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Understanding the relationship between normal stiffness and permeability in rock fractures under high
and true-triaxial in situ stress conditions is critical to assess hydro-mechanical coupling in the Earth's
crust. Previous data on stiffnessepermeability relations are measured under uniaxial stress states as well
as under normal stress. However, many projects involve faulted formations with complex three-
dimensional (3D) stress states or significant changes to the original stress state. We rectified this by
following the permeability evolution using a true-triaxial stress-permeability apparatus as well as
independently applying a spectrum of triaxial stresses from low to high. The relationship between
permeability and fracture normal stiffness was quantified using constraints based on the principle of
virtual work. The impacts of fracture-lateral and fracture-normal stresses on permeability and normal
stiffness evolution were measured. It was found that permeability decreases with increasing fracture-
lateral and fracture-normal stresses as a result of Poisson confinement, independent of the orientation
of the fracture relative to the stresses. The lateral stresses dominated the evolution of normal stiffness at
lower normal stresses (s3 ¼ 10 MPa) and played a supplementary role at higher normal stresses
(s3 > 10 MPa). Moreover, correlations between the evolution of permeability and normal stiffness were
extended beyond the low-stiffness, high-permeability region to the high-stiffness, low-permeability
region under high fracture-lateral stresses (10e80 MPa) with fracture-normal stress (10e50 MPa) con-
ditions. Again, high lateral stresses further confined the fracture and therefore reduced permeability and
increased normal stiffness, which exceeded the previous reported stiffness under no lateral stress con-
ditions. This process enabled us to identify a fundamental change in the flow regime from multi-channel
to isolated channelized flow. These results provide important characterizations of fracture permeability
in the deep crust, including recovery from deep shale-gas reservoirs.
© 2025 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Published by Elsevier B.V. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
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1. Introduction

Understanding the mechano-hydraulic coupling properties of
rock fractures under confinements is essential in geological engi-
neering applications, including in the recovery of hydrocarbons
(Xue et al., 2020), the storage of CO2 (Sun et al., 2024), and
extraction of geothermal resources (Liu et al., 2022). Many deep and
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subsurface engineering projects involving fluid-flow are conducted
under high in situ stress conditions (Raziperchikolaee and
Pasumarti, 2020; Jia et al., 2021; Kruszewski et al., 2022; Yong
et al., 2022). Moreover, the formations in these deep-subsurface
conditions may be strongly compressional and critically stressed,
and reverse faults are included (Yong et al., 2022). The stress state
in these terranes will reflect reverse-faulting stress regimes (shmax
> shmin > sv, where sv is the vertical stress and shmax and shmin are
the maximum and minimum principal horizontal in situ stresses,
respectively) (Fan et al., 2019). For example, the recovery of shale
gas from tight reservoirs is shown in Fig. 1. Fracture deformability
(characterized as fracture stiffness) is fundamentally related to
permeability, which allows for characterizing hydro-mechanical
coupling properties in the deep crust (Li et al., 2021a). The per-
meability of low permeable formations is dominated by fractures
and strongly dependent on stresses (Liu et al., 2009; Cui et al.,
2020a; Jiang et al., 2021; Chen et al., 2023). In summary, fracture
permeability and stiffness are dominated by in situ stress state.
While most measurements have been confined to the hydrostatic
(s1 ¼ s2 ¼ s3, where s1, s2, and s3 are the maximum, intermediate,
and minimum principal stresses, respectively) or simple triaxial
(s1 > s2 ¼ s3) stress states, the evolution of the relationship be-
tween stiffness and permeability under complex three-
dimensional (3D) stress states (s1 > s2 > s3) remains poorly
understood.

Previous experimental studies have not only explored the
impact of stress on matrix permeability, but also paid attention to
fracture permeability because fractures serve as the principal flow
channel in low-permeability formations (Cho et al., 2013; Tan et al.,
2019; Zhang et al., 2019; Liu et al., 2023). The permeability of rocks
with fractures is sensitive to variations in stress (Dong et al., 2010),
with this stress leading to large variations in stiffness (Petrovitch
et al., 2013, 2014). Fracture permeability decreases with increas-
ing stiffness and stress, which allows permeability evolution to be
exponentially related to variations in stress (Pan et al., 2015; Cui
et al., 2018; Ogata et al., 2022). Furthermore, fracture perme-
ability shows a rapid decrease under low stress and a slower
Fig. 1. Schematic illustration of s
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decrease under high stress (Chen et al., 2019a; Zhou et al., 2019).
However, most studies are performed under conventional triaxial
stress conditions (s1 > s2 ¼ s3), which lacks the impact of inter-
mediate principal stress on the permeability evolution of deeper
rocks (Haimson and Chang, 2002; Xie et al., 2022). A variety of
characterizations have defined the evolution of permeability as
a function of stress through the compressibility of the fractures that
comprise the representative elementary volume (REV) (Li and Liu,
2021; Li et al., 2021b).

At the field scale, the evolution of stress and flow paths in deep
subsurface reservoirs is remotely monitored using electrical and
electromagnetic geophysical sensing methods, thus enhancing our
understanding (Johnson et al., 2021, 2024). The complex interaction
between fracture deformation and effective stresses that are
induced by oil and gas production allows the mechanical response
of the fracture to exhibit normal closure and/or shear behavior.
Stress-dependent fractures involve a coupling mechanism between
closure, shear, and fluid flow, respectively (Barton et al., 1985; Lei
and Barton, 2022). Previous works (e.g. Gutierrez et al., 2000;
Carey et al., 2015; Frash et al., 2016; Ye and Ghassemi, 2019, 2020;
Meng et al., 2022) have investigated the coupled hydro-mechanical
properties of shear fracture in rock under normal and shear loading
using the triaxial direct-shear method. The ability to characterize
shear slip on natural fractures and faults could enable us to better
predict the risk of induced seismic activity (Ellsworth et al., 2019).
Barton (2020) proposed shear-dilation-flow coupling mechanisms
in rock fracture shear processes in consideration of joint roughness
coefficient (JRC). In addition, Longmaxi shale fractures have been
conducted with coupled friction-permeability experiments with
the aim of exploring the relationships between fracture slip and
permeability evolution under various shear velocity conditions (Jia
et al., 2020; Cui et al., 2024). However, while many modelling
studies assume that fracture-normal and shear stiffness are equal,
extensive laboratory and field measurements have shown that
normal stiffness is commonly much greater than shear stiffness
(Bandis et al., 1983; Verdon and Wüstefeld, 2013; Choi et al., 2014).
Thus, understanding the stresseclosureeflow coupling
timulated reservoir volume.
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mechanisms in rock fractures is of interest for various geo-
engineering applications. Previous studies (e.g. Guglielmi and
Mudry, 2001; Cappa et al., 2008) have determined hydraulic
aperture and fracture normal stiffness from field tests that have
measured fluid pressure and mechanical displacement; however,
field tests that can simultaneously measure hydro-mechanical re-
sponses in fractures are relatively rare.

