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A B S T R A C T

This study presents a fully coupled hydro-mechanical framework for modeling hydraulic shearing in a
mesoscale reservoir located at the Grimsel Test Site, Switzerland. The experiment was conducted on a ductile–
brittle fault embedded in low-permeable granite. We observe that normal fracture opening increases flow
channel recoverably, while fracture sliding locks asperities leading to a non-recoverable increase in flow. To
couple these processes, we use a poro-elasto-plastic constitutive framework and employ a permeability function
that depends on several parameters, such as dilation angle, in-situ stresses, residual aperture and maximum
aperture. Our results capture the recorded pressure responses well, and indicate that the permeability changes
by one order of magnitude during the experiment.

1. Introduction

In deep geothermal systems, fluid predominantly flows through the
network of fractures rather than directly through the host rock. These
pre-existing fractures serve as the primary conduits for fluid movement
between the injection and extraction wells. The fracture network is
limiting the ability of a reservoir to carry enough heat flow1 and fluid
flow to be economically viable.2 The permeability at these depths is
often less than 10−16 m2,3 making it difficult to achieve an economi-
cally viable flow rates in the reservoir. To enhance the permeability in
fractures at these depths, hydraulic stimulation can be employed. Such
systems are referred to as Enhanced Geothermal Energy (EGS) systems.

Hydraulic stimulation for EGS includes the creation of new fractures
due to hydraulic fracturing (HF) and/or dilation of existing fractures
due to hydraulic shearing (HS). In HF, a fluid is injected into the
rock until it fails under tensile opening, causing the creation of new
cracks and the extension of existing ones. Proppants might be utilized to
maintain these fractures open. In contrast, HS opens existing fractures
by injecting fluid. Due to anisotropic stress conditions, natural rough
fractures which support shear stresses may dilate upon hydraulic shear-
ing and interlock once the fluid injection stops.4,5 Studies by Refs. 6, 7
have shown that both HS and HF processes share common mechanisms,
although one mechanism may prevail over the other. Our study focuses

∗ Corresponding author at: Chair of Engineering Geology and Hydrogeology, RWTH Aachen, Aachen, 52064, Germany.
E-mail address: j.ouf@tudelft.nl (J. Ouf).

exclusively on Hydraulic Testing of Pre-existing Fractures (HTPF). No-
tably, our proposed framework concentrates on modeling HS, with the
modeling of HF being beyond the scope of this paper.

On the laboratory scale, considerable research efforts have been de-
voted to investigating the correlation between effective stress and per-
meability in fractures. These studies involved conducting laboratory-
scale tests, which subsequently yielded empirical relationships widely
employed in practical applications.8–11 Meso-scale (decameter scale)
reservoirs were studied to bridge laboratory test scale to reservoir
scale, which contribute to improving the understanding of fracture
hydraulics and mechanics during stimulation.12–14 Petty et al.15 explore
the responses of different fractures to different injection scenarios. In a
separate study, Krietsch et al.16 found that these tests provided valuable
insights into water circulation, rock deformation, and seismic activity
triggered by stimulation. Guglielmi et al.17 demonstrates on a meso-
scale that minor slip movements, typically sub-millimeter in size, lead
to substantial increases in permeability. Rutqvist et al.18 shows that
stress and permeability relationships are scale dependent. Zimmermann
et al.19 investigated the fracture conductivity of a real-scale reservoir to
gain insights into its long-term injectivity. Recently, Kukkonen et al.20

stimulate fractures at a depth of 6 km, the permeability was almost fully
recovered, with only minor permeability gain upon pressure release.
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Numerical modeling plays a crucial role in enhancing our un-
derstanding of hydraulic stimulation mechanisms. It allows for the
estimation of fracture properties through the calibration of numerical
models, including fracture normal and shear stiffnesses, as well as the
dilation angle. Several EGS project sites have been investigated using
numerical modeling techniques. Notable examples include Soults-sous-
Foret in France,21 Fenton Hill in New Mexico, USA,22 GroßSchönebeck
in Germany,23 and Pohang in South Korea.24

Fracture stimulation, induced by water injection, has notable effects
on porosity, intrinsic permeability, and local effective stress. In address-
ing fracture problems, two primary categories of numerical approaches
are employed: the continuum and discontinuum representation of frac-
tures. Rutqvist et al.25 conducted a comparative study on fracture
stimulation techniques, evaluating both continuum and discontinuum
methods. Their findings indicate that both approaches adequately re-
produce the key hydro-mechanical processes taking place within the
faults. The implicit representation of fractures captures the impact
of fractures by using an equivalent porous media. Various examples
of well-known codes which utilize this approach are OpenGeoSys,26

MOOSE framework,27 TOUGH-FLAC28,29 and CODE_BRIGHT.30 Con-
versely, the explicit representation of fractures attempt to more re-
alistically include the geometry and impact of fractures, and almost
always require some special treatment. Notable examples of these
techniques are FEM-DEM/cohesive zone modeling,31,32 (2) Discrete
Fracture Network using interface elements,7 (3) Embedded lower di-
mensional elements33 which are employed for explicit fracture model-
ing.

