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Abstract Fluid injection into enhanced geothermal
system (EGS) reservoirs can reactivate subsurface
fractures/faults and trigger earthquakes—requiring
that frictional stability and permeability evolution
characteristics are adequately evaluated. This behav-
ior potentially becomes more complicated when the
impacts of temperature and cycled thermal stresses,
and the resulted damage accumulation on both stabil-
ity and transport characteristics are getting involved.
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We conducted coupled shear-flow experiments on
saw-cut fractures recovered from an analog surface
outcrop representative of a reservoir at 2450 m in
the Gonghe Basin of northwestern China. The rocks
were subjected to variable numbers of repeated heat-
ing-quenching (25-180-25 °C) cycles for shear-flow
experiments at an effective stress of~3 MPa and
with velocity stepped between 10-1-10-1-10 pm/s.
The smooth fractures return frictional coefficients in
the range~0.69 to 0.72 and are little affected by the
thermal cycling. The frictional stability parameter
(a—b) decreases and the instantaneous permeability
increases with an increase in the number of heating-
quenching cycles, during which intergranular and
intragranular microcracks were generated in fracture
surface. The above results indicate that the heating-
quenching cycles during hydraulic fracturing of geo-
thermal reservoir could affect both the fracture fric-
tional instability and permeability evolution.

Article Highlights

e Heating-quenching cycles significantly affect the
frictional stability of fractures in granite, although
the frictional strength is relatively less affected.

o Fractures exhibit high frictional strength and a
transition from v-strengthening to v-neutral behav-
ior with increasing numbers of heating-quenching
cycles.
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e Instantaneous permeability increases with an
increase in the number of heating-quenching
cycles.

e Mineral composition affects not only the frictional
strength and stability, but also the permeability
evolution.

Keywords Enhanced geothermal system (EGS) -
Hot dry rock - Hydraulic fracturing - Heating-
quenching cycles - Permeability - Fracture stability

1 Introduction

Deep geothermal energy recovered from hot dry rock
reservoirs is one of the largest, and hence most prom-
ising, geothermal resources (Barbier 2002; Moya
et al. 2018; Wan et al. 2005)—with a potentially sig-
nificant contribution to decarbonization of energy
production (Singh et al. 2020; Watanabe et al. 2020).
Enhanced geothermal systems (EGS) potentially
recover heat from these ultra-low permeability reser-
voirs through the injection of cold-fluids to enhance
permeability via creation of new fractures via ther-
mal-shock and the reactivation of existing fractures
by shear-slip (Brown et al. 2012; Wood 2009). A
key issue is in defining the “Goldilocks zone” to cre-
ate permeability through small-fracture reactivations
with limited seismicity and avoid project terminating
earthquakes (Candela et al. 2018; Lei et al. 2019a;
Majer et al. 2007; Verdon and Bommer 2021). Hence,
understanding the mechanisms of permeability evolu-
tion in EGS reservoirs is of great importance for the
effective recovery of deep geothermal resources.
However, the injection-induced earthquakes have
aroused wide public concern during deep energy
extraction activities, including the enhanced geo-
thermal systems (EGS) but also as a result of shale
gas recovery, carbon dioxide (CO,) sequestration
and wastewater disposal (Atkinson et al. 2020; Bao
and Eaton 2016; Clarke et al. 2019; Ellsworth 2013;
Elsworth et al. 2016). Moreover, several mid-sized
and destructive earthquakes have been triggered in
recent years. For example, the 2017 M,, 5.5 Pohang
earthquake was one of the largest and most damaging
earthquakes in South Korea over the last century—
and was closely connected with the stimulation of
the Pohang EGS reservoir (Chang et al. 2020; Grigoli
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et al. 2018). Similarly, the Changning shale gas dem-
onstration zone of the Sichuan basin in southwest
China, has been subject to earthquakes resulting from
shale gas hydraulic fracturing (e.g., the December
2018 M; 5.7 and January 2019 M, 5.3 earthquakes)
(Lei et al. 2019b) and known to be among the largest
HF-triggered events (Atkinson et al. 2020). Induced
earthquakes potentially result from the hydraulic frac-
turing of both shale gas and EGS reservoirs, but geo-
thermal exploitation from hot dry rock includes the
impacts of sudden and extreme thermal shock (White
et al. 2018). High temperature gradients in both time
and space are known to damage to granite fractures
(Chen et al. 2017; Peng et al. 2020) with this damage
impacting the fracture/fault stability and permeability
evolution (Chen et al. 2020; Zhao and Brown 1992;
Zhao et al. 2020b). This heating-quenching effect
on the fracture stability and permeability evolution
is more pronounced in hot dry rock (granitic) reser-
voirs (3-5 km) at 150-250 °C than in shale reservoirs
(2-3 km) at< 100 °C—and is therefore important to
understand.

