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Abstract

Fracture/fault instability induced by fluid injection in deep geothermal reservoirs could not only vary the reservoir permeability but
also trigger hazardous seismicity. To address this, we conducted triaxial shear experiments on granite fractures with different architected
roughnesses reactivated under fluid injection, to investigate the controls on permeability evolution linked to reactivation. Our results
indicate that the fracture roughness and injection strategies are two main factors affecting permeability evolution. For fractures with dif-
ferent roughnesses, a rougher fracture leads to a lower peak reactivated permeability (kmax), and varying the fluid injection strategy (in-
cluding the confining pressure and injection rate) has a less impact on kmax, indicating that the evolution of permeability during fluid
pressurization is likely to be determined by the fracture roughness along the shear direction. Both the fracture roughness and injection
strategies affect the average rates of permeability change and this parameter also reflects the long-term reservoir recovery. Our results
have important implications for understanding the permeability evolution and the injection-induced fracture/fault slips in granite reser-
voirs during the deep geothermal energy extraction.
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1 Introduction

Understanding then mitigating the hazard of injection-
induced earthquakes on reactivated fractures/faults is cur-
rently important in a variety of geo-engineering activities,
including but not limited to the hydraulic fracturing for
shale gas stimulation (Atkinson et al., 2020; Bao &
Eaton, 2016; Ellsworth, 2013; Pine & Batchelor, 1984;
Schultz et al., 2020), the carbon dioxide (CO2) storage
(Hovorka et al., 2006; Verdon et al., 2013; Zoback &
Gorelick, 2012) and the creation of enhanced geothermal
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system (EGS) reservoirs (Kumari & Ranjith, 2019; Safari
& Ghassemi, 2015; X. Wu et al., 2023; Yeo et al., 2020).
Particularly in the creation of EGS reservoirs, fluid injec-
tion is purposely used to induce fracture slip and propaga-
tion to develop a shear-dilated and self-propped high-
conductivity fracture network to enhance permeability
and improve the geothermal recovery (Heidinger, 2010;
Lu, 2018; Olasolo et al., 2016).

Despite the advantages of hydraulic fracturing, injecting
a large volume of fluids into the deep subsurface could also
bring about severe environmental problems. In recent years,
the induced seismicity has been frequently reported in Basel
(Grigoli et al., 2017) and Soultz-sous-Forêts (Majer et al.,
2007), and all seismic events are proven to be associated
with the deep injection into EGS reservoirs. Notably, the
moment magnitude (Mw) 5.5 earthquake, resulting from
behalf of KeAi Communications Co. Ltd.
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Table 1
Comparison of mineral compositions (weight percent) of the granites from
Suizhou City and the Pohang geothermal site.

Rock Source Quartz Plagioclase Microcline Biotite

Suizhou 33% 44% 13% 8%
Pohang 28.6% 43.1% 13.7% 10.1%

Table 2
Comparison of the basic mechanical properties of the granites from
Suizhou City and the Pohang geothermal site.

Rock
source

Uniaxial compressive
strength, rc (MPa)

Poisson’s
ratio, v

Elastic modulus,
E (GPa)

Tensile
strength,
rt (MPa)

Suizhou 94.4 0.21 32.7 8.6
Pohang 106.7 0.21 33.5 9.2
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the stimulation of the Pohang reservoir on November 15,
2017, has been demonstrated as the largest induced earth-
quake during the deep geothermal energy extraction
(Grigoli et al., 2018). Many studies suggest that the Mw

5.5 earthquake in Pohang reservoir results from the reduc-
tion in the effective stress of pre-existing fractures/faults due
to fluid injection (An et al., 2022; Kim et al., 2018).

Permeability, and most importantly distributed perme-
ability, is the key parameter in controlling the feasibility
and viability of EGS reservoirs (Cladouhos et al., 2016;
Lu, 2018; H. Wu et al., 2023). This parameter may be fur-
ther enhanced through the implementation of optimal
injection strategies (Marcou, 1985; Rinaldi et al., 2015).
The change in permeability resulting from fracture/fault
slip has been proved to be closely related to fracture/fault
roughness (Fang et al., 2018; Ishibashi et al., 2020; C.
Wang et al., 2020), slip distance, and shear velocity
(Blanpied et al., 1998; Passelègue et al., 2016). Therefore,
investigating the permeability evolution and frictional
behaviors of granite fractures in low-permeability EGS
reservoirs is particularly important.