Many previous studies have focused on the hydro-mechanical
behavior of fractured rocks via laboratory tests of single deform-
able fractures. A spring model characterized by fracture normal
stiffness (Rutqvist, 1995; Jiang et al., 2009) has been proposed for
describing the behavior of permeability with stress and for
assessing the impact of fracture deformability on permeability
evolution (Pyrak-Nolte andMorris, 2000; Th€orn et al., 2014; Li et al.,
2021a). Fracture normal stiffness is strictly related to fracture
geometric characteristics, such as fracture aperture (Pyrak-Nolte,
1996; Petrovitch et al., 2014). Therefore, a good understanding of
normal stiffness with varied fracture apertures is vital when it
comes to predicting the evolution of fracture permeability more
accurately. Significant advances have recently been made in this
area (Raven and Gale, 1985; Zimmerman et al., 2004; Walsh et al.,
2008; Petrovitch et al., 2013). In a conventional approach, normal
stiffness is directly obtained through fracture deformation. A hy-
perbolic law (Bandis et al., 1983; Packulak et al., 2021) that relates
fracture stiffness to fracture deformation provides a positive cor-
relation between normal stiffness and applied stress. Additionally,
a negative correlation exists between normal stiffness and per-
meability (Pyrak-Nolte, 1996; Jiang et al., 2009; Wang and
Cardenas, 2016; Zou and Cvetkovic, 2020) under normal stress
that allows hydro-mechanical coupling (Li et al., 2008, 2015, 2021a)
of fractures to be established via the relationship between stiffness
and permeability. Well-mated fractures show a weak dependence
of permeability on normal stiffness (Pyrak-Nolte and Morris, 2000;
Th€orn et al., 2014), although the dependence on fracture-lateral
stress remains ill-defined. Furthermore, the relationship between
normal stiffness and permeability that was investigated in these
studies was centered on the low-stress, high-permeability region,
with limited data being reported for high-stress, low-permeability
region.

Existing investigations on permeability evolution and relation-
ship between normal stiffness and permeability have been mainly
limited to uniaxial or conventional triaxial stress conditions (Pyrak-
Nolte and Morris, 2000; Th€orn et al., 2014; Chen et al., 2015; Cui
et al., 2020b; Li et al., 2021a), whereas practical projects typically
experience true-triaxial stress conditions (Puller et al., 2016; Chen
et al., 2019b; Lu et al., 2019b; Zhao et al., 2023). Therefore, the ef-
fects of the fracture-lateral stress on permeability and fracture
normal stiffness remain indeterminate. In the present study, per-
meability and deformation measurements of shale that contained
a single fracture were conducted under true-triaxial stress condi-
tions. Fracture normal stiffness was determined using the principle
of virtual work. In the text, the relationship between permeability
and normal stiffness, as well as the mechanism underlying per-
meability evolution under true-triaxial stress conditions, was
defined and discussed.

2. Experimental apparatus and methodology

2.1. Sample preparation

The shale samples used in the present study were obtained
from an outcrop of the Silurian Longmaxi Formation in the
Sichuan Basin, China. As shown in Fig. 2, many reverse faults are
developed in the study area (Nie et al., 2020). A large shale block
was cut into prismatic samples of 50 mm � 50 mm � 100 mm
3

(length � width � height) along the direction of the bedding
strike. The study involves an artificially fractured shale sample
(AFS) and an intact shale sample (IS), as shown in Fig. 2b. The AFS
in the study contained a preformed and fully penetrated single
fracture. The standard shale sample was split along the bedding in
order to create a horizontal tension fracture that was flat, smooth,
and well-matched. The sample was broken into two halves along
the penetrated fracture and was then carefully put together.
Table 1 defines the mineral composition and organic carbon
content (TOC) together with the maturity (Ro,max) of the shale
samples. True-triaxial stress-permeability tests were conducted
on the AFS with a single bedding-parallel fracture in order to
determine the influence of the maximum, intermediate, and
minimum principal stresses on stiffness and permeability evolu-
tion. In order to quantify matrix deformation and separate
fracture-normal deformation, additional true-triaxial com-
pression tests are performed with the IS (see Fig. 2b) that has been
sampled from the same shale block as the AFS.

2.2. Experimental apparatus and testing procedure

As shown in Fig. 3, a true-triaxial stress-permeability cell used in
the tests comprises a combined true-triaxial compression testing
apparatus (Feng et al., 2018) (Fig. 3b) with a permeability testing
device (Fig. 3a). We applied stress and measured strain and per-
meability under true-triaxial stress conditions. Permeability testing
was performed via upstream injection systems (UIS) into down-
stream injection systems (DIS), which comprised pressure-
regulating and sensing components and tubing. Two Keller pres-
sure sensors were installed on the permeability testing device to
monitor gas pressures in the UIS and DIS with a measuring range of
0e20 MPa and accuracy of 0.05%. A differential pressure sensor
(Keller) was installed between the UIS and DIS to monitor the gas
pressure difference. The measuring range and accuracy of the dif-
ferential pressure sensor are 0e1 MPa and 0.1%, respectively. The
UIS and DIS were connected to the loading platens that were
mounted on the integrated seepage fixture (ISF) in order to enable
the fluid throughflow experiments.

The interlocked ISF fully contacted the four surfaces of the
sample in order to generate a uniformly distributed stress as well as
to eliminate loading gaps and fluid short-circuiting effects (Zhao
et al., 2022). The design of the ISF is depicted in Fig. 4a. The inner
surface of the ISF was designed as a plane with a square lattice
seepage channel. Overlapping platens comprised the inner surface
of the ISF, which ensured that the corners of the samplewere sealed
during rock compression and seepage. External thread fittings were
combined with a copper gasket in order to seal the converted
interface on the ISF. As shown in Fig. 4b, the free surface of the
sample in the s3 direction and the sealing area at the four corners of
the ISF are sealed with a sealant.