In recent years, laboratory experiments on the fric-
tional stability response and permeability evolution of
granite fractures have been extensively explored. This
work has mainly focused on permeability evolution
of natural granite fractures/faults related to hydrau-
lic fracturing operations and the geothermal resource
exploitation (Ishibashi et al. 2014; Mitchell and
Faulkner 2008; Morrow et al. 2001; Watanabe et al.
2019). The results show that permeability evolution
of granite fractures under hydrothermal conditions is
characterized by a stress-dependent behavior and this
dependence is controlled by an elastic—plastic transi-
tion of the fracture surface (Watanabe et al. 2017a).
In addition, fluid injection tests have been conducted
under subcritical/brittle to supercritical/ductile condi-
tions to explore the characteristics of fluid-flow, crack
propagation, and the evolution of induced permeabil-
ity (Watanabe et al. 2017b). Considering that pressure
dissolution on fracture surfaces could induce signifi-
cant reductions in permeability through creep-closure
(Caulk et al. 2016; Ishibashi et al. 2014; Shimizu
1995; Yasuhara et al. 2011, 2006; Yasuhara and Els-
worth 2004), some have questioned whether fractures
could retain high permeability under long-term deple-
tion of the reservoir (Reinsch et al. 2017). It has been
demonstrated that the permeability of EGS reservoirs
at very high temperatures may indeed be stabilized/
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enhanced by retaining the difference between the
aqueous quartz concentration and its solubility above
a permeability stabilization criterion (Watanabe
et al. 2020). In addition, relationships between per-
meability evolution and frictional strength-stability
have also attracted attention (Zhang et al. 1999). The
change in permeability resulting from fracture/fault
slip is closely related to the lithology, fracture/fault
roughness, slip distance, shear velocity and the ambi-
ent temperature and effective pressure (Blanpied et al.
1998; Passelegue et al. 2016). Thermally induced
fractures and fracture/fault gouges reactivated in
shear are influenced by frictional characteristics and
abrupt enhancement of permeability due to the devel-
opment of thermally induced cracks (Tanikawa et al.
2010). Conversely, the presence of low permeabil-
ity wear products and fault gouge may result in sig-
nificant reduction in permeability (Faoro et al. 2009;
Moore et al. 1994; Okamoto et al. 2017; Tanikawa
et al. 2014). In addition, the relationship among fric-
tional strength, stability and permeability may also
be characterized by shear-flow experiments. Results
show that for granite fractures, fracture permeability
is enhanced during velocity-weakening (potentially
unstable) frictional slip. Two mechanisms are pro-
posed to explain such a response, invoking changes
in the fracture/fault asperity contact distribution and
shear-induced dilation (Ishibashi et al. 2018). Many
studies have also investigated changes in the physi-
cal-mechanical properties and damage evolution of
granite under repeated heating and cooling cycles
(Tang et al. 2022; Wang et al. 2020; Yin et al. 2022),
but few have focused on the controlling influence of
friction-stability on permeability evolution under the
influence of repeated heating-quenching cycles typi-
cally observed during geothermal energy extraction.
China is rich in hot dry rock resources with
the Gonghe Bain in northwestern China cur-
rently a pilot area for the demonstration of techni-
cal and economic feasibility. The thermal energy
resource approaches~9.0x10?! J over the depth
range of 3-6 km in the Gonghe basin—equivalent
to~3.1x10"" t of standard coal (Zhu et al. 2015).
In September 2017, the exploration well GR1 was
drilled (Fig. 1a) to an in-situ temperature of 236 °C
at a depth of 3705 m (Zhao et al. 2020a). In the fol-
lowing, we take the Gonghe geothermal reservoir as
a prototype reservoir and define the frictional stabil-
ity and permeability evolution of analog Gonghe

reservoir rocks subjected to repeated heating-quench-
ing cycles and related damage accumulation. We use
these results to project the response of rock fractures/
faults in the Gonghe Basin for the safe and successful
recovery of deep geothermal energy.

2 Experimental methods
2.1 Sample preparation

A total of seven representative core fragments
(Fig. 1b) were collected from the GR1 well in the
Qabqa region of the Gonghe basin (Zhang et al. 2018)
at depths of 2400-3600 m. These were crushed in a
ceramic mortar after removing surface impurities and
sieved to a particle size <74 pm. The mineral compo-
sitions of the seven granites were analyzed by X-ray
diffraction (XRD), with the results shown in Table 1.
These rocks mainly comprise quartz, plagioclase,
microcline and chlorite, with traces of biotite, calcite
and amphibole. The rocks are apparently altered in
the interval 2900-3500 m as evident in chlorite con-
tents in the range 25 to 39 wt.%.