Currently, there are various experimental assemblies
employed to study the fracture shear reactivation induced
by fluid injection. These include the double direct shear (Li
et al., 2019; Samuelson et al., 2009), single direct shear
directly on split core (Fang et al., 2017; Zhong et al., 2016)
in ‘6–9’ configuration (Fang et al., 2018; Ishibashi et al.,
2016; Samuelson & Spiers, 2012) or in shear boxes (Esaki
et al, 1999; Olsson & Barton, 2001), and rotary shears
(Niemeijer & Spiers, 2006). The advantage of the direct
shear-flow configuration is that the stress conditions are sim-
ple and the flow regime is uniform and non-converging.
However, this method also shows many disadvantages
including the low applied fluid injection pressures, the small
injection flow rate due to sealing issues and the difficulties in
observing the hydro-mechanical coupling behaviors. The tri-
axial shear is another commonly used method for
laboratory-scale fracture slip tests (Bauer et al., 2016; Ji
et al., 2021; Jiang et al., 2022; Nemoto et al., 2008; L.
Wang et al., 2020; Ye &Ghassemi, 2018). These tests involve
applying a confining pressure and axial stress to a cylindrical
rock sample containing a fracture, while injecting water into
the fracture to both promote the fluid flow and induce the
fracture slip. However, angled fractures may subject to
non-uniform stresses and converging fluid flow in the ellipti-
cal fracture is typically highly sensitive to conditions at the
injection/withdrawal points (Ji et al., 2021; L. Wang et al.,
2020; Ye & Ghassemi, 2018). Additionally, testing natural
fractures in any of these configurations renders each experi-
ment unique and unrepeatable (Ye & Ghassemi, 2018) with
only few studies conducted on repeatable fracture architec-
tures (Elsworth & Goodman, 1986; Fang et al., 2018;
Ishibashi et al., 2020; L. Wang et al., 2020). As a result, it
could be difficult to systematically determine the impact of
fracture roughness on permeability evolution.

In this light, we probe the systematics of permeability
evolution and its hysteresis in fluid-pressurization-based
shear-reactivation then unloading in this study. We use
the architected fracture of a natural granite analog repre-
sentative of the Pohang EGS site with a specified rough-
ness. The samples are pre-stressed then reactivated by
successively incrementing injection pressure, followed by
a similar stepwise decrement while the steady-state perme-
ability is concurrently measured. It is noteworthy that the
granite fractures used in this experiment are significantly
diverse in fracture roughness to explore the influence of
roughness on fracture slip induced by fluid injection.
Meanwhile, we conducted experiments under different
stress conditions and injection rates to determine the pri-
mary factors influencing the permeability evolution during
the injection.

2 Experimental methods

2.1 Sample preparation

The granite used for the shear tests was obtained from
Suizhou City, Hubei Province, China. X-ray diffraction
(XRD) was employed to characterize the mineral composi-
tion. Results show that the Suizhou granite consists of 33%
quartz, 44% plagioclase, 13% microcline, and 8% biotite by
weight (Table 1), similar composition to the cores retrieved
from the PX-2 well at a depth of 4.2 km at the Pohang
geothermal site, South Korea (Kwon et al., 2018). The
Pohang granodiorite comprises 28.6% quartz, 43.1% pla-
gioclase, 13.7% microcline, and 10.1% biotite by weight
(Table 1). Thus, the maximum discrepancy in each mineral
component of the two granites is less than 5% by weight.

We measured the basic mechanical properties of our
granite to compare them with those from Pohang (Kwon
et al., 2018). These parameters include the uniaxial com-
pressive strength, Poisson’s ratio, elastic modulus and ten-
sile strength (Table 2). These tests were carried out in
compliance with the standards proposed by the Interna-
tional Society for Rock Mechanics and Rock Engineering
(ISRM, 2007). From Table 2, it can be observed that the
basic mechanical properties of the two granites are also



Table 3
Roughness parameters for the five different fractures.

Fracture No. Sq (mm) Lwx (mm) Lwy (mm) Roughness,
R

1 0.70 3.5 3.5 0.20
2 0.70 7.0 7.0 0.10
3 0.35 7.0 7.0 0.05
4 0.70 3.5 7.0 0.20
5 0 0 0 0

Note: Lwx and Lwy represent the wavelengths of fracture both along-shear
and transverse-shear directions, respectively.
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similar, therefore we use this granite as an analog to the
Pohang granite.

