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A B S T R A C T

This paper presents a combined laboratory and numerical investigation on the injection-induced permeability
changes in pre-existing fractures. The analyses conducted were primarily based on the results of an innovative
laboratory experiment designed to replicate the key mechanisms that occur during hydraulic stimulation of
naturally fractured rocks and/or faulted zones. The experiment involved pressure-controlled fluid injection
into a laboratory-scale pre-existing fracture within a granite block, which was subjected to true triaxial
stress conditions. Rough and smooth fractures are investigated, and the results are discussed. Based on
the experimental results, two contributing mechanisms were considered to describe the pressure-driven
permeability changes in pre-existing fractures: (1) elastic opening/closure leading to a reversible permeability
change, and (2) fracture sliding in shear mode, causing dilation and hence an irreversible permeability
increase. With these assumptions, an aperture-dependent permeability function was adopted to couple the
hydraulic flow with the mechanical deformations along the fracture. Subsequently, a 3D coupled hydro-
mechanical model was developed to replicate fluid-injection tests conducted at various conditions, including
different stress conditions and fracture surface roughness. The employed modeling framework effectively
captured the experimental observations. Our results indicate that the maximum permeability increases twofold.
1. Introduction

1.1. Background

The utilization of geothermal energy for electricity generation is
considered to be technically and economically viable at temperatures
above 120 ◦C.1To reach such temperatures, in most locations deep
wells must be drilled to depths of 3 to 5 km,2 depending on the
local geothermal gradient and the presence of permeable zones at the
targeted site, which are usually found in the form of naturally fractured
rocks and/or faulted zones. Therefore, fractured zones play an impor-
tant role in deep geothermal systems as they are the main conduits for
fluid flow and heat transfer. However, unlike shallow hydrothermal
systems in porous formations, deep geothermal resources are typi-
cally characterized by hot-dry conditions and exhibit low permeability
values (less than 10−16 m2,3,4) which present challenges for water
circulation and heat extraction from these resources. An engineering
solution to artificially enhance the permeability in deep formations is
the so-called hydraulic stimulation technique, which involves injecting

∗ Corresponding author at: Department of Engineering Geology and Hydrogeology, RWTH Aachen University, Aachen, Germany.
E-mail address: ouf@lih.rwth-aachen.de (J. Ouf).

high-pressure fluid, usually water or brine, into a low-permeability
rock mass in order to reactivate pre-existing fractures in shear mode
(HS: hydro-shearing) or potentially creating new fractures in tensile
mode (HF: hydro-fracturing).5 However, high-pressure fluid injection
into a geothermal reservoir inevitably induces micro-seismic events
around the injection zone, primarily due to the reactivation of critically
stressed fractures in shear mode.

From an engineering perspective, two competing, but inter-co-
nnected, objectives should be targeted in any hydraulic stimulation
practice, i.e. (1) significantly increasing the permeability of the reser-
voir to an economically viable level, and (2) simultaneously controlling
the induced seismicity below a hazardous level.6 HS has been success-
fully implemented in numerous Enhanced Geothermal Systems (EGS),
often resulting in a permeability increase of up to 2–3 orders of magni-
tude. Notable examples include Soultz-sous-Forets in France,7,8 Cooper
Basin in Australia,9 Fenton Hill in New Mexico, USA.10,11 Although
a significant portion of seismic events that occur during hydraulic
vailable online 20 July 2024
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stimulation are below the sensitivity level, it is possible that reser-
voir stimulation may result in induced seismicity above a hazardous
threshold. Such seismic events have been unfortunately experienced
in the past in a limited number of EGS projects, as demonstrated by
incidents in Pohang in Korea,12 Basel in Switzerland13 and Vendenheim
ear Strasbourg in France14 which raised public concerns. Nonetheless,
he sustainability of permeability enhancement over time may be
ncertain. For example, in the hydraulic stimulation test conducted as
art of the St1 Deep Heat Project in southern Finland, permeability
nitially increased by two orders of magnitude but gradually returned
o its natural value after pressure recovery.15 These examples highlight
he complexity of hydraulic stimulation outcomes and the factors
nfluencing the permeability enhancement.

.2. State-of-the-art in hydraulic stimulation

To effectively increase the permeability of a geothermal reservoir
hrough hydraulic stimulation while mitigating the induced seismicity,
t is important to have a comprehensive understanding of various
nfluencing factors,16 including the site characteristics (in-situ stress
tate, pore pressure, temperature), fault/fracture properties (type, dip,
ip direction, frictional strength, permeability, etc.), host rock prop-
rties (stiffness, UCS, tensile strength, permeability, heat conductivity,
tc.) and the injection data (the injection type, duration, location,
tc.). Numerous field investigations have been conducted over the
ast decades to explore the underlying processes that occur during
eservoir stimulation at different spatial and temporal scales (e.g. see17

or a comprehensive review). Among them, the hydraulic stimulation
xperiments on fractured granite at Grimsel Test Site (GTS)5,6 and the
ault-reactivation experiment in clay shale at Mont-Terri Underground
ock Laboratory (MT-URL)18–20 are worth mentioning. These field
xperiments have provided valuable insights into the risks, limita-
ions, and technical challenges associated with hydraulic stimulation
n real-size geothermal systems.