The sample IDs in Table 1 index the recovered
depths of the granite samples. We use local out-
crops of granites for our experiments, to obviate the
lack of full-size samples available from depth. The
selected outcrop granite is composed of 33 wt.%
quartz, 45 wt.% plagioclase, 9 wt.% biotite, 11 wt.%
microcline, and 2 wt.% calcite. This outcrop granite
and the seven other granites were formed at identi-
cal geological times and with mineral compositions
similar to granite sample HD2450. Although dimen-
sioning EGS reservoirs typically pays more attention
to the geomechanical, deformation properties and
natural fracture characteristics, the fracture frictional
strength, stability and permeability evolution is
mainly controlled by the fracture mineralogy (Fang
et al. 2017; Ishibashi et al. 2018)—as it impacts
permeability evolution in shear-flow experiments.
Hence, it is reasonable to take this outcrop sample
as representative of the reservoir at 2450 m (i.e. sam-
ple HD2450). From a mineralogical perspective, the
differences between the outcrop sample and sample
HD2450 are only the lack of minor chlorite (3 wt.%)
and amphibole (3 wt.%) and the addition of minor
chlorite (2 wt.%) in the outcrop sample. Such a small
mineralogical difference would be expected to exert

@ Springer



18 Page 4 of 19

Geomech. Geophys. Geo-energ. Geo-resour.

(2023) 9:18

HD2450 HD2550 HD2900

Fig.1 a Location of the Gonghe basin (brown line) and
injection well GR1 (red circle) in northwestern China (modi-
fied from Cao et al. 2018). The geographic coordinates of
the Gonghe Basin are in the range of 98.46-101.22° E and

HD3250

@ Gonghe Basin Boundary

10 cm

HD3500 HD3600

HD3400

35.27-36.56° N. The Gonghe Basin is located to the south of
the Qinghai Lake. b Photos of the seven cores collected from
outcrop in the Gonghe basin, with most being granitic. Scale
bar, 10 cm

Table 1 Mineral

HD2550 HD2900 HD3250 HD3400 HD3500 HD3600

- . Rock ID HD2450

compositions (wt.%) with

depths of the seven samples Recovered depth/m 2450

from the well GR1
Quartz 32
Plagioclase 43
Microcline 8
Chlorite 3
Biotite 9
Calcite -
Amphibole 5

2550 2900 3250 3400 3500 3600
34 39 44 39 29 32
26 21 12 24 20 31

13 12 1 5 9 21

2 25 23 29 39 11
18 3 9 3 3

- - 11 - —

7 _ - - — -

only deviation of the fracture frictional properties
and permeability evolution from that of the real res-
ervoir rock.
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The rock fractures are prepared according to the
workflow in Fig. 2. First, cylindrical samples were
drilled (diameter: 25 mm and length: 50 mm) then
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Cored samples
Cooling treatment

Saw cut and polish

Heated samples

Cold water

Core splitese-—2cm
LY e e
Y %

Roughen fractures with
grinding powder

Heating treatment

Fig. 2 Workflow for the preparation of saw-cut fractures and exposure to repeated heating-quenching cycles

polished. Then, all samples were cut along their long
axis and surfaces ground with 200-mesh silicon car-
bide powder. Finally, the rocks were subjected to
repeated heating and shock-quenching cycles in a
furnace followed by removal and quenching in cold-
water to simulate the cold-water injection and hot-
water extraction during the recovery of deep geo-
thermal fluids. The rock fractures were heated in a
furnace (Fig. 2) to a target temperature of 180 °C,
representative of the geothermal reservoir. For this,
the temperature was elevated from 25 to 180 °C at a
heating rate of 3 °C/min, then held constant at 180 °C
for~ 10 h before quenching the samples face-down in
a water bath to~25 °C. A thermocouple in the cold-
water bath recorded temperature. This represented a
single heating-quenching cycle.

2.2 Experimental apparatus and procedures

Shear-permeability experiments were completed in
the triaxial shear-flow apparatus of the Key Labora-
tory of Rock Mechanics and Geohazards at Shaoxing
University (Fig. 3). This apparatus can independently
apply the confining pressure and the internal pore
fluid pressures at a pre-defined fracture shear-offset

velocity, allowing the concurrent measurement of the
evolution of fracture permeability and friction during
fracture shear. The main components of the apparatus
include a rock core holder, four high-precision ram
pumps (pumps A, B, C and D) and experiment control
and data acquisition systems (Zhong et al. 2016). The
core holder accommodates both the shear of the rock
fracture and concurrent water flow. When packing the
sample, the split rock fractures were wrapped in Tef-
lon tape then a latex membrane. This both seals of the
rock displacing fracture and reduces membrane fric-
tion between the core and the inner jacket—reducing
membrane restraint. To minimize chemical effects,
we use deionized water for throughflow. Among the
four ram pumps (ISCO 500D): pump A controls the
confining pressure (i.e., normal stress); pumps B and
C the applied shear stress/velocity, and; pump D con-
trols the rate or pressure of the injected fluids. Each
pump can effectively control the applied pressure
to a resolution of +0.3 kPa, with the minimum flow
rate of 0.001 ml/min. Shear displacement was meas-
ured and recorded by a high-precision linear variable
displacement transducers (LVDT) attached to the
upstream and downstream ends of the sample via the
spindle of the core holder with a resolution of + 1 pm.

@ Springer
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(Downstream)
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Fig. 3 Schematic of the triaxial shear-flow apparatus

The pressure difference is set to 70 kPa along the
sample to allow permeability to be evaluated from the
measured flow rate (pump D) and Darcy’s law. The
water flow was also measured via a measuring cylin-
der and electronic balance at efflux. The maximum
shear displacement for the rock fractures is 12 mm

Fracture
surface

Sample Teflon ring

(End face)

Latex
membrane

with all shear experiments were carried out at a tem-
perature of 25 °C.