Fracture roughness is an important factor to influence the
frictional properties and permeability evolution of granite
fractures (Elsworth & Goodman, 1986; Li et al., 2023; Ye
& Ghassemi, 2018). To explore the effect of fracture rough-
ness, we used granite fractureswith five different roughnesses
(Table 3). Cylindrical cores (50 mm � 80 mm in
diameter� height)were axially split thenmilledwith a rough
fracture, as shown in Fig. 1. Fracture roughness is broadly
Fig. 1. 3D digital fracture surfaces (left) and the rough granite fractures
obtained by 3D milling technique (right). (a)–(b) Fracture No. 1, (c)–(d)
fracture No. 2, (e)–(f) fracture No. 3, and (g)–(h) fracture No. 4.
determined by two geometric parameters – the wavelength
(Lw) and the root-mean-square (RMS) asperity height (Sq).
The wavelength (Lw) refers to the distance between two sta-
tistically independent points on a fracture surface. The
RMS asperity height (Sq) is defined as the RMS value of
roughness amplitude sampled over an area. TheRMS asper-
ity height Sq is expressed as (Gadelmawla et al., 2002)

Sq ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

A

ZZ
A
z x; yð Þdxdy

s
; ð1Þ

where A denotes the plane being integrated, z denotes the
function defined on this plane, and x, y denote the
coordinates.

The roughness R is expressed as

R ¼ Sq

Lw

: ð2Þ

A larger value of R corresponds to a rougher fracture
surface (Fang et al., 2018). To construct fracture surfaces
with a specified roughness, we used digitally generated ran-
dom surfaces with Gaussian statistics (Fung et al., 2010;
Whitehouse & Archard, 1970). To generate the random
surface with Gaussian statistics, we create an uncorrelated
Gaussian distribution as the surface height function. The
RMS asperity height and average values of the uncorre-
lated Gaussian distribution are Sq and 0, respectively.
The heights of adjacent points on real fracture surfaces
generally vary continuously in a smooth manner, indicat-
ing that the points on the randomly generated surfaces
are correlated to each other. However, the generated points
of the uncorrelated Gaussian distribution are not corre-
lated to each other. To address this issue, we employed a
digital filter to convert the previously generated uncorre-
lated Gaussian distribution into correlated random sur-
faces with Gaussian statistics (Fung et al., 2010). These
profile data were then imported into the 3D milling
machine and the fractures were then milled to obtain the
desired rough surfaces.

The roughness parameters representing the five different
digital surfaces implemented in our experiments are pre-
sented in Table 3. To increase the accuracy of the randomly
generated digital surfaces, the fracture No. 2 was selected
as the representative digital surface, with an RMS asperity
height of 0.7 mm, an along-shear wavelength of 7 mm, and
an R value of 0.1 (Fang et al., 2018). From this reference,
the fractures No. 1 and No. 3 were generated with the
roughness values R of 0.20 and 0.05, by adjusting the val-
ues of wavelength and RMS asperity height. To examine
the effect of transverse-shear fracture roughness on friction,
we doubled the wavelength of fracture No. 1 in the
transverse-shear direction to obtain fracture No. 4. The
fracture No. 5 is a smooth fracture selected for compari-
son. The 3D digital fracture surfaces and the rough granite
fractures obtained by the 3D milling technique are shown
in Fig. 1.
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2.2 Experimental controls

The triaxial shear experiments were performed using the
high-pressure triaxial shear apparatus located at the Key
Laboratory of Geotechnical & Underground Engineering
of the Ministry of Education, Tongji University, Shanghai,
China. As shown in Fig. 2, this high-pressure triaxial appa-
ratus may be sub-divided into three parts, an air compres-
sor and hydraulic pump, a combined load frame and lifting
jack, and a control system. The hydraulic pump adjusts the
axial force and the confining pressure by injecting silicon
oil into a lifting jack and the confining pressure chamber,
respectively. The air compressor unloads the confining
pressure by injecting air into the chamber. The counter-
force frame and the loading system apply an axial load
to the sample with deformation/strain measured by linear
variable displacement transducer (LVDT) and a lateral
strain gauge. The control system comprises servo drives
Fig. 2. Schematic of the tri

Fig. 3. Details of the triaxial shear test. Pc and rn represent the confining p
experiments. P is the axial force applied directly on the shearing discs. s is the
pressure. The stress conditions on the fracture surface are displayed to the rig
and three pumps, with these working together to accurately
control the confining, axial and fluid pressures.

The apparatus has a maximum axial force capacity of
1500 kN in either the displacement rate control or stress
control. Meanwhile, it can apply the maximum confining
and injection pressures of 100 and 60 MPa, respectively.
The accuracy of the pressure control regime is <0.1 MPa,
while the flow control regime can maintain flow rates in
the range of 0.01–30.00 mL/min. During the experiment,
the axial and radial displacements, axial force, confining
pressure and fluid pressure are recorded via the displace-
ment and pressure sensors, respectively, and displayed in
real time in the control system.