As shown in Fig. 3d, the ISF was mounted at the geometric
center of the stress-loading seepage platform after the sample had
been installed. Subsequently, two converted interfaces of the fluid
seepage channel on the left and right parts of the ISF related to two
internal interfaces of the seepage channel reserved by the seepage
module through the compressible seepage coil. Next, rigid loading
blocks were placed on the top/bottom and left/right sides of the ISF.
During the test, the maximum (s1), intermediate (s2), and mini-
mum (s3) principal stresses were applied independently. The s1
and s2 were applied by rigid loading, and s3 was flexibly loaded by
the hydraulic oil in the pressure chamber driven by the loading
pump. Deformations in s1 and s2 directions were measured using
LVDTs, with deformation in s3 direction achieved through a U-
shaped “beam strain gauge.” The linear variable differential trans-
ducers (LVDT) and U-shaped sensors were calibrated using



Fig. 2. Geologic setting, stress loading path, and orientation of stresses: (a) Structural map of the Longmaxi Formation (modified after Nie et al. (2020)), (b) relative orientations of
principal stresses and fluid flow in a fully penetrated fracture after splitting of AFS (s3 perpendicular to the fracture, s1 and s2 parallel to the fracture) and relative orientations of
principal stresses and bedding plane of IS, and (c) stress loading path when s3 ¼ 10 MPa.
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Table 1
Geochemical properties of the shale samples.

Mineral composition (%) Ro,max (%)

Quartz Feldspar Pyrite Clay minerals Calcite Dolomite TOC

32.45 3.43 3.13 18.57 32.16 8.02 2.24 2.41

Table 2
Three-dimensional stress states under each test stage.

Shale s3 (MPa) s2 (MPa) s1 (MPa)

Artificially fractured shale sample 10 10, 20, 40, 60, 80 10, 20, 40, 60, 80
20 20, 40, 60, 80 20, 40, 60, 80
40 40, 60, 80 40, 60, 80
50 50, 60, 80 50, 60, 80

Intact shale sample 10 10, 20, 40, 60, 80 10, 20, 40, 60, 80
20 20, 40, 60, 80 20, 40, 60, 80
40 40, 60, 80 40, 60, 80
50 50, 60, 80 50, 60, 80

Fig. 3. True-triaxial stress-permeability cell: (a) Permeability testing device, (b) true-triaxial compression testing apparatus, (c) overall structure, and (d) top view of the seepage
module. 1. true-triaxial compression testing apparatus; 2. permeability testing device; 3. gas cylinder; 4. pressure reducing value; 5. pressure sensor; 6. differential pressure sensor;
7. vacuum pump; 8. tubing; 9. external interface; 10. compressible seepage coil; 11. internal interface; 12. converted interface; 13. ISF; 14. acoustic emission sensor; 15. LVDT
deformation sensor; 16. AE aviation connector; 17. LVDT aviation connector; 18. stress-loading seepage platform.
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Fig. 4. Schematic and photograph of the integrated seepage fixture (ISF): (a) Schematic of the ISF, and (b) photograph of the ISF. 1. upper seepage fixture; 2. lower seepage fixture; 3.
left seepage fixture; 4. right seepage fixture; 5. converted interface; 6. square lattice seepage channel; 7. overlapping platen; 8. internal seepage channel of the seepage fixture; 9.
external thread fitting; 10. copper gasket; 11. strain gasket; 12. LVDT deformation sensor; 13. U-shaped sensor; 14. sealant; 15. acoustic emission sensor.
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a micrometer caliper in order to achieve an accuracy of 0.1%. A
detailed description of stress loading and deformation measure-
ment is available in Feng et al. (2018).
2.3. Stress and gas pressure paths

A series of true-triaxial stress-permeability tests are conducted
under different stress conditions using the stress path illustrated in
Fig. 2c. The evolving permeability was obtained by applying mul-
tiple loading and unloading cycles. Currently, shale gas resources
are under development in China at depth of <3500 m, particularly
in the Longmaxi Formation in the Sichuan Basin (Li et al., 2022).
Therefore, the maximum principal stress was set to 80 MPa for
a vertical in situ stress gradient of ~25 MPa/km (Chen et al., 2019b).
According to Fig. 2a, reverse faults in the study area are widely
distributed (Nie et al., 2020). Reverse-faulting stress regimes (shmax
> shmin > sv) were determined using the Andersonian stress re-
gimes proposed by Anderson (1905). In addition, based on in situ
stress measurements and analysis of the Longmaxi shale formation
(Yong et al., 2022), the stress state near some faults was found to
transition from a strike-slip (shmax > sv > shmin) to a reverse (shmax
> shmin > sv) faulting stress regime. Thus, the vertical stress sv ¼ s3
and the maximum shmax and minimum shmin principal horizontal
in situ stresses are s1 and s2, respectively, based on a reverse-
faulting stress regime (shmax > shmin > sv). Furthermore, sv is
typically perpendicular to the direction of the bedding for shale
reservoirs. The stress loading and fluid-flow orientations are set as
shown in Fig. 2b (where s3 ¼ sv is perpendicular to the bedding
plane of the single fracture and seepage was within this fracture).

Four minimum principal stress stages (s3 ¼ 10 MPa, 20 MPa,
40 MPa, and 50 MPa) were set for the true-triaxial seepage tests.
Taking the minimum principal stress of 10 MPa shown in Fig. 2c as
an example, the stress path of the loading and unloading cycles is
set as follows:

(1) The sample is loaded to a hydrostatic stress of
s1 ¼ s2 ¼ s3 ¼ 10 MPa at a stress-loading rate of 0.1 MPa/s.
Then, the maximum and intermediate principal stresses are
simultaneously increased from 10 MPa to 20 MPa at a rate of
0.5 MPa/s through the stress path shown in Fig. 2c.

(2) The maximum principal stress was gradually increased to
80MPa in 20-MPa increments before finally unloading back to
6

the initial value of 10 MPa. The loading paths to the remaining
levels of s2 (s2 ¼ 10MPa, 40MPa, 60MPa, and 80MPa) and s3
(s3 ¼ 20 MPa, 40 MPa, and 50 MPa) were the same as before.
The stress states for each permeability test stage are listed in
Table 2. It should be noted that two permeability tests in the
initial stress state (s1 ¼ s2 ¼ s3 ¼ 10 MPa) were conducted in
order to overcome the impact of compaction effects.