To explore the impact of the number of heating-
quenching cycles on the frictional stability and per-
meability evolution of the fractures, we performed
eight shear experiments under a constant confining

Table 2 Experimental

. Testing ID  Rock fractures  Heating- o.oro, Py(kPa) V(pm/s) Lnq (mm)

matrnf of shear-flow quenching (MPa)

experiments cycles
SGH-0-1 SGH-1 0 3 70 10-1-10-1-10  8.13
SGH-1-1 SGH-2 1 3 70 10-1-10-1-10 791
SGH-3-1 SGH-3 3 3 70 10-1-10-1-10  8.21
SGH-10-1 SGH-4 10 3 70 10-1-10-1-10  8.02
SGH-30-1 SGH-5 30 3 70 10-1-10-1-10  8.03
SGH-30-2  SGH-6 30 3 70 10-1-10-1-10  8.27
SGH-30-3  SGH-7 30 3 70 10-1-10-1-10  8.14
SGH-30-4  SGH-8 30 3 70 10-1-10-1-10  8.03

o.=confining pressure, o, =normal stress, P,=pore fluid pressure, V=shear velocity, ;,, = final
shear displacement. The confining pressure (o) is equivalent to the normal stress (o,) for our

experimental apparatus

@ Springer
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pressure (3 MPa) and a pore fluid pressure differential
of 70 kPa (Table 2). At a reservoir depth of ~2450 m,
the in-situ lithostatic pressure would approach
60 MPa (considering a rock density of 2500 kg/m?)
and the in-situ hydrostatic pressure would approach
25 MPa (considering a fluid density of 1000 kg/m?).
Experimental shear velocities used in evaluating frac-
ture or fault stability are generally within the range
of 1072-10" um/s (e.g.,Blanpied et al. 1995; Moore
and Lockner 2011; Tembe et al. 2010). However, it is
very difficult to apply such a high confining pressure
and a pore fluid pressure in our experimental appa-
ratus. Thus, we perform our experiments at a confin-
ing pressure of 3 MPa following practical experience
from previous studies (e.g., Fang et al. 2017; Ishiba-
shi et al. 2018) and adjust the pore fluid pressure to
70 kPa to acquire the steady experimental data. Test
SGH-0-1 was conducted as a control without heating-
quenching cycles. Three further experiments (SGH-1-
1, SGH-3-1 and SGH-10-1) were performed after 1,
3, and 10 heating-quenching cycles and a final four
tests (SGH-30-1, SGH-30-2, SGH-30-3 and SGH-
30-4) under identical conditions after 30 heating-
quenching cycles. During the first 4-mm of shear dis-
placement, the fractures were sheared-in at a constant
shear velocity of 10 pm/s to a steady state of friction.
After that, the shear-offset velocities were stepped as
10-1-10-1-10 pm/s to assess the velocity dependence
of friction and stability.

2.3 Data analysis

The confining pressure, pore fluid pressure, shear
stress and axial displacement were all recorded at a
sampling frequency of 10 Hz. The frictional coeffi-
cient u of the rock fracture is calculated as the ratio of
the measured shear stress 7 to effective normal stress
0,0 (ignoring the cohesion),

U= d = ;
Oneff (Gn _Pf) 0

where o, and P, represent the applied normal stress
and pore fluid pressure, respectively.

Frictional stability (a—b) is calculated from rate-
and -state friction (RSF) law (Dieterich 1978, 1979;
Marone 1998; Ruina 1983) with the coefficient of
friction p expressed as,

= pip+al v + bl Vb
U= py+aln v n D @)
do _ Ve
dt D, @)

where y is the coefficient of friction at the instantane-
ous shear velocity V, y, is the steady-state coefficient
of friction at the reference shear velocity V, (V> V),
0 is a state variable and represents the contact age, a
and b are dimensionless parameters representing the
direct effect and evolutional effect caused by the step
change of shear velocity (Fig. 4b), respectively and
D, is the critical slip distance from the past steady
state to a new steady state. At a steady state of fric-
tion, the state variable 0 does not evolve with time
and thus df/dt=0. Then, according to Egs. (2—(3), the
frictional stability (a—b) is defined as,

-

Positive values of (a—b) indicate that the shear
strength increases with an increase in shear velocity,
i.e., velocity-strengthening behavior, promoting sta-
ble/aseismic fault slip. Conversely, negative values
(a-b) indicate that the shear strength decreases with
an increase in shear velocity, i.e., velocity-weaken-
ing behavior, promoting unstable/seismic fault slip
whenever the critical stiffness criterion is also met
(Fig. 4b).

Assuming that the fracture aperture is uniform
along the shear direction (Fig. 4c), the equivalent
fracture permeability can be calculated based on the
“cubic law”, as,

_ (12v-L-0\"’
eh“(W) ©)

e
1

=N

k= (6)

[\

where ¢, is the equivalent hydraulic aperture, v is the
fluid viscosity, L and W represent the fracture length
and width, respectively, Q is the measured flow rate
and AP is the fluid pressure difference between the
fracture inlet and outlet. Dimensionless permeabilities

@ Springer
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are used for comparison with permeability normal-
ized to the initial static permeability value K, before
shear.