In the shear-reactivation experiments, we set the split
core with an initial shear offset as shown in Fig. 3 (Ding
et al., 2020). A forcing block (A in Fig. 3) drives deforma-
tion with the sample sealed with silicon gel (B in Fig. 3) as a
sacrificial void that is squeezed out as the sample deforms.
axial shear test system.

ressure and the normal stress, respectively and they are identical in our
shear stress along the fracture converted from P. Pf is the fluid injection
ht.
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We neglect the force generated by the compression of the
silicon gel due to its low viscosity and stiffness. The stress
conditions of the fracture are also shown in Fig. 3. The
shear stress is calculated from the axial force acting in
the direction of the rock fracture divided by the area of
the fracture surface. The effective normal stress is deter-
mined by subtracting the injection pressure from the con-
fining pressure and correcting for evolving contact area.
Fig. 4. Loading path for test 1, including both loading and unloading
stages, which is chosen as a representative example to illustrate the loading
sequence.
2.3 Experimental procedure

A total of nine experiments were performed at room tem-
perature with the key experimental parameters shown in
Table 4. The first group of experiments (i.e., tests 1, 2-1,
3, 4, and 5) investigated the influence of fracture roughness
on the permeability evolution of the granite fractures. The
second group of experiments (i.e., tests 2-1, 2-2, 2-3, 2-4,
2-5) explored the effect of different injection strategies (dif-
ferent confining pressures, pressure gradients, and injection
rates) on fracture permeability, but only for sample No. 2.

The loading path is shown in Fig. 4 for test 1 and taken
as an example to show the loading sequence. The specific
experimental procedures are described as follows. First,
the sample and shear discs were installed in the triaxial
apparatus as illustrated in Fig. 3. Then, the confining pres-
sure in the chamber was raised at a rate of 0.5 MPa/min to
the target level of rn. Next, the shear stress (s) was applied
to the sample to 2 MPa by running the axial pressure servo
pump at a rate of 1 mL/min. Subsequently, the deionized
water was injected at a constant rate through the permeable
holes into the fracture. Once the target injection pressure
(Pf) was reached, the pressure was maintained for approx-
imately 4 min to ensure a steady state of fluid flow. Finally,
an unloading segment with the same pressure decrement
was conducted to investigate the recoverability of perme-
ability following the fracture slip.
2.4 Permeability evaluation

The along-feature permeability is evaluated from the
experiment by invoking the cubic law (Witherspoon
Table 4
Key experimental parameters.

Test ID Roughness, R Confining pressure (MPa) Press
(MPa

1 0.20 10 1.5-2.
2-1 0.10 10 1.5-2.
2-2 0.10 10 1.5-2.
2-3 0.10 10 1.5-2.
2-4 0.10 5 1.5-2.
2-5 0.10 15 1.5-2.
3 0.05 10 1.5-2.
4 0.20 10 1.5-2.
5 0 10 1.5-2.
et al., 1980; Zimmerman & Bodvarsson, 1996). The frac-
ture permeability (k) is evaluated as

k ¼ ah2

12
; ð3Þ

where ah is the equivalent hydraulic aperture of the frac-
ture, defined as

ah ¼ � 12lLQ
W DP

� �1
3

; ð4Þ

where Q is the measured flow rate, DP is the upstream and
downstream fluid pressure difference, l is the fluid viscosity
(1.002 � 103 Pa�s at 20 �C for water), and W and L repre-
sent fracture width and length, respectively.
3 Results

The results of the first group of experiments (i.e., tests 1,
2-1, 3, 4, and 5) is shown in Fig. 5, while results for the sec-
ond group (i.e., tests 2-1, 2-2, 2-3, 2-4, 2-5) of experiments
are presented in Fig. 6. Both figures show incremented
pressures generally driving a step increment in displace-
ment and a step decrement in shear stress. The loading
ram is locked and thus the shear stress is reduced with
ure gradient
)

Injection
rate (MPa/s)

5-3.5-4.5-5.5-6.5-7.5-8.5-9.5 0.10
5-3.5-4.5-5.5-6.5-7.5-8.5-9.5 0.10
5-3.5-4.5-5.5-6.5-7.5-8.5-9.5 0.05
5-3.5-4.5-5.5-6.5-7.5-8.5-9.5 0.20
5-3.5-4.5 0.10
5-3.5-4.5-5.5-6.5-7.5-8.5-9.5-10.5-11.5-12.5-13.5-14.5 0.10
5-3.5-4.5-5.5-6.5-7.5-8.5-9.5 0.10
5-3.5-4.5-5.5-6.5-7.5-8.5-9.5 0.10
5-3.5-4.5-5.5-6.5-7.5-8.5-9.5 0.10



Fig. 5. Stress paths and shear displacement for each test and the resulting permeability changes under different injection pressures. (a)–(b) Test 1, (c)–(d)
test 2-1, (e)–(f) test 3, (g)–(h) test 4, and (i)–(j) test 5.

