structures,
and the response of natural faults to fluid overpressure
involves coupled thermo-hydrological-mechanical pro-
cesses. The permeability evolution associated with fault
slip (e.g., shear-induced dilation/compaction), poroelastic
effects, and the interplay between fluid diffusion and
aseismic slip under a given injection protocol may jointly
alter the fault’s seismic/aseismic response (e.g.,
[7, 13, 23, 24]), but go beyond the scope of the present
study.

6 Conclusions

In the present study, we investigated injection-induced slip
behavior on critically stressed laboratory faults by
increasing fluid pressure from 2 to 6 MPa at a constant rate
of 0.1 or 0.5 MPa/min under the conditions of a constant
confining pressure (10 MPa) and of varying temperatures
(i.e., 25, 80, and 140 °C, respectively). Our experimental
results indicate that the sliding modes of fractured samples
are controlled by temperature at different pressurization
rates. Slow fault slip events were observed at all temper-
ature conditions, while several episodes of slip events with
a higher slip velocity were induced by fluid pressurization
as the temperature increased to 140 °C. The measured RSF
parameters suggest that for a relatively high normal stress,
increasing temperature tends to destabilize injection-in-
duced fault slip. The microstructural observations show
that more fine-grained fault gouge particles have been
formed and the effect of pressure solution may play a role
at a high temperature. Our experimental results can provide
an important implication for injection-induced seismicity
that occurs in the geothermal system.
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Appendix 1: Effects of temperature
and pressurization rate on fluid pressure
distribution

In our experimental configuration, the temporal and spatial
variations of fluid pressure (Py) along the intact sandstone
sample (50 mm in diameter and 100 mm in length (L)) can
be calculated using the one-dimensional pressure diffusion
equation, as expressed by [50]

an(x, t) 62Pf(x, l‘)

P o )

where x is the distance along the sample from the injection
end, ¢ is the time, and D is the hydraulic diffusivity.

Then, the relation between hydraulic diffusivity (D) and
permeability (k) can be constrained by [60]

B k
~ n¢(Cr+ Cy)

where 7 is the water viscosity (,yarer = 8.89 X 107 Pas at
25 °C and 1.98 x 107* Pas at 140 °C), ¢ is the porosity (¢
~ 10%), Cyis the water compressibility (C; ~ 0.5 GPa™"),
and C, is the elastic compressibility of pore space (Cy ~
1.0 GPa_l). The permeability (k) of the intact sample is
about 1.36 x 107'" m? at effective confining pressure of
6 MPa, which results in the rock matrix’s hydraulic dif-
fusivity (D) of about 1.02 x 10°° m%s at 25°C and
4.58 x 107° m%s at 140 °C.

For simplicity, the fluid pressure along the sample
constitutes the initial condition:

D (5)

Ps(x,0) =0, for0 <x<L (6)
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In our injection-induced shear slip test, considering that
the fluid pressure was increased at a constant rate R (i.e.,
0.1 or 0.5 MPa/min), the temporal evolution of fluid
pressure at the injection end (upstream) can be determined
by

P#(0,1) = Rt (7)

An undrained condition at the monitoring end (down-
stream) can be described by

OP;/ox =0, atx =L (8)

Under the given boundary conditions above (i.e., Egs. 6,
7, and 8), we obtain the analytical solution to Eq. (4), as
expressed by [50]
2 . (DAt —1)+exp(—DA2t)
Ps(x,t) = Ry~ n . &
7 (5nt) = Ry D sin(7) o

n=0 n

b

for0 <x<L

©)

where 4, = n(2n + 1)/2L.

As shown in Fig. 13, the distribution of fluid pressure
along the intact sandstone rock matrix is calculated using
Eq. (9) at given times. It indicates that about 900 s is
needed for fluid overpressure front to reach the monitoring
end, and about 4 x 10° s is required to achieve a homo-
geneous fluid pressure distribution in the rock matrix
(Fig. 13). Hence, we believe that the injected fluid volume
is constrained in the fault zone during the injection-induced
shear slip test.

(b) 10
o8 T=140 C R,=0.5 MPa/min
‘ D =4.58x10° m¥s
< 100 s
S 0.6 —500s
~
= ——900s
= 10000 s
=
A7 044 ——— 400000 s
0.2
0.0 T T T T T T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10
x (m)

Fig. 13 Snapshots of fluid pressure distribution along the intact sandstone sample with a length of L = 0.1 m at given times (+ = 100, 500, 900,
10000, and 400,000 s, respectively) under two extreme conditions, i.e., a the lowest experimental temperature (25 °C) with a pressurization rate
of 0.1 MPa/min and b the highest experimental temperature (140 °C) with a pressurization rate of 0.5 MPa/min
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Appendix 2: Calculation of gouge particle
size distribution

Using the SEM images of post-mortem samples, we cal-
culated the gouge particle size distribution on the worn
fault surface through image processing software (Imagel,
http://imagej.net/Welcome). Firstly, the raw image was
transformed to a format of 8-bit (black-and-white format).
Then, the size of image pixel was calibrated by the scale
bar on the SEM image. After that, gouge particles were
highlighted by selecting a suitable contrast threshold. To
avoid identifying individual pixels as gouge particles, an
area threshold of 5 pm? was set to filter out disturbing
information. Finally, we obtained the statistical results of
area information of gouge particles. To explicitly compare
the particle size distribution, the final data were converted
to the equivalent circular area with an equivalent diameter.
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