3 Results

3.1 Effect of heating-quenching cycles on friction of
granite fracture

Following the procedures described in Sect. 2.2,

eight shear-flow experiments were conducted on the
multiply heated-quenched samples at 6.=3 MPa

@ Springer

Shear Displacement

and P;=0.07 MPa, with the friction-permeability-
displacement curves shown in Figs. 5, 6, 7 and 8. In
the first 1-2 mm of shear displacement, each sample
shows a linear increase in friction and approaches
the steady state following slight strain-strengthening
behavior. We evaluated the steady state coefficients
of friction for all fractures at a shear displacement
of ~6.35 mm and at a shear velocity of 1 pm/s. The
frictional stability parameters (a—b) for all fractures
were calculated following the methods described in
Sect. 2.3. The results of coefficient of friction (u) and
frictional stability (a—b) are shown in Table 3 and
Figs. 7 and 8.



Geomech. Geophys. Geo-energ. Geo-resour. (2023) 9:18 Page 90of 19 18
1 T T 1 1 T T 1
( a) — Friction ( b) — Friction
——K . /K —K . /K
S 08 ste_9110.8 308} se0110.8
C C
kel i)
k3] | ° I |
= 0.6 0.6 E & 0.6 0.6 &
kS 2 5 e
“— » “— »
$ 04 04 X & 04 04
(&S] (&)
= b=
3 8
o 0.2 10.2 O 0.2¢f 10.2
v=10pmis (1 10 (10 10 v=10ums (1) 10 i1 10
0 - — — : 0 0 : A — * 0
0 2 4 6 8 0 2 4 6 8
Shear Displacement (mm) Shear Displacement (mm)
1 T 1 d 1 T T T T T T 1
( C) Friction ( ) Friction
—K i /K, [ o l——K /K
308 se_9110.8 308 se_9110.8
c C
Ke) Ke]
2 0.6 106 o 206 106 o
w Yoo v
- R e
& 04 04 X G 04 04 X<
[&] @]
b= &=
8 8
O 0.2 10.2 O 0.2 10.2
V=10 umis i v=10ums  1: 10 i1 10
0 - L L . 0 0 . — — . 0
0 2 4 6 8 0 2 4 6 8

Shear Displacement (mm)

Shear Displacement (mm)

Fig. 5 Coefficient of friction () and the normalized permeability (K;/Kj) versus shear displacement for tests: a SGH-0-1, b SGH-

1-1, ¢ SGH-3-1 and d SGH-10-1 for 6, =3 MPa and P;=70 kPa

The coefficients of friction u for the eight hot dry
rocks are in the range of ~0.69 to 0.72, and consist-
ent with previous results on granite fractures/faults
(An et al. 2021; Sun et al. 2021). The samples are
representative of the granites from well GR1 between
2450 to 3600 m where the in-situ temperatures are
in the range of 180-230 °C. It is likely that the coef-
ficient of friction (u) and frictional stability (a—b) of
these hot dry rock fractures are affected by the high
temperature and cold-fluid injection during deep
geothermal exploitation (Blanpied et al. 1995; Yang
et al. 2022). For different heating-quenching cycles,
the results show that the coefficients of friction are
only slightly affected by an increase in the number of
heating-quenching cycles (Figs. 7a and 8a), while the
frictional stability parameters (a—b) are more signifi-
cantly affected. Values of (a—b) for the eight granite
fractures are in the range ~0.0007 to 0.0072, indicat-
ing that these granite fractures mainly promote stable

sliding. However, the frictional stability parameters
(a—b) decrease with an increase in the number of
heating-quenching cycles (Fig. 7b). For 30 heating-
quenching cycles, values of (a—b) for all samples
are of uniform lower magnitude relative to those for
fewer cycles (Fig. 8b)—suggesting a destabilizing
effect of repeated heating-quenching cycles.

3.2 Effect of heating-quenching cycles on fracture
permeability

To explore the effect of the number of heating-
quenching cycles on permeability evolution,
these eight shear experiments were monitored for
flow under the uniform conditions of 6.=3 MPa,
P;=70 kPa, and at ambient temperature 7=25 °C.
Normalized permeability-displacement curves are
shown in earlier Figs. 5 and 6. At the initiation of the
shear-flow experiment, the instantaneous permeability

@ Springer
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SGH-30-2, ¢ SGH-30-3 and d SGH-30-4 for 6, =3 MPa and P;=70 kPa