The roughness of fractures significantly affects their hydromechan-
cal behavior. Barton et al.21 demonstrated that fractures with varying
oint Roughness Coefficients (JRCs) exhibit differences tangential stiff-
ess, normal stiffness, friction angle, cohesion and dilation angle when
ubjected to different shear and normal loads. Tsang et al.22 findings in-

dicate that under normal loading, fracture roughness impacts the initial
aperture and the variation of normal aperture, consequently affecting
the flow rate, which tends to be higher in rough fractures. Moreover,
differences in fracture roughness give rise to varying contact areas. Con-
sequently, the stress exerted in the contact region exceeds predictions
solely based on dividing the total load by the total fracture area. The
presence of shear stress can induce damage to the fracture surface,
altering the asperity geometry through processes such as abrasion,
smoothing, or roughness enhancement. The extent of these changes
depends on the initial fracture roughness and the applied load.23,24

In addition to field investigations, numerous laboratory-scale ex-
periments have been designed over the past decades with the aim
of down-scaling the fluid injection process in geothermal reservoirs
(see e.g.25–28). These small-scale laboratory experiments provide the
means to constrain various field-related parameters that can naturally
be subjected to uncertainties. This allows for the investigation of fun-
damental hydro-mechanical processes occurring during both reservoir
stimulation and geothermal operation under pre-defined/controlled
conditions. An essential aspect in this context which has been investi-
gated experimentally, is the changes in fracture permeability resulting
from fluid injection. Numerous experimental studies have indicated
that fracture permeability tends to increase as the effective normal
stress applied to the fracture decreases as a result of increases in fluid
pressure (e.g. see29–31). Dilation triggered by shearing has been identi-
fied as the primary mechanism responsible for the irreversible increase
in hydraulic aperture, and consequently a sustainable enhancement in

32
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the fracture permeability.
Another crucial aspect in the context of geothermal reservoir en-
gineering, which has been the subject of intensive research in recent
years, is the development of reliable numerical models capable of repro-
ducing the coupled hydro-mechanical processes in deep geothermal sys-
tems. In general, the numerical approaches introduced to describe the
coupled multi-physics processes in geothermal reservoirs can be catego-
rized into two groups33: (1) continuum-based models and (2) discon-
tinuum models. In continnum-based models, the fractured zones and
faults are considered as a porous media with equivalent thermo-hydro-
mechanical properties. This modeling approach has been widely em-
ployed in geothermal reservoir modeling to describe injection-induced
fault reactivation,20,34,35 induced seismicity,36,37 as well as the tempo-
ral and spatial development of temperature and fluid pressure.38,39 In
contrast, discontinuum models rely on the explicit representation of
fractures in the rock matrix. The most common discontinuum modeling
techniques include (1) FEM-DEM/cohesive zone modeling,40,41 (2) Dis-
crete Fracture Network using interface element,42 (3) embedded lower
dimensional element.43 While continuum-based models offer a simpli-
fied representation of fractured zones and faults by treating them as
porous media, discontinuum models take a more explicit approach by
directly representing fractures within the rock matrix. Both modeling
strategies have their strengths and limitations, and the choice between
them depends on the specific geothermal reservoir characteristics and
the phenomena under investigation.

1.3. Objectives

There is a scarcity in the literature regarding numerical modeling
and experimental set-up that accurately replicates smaller-scale HS,
where experimental conditions are well-characterized and experimental
results are closely monitored6,44. Most laboratory experiments con-
ducted so far have been conducted in triaxial apparatus, leading to
limited stress control. Additionally, the predominant use of cylindrical
samples with restricted dimensions has resulted in boundary conditions
close to the injection point and limited representativeness of fracture
surfaces. To address these limitations, our study introduces a novel
approach. We employ a unique true triaxial machine coupled with
injection into an artificial fault at a decimeter scale. This setup offers a
controlled environment for exploring the hydromechanical behavior of
pre-existing fractures. The true triaxial machine allows for precise stress
control, ensuring that experimental conditions can better replicate real-
world scenarios. Secondly, injecting fluids into an artificial fault at a
decimeter scale provides a fracture surface that is more representative
than cylindrical samples, which are often limited in length.

In contrast to previous methods where fracture behavior model-
ing, such as with TOUGH-FLAC, utilized a staggered coupling ap-
proach resulting in a partially coupled solution, the numerical approach
employed here within the MOOSE framework is fully coupled.

The focus in this study lies on the mechanisms that lead to perme-
ability enhancement in pre-existing fractures as a result of pressurized
fluid injection. During reservoir stimulation, fluid injection increases
fluid pressure and reduces the effective normal stress on pre-existing
fractures. This may trigger sliding along critically stressed fractures,
resulting in irreversible fracture opening (dilation) and, consequently,
an increase in their permeability. Carefully down-scaled laboratory and
modeling analyses can be useful to illuminate the relationship between
permeability and mechanical characteristics in pre-existing fractures, as
illustrated in Fig. 1. With this motivation, this study aimed to achieve
the following objectives:

• To design and carry out a laboratory-scale testing procedure to
gain a deeper understanding of permeability change during the
hydraulic stimulation of pre-existing fractures in a range of condi-
tions. The experiments are designed to replicate the mechanisms
influencing the evolution of flow rates due to pressurized water
injection within a fracture. The experiments are conducted using
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Fig. 1. Figure showing the overall objectives of this study including (1) design and perform laboratory experiments that scale down the hydro-shearing process, (2) develop
numerical models capable of reproducing the injection-induced permeability change in pre-existing fractures.
Fig. 2. A schematic representation of triaxial testing setup for hydro-shearing; (a) a granite block with a vertical fault plane is shown. The fluid is injected through a borehole
with a diameter of 20 mm. Water can flow out at the fault boundaries. The injection interval is isolated by a double packer system; (b) the injection unit consisting of a flow
pump and a pressure transducer; (c) the true triaxial loading apparatus.
a true triaxial machine which controls the three principal stress
components on an artificial fault at a decimeter scale. Different
fracture roughnesses and their influence on the permeability are
investigated.

• To develop and validate a suitable modeling framework to de-
scribe the hydro-mechanical processes resulting from high-press-
ure fluid injection in pre-existing fractures. The developed model
provides a numerical description for the injection-induced perme-
ability changes. The numerical modeling used is fully coupled and
solved without staggering.