(3) The second permeability result (0.14 mD) is significantly
smaller than the first one (0.24 mD) and is finally identified
as the data for the initial stress state shown in Fig. 5a, which
indicates that the fracture is compacted. Furthermore, the
true-triaxial stress tests of the IS were performed under the
same stress path as the AFS.

(4) Non-sorptive nitrogen gas was used as the permeating fluid
in the present study. The gas pressure at the UIS was set to
1 MPa, with a value of 0 MPa specified for the DIS and the
pulse-decay method used.
2.4. Permeability testing

The permeability testing device and sample had been vacuum-
saturated before gas was injected into the closed UIS and DIS at
a defined differential (~1 MPa) (Chen et al., 2021). Next, the UIS and
DIS valves were opened simultaneously, transient gas pressures
were recorded over elapsed time, and the valves were then closed
as the upstream and downstream gas pressures equilibrated. Per-
meability was measured by the pulse-decay method as (Brace et al.,
1968; Ma et al., 2016; Tan et al., 2017):

Pu � Pd
Pu;0 � Pd;0

¼ e�at (1)

where Pu‒Pd is the pressure difference between the upstream (UIS)
and downstream injection systems (DIS) at time t, Pu,0‒Pd,0 is the
pressure difference between the UIS and DIS in the initial stage, and
a is the pressure-decay exponent. The measured permeability k can
be obtained via a as (Brace et al., 1968; Tan et al., 2018):

k¼2mLa
��

A1
�
Pu;0 þ Pd;0

�� 1
Vu

þ 1
Vd

��
(2)
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where A1 is the cross-sectional area of the sample in the s1 direc-
tion; L is the sample length; m is the viscosity of the flowing fluid;
and Vu and Vd are the volumes of the UIS and DIS, respectively.
3. Results

3.1. Evolution of permeability with principal stress

Fig. 5a presents the results of the permeability and principal
strain of the AFS under different stress regimes. The permeability at
different principal stresses that correspond to those in Fig. 5a is
shown in Fig. 5b (s3 ¼ 10 MPa) and c (s3 ¼ 20 MPa, 40 MPa, and
50 MPa), respectively. With increasing s1, s2, s3, and volumetric
strain εv, the permeability gradually decreased by varying degrees.
As shown in Fig. 5b and c, with increasing s2 and s1, the perme-
ability rebounds when the sample is unloaded to the initial hy-
drostatic stress states of s1¼ s2¼ s3¼10MPa, 20MPa, 40MPa, and
50 MPa. However, the permeability exhibited significant hysteresis
at the same hydrostatic pressure both before and after loading and
unloading. This permeability hysteresis would be induced by irre-
coverable deformation of the fracture by loading of s1 and s2. For
example, the difference in permeability between the initial state
and the state after the first stress cycle (both under the same
conditions of s1 ¼ s2 ¼ s3 ¼ 10 MPa) was 0.102 � 10�1 mD.
Fig. 5. Permeability and principal strains of artificially fractured shale sample under differe
ditions, (b) permeability at s3 ¼ 10 MPa, and (c) permeability at s3 ¼ 20 MPa, 40 MPa, and

7

3.2. Effect of maximum, intermediate, and minimum principal
stresses on permeability and strain

Fig. 6 displays the variations in the permeability and principal
strain of the AFS with s1, s2, and s3 for different 3D stress condi-
tions. Permeability is decreased by varying degrees with increasing
s1, s2, and s3, as shown in Fig. 6aec. For example, at s3 ¼ 10 MPa
and s2 ¼ 20 MPa, permeability was decreased by ~50% from
s1¼20MPa to s1¼80MPa.While for s3¼10MPa and s1¼80MPa,
permeability was found to decrease from s2 ¼ 20 MPa to
s2 ¼ 80 MPa by 68.79%. Moreover, permeability was decreased by
63.32% from s3 ¼ 10 MPa to s3 ¼ 50 MPa (s2 ¼ 60 MPa,
s1 ¼ 80 MPa). Only some typical data are shown here because the
observations under other stress conditions are similar. These ob-
servations reveal that the intermediate principal stress has a similar
effect to s1 on permeability evolution. The single fracture was
compressed and closed with increasing s2 or s1, which significantly
decreased the permeability. Therefore, the effect of s2 on perme-
ability was significant and could not be ignored; while direct
compression and closure of the fracture due to increased fracture-
normal stress (s3) under the constraint of s2 and s1 offered a rea-
sonable explanation for the decreased permeability.

Furthermore, Fig. 6 shows the variations in the maximum
principal strain ε1, intermediate principal strain ε2, and minimum
principal strain ε3 with s1 (Fig. 6a), s2 (Fig. 6b), and s3 (Fig. 6c)
nt stress conditions: (a) Permeability and principal strain under all tested stress con-
50 MPa.



Fig. 6. Variations in the permeability and principal strain of the artificially fractured shale sample with s1, s2, and s3 for different 3D stress conditions: (a) Permeability, ε1, ε2, and ε3

as a function of s1; (b) permeability, ε1, ε2, and ε3 as a function of s2; and (c) permeability, ε1, ε2, and ε3 as a function of s3. Solid symbols and solid line: permeability under different
stress conditions; open symbols and dashed line: principal strain under stress conditions corresponding to the solid symbols.
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under different 3D stress conditions. It should be emphasized that
the LVDT deformation sensor was calibrated as positive in com-
pression and as negative in expansion e that is, the sample was
compressed when ε increased, and vice versa. The changes in the
values of ε1, ε2, and ε3 were reported as Dε1, Dε2, and Dε3, respec-
tively, while the change in volumetric strain εv was defined as
Dεv¼ Dε1þ Dε2þ Dε3. Fig. 6 reveals that ε1 gradually increases with
increasing s1, whereas ε2 and ε3 gradually decreases as s1 increases
due to the Poisson effect. For example, when s3 ¼ 10 MPa and
s2 ¼ 20 MPa, ε1 was increased by 1.542‰, ε2 and ε3 were decreased
by 0.032‰ and 0.418‰, respectively, as s1 increased from20MPa to
80 MPa, resulting in a 1.092‰ increase in εv. As illustrated, defor-
mation was dominated by compression in s1 direction and by
expansion in s3 direction, while expansion in s2 direction was
insignificant, which caused Dεv to always be positive as s1
8