Ky, first decreases by~10 to 55%, followed by a
gradual decrease until 4 mm shear displacement. At
a shear displacement of 4-8 mm, the instantaneous
permeability K;, reaches a steady state and fluctuates
slightly with increasing displacement, in agreement
with the trend in coefficient of friction. For the con-
trol experiment (SGH-0-1) absent heating-quenching
cycles (Fig. 5a), the steady-state normalized perme-
ability of Kg; /K, is>0.6. With an increase in the
number of heating-quenching cycles, the steady-state
normalized permeability K /K, decreases to 0.4-0.6
for 1, 3, and 10 heating-quenching cycles (Fig. 5b—d),
and further decreases to~0.4 for 30 heating-quench-
ing cycles (Fig. 6¢). These observations imply that
the number of heating-quenching cycles has a slight
influence on the normalized permeability evolution.
We also compared the instantaneous permeability

evolution with increasing shear displacement for the
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eight experiments with the results shown in Fig. 9.
The instantaneous permeabilities for tests SGH-0-1
(without heating-quenching cycles) and SGH-1-1 (1
heating-quenching cycle) are the lowest, followed
by test SGH-3-1 (3 heating-quenching cycles). The
instantaneous permeability for tests SGH-10-1 (10
heating-quenching cycles), SGH-30-1, SGH-30-2,
SGH-30-3 and SGH-30-4 (30 heating-quenching
cycles) are two or three times higher than those for
0-3 heating-quenching cycles. These phenomena
indicate that the number of heating-quenching cycles
exerts a significant impact on the instantaneous evo-
lution of permeability.

3.3 Microstructural characterization

We explore the microstructural characteristics
of four fractures subject to different numbers of
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Fig. 7 Coefficient of friction (#) and frictional stability (a—b)
for different numbers of repeated heating-quenching cycles.
The results corresponding to 30 heating-quenching cycles were
the average values of tests SGH-30-1, SGH-30-2, SGH-30-3,
and SGH-30-4. As the shear velocities were stepped according
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Fig. 8 Coefficient of friction (1) and frictional stability (a—b)
for tests SGH-30-1, SGH-30-2, SGH-30-3, and SGH-30-4. As
the shear velocities were stepped according to sequence “10-1-
10-1-10 pm/s” in each test, the steps 1, 2, 3 and 4 represent the

heating-quenching cycles (i.e., SGH-1 (without
heating-quenching cycles), SGH-3 (after 3 heating-
quenching cycles), SGH-4 (after 10 heating-quench-
ing cycles) and SGH-7 (after 30 heating-quenching
cycles)) (Fig. 10) for thin sections under a polariz-
ing microscope. The control fracture SGH-1 (with-
out heating-quenching cycles) exhibited no obvi-
ous microcracks and only several intergranular
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to sequence “10-1-10-1-10 pm/s” in each test, steps 1, 2, 3 and
4 represent the shear velocity transitions of the first downstep
10—1 pm/s, then second upstep 1-10 pm/s, then third downstep
10-1 pm/s and then fourth upstep 1-10 pm/s, respectively

SGH-5 SGH-6 SGH-7 SGH-8
Sample Number

shear velocity transitions of the first down-step 10—1 pm/s, the
second up-step 1-10 pm/s, the third down-step 10—-1 pm/s and
the fourth up-step 1-10 pm/s, respectively

microcracks (Fig. 10a). With an increase in the num-
ber of heating-quenching cycles, more intergranular
cracks developed (SGH-3 after 3 heating-quenching
cycles) (Fig. 10b). Many more intergranular cracks
and intragranular cracks can be observed in fractures
SGH-4 and SGH-7 (Fig. 10c, d) representing 10 and
30 heating-quenching cycles. These observations
suggest that numbers of repeated heating-quenching
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Table 3 Coefficient of friction (1) and calculated velocity dependence of (a—b) for each experiment

Testing ID Hotdryrock  pu (a—b) values at each velocity step
fractures - .
First 10-1 pm/s Frist 1-10 pm/s Second 10-1 pm/s Second 1-10 pm/s

SGH-0-1 SGH-1 0.694 0.0072 0.0064 0.0051 0.0054
SGH-1-1 SGH-2 0.701 0.0070 0.0052 0.0054 0.0048
SGH-3-1 SGH-3 0.704 0.0036 0.0045 0.0038 0.0030
SGH-10-1 SGH-4 0.706 0.0032 0.0013 0.0014 0.0007
SGH-30-1 SGH-5 0.707 0.0027 0.0003 0.0012 0.0014
SGH-30-2 SGH-6 0.716 0.0037 0.0024 0.0021 0.0020
SGH-30-3 SGH-7 0.711 0.0010 0.0007 0.0020 0.0013
SGH-30-4 SGH-8 0.710 0.0008 0.0020 0.0011 0.0022

As our experiments were carried out at shear velocities of “10-1-10-1-10 pm/s”, the “first” and “second” indicate the sequence of the

velocity step

Fig. 9 Permeability evolu-
tion with increasing shear 1.5
displacement for the eight

%10
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——SGH-1-1

= SGH-30-1
= SGH-30-2

experiments under different
heating-quenching cycles.
Number of heating-quench-
ing cycles denoted are
noted in the serial number
of experiments following
“SGH” in the legend

RN

SGH-3-1 = SGH-30-3
—SGH-10-1 ===SGH-30-4

Permeability (m2)

o
3

cycles induce intense intergranular and intragranular
cracks in hot dry rock fractures.