2. Methodology

2.1. Methodology for the laboratory experiments

A series of fluid-injection tests into pre-existing fractures were con-
ducted at room temperature (20 ◦C) using a True Triaxial Rock Testing
Machine. The testing apparatus was originally developed to investigate
fracture initiation and propagation in intact rock during hydraulic
fracturing experiments45 and these data were used to calibrate and
validate numerical modeling.26,46 The setup and sample configuration
were modified for the purpose of the experiments presented in this
study.
3

2.1.1. Sample preparation and experimental apparatus
The rock used in the experiments was an isotropic, fine-grained and

low-permeability granite (Tittinger Feinkorn) cored from the Höhen-
berg quarry in Bavaria, Germany. It was composed of 45% quartz, 25%
potassium feldspar, 20% plagioclase, and 7.5% biotite.47 The samples
were cuboid-shaped, saw cut, and polished to a size of 300 mm ×
300 mm × 450 mm with a precision of ±0.05 mm and parallelity of
±0.001 mm. A discontinuity/fracture (laboratory-scale fault) was then
created by saw cutting the cuboid into two prisms along the diagonal
of the sample (Fig. 2). The resulting surfaces were further ground and
polished. Two roughness values were chosen for the fracture plane
in the tests: (1) a smooth fracture surface polished with 1200 grit
silicon carbide (SiC) powder and (2) the rough surface fracture polished
with 40 grit SiC powder. The samples also contained a borehole with
a diameter of 20 mm, crossing the fracture plane perpendicularly
(Fig. 2). A double packer system was employed to establish a 2 mm-long
isolated interval along the borehole, containing the fracture. During the
experiments, the de-ionized water was injected at room temperature
by a dual-pump setup of two ISCO 500D syringe pumps allowing
continuous flow of up to 200 ml/min. The fluid was transferred by a
steel capillary with a diameter of 2 mm into the isolated interval. The
two packers were not connected allowing free kinematic movement
along the isolated interval. The injection pressure was measured by
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Fig. 3. Injection protocols for the conducted hydraulic stimulation tests along with the adopted injection pressure in the numerical simulations; (a) Test 1, isotropic loading/smooth
fracture; (b) Test 2, isotropic loading/rough fracture; (c) Test 3, shear loading/rough fracture; (d) Test 4, shear loading/rough fracture.
a Keller 300× pressure transducer outside the sample and flow was
controlled by a valve between the packer and the pump (Fig. 2).

The granite block was confined by three sets of oil-filled flatjacks,
which were independently controlled by a system of three Automatic
Pressure Controller syringe pumps (Wille VPC). The horizontal stresses
were both applied by two opposing, rectangular flat jacks (𝜎𝑥𝑥 and 𝜎𝑦𝑦
n Fig. 2). The vertical stress (𝜎𝑧𝑧) was induced by two sets of opposing,
riangular flatjacks that retrace the fault. The stresses were transferred
o the granite block by steel load plates, covered with teflon foil to
educe friction between metal and rock. The loading unit was held
n place by several filling plates and three steel rings at the side and
wo steel plates at the top and bottom. The fracture was drained to all
ides. All corners of the rock blocks were open to the atmosphere and
evelled edges of the fracture allowed discharge to the top and bottom
etween the sample and load plates.

.1.2. Testing procedures and injection protocols
The following hydraulic tests were conducted considering different

ettings in terms of the applied stress conditions and fracture surface
oughness:

• Test 1 (isotropic loading/smooth fracture): in the first test, a gran-
4

ite block with a smooth fracture plane was isotropically loaded at
the constant stress of 𝜎𝑥𝑥 = 𝜎𝑦𝑦 = 𝜎𝑧𝑧= 10 MPa. The initial normal
stress applied on the fracture plane was then 𝜎𝑛 = 10 MPa. The
fluid injection process involved step-wise increasing the water
pressure in the isolated interval by 1 MPa every 300 s until it
reached almost 15 MPa. Subsequently, the pressure recovery was
performed by gradually decreasing the pressure by 1 MPa every
300 s until it returned to 1 MPa (Fig. 3(a)).

• Test 2 (isotropic loading/rough fracture): in the second test, the
injection test was performed on a sample with a rough fracture
plane. The sample was isotropically confined at the stress of
𝜎𝑥𝑥 = 𝜎𝑦𝑦 = 𝜎𝑧𝑧= 3 MPa. Accordingly, the initial normal stress
applied on the fracture plane was 𝜎𝑛 = 3 MPa. The water injection
process consisted of step-wise increment of water pressure by 0.5
MPa every 80 s until it reaches 4.5 MPa, followed by a gradual
decrease of 0.5 MPa every 80 s until it returns to almost 1 MPa
(Fig. 3(b)).

• Tests 3 and 4 (shear loading/rough fracture): two tests were
performed on a sample with a rough fracture plane subjected to a
pre-defined shear stress. The applied stresses to the granite block
in these tests were 𝜎𝑥𝑥 = 4 MPa, 𝜎𝑦𝑦 = 2 MPa, and 𝜎𝑧𝑧 = 3 MPa,
theoretically resulting in a mean stress of 𝜎𝑛 = (𝜎𝑚𝑎𝑥 + 𝜎𝑚𝑖𝑛)∕2 =
3 MPa, and the shear stress of 𝜏 = (𝜎𝑚𝑎𝑥 − 𝜎𝑚𝑖𝑛)∕2 = 1 MPa. The

injection process involves gradually increasing the water pressure
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until it reaches almost 5 MPa (Figs. 3(c) and 3(d)). When further
increasing the injection pressure, the flow rate rose sharply until
it reached the upper limit of the injection pump, which was then
shut off. Accompanied by a distinct stress drop, this prevented the
accomplishment of a step-down phase as seen in tests 1 and 2.

All tests were planned with a normal stress of 10 MPa, but when
he rough sample was tested, the fracture was too permeable to reach
njection pressures in the range of 10 MPa within the capacity of the
njection pump.

.2. Methodology for the coupled HM-modeling

An Equivalent Continuum Modeling approach (ECM) was employed
o describe the hydro-mechanical processes in pre-existing fractures. To
ccomplish this, the fracture was modeled as a finite-thickness porous
edium with equivalent hydro-mechanical properties. The intact rock
as considered as a low-permeable material. An aperture-dependent
ermeability function was adopted to describe the permeability changes
f the fracture zone. The fracture permeability model was imple-
ented by the authors in the multi-physics finite element code MOOSE

ramework.48 We also employed the PorousFlow and TensorMechanics
odule to solve the coupled hydro-mechanical equations.49 The cou-
led equations to be solved in both the fracture zone and the intact rock
nclude: (1) the momentum balance equation, and (2) the mass balance
f the liquid phase. The following subsections provide more details on
he theoretical and modeling assumptions employed in this study.