increased. Compared with the effect of s1 on deformation, ε3 and ε1
gradually decreased, and ε2 increased with increasing s2. For
example, as s2 increased from 20 MPa to 80 MPa (s3 ¼ 10 MPa,
s1 ¼ 80 MPa), ε2 was increased by 3.238‰ while ε1 and ε3 were
decreased by 0.302‰ and 0.492‰, respectively, which resulted in
a 2.444‰ increase in εv. The sample deformation caused by
increased s2 always showed compression in s2 direction, expansion
in s3 and s1 directions, and a final positive volumetric strain
increment. As illustrated, with increasing s3, ε3 increased while ε2
and ε1 decreased for different s2 and s1 values, which indicates that
the sample had compacted in s3 direction and expanded in s2 and
s1 directions. The increased volumetric strain also indicated that
the sample had been gradually compressed with increasing three
principal stresses, and the internal volume that had been com-
pressed was primarily of single fracture. Consistent observations
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were also found for other strains ε1, ε2, ε3, and εv. These deformation
characteristics represent the orthotropic nature of the deformation
moduli of the shale matrix.

As shown in Fig. 6, when depicting permeability results under
all stress conditions, permeability is found to decrease from the
initial to the final stress state with increasing s1, s2, and s3 on the
order of 6%e89%, 11%e78%, and 44%e64%, respectively. This
behavior indicates that the effects of s1, s2, and s3 on permeability
were differentiated for different lateral constraints.
3.3. Permeability response to mean stress and stress difference

Fig. 7 presents the relationship between permeability on one
hand and the mean stress and intermediate principal stress coef-
ficient for different 3D stress conditions on the other hand. In the
present study, the permeability evolution of the AFS in the true-
triaxial stress states e which ranged from triaxial compression
(s1 > s2 ¼ s3) to triaxial extension (s1 ¼ s2 > s3) ewas investigated
under certain stress conditions. The mean stress (p) and interme-
diate principal stress coefficient (b) were defined as functions of s1,
s2, and s3:

p¼s1 þ s2 þ s3
3

(3)

b¼ s2 � s3
s1 � s3

(4)

where b ¼ 0 and b ¼ 1 represent the triaxial compression and tri-
axial extension, respectively.

In this study, s3 represented the fracture-normal stress, and
both s1 and s2 represented the fracture-lateral stresses. Thus,
b contained not only the stress difference between the three
principal stresses, but also that between the fracture-lateral and
normal stresses. The stress difference (s2 e s3) in s2 and s3 di-
rections gradually increased with increasing b and became closer to
the stress difference (s1 e s3) in s1 and s3 directions. The perme-
ability of the AFS clearly decreases with increasing p, as shown in
Fig. 7a, which indicates that the single fracture e as the main fluid
flow channel e is compressed and closed. The permeability evo-
lution exhibited a rapid decline followed by a slow decline as p
increased, which was likely because the single fracture inside the
Fig. 7. Relationship between permeability and mean stress and intermediate principal stres
and (b) permeability as a function of b. Solid symbols and solid line: permeability under dif
solid symbols.
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AFS had been compactedmore significantly due to the higher mean
stress. Furthermore, the permeability varied at the same mean
stress for two reasons:

(1) The permeability displayed a decreasing trend with
increasing fracture-normal stress (s3). This permeability
response indicated that fluid flow in the fracture was
dominated by the direct compressive effect of normal stress.

(2) Permeability decreased with increasing intermediate prin-
cipal stress coefficient when p and the fracture-normal stress
were kept constant, because the effect of the fracture-lateral
stress (s2) on the rock fracture permeability increased with
increasing values of b. Thus, the permeability of rocks con-
taining fractures was related not only to the mean stress, but
also to the relative magnitude of the three principal stresses.

As shown in Fig. 7b, permeability decreases with increasing
intermediate principal stress coefficient at different fracture-
normal stresses, which is ascribed to the closure effect of the
fracture-lateral stress on the single fracture seepage channel. At
low-normal stresses, permeability was characterized by a rapid
decrease with increasing b value, indicating an easily compressed
fracture and a high variation in fracture aperture. At high-normal
stresses, permeability changes were relatively less sensitive to b,
demonstrating that the high degree of fracture compaction ren-
dered the fracture difficult to deform and compress. In other words,
fracture permeability was impacted by fracture-normal stress in
the mean stress, while fracture-lateral stress determined by b sim-
ilarly caused a decrease in permeability.

4. Discussion

4.1. Determination of fracture normal stiffness

The fracture normal stiffness that characterized fracture
deformability was directly related to fracture aperture and thereby
also to permeability evolution (Li et al., 2021a). We used the con-
servation of energy through the principle of virtual work to mea-
sure fracture normal stiffness. The external work Wext was equal to
the internal work Wint associated with the fracture. In order to
separate matrix deformation from fracture deformation, the work
performed by the external stress Wext can be written as
s coefficient for different 3D stress conditions: (a) Permeability and b as a function of p,
ferent stress conditions; open symbols: b under stress conditions corresponding to the
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Fig. 9. Comparison of normal stiffness between the present study and other data
sources under different stress conditions.
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Wext ¼
	
FAFS1 DLAFS1 þ FAFS2 DLAFS2 þ FAFS3 DLAFS3




�
	
F IS1 DLIS1 þ F IS2 DLIS2 þ F IS3 DLIS3



(5)

where FAFS1 , FAFS2 , and FAFS3 are the forces in the directions of s1, s2,

and s3, respectively, for the AFS; DLAFS1 , DLAFS2 , and DLAFS3 are the
deformations in the directions of s1, s2, and s3, respectively, for the
AFS; F IS1 , F IS2 , and F IS3 are the forces in the directions of s1, s2, and s3,
respectively, for the IS at same stress conditions corresponding to
AFS; and DLIS1 , DL

IS
2 , and DLIS3 are the deformations in the directions

of s1, s2, and s3, respectively, for the IS at same stress conditions
corresponding to AFS.

The fracture stiffness Kn was calculated by (Pyrak-Nolte and
Morris, 2000; Th€orn et al., 2014; Li et al., 2021a):

Kn¼Dsn
Db

(6)

where Dsn is the change in the normal stress of the fracture, and Db
is the change in the mechanical aperture of the fracture.