In addition, backscattered scanning electron micro-
scope (SEM) microscopy was used to compare the
microstructure of fractures both SGH-1 without heat-
ing-quenching cycles and SGH-7 after 30 heating-
quenching cycles (Fig. 11). Almost no microcracks
are present in the control sample SGH-1 (without
heating-quenching cycles) (Fig. 1la), while intra-
granular microcracks across quartz crystals and inter-
granular microcracks between adjacent quartz and
plagioclase crystals develop in fracture SGH-7 (after
30 heating-quenching cycles) (Fig. 11b)—consistent
with observations under polarized light. From the

@ Springer

3 4 5 6 7 8 9
Shear Displacement (mm)

perspective of frictional stability-permeability evolu-
tion, sample SGH-1 shows clear velocity-strength-
ening response and is devoid of microcracks on the
fracture surface, while sample SGH-7 exhibits near
velocity-neutral behavior with numerous intergranu-
lar and intragranular microcracks (Fig. 11b) accom-
panied by clear permeability enhancement. This
is consistent with previous observations (Li et al.
2021; Mo et al. 2022; Zhao et al. 2021). The transi-
tion from velocity-strengthening to velocity-weaken-
ing response is dominated by the response of strong
and brittle minerals (i.e., quartz and feldspar) on the
fracture surface. These brittle minerals in turn poten-
tially impact the generation of thermally-induced
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Fig. 10 Thin-section images under crossed polarized light for: cycles and d SGH-7 with 30 heating-quenching cycles. Red
a SGH-1 without heating-quenching cycle, b SGH-3 with 3 dashed lines denote the observed microcracks
heating-quenching cycles, ¢ SGH-4 with 10 heating-quenching

Fig. 11 Backscattered SEM (scanning electron microscope) The observed microcracks are noted in red dashed lines in b.
images of fractures surfaces: a SGH-1 without heating-quench- Qtz Quartz, Pl plagioclase, Mc microcline
ing cycles, and b SGH-7 with 30 heating-quenching cycles.
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microcracks on the fracture surface after repeated
heating-quenching cycles. With an increase in the
number of heating-quenching cycles, the number,
length and width of the thermally-induced micro-
cracks all increase (Weng et al. 2020; Zhang et al.
2018). Meanwhile, the form and distribution micro-
cracking also shows a transition from an intergranu-
lar microcrack dominated to an intergranular and
intragranular microcracks dominated distribution
(Fig. 10).

4 Discussion

4.1 Possible mechanisms for fracture stability
evolution with heating-quenching cycles

The effect of repeated heating-quenching cycles on
velocity dependence of friction or friction stabil-
ity (a—b) can be partially clarified by referring to the
three different models of friction-stability-permeabil-
ity evolution under low effective normal stress (Fang
et al. 2017) and a microphysical model for granular
gouge (den Hartog and Spiers 2014).

From Fang et al. (2017), the fracture mineral com-
position may exert an influence on fracture frictional
strength and stability. In particular, the competition
between fracture wear products and fracture expan-
sion during shear depends on the material strength
and brittleness of the fracture asperities. Strong and
brittle asperities promote increased frictional strength
and frictional instability relative to weak and ductile
asperities. The predominant minerals in the Gonghe
basin reservoir rock are of high strength and high
brittleness—quartz, plagioclase and microcline.
These high-strength minerals resist being broken into
fine particles during shear and thus may result in the
observed high frictional strength and instability.

The variation in velocity dependence of fric-
tion or frictional stability (a—b) can be interpreted
as competition between gouge compaction caused
by mineral pressure solution and shear-induced frac-
ture dilation (den Hartog and Spiers 2014). At a low
temperature and a low confining pressure, the rate of
volume change is small and impact of pressure solu-
tion is not significant, and therefore deformation is
dominated by the shear-induced dilation. During the
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repeated heating-quenching cycles, the thermal stress
induced microcracks on the fracture surface may fur-
ther enhance the shear-induced dilation. This could
partially account for the observed decrease in the fric-
tional stability parameters (a—b) with an increase in
the number of heating-quenching cycles.

4.2 Possible mechanisms for fracture permeability
evolution due to heating-quenching cycles

Our results show that instantaneous facture perme-
ability increases with an increase in the number of
heating-quenching cycles. Thermal cracking in gran-
ite typically grows more prominent with increas-
ing temperature due to the mismatch in the thermal
expansion and the anisotropy of thermal expansion in
adjacent minerals (Kant et al. 2017; Wang et al. 2020;
Zhang et al. 2018). When the induced thermal stress
exceeds the local tensile strength, thermal cracks
will occur at the boundary or across the interior of
the component minerals (Jiang et al. 2018; Kumari
et al. 2017). As the temperature increases, the inten-
sity of cracking will also increase—expanding along
the boundary of minerals or developing further inside
minerals before finally forming penetrative cracks.
Apart from the maximum temperature, the intensity
of cracking is also influenced by the rate of heat-
ing in the heating-quenching cycles. Since microc-
racks in rock matrix will provide more channels for
fluid transport, fracture permeability may also be
enhanced. Additionally, an increase in the number
and size of microcracks could also enhance spalling
of strong brittle minerals from the fracture surface
during shear. This, in turn, could promote shear dila-
tion and further promote permeability enhancement.
Consequently, the frictional instability is promoted
concurrently with permeability enhancement as a
result of an increased number of heating-quenching
cycles. These behaviors in granite fractures signifi-
cantly differ from those in shale fractures (Fang et al.
2017)—perhaps since the granites contain minor
content of soft minerals in a predominantly hard and
brittle matrix skeleton while shales represent the con-
verse. This further explains that the fracture mineral
compositions not only have significant effects on fric-
tional strength and stability, but also affect the frac-
ture permeability evolution.
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4.3 Implications for geothermal energy exploitation