.2.1. Mechanical formulations
The following equation holds across the entire domain (intact rock

nd fracture) to satisfy the balance of linear momentum (the gravita-
ional forces and inertia effects are neglected):

. 𝝈 = 0. (1)

he total stress 𝝈 in the above equation is related to the effective
tress 𝝈′ and the pore pressure 𝑝𝑓 through the Biot’s effective stress
oncept (i.e. 𝝈 = 𝝈′ + 𝛼𝑏𝑝𝑓 𝑰 ; 𝛼𝑏: Biot coefficient). The changes in
he effective stress value 𝝈′ in both the intact rock and the fracture
omain are governed by the selected mechanical constitutive mod-
ls. In this study, the intact granite was modeled as an isotropic
inear elastic material (i.e. Hooke’s law defined through two elastic
arameters Young’s modulus 𝐸 and Poisson’s ratio 𝜈). Additionally, a
lip-weakening Mohr–Coulomb plastic model was used to describe the
rictional strength, shear-induced dilation and irreversible deformation
n the fracture zone. The Mohr–Coulomb yield criterion (onset of plastic
hear deformation) is generally defined as follows:

= tan𝜙 𝜎′𝑛 + 𝑐 (2)

here, 𝜏 is the shear stress and 𝜎′𝑛 is the effective normal stress on the
racture plane. The parameters 𝜙 and 𝑐 are the friction angle and the
ohesion, respectively. It was assumed that, upon reaching the failure
riterion in Eq. (2), the friction angle decreases from its initial static
alue 𝜙0 to a residual value 𝜙𝑟 due to shear sliding. The following
xponential function was used to describe the slip-weakening behavior:

= 𝜙𝑟 + (𝜙0 − 𝜙𝑟) exp (−𝑅 𝜀𝑝𝑠) (3)

here 𝜀𝑝𝑠 is the plastic shear strain and 𝑅 is a parameter that controls
he rate of friction weakening (Fig. 4(a)). We acknowledge that this
ethod is mesh-dependent, regularization methods could be used to

ackle this effect.
Shear failure induced dilation is represented by the dilation angle,

, which controls the magnitude of the volumetric strain during plastic
eformation. The Mohr–Coulomb plastic strain is generally defined as
ollows:
𝑝 = 𝜆

𝜕𝑔 (4)
5

𝜕𝜎
where, 𝜀𝑝 is the plastic strain, 𝜆 is the lagrange multiplier and g the
plastic flow potential. The plastic flow potential in Mohr–Coulomb is
generally defined as:

𝑔 = tan𝜓 𝜎′𝑛 + 𝑐 (5)

where, 𝜏 is the shear stress and 𝜎′𝑛 is the effective normal stress on the
fracture plane. The parameters 𝜓 and c are the dilation angle and the
cohesion, respectively. It was assumed that the friction angle is superior
to the dilation angle, therefore the flow rule is non-associated.

2.2.2. Hydraulic formulations
The equation for the mass balance of liquids in a porous medium is

generally defined as:
(

𝜕𝜀𝑣𝑜𝑙
𝜕𝑡

+ 𝜕
𝜕𝑡

)

(𝑛 𝜌𝑓 ) + ∇ ⋅ 𝒒𝑓 − 𝑞∗ = 0.0, (6)

here 𝑞∗ is the source term (injection), 𝑛 the porosity, 𝜌𝑓 fluid den-
ity. The term 𝜀𝑣𝑜𝑙 is the volumetric strain, which is a coupling term
howing the effect of mechanical deformation on the water pres-
ure. Assuming a constant bulk modulus for water (𝐾𝑓 = 2.0 GPa), the
ollowing equation was used to describe the changes in water density
𝑓 as a function of the pore water pressure 𝑝𝑓 :

𝜕𝜌𝑓
𝜕𝑡

=
𝜌𝑓
𝐾𝑓

𝜕𝑝𝑓
𝜕𝑡

(7)

The generalized Darcy’s law was used to describe the flow velocity
of water 𝒒𝑓 (unit: m/s) in Eq. (6) (neglecting gravitational pressure
gradient):

𝒒𝑓 = −𝜌𝑓
𝒌
𝜇𝑓

. (𝛁𝑝𝑓 ) (8)

In the above equation, 𝑝𝑓 is the pore pressure (compression positive)
and 𝜇𝑓 is the dynamic viscosity of water. The quantity 𝒌 is the intrinsic
permeability tensor of the medium. In this study, the intact granite was
modeled as a low-permeable material with a constant permeability. On
the other hand, a permeability function dependent on the hydraulic
aperture was taken into account for the fracture zone to replicate the
highly non-linear flow rates typically observed during hydro-shearing
field experiments (Fig. 4(b)). The cubic-law model developed by Tsang
et al. (1981)22 was used to formulate the permeability of the fracture
zone 𝑘fracture , assuming a laminar flow within parallel planar fracture
surfaces, i.e.

𝑘fracture =
𝑏3ℎ
12
𝑠𝑓 (9)

In this equation, 𝑏ℎ is the hydraulic aperture and 𝑠𝑓 fracture spac-
ing. The fracture spacing parameter might be useful to estimate the
equivalent permeability of a fractured rock medium consisting of a set
of persistent fractures with the same spacing and the same apertures.51

It should be also noted that the substitution of Eq. (9) in Eq. (8) yields
directly the volumetric flow rate across the fracture (unit: m3∕s). It is
well-known that the hydraulic aperture in a fracture may change as a
result of mechanical factors such as stress and deformation.52 There-
fore, it was assumed that the hydraulic aperture 𝑏ℎ consists of three
parts (as illustrated in Fig. 4(b)), i.e. (1) a constant term 𝑏𝑖𝑛𝑖, (2) a
reversible part 𝑏𝑒𝑙 and (3) an irreversible part 𝑏𝑠ℎ𝑒𝑎𝑟:

𝑏ℎ = 𝑏𝑖𝑛𝑖 + 𝑏𝑒𝑙 + 𝑏𝑠ℎ𝑒𝑎𝑟 (10)