Guidelines for indirect normal stiffness measurements by ac-
counting for intact rock deformation at varying levels of applied
normal stress e which have been presented in previous studies
(Packulak et al., 2021) e were referenced in the present study. The
normal deformation of the IS at the same stress conditions was
then subtracted from the normal deformation of the AFS. This de-
termines the change in the fracture mechanical aperture (Fig. 8),
which then facilitates measurement of the fracture normal
stiffness.

The work performed by the internal fracture Wint can be
described as

Wint ¼KnAfDb
2 (7)

where Kn is the fracture stiffness, and Af is the area of the fracture
surface.

Combining Eqs. (5) and (7), we have

KnAfDb
2 ¼

X3
i¼1

FAFSi DLAFSi �
X3
i¼1

F ISi DLISi ði¼1;2;3Þ (8)

Eq. (8) can be re-written as

Kn¼

P3
i¼1

FAFSi DLAFSi � P3
i¼1

F ISi DLISi

AfDb2
ði¼1;2;3Þ (9)

The stiffness magnitudes measured in the present study are
compared with previous experimental data, as shown in Fig. 9.
These previous studies (Pyrak-Nolte and Morris, 2000; Li et al.,
2021a) focused on the impact of merely applied normal stress on
fracture deformation and seepage properties. However, the present
study investigated the impact of (relatively) high fracture-normal
stress (10e50 MPa) and high fracture-lateral stress (10e80 MPa)
Fig. 8. Schematic illustration of obtaining a ch
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on fracture deformation and permeability, for which no data are
known to be available thus far. As illustrated in Fig. 9, the normal
stiffness Kn increases with increasing applied fracture-normal
stress sn. However, the existence of lateral stress allowed for
greater variation in fracture normal stiffness, even at the same
normal stress. In Fig. 9, the normal stiffness of AFS can be seen to
have ranged from between 103 GPa/m and 106 GPa/m, which is one
to two orders of magnitude higher than the stiffness previously
obtained under no lateral stress conditions. This finding can be
explained by the fact that the fracture had been exposed to addi-
tional high lateral stresses and that the adjacent surfaces of the
fracture had a significant contact, thereby causing the fracture to be
stiffer.
4.2. Relationship between fracture normal stiffness and
permeability

The transmissivity Q/DH (Li et al., 2021a) ewhich was related to
permeability e under all experimental conditions were calculated
as

Q
DH

¼ kgA1

mL
(10)

where g is the specific weight of the fluid.
Fig. 10 presents the relationship between Q/DH and Kn, which

enabled a comparison with previous studies (Pyrak-Nolte and
Morris, 2000; Th€orn et al., 2014; Li et al., 2021a). As shown in
Fig. 10, normal stiffness Kn increases with increasing applied stress
and decreasing permeability. As can be seen in the figure, the
normal stiffnesses in previous studies are concentrated on the low-
stiffness region, which ranges from between 10 GPa/m and 105 GPa/
m. In contrast, we measured high normal stiffnesses, which were
ange in the fracture mechanical aperture.



Fig. 10. Relationship between Q/DH and Kn, and comparisons with data from other sources.
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firmly located within a low-permeability region. The high lateral
stress-induced fracture closure characteristic was consistent with
the general trend of low stiffness for large-aperture fractures and
high stiffness for low-aperture fractures (Th€orn et al., 2014).

The inclination of the curve (Fig. 10) represents the sensitivity of
Q/DH to Kn, which is inversely proportional to the degree of
matching of the mated fracture surfaces (Li et al., 2021a). The
relationship between stiffness and permeability measured in the
present study exhibited a lower inclination compared with that of
previous studies (Li et al., 2021a), while (Li et al., 2021a)'s study
featured the highest inclination and represented an unmated
fracture in which the surfaces only poorly fit one another. Data
(Pyrak-Nolte and Morris, 2000; Th€orn et al., 2014) from samples of
a well-mated fracture similar to AFS e in which the surfaces fit one
another well e revealed inclinations resembling previous section
with larger inclinations than those in latter section in this study. It
should be noted that previous studies used water as the fluid me-
dium to measure permeability, whereas in the present study, gas
(nitrogen) was used as the fluid medium. The sample concerned
here might have been regarded as non-permeable or as having
required higher fluid injection pressure if it had been tested with
water. This observation further indicates that the fracture was
K

p

p
p

p

Fig. 11. Relationship between Kn and p.

11
subjected to high 3D stress and that the relative closure of the
fracture was more significant, thereby allowing for an extremely
small fracture aperture. This finding indicates that:

(1) Fracture normal stiffness approached the limit (over 105 GPa/
m) as the fracture progressively closed under high fracture-
normal and lateral stresses.

(2) Permeability was difficult to further reduce once the flow
had become concentrated in a few isolated flow channels
within the fracture and as a result of the overall aperture
reduction.

The work described in the present paper expands on existing
knowledge of the relationship between permeability and normal
stiffness from the low-stiffness, high-permeability region to the
high-stiffness, low-permeability region by using a smooth fracture
under applied high lateral stress based on normal stress. The sub-
plot of Fig. 10 displays two regimes with distinct slopes that rep-
resent the percolation regime in the low-stiffness, high-
permeability region and effective medium regime in high-stiffness,
low-permeability region in our study. At Kn z 104 GPa/m, the
break-point in the slope was found. The slope of the curve
was�2.330 for Kn < 104 GPa/m (percolation regime) and�0.586 for
Kn > 104 GPa/m (effective medium regime). In order to define the
boundaries of the stress range, we characterize the magnitudes of
two fracture-lateral stresses (s1 and s2) based on fracture-normal
stress (s3) via the mean stress p in Eq. (3) and demonstrate the
relationships between p and Kn, as shown in Fig. 11. In the perco-
lation regime, when the fracture-normal and lateral stresses are
small (s3 ¼ 10 MPa and p < 36.7 MPa), the flow within the fracture
is relatively homogeneous and occurs as a multi-channel chan-
nelized flow (see Fig. 13b), with permeability being sensitive to
small changes in stress. As the stress increased, the flow path
progressively closed, and the flow began to become heterogeneous
up to normal and lateral stresses associated with the break in the
slope of the curve. The above-described stress conditions asso-
ciated with the effective medium regime were as follows: (1) low
normal stress and high lateral stress (s3 ¼ 10 MPa and
p > 36.7 MPa), and (2) high normal stress supplemented by lateral
stress (s3 > 10 MPa). In the effective medium regime, the fracture
contains only a few isolated flow channels and exhibits an isolated
channelized flow pattern (see Fig. 13b), with permeability being
insensitive to stress state. Thus, the change in slope under high 3D



Fig. 12. Fracture normal stiffness and permeability as a function of fracture-lateral stress and fracture-normal stress: (a) Fracture stiffness and permeability as a function of s3, (b)
fracture stiffness and permeability as a function of s2, and (c) fracture stiffness and permeability as a function of s1. Solid symbols and solid line: permeability under different stress
conditions; open symbols and dashed line: fracture stiffness under stress conditions that correspond to the solid symbols.