38 F. Zhang et al. / Underground Space 20 (2025) 33–45



Fig. 6. Stress paths and shear displacement for each test and the resulting permeability changes under different injection pressures. (a)–(b) Test 2-1, (c)–(d)
test 2-2, (e)–(f) test 2-3, (g)–(h) test 2-4, and (i)–(j) test 2-5.
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shear displacement as controlled by system stiffness. The
experimental data during the injection pressure maintain
stages for each test, including the shear stress (s), the shear
slip (d), and fracture permeability (k), are listed in Table 5.

During the loading stages of the nine tests (Figs. 5 and
6), the effective normal stress concomitantly decreases with
the increase in injection pressure, resulting in a steady
increase in fracture permeability due to fracture dilation
(Fang et al., 2018: Ye & Ghassemi, 2018). At a critical
injection pressure, the fracture slips and induces a steeper
increase in permeability with injection pressure. During
the unloading stage (Figs. 5 and 6), as the effective stress
is decreased, the rough fracture compacts but permeability
remains higher in the unloading stage than in the loading
stage. This is consistent with damage to the bridging asper-
ities effectively softening the unloading response of the
fractures and thus retaining an elevated permeability. Such
an effect from damage to the fracture asperities should be
greater than any permeability reduction due to the creation
of damage and wear products. Thus, under these condi-
tions, the values of fracture permeability remain universally
higher than those observed during the loading stage.

Based on the experimental results from the first group of
experiments (1, 2-1, 3, 4, and 5) (Fig. 5), it is observed that
the frequency of injection-induced slip events gradually
increases as the roughness along the shear direction
decreases—evolving from one occurrence in tests 1 and 4
Table 5
Results of the nine shear experiments during loading and unloading stages.

Test ID Roughness,

R

Loading stage

Pi (MPa) 1.5 4.5 5.5 6.5

1 0.20 s (MPa) 2.00 2.00 2.00 2.00
d (mm) 0 0 0 0
k (10�12 m2) 0.50 1.00 1.10 1.25

2-1 0.10 s (MPa) 2.00 2.00 2.00 2.00
d (mm) 0 0 0 0
k (10�12 m2) 0.90 1.20 1.30 1.45

2-2 s (MPa) 2.00 2.00 2.00 2.00
d (mm) 0 0 0 0
k (10�12 m2) 0.92 1.15 1.28 1.41

2-3 s (MPa) 2.00 2.00 2.00 2.00
d (mm) 0 0 0 0
k (10�12 m2) 0.91 1.23 1.35 1.50

2-4 s (MPa) 2.00 0.41 – –
d (mm) 0 0.15 – –
k (10�12 m2) 1.17 2.12 – –

2-5 s (MPa) 2.00 2.00 2.00 2.00
d (mm) 0 0 0 0
k (10�12 m2) 0.64 0.71 0.75 0.78

3 0.05 s (MPa) 2.00 2.00 2.00 2.00
d (mm) 0 0 0 0
k (10�12 m2) 1.20 1.50 1.60 1.75

4 0.20 s (MPa) 2.00 2.00 2.00 2.00
d (mm) 0 0 0 0
k (10�12 m2) 0.52 1.02 1.20 1.36

5 0 s (MPa) 2.00 2.00 1.81 1.40
d (mm) 0 0 0.06 0.10
k (10�14 m2) 2.02 2.78 3.33 3.82

Note: Pi represents the pressure gradients.
(Fig. 5(a)–(g)) to five distinct slip events in test 5 (Fig. 5
(i)). For fractures with different along-shear roughnesses,
the reduction in shear stress during the tests also becomes
more pronounced with decreased roughness along the
shear direction (Table 5). Interestingly, for rough fractures,
each subsequent slip event exhibits a greater displacement
compared to the previous, maybe due to the decreasing
slope of the contacting surface with increased shear offset
– and therefore reduced dilatant hardening. Furthermore,
both the initial and peak permeability of each test increase
with decreased R value along the shear direction (Fig. 5).
As the R value decreases, the disparity in permeability
between the loading and unloading stages gradually
becomes smaller (Fig. 5). It can also be noted that the vari-
ation in R value along the shear-transverse direction has a
relatively minor influence on the initial and peak perme-
abilities compared to the impact of roughness along the
shear direction (Fig. 5(b) and (h)). For the second group
of experiments (Fig. 6), altering the injection strategies on
a single fracture has a negligible effect on the number of
discrete incremental slip events. However, the fluid injec-
tion rate and confining pressure apparently affect the mag-
nitudes of shear stress reduction during each slip event.
Specifically, increasing the injection rate or confining pres-
sure reduces the drop in shear stress. Changes in the initial
permeability of tests 2-4 and 2-5 (Fig. 6(g) and (i)) result
from the variations in the initial effective normal stress.
Unloading stage