The reversible part of the aperture function was described through
the model proposed by Rutqvist et al. (2002).38,53 According to this
model, the reversible hydraulic aperture 𝑏𝑒𝑙 is an exponential function
of the effective normal stress 𝜎′𝑛 applied to the fracture plane:

𝑏𝑒𝑙 = 𝑏𝑚𝑎𝑥𝑒𝑙 exp(𝛼𝜎′𝑛) (11)

where, 𝑏𝑚𝑎𝑥𝑒𝑙 , and 𝛼 are the model parameters, controlling the magnitude
and the rate of aperture change as a function of the normal effective
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Fig. 4. (a) Slip-weakening Mohr–Coulomb model to describe the frictional strength of the fracture zone; (b) Schematic representation of the non-linear flow rate in a fracture as
a result of fuild injection, modified after.50.
Fig. 5. (a) Hydro-mechanical boundary conditions for the numerical modeling of the fluid injection tests; (b) the finite element mesh of the granite block and fracture zone.
stress. The last term in Eq. (10) refers to the changes in hydraulic
aperture due to shear slip along the fracture (hydro-shearing). The
model proposed by Rinaldi and Rutqvist (2019)44 was adopted to de-
scribe the fracture shear dilation and the resulting changes in hydraulic
aperture. Accordingly, the irreversible part of the hydraulic aperture
𝑏𝑠ℎ𝑒𝑎𝑟 was defined through the equivalent plastic shear strain 𝜀𝑝𝑠 and
the dilation angle 𝜓 :

𝑏𝑠ℎ𝑒𝑎𝑟 = max (
𝜀𝑝𝑠 𝑡𝑎𝑛(𝜓)

𝑠𝑓
, 𝑏𝑚𝑎𝑥𝑠ℎ𝑒𝑎𝑟) (12)

The magnitude of equivalent plastic shear strain 𝜀𝑝𝑠 depends on the
Mohr–Coloumb friction angle defined for the fracture zone, while the
irreversible fracture opening is controlled by the dilation angle 𝜓 . It
should be noted that the irreversible aperture opening 𝑏𝑠ℎ𝑒𝑎𝑟 was limited
to a cut-off parameter 𝑏𝑚𝑎𝑥𝑠ℎ𝑒𝑎𝑟. This parameter defines the maximum
irreversible opening that can be achieved as a result of shear sliding.

2.2.3. 3D FE modeling of the experiments
Fig. 5 presents the geometry of the model and its finite element

mesh created in the MOOSE framework. We utilized the Galerkin
finite element method employing Lagrange shape functions of first
order. For numerical approximation of integrals over the reference ele-
ment, we employed quadrature techniques, typically utilizing Gaussian
6

Quadrature. Utilizing the MOOSE framework, we have utilized the B-
bar approach to mitigate volumetric locking.54 To address concerns
regarding shear locking, we maintained element aspect ratios close to 1
during our investigations. Furthermore, we exercised caution in select-
ing fracture thickness and final mesh count to prevent the occurrence
of very thin elements, which could potentially introduce undesirable
numerical artifacts caused by shear-locking.

The fracture zone was modeled using thin 3D continuum elements
with an equivalent thickness of 5 mm. We have refined the center of the
model at the injection point, specifically focusing on the fracture. At its
center, the width of the fracture is represented by 4 elements. Fig. 6
demonstrates the sensitivity of the model to changes in mesh den-
sity. As the number of elements increases, particularly in the vicinity
of the injection point, the model’s accuracy improves. Figs. 6(a) and
6(b) illustrate how the maximum flow rate converges with increasing
mesh density and Fig. 6(c) illustrate how the equivalent plastic strain
converges with increasing in mesh density. The modeling results re-
mained unchanged as the number of elements exceeded ca. 370000
tetrahedral elements. The final model used for the simulation of the
experiments had of ca. 430000 tetrahedral elements and ca. 72000
nodes. With a relatively stable flow rate, dependent on permeability
and plastic properties, the model appears appropriately meshed.

Before model calibration, a series of preliminary simulations were
carried out to determine a suitable thickness for the fracture zone. Two
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Fig. 6. Mesh convergence; (a) Test 1, smooth fracture flow rate; (b) Test 2, 3, 4, rough fracture flow rate; (c) Test 3, 4, rough fracture equivalent plastic strain.
criteria were taken into account to use a reasonable thickness for
the fracture zone: (1) ensuring that the fracture zone is not exces-
sively thick to be representative of the problem scale (2) preventing
potential numerical problems (e.g., insufficient elements across the
thickness, possibly shear-locking due to inapproperiate aspect ratio of
elemets) associated with an extra thin fracture zone. Moreover, the phe-
nomenon of strain localization results in uneven fluid pressure distri-
butions, significantly influencing the apparent frictional characteristics
of the fracture zone and its permeability.55–58

The fluid flow was set to zero on the outer boundaries of the
granite bulk to define the hydraulic boundary conditions. A constant
pressure of 0.1 MPa was applied to the outer boundaries of the fracture
zone, considering its connection to the atmosphere. Both the rock and
fracture zone were assumed to be fully saturated before and during the
experiments. An initial pore pressure of 0.1 MPa was assumed in the
entire model. The fracture zone homogenization was idealized as an
equivalent porous medium. To compute the equivalent permeability for
a single joint, we assumed high porosity, which allows the permeability
to be represented as a continuum. This assumption ensures that the
equivalent permeability reflects the hydraulic properties of the joint,
accounting for the increased flow capacity due to the high poros-
ity. Rutqvist et al. (2020)59 conducted a comparative study on fracture
7