Our results have important implications for under-
standing the stability of deep faults, injection-induced
seismicity and permeability evolution during geo-
thermal energy exploitation in granitoid-hosted geo-
thermal reservoirs. Our results imply that repeated
heating-quenching cycles can induce a transition from
fracture velocity-strengthening behavior to velocity-
neutral behavior, potentially leading to the instability
of deep faults or fractures. This evolution is beneficial
for the evolution of deep geothermal reservoirs only
if the instability can be restricted to small fractures,
small seismic events and brittle-like porosity crea-
tion and permeability enhancement on those minor
fractures. Certainly, thermal stresses promote micro-
cracking and enhance the permeability of matrix
and fractures in such reservoirs. This permeability
enhancement would be beneficial for geothermal
energy exploitation and also improve the efficiency of
hydraulic fracturing.

As evident in previous results (Weng et al. 2020;
Gautam et al. 2021), the heating-quenching cycles
may create dense arrays of surface cracks and inter-
nal intergranular or intragranular microcracks. These
microcracks further contribute to the degradation in
rock strength, stiffness and modulus. These microc-
racks are induced by the accumulated tensile stresses
applied around the mineral grains (such as the quartz
and feldspars) and are more significant during the
cooling process (Wang and Konietzky 2022; Yang
et al. 2022). These results indicate that heating-
quenching cycles could affect the geomechanical
properties of the EGS reservoir via thermal crack-
ing. For field application, the number of thermal
cracks and crack distribution are not only depend-
ent on the fluid injection pressure, but also affected
by the number of heating-quenching cycles and the
temperature difference during this cycle. Thus, the
number of heating-quenching cycles and the tempera-
ture difference are both important controls on EGS
reservoir fracture permeability evolution (Ishibashi
et al. 2018). For induced earthquakes in EGS reser-
voirs, direct fluid injection may significantly reduce
the effective stresses acting on deep faults and trig-
ger the seismicity (Lee et al. 2019). From our results,
the increase in number of heating-quenching cycles
is shown to destabilize the granite fractures. How-
ever, this destabilization effect would be weaker in

comparison to that resulting from direct fluid injec-
tion due to the accumulation in damage from multiple
heating-quenching cycles.

These results focused on the effect of heating-
quenching cycles during hydraulic shearing and frac-
turing. However, in the actual development of EGS
reservoirs, there are many other technical risks—
inclusive of the uncertainty in success of deep drill-
ing and the impact of regional geological conditions
and stress regimes (Teke and Yasar 2018). In particu-
lar, induced earthquakes associated with hydraulic
fracturing is strongly associated with reactivation of
preexisting faults during geothermal extraction (An
et al. 2020; Igonin et al. 2021).

5 Conclusions

This study characterized the evolution of friction, sta-
bility and permeability of fractures in granite having
similar geophysical properties with the geothermal
reservoir rock in the Gonghe Basin of northwestern
China. In particular, we explored the impact of the
number of cycles of heating and then quenching in
water on the evolution of these parameters. Labora-
tory shear-flow experiments were conducted on hot
dry rock fractures at testing conditions of a confining
pressures of 3 MPa, a pore fluid pressure of 70 kPa
and a temperature of 25 °C. Results show that the
granite fractures exhibit high frictional strength
(~0.69 to 0.72) throughout all heating-quenching
cycles due to the presence of high-strength and high-
brittleness mineral assemblages, such as quartz, pla-
gioclase and microcline. With an increase in the num-
ber of heating-quenching cycles, a transition from
velocity-strengthening to velocity-neutral behavior
is observed and this indicates a decrease in fracture
stability. In addition, this stability is partly controlled
by the generation of fracture wear products and the
competition between fracture compaction and shear-
induced dilation. Based on microstructural observa-
tions, more intergranular and intragranular microc-
racks are observed to develop in the granite fracture
surface with an increase in the number of heating-
quenching cycles. These microcracks are mainly
caused by the thermal stresses during repeated heat-
ing-quenching cycles—with this potentially enhanc-
ing the instantaneous fracture permeability for higher
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numbers of heating-quenching cycles. Our results
have important implications in understanding the
effect of heating-quenching cycles on the stability of
fractures/faults and the evolution of permeability dur-
ing the extraction of geothermal energy at depth.
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