7.5 8.5 9.5 13.5 14.5 8.5 5.5 1.5

2.00 2.00 1.62 – – 1.62 1.62 1.62
0 0 0.22 – – 0.22 0.22 0.22
1.34 1.55 2.18 – – 2.05 1.49 1.00
2.00 1.60 0.63 – – 0.63 0.63 0.63
0 0.10 0.23 – – 0.23 0.23 0.23
1.64 2.03 2.39 – – 2.15 1.45 1.08
2.00 1.50 0.56 – – 0.56 0.56 0.56
0 0.08 0.18 – – 0.18 0.18 0.18
1.61 1.92 2.28 – – 2.01 1.40 1.02
2.00 1.70 0.70 – – 0.70 0.70 0.70
0 0.12 0.29 – – 0.29 0.29 0.29
1.66 2.13 2.66 – – 2.34 1.57 1.19
– – – – – – – 0.41
– – – – – – – 0.15
– – – – – – – 1.25
2.00 2.00 2.00 1.78 0.77 0.77 0.77 0.77
0 0 0 0.19 0.34 0.34 0.34 0.34
0.83 0.88 0.97 2.05 2.67 1.14 0.97 0.83
1.60 1.02 0.36 – – 0.36 0.36 0.36
0.05 0.11 0.23 – – 0.23 0.23 0.23
2.04 2.43 2.87 – – 2.52 1.70 1.28
2.00 2.00 1.52 – – 1.52 1.52 1.52
0 0 0.42 – – 0.42 0.42 0.42
1.53 1.65 2.31 – – 2.05 1.47 1.00
1.00 0.61 0.20 – – 0.20 0.20 0.20
0.14 0.19 0.25 – – 0.25 0.25 0.25
4.31 4.85 5.70 – – 4.86 3.33 2.02
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Additionally, at higher injection rates or increased confin-
ing pressures, there is an increasing disparity in permeabil-
ity between the loading and unloading stages.

4 Discussion

4.1 Permeability enhancement with fracture roughness

We defined the fracture permeability at the minimum
effective normal stress as the peak reactivated permeability
(kmax), and the minimum effective normal stresses are the
same in all nine tests. Comparing the permeability under
the same effective stress level holds significant importance
for evaluating the effectiveness of fluid injection. For frac-
tures with different roughnesses, a rougher fracture shows a
lower kmax, as shown in Fig. 7.

When the water flows through rough fracture surfaces,
its path becomes more tortuous. Therefore, rough fracture
surfaces exhibit lower permeability compared to smooth
ones, and this can be simply explained by a definition of
hydraulic aperture ah (Barton et al., 1985),

ah ¼ E2=JRC2:5; ð5Þ
where JRC and E are joint roughness coefficient, and
mechanical aperture, respectively. According to Eq. (5), a
rougher fracture exhibits a larger JRC value. As we
employed the same milling machine and the same sculpting
method, we consider the mechanical fracture apertures in
different samples to be equivalent. Consequently, the
rougher fractures would exhibit a lower hydraulic aperture.
This lower hydraulic aperture could lead to the reduced
permeability (Eq. (3)). However, the kmax of the smooth
fracture is the lowest among all fractures, likely due to
the lack of bridging asperities after polishing. Although
the fracture slip induced by fluid pressurization has been
observed to exert a significant impact on fracture perme-
ability, it is crucial to investigate the long-term influence
of fluid pressurization on permeability, that is, whether
the permeability will remain high when the pressure is
reduced. To investigate this, we adopt the average perme-
Fig. 7. Values of kmax of all experiments.
ability change rate (XDpermeability) to evaluate the permeabil-
ity changes between the loading and unloading stages. In
addition to the kmax, XDpermeability is also an important
parameter for evaluating the long-term effectiveness of
fluid injection as it can reflect the long-term fracture perme-
ability in reservoirs. Values of XDpermeability could be calcu-
lated as

X�permeability ¼
Xn

i¼1:5

ki unloadingð Þ � ki loadingð Þ
ki loadingð Þ � 100%;

ð6Þ

where ki (unloading) is the instantaneous permeability at
pressure stage i during the unloading stage, ki (loading) is
the instantaneous permeability at pressure stage i during
the loading stage, and i ranges from 1.5 to 10.5 excluding
the final pressure stage.