stimulation techniques, evaluating both continuum and discontinuum
methods. Their findings indicate that both approaches adequately re-
produce key hydro-mechanical processes within faults. The injection
process was modeled as a singular point injection. Fig. 3 also shows the
injection pressures applied in the numerical models. The mechanical
boundary conditions were defined by constraining one half-block in
all directions, while the other half was subjected to constant exter-
nal loads corresponding to the values implemented in the tests. This
approach was used to ensure that the deformations induced within
the fracture zone by the injection process (both opening and sliding)
remain unaffected by any external mechanical constraints. The goal
was to analyze the direct impact of injection, without the interference
of additional mechanical influences. The end friction effect resulting
from the contrast of elastic properties between steel load plates and the
rock samples was not incorporated in the model. The hydro-mechanical
properties of intact granite, such as elastic parameters, porosity, and
permeability, were primarily derived from previous studies on compa-
rable rocks (e.g.60,61, Table 1). The model parameters associated with
the fracture zone, including both the slip-weakening Mohr–Coulomb
model and the aperture-dependent permeability function, were deter-
mined through back-calculation by calibrating the model against the
conducted laboratory experiments (Tables 1 and 2).
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Fig. 7. Flow rate evolution obtained during hydraulic stimulation tests along with the numerical modeling results; (a) Test 1, isotropic loading/smooth fracture; (b) Test 2, isotropic
oading/rough fracture; (c) Test 3, shear loading/rough fracture; (d) Test 4, shear loading/rough fracture.
a
(
b
a

Table 1
Hydro-mechanical parameters used in the numerical models.

Parameters Unit Granite Fracture zone

Mechanical model
Young modulus (E) GPa 37 37
Poisson’s ratio (𝜈) – 0.3 0.3
Cohesion (𝑐) MPa – 0.0
Static friction angle (𝜙0) ◦ – 37
Residual friction angle (𝜙𝑟) ◦ – 20
Dilation angle (𝜓) ◦ – 15
Softening rate (R) – – 3000

Hydraulic model
Biot coefficient (𝛼𝑏) – 1 1
Fluid density (𝜌𝑓 ) kg/m3 1000 1000
Fluid viscosity (𝜇𝑓 ) MPa*s 10−9 10−9

Fluid bulk modulus (𝐾𝑓 ) GPa 2 2
Rock density (𝜌𝑟) kg/m3 2640 2640
Porosity (𝑛) % 1.5 95
Permeability tensor (𝑘) m2 10−22 Table 2
8

w

Table 2
Input model parameters for the fracture permeability function.

Parameters Unit Test 1 Test 2 Test 3 Test 4
(smooth) (rough) (rough) (rough)

𝑏𝑚𝑎𝑥𝑒𝑙 μm 16.5 115 115 115
𝑏𝑖𝑛𝑖 μm 0.85 10 10 10
𝛼 MPa−1 0.06 0.005 0.005 0.005
𝑏𝑚𝑎𝑥𝑠ℎ𝑒𝑎𝑟 μm – – 28 28
𝑠𝑓 m−1 1 1 1 1

3. Results and discussion

3.1. Injection flow rate versus time

Fig. 7 shows the injection flow rate (unit: mL∕min) obtained within
the experiments. In the first test, isotropic loading/smooth fracture, the
injected flow rate gradually increased to approximately 0.27 mL∕min
s the injection pressure reached step-wise to a maximum of 15 MPa
Fig. 7(a)). The monitored flow rate showed a sudden increase at the
eginning of each pressure interval followed by a rapid decrease to
steady-state value. The large fluctuations observed in the flow rate

ere probably due to low injectivity which made the pump regulation
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Fig. 8. Flow rate versus injection pressure along with the numerical modeling results; (a) Test 1, isotropic loading/smooth fracture; (b) Test 2, isotropic loading/rough fracture;
c) Test 3, shear loading/rough fracture; (d) Test 4, shear loading/rough fracture.
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ifficult. During the pressure recovery stage, as the pressure reduced
o zero, the obtained flow rates were nearly identical to those ob-
erved during the injection stage for the same injection pressure. This
bservation indicates a reversible opening/closure mechanism in the
racture. The maximum flow rate achieved at the injection pressure
f 15 MPa was very small (about 0.27 mL∕min), indicating a minimal

hydraulic aperture of the fracture due to the small asperities at the
fracture plane and the high isotropic confining stress applied to the
sample. The impact of these two factors, i.e. applied confining stress
and fracture roughness, on the hydraulic flow paths was highlighted in
the results of the second test (Fig. 7(b)). In this test, the larger asperities
on the rough fracture plane created a more substantial flow path along
the fracture. The injection flow rate monitored during the test reached
80 mL∕min when the injection pressure was almost 4.5 MPa (i.e., almost
2 orders of magnitude larger than in the first test). The flow rate values
in their steady-state condition exhibited a consistent increase of around
8 mL∕min per constant pressure increment of 0.5 MPa. This observation
uggests that while there may not have been a significant absolute
perture change compared to Test 1, while there may not have been
significant absolute aperture change compared to Test 1, the relative
ermeability gain was not substantial due to the already high initial
ermeability. In the last two tests, the impact of injection-induced shear
9

lip on the flow rate evolution was investigated, where the fracture
was subjected to a pre-defined shear stress of 𝜏=1 MPa (Figs. 7(c)
and 7(c)). Although the normal stresses applied to the fracture surface
in the last two tests were similar to that of Test 2, the flow rate
experienced a significant increase during the final pressure increment,
rising from around 80 mL∕min to a value surpassing 100 mL∕min. This
rapid increase in the injection flow rate was probably associated with
the development of larger flow paths resulting from shear slip and
dilation.

The results of the numerical models are also depicted in Fig. 7. In
the absence of shear loading, the hydraulic aperture function in Eq. (10)
includes only the initial and reversible terms (𝑏𝑖𝑛𝑖, 𝑏𝑒𝑙). The testing
esults of isotropically loaded samples (tests 1 and 2) were utilized
o back-calculate the parameters required for the initial and reversible
ydraulic aperture model for both smooth and rough surfaces. On the
ther hand, the flow rate evolution in Tests 3 and 4 were adopted to
stimate the irreversible term of hydraulic aperture function 𝑏𝑠ℎ𝑒𝑎𝑟 as

well as the frictional properties of the fracture zone. The model cali-
bration resulted in two different sets of parameters for the smooth and
rough fracture surfaces (Tables 1 and 2). The aperture is an equivalent
effective aperture computed alongside the equivalent permeabilities
using the cubic law.