F. Li, D. Elsworth, X.-T. Feng et al. Journal of Rock Mechanics and Geotechnical Engineering xxx (xxxx) xxx
stress was associated with a fundamental change in the flow path,
as discussed by Pyrak-Nolte and Nolte (2016).

As compared with normal stress, the lateral stress dominated
the deformation and flow of the fracture at lower normal stress and
additionally played a supplementary role at higher normal stress.
According to the stress range that determines the shift of the flow
regime in the fracture as shown in Fig. 11, the mechanism of lateral
and normal stresses that affect the deformation and flow is as
follows:

(1) When the normal stress was low (s3 ¼ 10 MPa), the lateral
stress dominated the closure behavior of the fracture, which
allowed for a shift in the flow regime (with a boundary of
p ¼ 36.7 MPa), thereby increasing stiffness and decreasing
permeability.

(2) Higher normal stress (s3 > 10 MPa) dominated the defor-
mation and flow behavior of the fracture, with lateral stress
as a supplementary factor exacerbating fracture closure. The
effect of fracture-lateral stress on the mechanical behavior
and fluid-flow characteristics of fractures cannot be ignored.
4.3. Fracture normal stiffness and permeability evolution

In the present study, we expanded the range of measured nor-
mal stiffness and permeability beyond that in Fig.10 using a smooth
12
fracture under high stress. The impact of high fracture-lateral (s1
and s2) and fracture-normal (s3) stresses on normal stiffness and
permeability are investigated, and results are illustrated in Fig. 12.
Previous studies (e.g. Li et al., 2021a; Packulak et al., 2021) have
found that the normal deformation of fractures is caused by the
effect of fracture-normal stress while normal stiffness determines
the opening and closing of the fracture. In general, normal stiffness
has been found to increase with increasing fracture-normal stress.
Fig. 12a reveals that normal stiffness increases with increasing s3
while permeability decreases, indicating that s3 can compress the
fracture. Moreover, normal stiffness was also affected by fracture-
lateral stresses (s1 and s2). Fig. 12b and c demonstrates that nor-
mal stiffness increases with increasing s2 and s1 and is accom-
panied by decrease in the reduction rate of permeability. The
fracture-lateral stress featured the same fracture compression
closure effect as the normal stress and thus further increased the
fracture normal stiffness. Fracture closure that had been caused by
increased triaxial stresses explained the increased normal stiffness
and decreased permeability. Similarly, the permeability of coal that
contained fractures and beddings also exhibited significant stress
dependence (Lu et al., 2019a). The stress-induced increase in frac-
ture normal stiffness illustrated reduction in the fracture deform-
ability and compressibility, which was essential for the change in
the degree of fracture permeability reduction with increasing
stress. The fracture became increasingly difficult to deform as the
fracture progressively closed under high stresses, and fluid-flow



Fig. 13. Schematic of matrix and fracture deformations of the sample under true-triaxial stress conditions: (a) Matrix and fracture deformations, (b) fracture morphology in
different fluid-flow states under compression, and (c) fracture surface topography at pre- and post-test. ε10, ε20, and ε30 are the initial maximum, intermediate, and minimum
principal strains, respectively.
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rates within the fracture were reduced by the overall narrowing of
the aperture.

4.4. Mechanism of permeability evolution and fracture deformation

Fig. 13a presents a schematic of the matrix and fracture de-
formations of the sample for change in fracture stiffness caused by
increasing triaxial stresses. The shale matrix was compressed in s1
direction and expanded in s2 and s3 directions during loading by s1.
13
Furthermore, the fracture was compressed and closed due to the
internal expansion of the matrix. Similarly, during s2 loading pro-
cess, matrix-internal expansion and deformation occurred pri-
marily in s3 direction, which caused the compression of the
fracture. Thus, under the lateral stresses (s1 and s2), part of the
shale matrix expanded outward, which was manifest as a normal
expansion of the sample; another part of the shalematrix expanded
into the fracture, which caused compression of the fracture due to
the Poisson effect. During loading under normal stress (s3), the



Fig. 14. Relationships between normalized permeability (k/k0) and s3, s2, and s1 under different stress conditions: (a) Normalized permeability as a function of s1, (b) normalized
permeability as a function of s2, and (c) normalized permeability as a function of s3.

F. Li, D. Elsworth, X.-T. Feng et al. Journal of Rock Mechanics and Geotechnical Engineering xxx (xxxx) xxx
adjacent surfaces of the fracture gradually closed under direct
compression, which increased fracture normal stiffness and
decreased permeability. Therefore, the evolution of permeability
was mainly determined by the deformation perpendicular to the
fracture. From Fig. 12b and c, when s3 ¼ 10 MPa, fracture stiffness is
found to increase from the initial to the final stress state with
increasing s1 and s2 in the range of 14%e138% and 47%e345%,
respectively. However, at s3 ¼ 20e50 MPa, the increase is only
13%e53% and 31%e247% with increasing s1 and s2, respectively.
This finding indicates that lateral stresses (s1 and s2) dominate
fracture normal deformation at lower normal stress (s3). However,
higher normal stress (s3 increasing from 20 to 50 MPa) dominates
fracture normal deformation, and the increase in fracture stiffness
is up to 47%e707%, as shown in Fig. 12a.