Table 6 shows the values of XDpermeability for different
tests. From Table 6, the values of XDpermeability are always
positive with this attributed to dilatant shear slip during
injection (Li et al., 2023; Ye & Ghassemi, 2018). Values
of XDpermeability increase with an increase in fracture rough-
ness along the shear direction, despite the reduced occur-
rence of fracture slip. The higher Sq values or lower Lw

values indicate that asperities on the fracture surface are
higher and steeper and both can lead to higher roughness.
These higher and steeper asperities can further lead to
stronger self-propping and faster dilation during the shear
slip, respectively, resulting in an increase both in perme-
ability and XDpermeability (Fig. 5). Moreover, these higher
and steeper asperities resist comminution into wear prod-
ucts during shearing (Fang et al., 2017), which also con-
tributes to the enhancement of XDpermeability. For polished
fractures (No. 5), the value of XDpermeability was only
0.15%, indicating that fracture shear did not significantly
affect XDpermeability of the fracture (Fig. 5(j)). The above
observations suggest that the fracture roughness along
the shear direction plays an important role in the magni-
tude of XDpermeability. Furthermore, the relatively higher
fracture roughness along the transverse-shear direction
also induces a slight increase in XDpermeability (Fig. 5(b)
and (h)), but the effect is less significant than that along
the shear direction. This indicates that the XDpermeability is
mainly influenced by fracture roughness along the shear
direction.

We also conducted in-depth studies of fracture No.1,
including increasing the holding time by 24 h after the
injection pressure reached 9.5 MPa (test 1H) to investigate
the impact of the duration of injection at high pressure as
well as adopting a loading path of 1.5-5.5-9.5 (test 1L) to
explore whether the evolution of fracture permeability is
Table 6
Calculated XDpermeability for tests 1, 2-1, 3, 4, and 5.

Test ID 1 2–1 3 4 5

XDpermeability 43.80% 13.81% 6.03% 37.45% 0.15%
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highly dependent on the loading path. The results are
reported in Fig. 8(a)–(b) and reveal a slight decrease in
shear stress from 1.62 to 1.60 MPa after the 24 h holding
period, with a negligible increase in shear slip. While the
fracture permeability during the loading stage of test 1H
remained the same as that of test 1, although the perme-
ability during the unloading stage was slightly lower than
that of test 1, including kmax. Consequently, the value of
XDpermeability for test 1H was lower than that of test 1. This
suggests that the duration of injection at high pressure may
accelerate slip, leading to the comminution of larger parti-
cles within the fractured zone, thereby reducing XDpermeabil-

ity. In Fig. 8(c)–(d), the results reveal a negligible change in
fracture permeability during the loading stage, but �3.31%
decrease during the unloading stage compared to test 1.
This phenomenon may be attributed to the fact that the
shorter loading time can result in inadequate contact of
Fig. 8. Stress paths and shear displacement for each test and resulting permeab
1H, and (e)–(f) test 1L.
the asperities, inducing relatively minor damage to the
asperities and a comparatively limited increase in perme-
ability. However, in comparison to the effects of changing
the confining pressure and injection rate, the impact
appears to be less pronounced.

4.2 Permeability enhancement with different fluid injection

strategies

As shown in Fig. 7, varying the fluid injection strategy
(including the confining pressure and injection rate) has a
less significant impact on the values kmax of the fracture,
highlighting the importance of fracture roughness along
the shear direction for permeability evolution during fluid
pressurization. We evaluate the values of XDpermeability of
tests 2-1, 2-2, 2-3, 2-4, and 2-5 with the results presented
in Table 7. From Table 7, it can be observed that there is
ility changes under different injection pressures. (a)–(b) Test 1, (c)–(d) test



Table 7
Values of XDpermeability for tests 2-1, 2-2, 2-3, 2-4 and 2-5.

Test ID 2-1 2-2 2-3 2-4 2-5

XDpermeability 13.81% 8.27% 19.77% 6.86% 27.64%

ig. 9. Normalized maximum moment magnitude versus the total
jection volume predicted from experiments. The gray dashed lines
epresent the solution with c values.
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an increase in values of XDpermeability with an increase in the
confining pressure (tests 2-1, 2-4, and 2-5). This phe-
nomenon results from severe asperity damage under higher
stresses (Faoro et al., 2009; Meng et al., 2022; Zhao et al.,
2012). The confining pressure on the fracture would
increase as the reservoir depth increases. Under a higher
confining pressure or injection rate, the brittle mineral
asperities may be ground down into larger particles and
result in a higher average rate of change in permeability.
This observation indicates that injecting into deeper and
more highly stressed reservoirs, or at increased injection
rates may generate larger fracture apertures. The resulting
increase in fracture aperture can enhance reservoir perme-
ability and improve long-term recovery, particularly in
EGS reservoirs. Overall, elevating the injection rate or
injecting the fluid at deeper depths where stresses are higher
has less effect on the kmax, but it can potentially change the
percentage increase in values XDpermeability in EGS projects.