In Test 1, the numerical maximum flow rate is 3.6% lower than

the experimental value. However, overall, the experiment and test
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exhibited a similar trend. For Test 2, the numerical maximum flow rate
is 11.8% lower than the experimental one. Despite this, the experiment
and test generally followed a close trend, with some discrepancies
noted particularly at an injection pressure of 4 MPa. Test 3 showed
a numerical maximum flow rate 8.4% higher than the experimental
value. Although the experiment and test generally followed a similar
trend, there were some deviations, especially noticeable at an injection
pressure of 3.8 MPa. This discrepancy tended to increase with higher
injection pressures. In Test 4, the numerical maximum flow rate is
5.8% lower than the experimental one. Overall, the experiment and test
exhibited some deviation, especially notable at an injection pressure of
3 MPa. However, as shearing commenced, the model and experiment
became more aligned. The model’s testing is confined to a specific range
of stresses and fluxes. The maximum injection pressure reaches 15 MPa
for a smooth fracture and 4.5 MPa for a rough fracture. The stress
range varies from 10 MPa for a smooth fracture to 3 MPa for a rough
fracture. These values represent a subset of realistic hydraulic, tectonic
and gravitational stress ranges that could occur in certain reservoirs.

3.2. Flow rate versus injection pressure

The relationship between injection pressure and the resulting flow
rate is depicted in Fig. 8. In the first test, the flow rate showed a
linear increase up to an injection pressure of nearly 4 MPa, indicating
a constant hydraulic aperture within this pressure range. However, be-
yond 4 MPa, the flow rate curve deviated from linearity and gradually
increased as the injection pressure elevated to 15 MPa (Fig. 8(a)). Since
no shear stress was applied in this test, the deviation from linearity is
likely a result of the normal opening and closure of the fracture induced
by the high injection pressure. During the pressure recovery phase,
the flow rate values followed the same nonlinear curve, indicating
the reversibility of the process. The model incorporated the aperture
function 𝑏𝑒𝑙 in Eq. (11) to describe the reversible nonlinear evolution
of flow rate as a result of changes in the effective normal stress on the
fracture plane. However, this non-linear evolution of flow rate was not
observed in the second test. The results exhibited an almost perfectly
linear increase in flow rate up to an injection pressure of 4.5 MPa
(Fig. 8(b)). This observation suggests that mechanical deformations in
the fracture, such as opening and closure, had a negligible impact on
hydraulic behavior. Two key factors support this observation: (1) the
injection pressure was not sufficiently high to substantially open the
fracture, and (2) the shear stress on the fracture plane was zero in this
test (no sliding). Figs. 8(c) and 8(d) depict the flow rate-pressure curves
for the injection tests on rough fractures subjected to a predefined
shear stress. In both experiments, the flow rate exhibited an almost
linear increase with the rising injection pressure, up to a pressure of
almost 4.5 MPa (similar to test3). Subsequently, a pronounced and
rapid increase in flow rate occurred as the pressure approached 5
MPa. The rate of change in flow curve was notably higher than that
observed in the first test. Hence, this abrupt rise in flow is thought to
be due to shear slip, inducing self-propping on asperities (dilation) and
consequently leading to an irreversible increase in flow rate.

3.3. Injection-induced permeability change

During the experiments, the hydraulic parameters such as hydraulic
aperture and fracture permeability were not directly measured. In-
stead, these parameters were inferred from numerical modeling results,
calibrated using other measurable quantities including flow rate and
pressure. Figs. 9 and 11 illustrate changes in hydraulic aperture values
and resulting permeabilities around the injection point derived from the
numerical modeling results. The quantity 𝑏normal in these figures repre-
sents the summation of the initial and reversible terms of the aperture
function, i.e., 𝑏normal = 𝑏ini + 𝑏el. Figs. 9(a) and 9(b) depict changes in
𝑏normal in tests 1 and 2, respectively (𝑏shear was zero in the absence of
shearing). In the first test, the hydraulic aperture 𝑏 increased from
10

normal a
the initial value of 10 μm to 14 μm as the injection pressure reached
15 MPa. A similar increase in hydraulic aperture 𝑏normal was obtained
by the model for the second test, i.e., from the initial value of 120
μm to 123 μm for a pressure increase of 4.5 MPa. The back-calculated
hydraulic aperture for the rough fracture surface was nearly one order
of magnitude larger than that of the smooth fracture, explaining the
possible reason for the substantially different flow rates observed in
Tests 1 and 2. In addition, the relative change in hydraulic aperture for
the rough fracture, i.e., the ratio between the aperture opening and the
initial hydraulic aperture, was much smaller than that of the smooth
fracture. Consequently, the induced changes in aperture were expected
to have a minor influence on permeability in Test 2. The permeability
evolution in tests 1 and 2 around the injection point are depicted in
Figs. 9(c) and 9(d), respectively. The back-calculated permeability of
the rough fracture was almost 3 orders of magnitude larger than the
permeability of smooth fracture. For the smooth fracture, the fracture
permeability increased from 9.0e−17m2 to 2.1e−16 m2 (almost double),
while for the rough fracture, permeability remained almost constant
at approximately 1.5e−13 m2. The changes in effective normal stress
t the injection point on the fracture plane have been also shown in
igs. 9(c) and 9(d). In both cases, the effective normal stress decreased
uring the fluid injection phase, followed by a reversible increase
uring the pressure recovery phase. Figs. 10(a) and 10(b) illustrate how
he aperture changes around the injection point based on the effective
ormal stress for both smooth and rough fractures. In a smoother
racture, the asperities (roughness) are smaller, resulting in a smaller
perture when two blocks come into contact, as compared to a rough
racture with larger asperities. Additionally, due to the higher initial
tress and smoother fracture walls, the initial aperture is lower in
mooth fractures, and the relative change in aperture with stress vari-
tion is more pronounced compared to rough fractures. For instance,
hen the effective normal stress drops by approximately 185%, the
perture of a smooth fracture increases by about 40%, whereas for a
ough fracture, a drop of about 114% in effective normal stress leads
o only a 2.25% increase in aperture. Consequently, the opening and
losing behavior of a rough fracture is significantly less than that of a
mooth fracture due to differences in their stiffness.