Both fracture normal stiffness and permeability depended on
the aperture and contact area of the adjacent fracture surfaces
(Pyrak-Nolte and Morris, 2000). As shown in Fig. 13b, fracture
closure under high stress increases the number of fracture contact
points as well as their contact area, and simultaneously reduces the
fracture aperture. In order to visualize the evolution characteristics
of the fracture surface topography under stress changes, the frac-
ture surface zones at pre- and post-test were scanned using a su-
per-depth-of-field 3D optical microscope. As shown in Fig. 13c,
the reduction in red regions on the fracture surface induced by
fracture compression indicates that fracture closure under
increasing triaxial stresses allows for an increase in fracture contact
14
points and area. This resulted in an increase in normal stiffness as
well as in a decrease in hydraulic aperture, and thereby in perme-
ability. Deng et al. (2024) proposed a similar law regarding an
increase in normal stiffness as permeability decreased for field-
scale fractures during closure, and it is verified that such law was
strongly related to the effective contact area along the fracture.
Flow in fractures was always channelized flow, and the flow state
was changed via stress-induced compression as well as via the
closure of the flow channels. The fluid-flow state transformed from
a relatively homogeneous multi-channel channelized flow to
a heterogeneous isolated channelized flow that was concentrated
on a few isolated channels.

4.5. Normalized permeability

In order to better evaluate the reduction in permeability with
fracture-lateral (s1 and s2) and fracture-normal (s3) stresses, per-
meability was normalized as k/k0, with k as the measured perme-
ability and k0 as the corresponding initial value for each stress
condition. Fig. 14 shows the relationships between the normalized
permeability (k/k0) and s3, s2, and s1 under different stress con-
ditions. The decreasing trend in permeability becomes progres-
sively slower with increase in s3 for the same increment of s1, as
shown in Fig. 14a. Similar observations can be noted in Fig. 14b for
the same increment in s2. This feature has also been observed for
fractures in coal and sandstone, as verified by Lu et al. (2019a). In
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addition, in the present study, the effect of fracture-normal stress
on permeability is clear and plays a dominant role compared with
that of lateral stress, as shown in Fig. 14c.

When subjected to an increase in s1, the external expansion in
s3 direction was suppressed by the increased s3. For example, the
expansion in ε3 decreased from 0.124‰ at s3 ¼ 10 MPa and
s2 ¼ 60 MPa, to only 0.118‰ at s3 ¼ 50 MPa and s2 ¼ 60 MPawhen
s1 increased from 60 MPa to 80 MPa. During the loading of s2, the
external expansion decreased with increasing s3. For example, the
expansion in ε3 decreased from 0.18‰ at s3 ¼ 10 MPa and
s1 ¼ 80 MPa to 0.08‰ at s3 ¼ 50 MPa and s1 ¼ 80 MPa when s2
increased from 60 MPa to 80 MPa. The above-described behavior
identified the fracture closure that had been caused by the internal
expansion of the matrix. As a result, the residual aperture (Th€orn
et al., 2014) was approached, and both the contact area of frac-
ture surfaces and the fracture stiffness increased, which indicated
that the deformability of the fracture had been reduced. The two
behaviors became more pronounced with increasing lateral con-
straint, and thus attenuated the degree of aperture and perme-
ability reduction caused by increasing s3, s2, or s1.
5. Conclusions

The present study measured the permeability evolution and
deformation characteristics of fractured shale under true-triaxial
stress conditions. A relationship between permeability and frac-
ture normal stiffness was proposed based on the principle of virtual
work. The effects of fracture-lateral and fracture-normal stresses on
fracture permeability, normal stiffness, and the deformation
mechanisms of the rock were analyzed and discussed. In this work,
the following conclusions were drawn:

(1) The permeability of artificially fractured shale decreased
with increasing mean stress and intermediate principal
stress coefficients. When the mean stress was constant, the
fluid flow in the fracture was dominated by the direct com-
pressive effect of fracture-normal stress. However, the Pois-
son effect e which was induced via fracture-lateral stress as
determined by an intermediate principal stress coefficient e
further reduced permeability with constant mean stress and
normal stress.

(2) The fracture normal stiffness of the fractured rock was not
only dominated by normal stress, but also exhibited a posi-
tive correlation with lateral stresses. The contact area of the
fracture surface was found to be proportional to the loading
stress, which resulted in increased normal stiffness with
increased contact. This observation was illustrated by the
decrease in fracture deformability and compressibility (and
by the increase in stiffness) with increasing stress, which is
critical when it comes to predicting fracture permeability
reduction.

(3) We experimentally determined the relationship between
permeability and normal stiffness beyond the low-stiffness,
high-permeability region and into the high-stiffness, low-
permeability region under (relatively) high fracture-normal
and lateral stress conditions. As high fracture-lateral stress
increased, the fracture progressively closed together with
normal stiffness far beyond the stiffness previously reported
under no lateral stress conditions (>105 GPa/m). The pres-
ence of lateral stresses reduced the influence of both fracture
deformability and the reduction in permeability with stress.
This event captured a fundamental change in flow path to-
pology as the flow field morphed from a multi-channel to an
isolated channelized flow.
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(4) Compared with normal stress, lateral stress dominated the
closure behavior of fractures at lower normal stress
(s3 ¼ 10 MPa), which allowed for a shift in the flow regime,
thereby increasing normal stiffness and decreasing perme-
ability. Higher normal stress (s3 > 10 MPa) dominated the
deformation and flow behavior of the fracture, with lateral
stress serving as a supplementary factor that exacerbated
fracture closure. The effect of fracture-lateral stress on the
mechanical behavior and fluid-flow characteristics of frac-
tures cannot be ignored.

However, there were limitations in this work:

(1) The establishment of the fracture normal stiff-
nessepermeability relations can aid in assessing the hydro-
mechanical coupling of fractures in the crust. However,
previous studies have only considered fracture-normal
stress to directly measure normal stiffness, and the effect
of fracture-lateral stresses has been largely ignored in the
evaluation of normal stiffness. To accommodate these
needs, we proposed a method for measuring fracture nor-
mal stiffness that considers the effects of fracture-lateral
and fracture-normal stresses on the stiffnesseperme-
ability relations in this study. The stiffnessepermeability
relations are also related to the fracture surface rough-
ness, although our study is limited to being based on the
same fracture, whereas a pair of fractures can only provide
a certain pattern of surface geometry.

(2) Thus, future work should also consider a series of true-
triaxial stress-permeability tests for fractures with different
roughness to investigate and quantify the elusive relation-
ships between fracture stiffnessepermeability for different
surface roughness coefficients at high triaxial stresses. In
addition, permeability evolution is influenced by time-
dependent deformation. Therefore, the fracture surface
roughness should also be considered together with impact of
related time effects. Furthermore, the microstructural
mechanism of permeability hysteresis could require further
research. This behavior would be the irrecoverable plastic
deformation at the contact points between the fracture sur-
faces, resulting in the permeability hysteresis.
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