4.3 Implications for fault stability and permeability evolution

in EGS reservoirs

Our results demonstrate that fracture slip can induce a
rapid increase in permeability that may be maintained dur-
ing reloading. This phenomenon can be attributed to the
dilatant shear slip that occurs, potentially improving the
efficiency of geothermal energy extraction. However, this
fracture slip also results in shear stress drop and may
potentially trigger seismicity (Fischer & Guest, 2011;
Stein, 1999; Zang et al., 2014) – an existential threat to
geothermal exploitation. Therefore, we should take effec-
tive measures to ensure long-term increases in permeability
but reduce the seismic hazard.

Our results suggest that both fracture roughness and
injection strategies play significant roles in the permeability
evolution of granite fractures during fluid injection. How-
ever, roughness is an intrinsic property of the fracture sur-
face and modifying it comes with significant costs. But we
may be able to effectively increase values of XDpermeability by
adopting appropriate injection strategies (e.g., injection
rate and pressure). Changes in injection rate result in vari-
ations in the pressure gradient and fluid flow velocity
within the fracture. Also, injecting fluid at different pres-
sures will alter the effective stress conditions on the frac-
ture, thus affecting the required injection pressure for the
fracture to slip. These findings may have certain valuable
implications for EGS production. The observed gradual
increasing displacement in shear slip with increasing injec-
tion pressure on rough fractures suggests that re-injection
with higher injection pressure may result in a larger shear
slip displacement, potentially causing greater induced seis-
F
in
r

micity (Brune, 1968). These findings provide a potential
explanation for the occurrence of significant seismic events
induced by re-injection in EGS (Molina et al., 2020; Parisio
et al., 2019; Vadacca et al., 2021).

The laboratory injection-induced seismic moment can
be predicted using injected volume. Previous studies have
utilized a scaling factor to adjust the experimental mea-
sured seismic moments, accommodating variations in
geometry and constraints between laboratory faults and
natural faults. Following normalization with this scaling
factor, the experimental measured seismic moments can
be compared to those of natural faults. The normalized
maximum seismic moment (M0

max) is expressed as (Li
et al., 2021)

Mmax
0 ¼ 1

2ð1� cÞGDV ; ð7Þ

lDP ¼ 1� cð ÞDs; ð8Þ
DV ¼ ADah; ð9Þ
where G is the modulus of rigidity, DV is the total injection
volume, (1 � c)�Ds is the stress difference between the initial
shear stress and the shear strength, l�DP is the shear
strength reduction, A is the cross-sectional area of each
fracture, and Dah is the fracture aperture change. We deter-
mined the normalized maximum seismic moment of the ini-
tial slip event in our experiments, as depicted in Fig. 9. The
c value is determined by the stress drop of the injection-
induced shear slip, and the fracture aperture change is
determined by the permeability before and after injection-
induced shear slip. It is evident that increasing roughness
significantly amplifies the normalized maximum seismic
moment. Furthermore, the adjustments of injection strate-
gies also influence the normalized maximum seismic
moment.

5 Conclusions

We complete laboratory triaxial shear experiments on
fractures with different architected roughnesses to investi-
gate the evolution of permeability on rough granite frac-
tures. The main conclusions are as follows. After the
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initiation of injection-induced shear slip, there is a signifi-
cant and rapid increase in permeability, this elevated per-
meability persists even after the injection pressure is
reduced and effective stresses increase. Fractures with
rougher surfaces exhibit lower values of kmax. Varying
the fluid injection strategy, including changes in confining
pressure and injection rate, has a comparatively less signif-
icant impact on the values of kmax. This suggests that the
evolution of permeability during fluid pressurization is
likely determined by the roughness of the fracture along
the shear direction. The increases in fracture roughness
along the shear direction, injection rates, and confining
pressures all result in a corresponding increase in the aver-
age rate of change in permeability. The transverse-shear
fracture roughness has only a minor impact on values of
XDpermeability with pressure relative to that in the shear
direction. Our results have important implications for
understanding the influences of fracture roughness and
injection strategies on permeability evolution during
injection-induced shear slip. Potentially, from the perspec-
tive of on-site implications through the adjustments of
injection strategies, it is possible to achieve long-term per-
meability enhancement during energy extraction. However,
the effective measures should also be taken to reduce the
seismic hazard during high-pressure fluid injection.
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