In Tests 3 and 4, the total hydraulic aperture includes both 𝑏normal
nd 𝑏𝑠ℎ𝑒𝑎𝑟 terms. The evolution of these terms are shown in Figs. 11(a)
nd 11(b). The magnitude of changes in 𝑏normal obtained for tests

and 4 was similar to that of Test 2, given the nearly identical
urface roughness and injection protocols in these tests. However, a
apid increase in the irreversible part of hydraulic aperture, 𝑏shear, was
btained when the injection pressure exceeded almost 4 MPa. This
brupt increase in 𝑏shear resulted from plastic shear strain around the
njection point, leading to dilation and subsequently irreversible shear-
nduced opening. In Test 3, an increase of almost 27 μm was obtained
or the irreversible hydraulic aperture 𝑏shear when the injection pressure
eached 5 MPa (Fig. 11(a)). The calculated 𝑏shear value at the peak
ressure in Test 4 was lower than in Test 3, but the rapid increase was
till remarkable (Fig. 11(b)). Figs. 11(c) and 11(d) show the changes in
ffective normal stress at the injection point and resulting permeability
or Tests 3 and 4, respectively. The permeability increase in Test 3 was
ore pronounced, likely due to the lower normal stress reached and
igher plastic strain.

The permeability value increased by almost twofold in this ex-
eriment. Fig. 12(a) depicts the contour plot of effective normal
tress 𝜎′𝑛 on the fracture plane for Test 3, obtained from the numer-
cal modeling. As illustrated, there is a high gradient in the normal
tress distribution around the injection point. Fig. 12(b) displays the
istribution of effective normal stress value along a horizontal line
long the fracture. The remarkable normal stress gradient results from
he fracture’s connection to the atmosphere, leading to a substantial
luid pressure gradient from the injection point towards the fracture
oundaries. The lowest value of effective normal stress is obtained

round the injection point, where the fluid pressure is highest. As
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Fig. 9. Changes in hydraulic aperture and permeability of fracture obtained from numerical modeling; (a) hydraulic aperture in Test 1, isotropic loading/smooth fracture; (b)
hydraulic aperture in Test 2, isotropic loading/rough fracture; (c) permeability in Test 1, isotropic loading/smooth fracture; (d) permeability in Test 2, isotropic loading/rough
fracture.
shown in Fig. 12(c), theoretically, the onset of plastic dilation occurs
when the effective normal stress on the fracture plane reduces to a
value of 1.4 MPa (assuming a friction angle of 37◦, Table 1). Under this
stress condition, the Mohr–Coulomb plastic yield criteria were satisfied,
leading to the initiation of shear-induced dilation. The contour plot
of 𝑏shear parameter on the fracture plane is shown in Fig. 12(d) (for
Test 3). The distribution of this parameter is directly correlated with
the plastic strain developed along the fracture plane. Modeling results
indicate that shear-induced dilation and irreversible aperture increase
are localized within a small zone, with a diameter of 8.4 mm, around
the injection point. The size and distribution of the plastic dilation zone
depend on the effective stress distribution on the fracture plane. As
indicated in Fig. 12(b), only a small zone, approximately 8.4 mm in
diameter, experiences an effective normal stress less than 1.4 MPa.

4. Summary and conclusion

Understanding the evolution of fracture permeability is crucial
for characterizing fluid transport in fractured rocks and developing
strategies to enhance the productivity during hydraulic stimulation of
11
geothermal reservoirs. An important factor in this context is how fluid
pressure affects permeability. In this study, we conducted a series of
laboratory experiments with pressure-controlled injection into smooth
and rough fractures in granite under pre-stressed conditions. A coupled
hydro-mechanical modeling framework was employed to describe the
permeability of fracture taking into account the changes in hydraulic
aperture as a function of effective normal stress and plastic shear-
induced dilation. Moreover, a slip-weakening Mohr–Coulomb model
was used to describe the progressive shear slide under compression and
the post-failure behavior of pre-existing fractures.

The study involved deriving hydraulic parameters, such as hydraulic
aperture and fracture permeability, from numerical modeling results
calibrated with measurable quantities like flow rate and pressure. The
experiments showed substantial differences in flow rate evolution be-
tween smooth and rough fractures, highlighting the important role of
fracture asperities on the permeability. Additionally, the tests with pre-
defined shear stress on the fracture plane exhibited notable increases
in irreversible permeability due to plastic shear strain, leading to
significant slide-induced dilation, showing a nearly twofold increase
in permeability. The roughness of a fracture influences the changes in
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Fig. 10. Changes in hydraulic aperture and effective normal stress obtained from numerical modeling; (a) hydraulic aperture in Test 1, isotropic loading/smooth fracture; (b)
hydraulic aperture in Test 2.

Fig. 11. Changes in hydraulic aperture and permeability of rough fracture obtained from numerical modeling; (a) hydraulic aperture in Test 3; (b) hydraulic aperture in Test 4;
(c) permeability change in Test 3; (d) permeability change in Test 4.
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Fig. 12. (a) The contour plot of normal effective stress on the fracture plane for Test 3; (b) the distribution of normal effective stress along a horizontal line passing through; (c)
the initial effective stress state in Test 3 and the required condition to satisfy the Mohr–Coulomb failure condition; (d) the fracture A vertical cut though the fracture showing
contour plot 𝑏𝑠ℎ𝑒𝑎𝑟 value in Test 3.
permeability induced by fluid injection. Rough fractures exhibit fewer
changes during stimulation compared to smooth fractures. However,
initiating shear sliding in smooth fractures is more complex. Additional
sources of complexity include thermo-hydro-chemo-mechanical effects,
creep, and heterogeneities can alter the fracture behavior. To tackle
these challenges, an extension of the experimental setup and numerical
framework is necessary. For example, a more detailed analysis of the
fracture surface topography before and after a test could help to assess
stress heterogeneity and validate the permanent aperture changes. Fur-
ther research in this direction is imperative to explore various scenarios
and derive useful, quantitative conclusions applicable to real-world
reservoir.
13
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