In order to attain a more comprehensive understanding of the
processes underpinning hydraulic shearing on a broader scale, several
in-situ investigations have been undertaken, for example, the In-situ
Stimulation and Circulation (ISC) experiments at the Grimsel Test
Site in Switzerland.34–36 These investigations encompassed a range of
tests, including hydraulic fracturing and hydraulic shearing, aimed to
improve the understanding on fault responses under varying hydraulic
stimulation conditions. By integrating the hydromechanical responses
of the rock mass, these studies have significantly deepened our under-
standing of the intricate reactions of faults when subjected to hydraulic
stimulation.

The objective of this work is to numerically replicate a selected
stimulation at the Grimsel test site. In this study, a continuous modeling
approach is utilized. It considers the fault zone as an equivalent porous
media, incorporating both the normal elastic opening of the fracture
and the shear-slip dilation that happens during hydraulic shearing. The
objective of this study are (i) to accurately reproduce the flow rate and
injection pressure at the injection well by including HS processes, (ii)
simulating the fracture pressure propagation during stimulation within
a fault zone, (iii) to evaluation the model’s reliability and predictive
capabilities in representing real-world hydraulic shearing scenarios.

2. Grimsel test site

The In-situ Stimulation and Circulation (ISC) experiment at the
Grimsel Test Site, located in Switzerland, aims to investigate open
questions related to deep geothermal reservoirs. Specifically, the fo-
cus is on understanding the interaction among hydraulics, mechanics,
and seismicity of the rock and fractures during reservoir stimulations,
using the site as a decameter-scale analog reservoir.34 To accom-
plish this, the experiment is conducted under various stress states
and hydraulic conditions and monitored through a combination of
geophysical, hydrological, and geomechanical techniques.

The Grimsel test site is located within two granite units, the Grimsel
Granodiorite and Central Aar Granite, and is situated approximately
480 m below the surface. Fig. 1 shows the investigated volume of the
ISC contains two sets of shear zones, namely the ductile shear zones
S1.1, S1.2, S1.3, and the brittle-ductile shear zones S3.1 and S3.2.37 The
investigation revealed the presence of three S1 shear zones and two

Table 1
Injection steps within cycle 4 of HS1.

Step Control Value Duration

Step 1 Pressure control 2.32 MPa 592.5 s
Step 2 Pressure control 3.07 MPa 677 s
Step 3 Pressure control 3.51 MPa 450 s
Step 4 Pressure control 4.27 MPa 365 s
Shut-in – – 335 s
Step 5 Flow rate control 15 l/min 340 s
Step 6 Flow rate control 25 l/min 308 s
Shut-in – – 760 s

S3 shear zones, which have an average orientation of 142/77 (dip
direction/dip) and 183/65, respectively.38

Furthermore, the S1 and S3 shear zones are identifiable from
the surface and can be traced back to a distance of approximately
500 m.39 The average thickness of S1 ranges from 173 to 1670 mm,
while S3 ranges from 38 to 312 mm.36 The investigated ISC volume is
intersected by two tunnels, the AU-tunnel and VE-tunnel. These tunnels
were excavated in 1983. Additionally, the observed in-situ pressure in
the experimental rock volume of the ISC is around 0.2–0.3 MPa, as a
result of long-term drainage of the nearby tunnel.36

An extensive campaign to characterize the in-situ stress conditions
was conducted on the site.38 The principal stress obtained from invert-
ing strains and additional constraints from hydraulic fracturing give on
average; 𝜎1 = 13 MPa 135/15 (dip direction/dip), 𝜎2 = 8 MPa 21/43,
𝜎3 = 6.25 MPa 234/33. The complete GTS data can be found at the
following link: https://doi.org/10.3929/ethz-b-000276170.40

3. HS1 stimulation

The HS1 experiment was carried out on February 15, 2017, in the
injection borehole INJ2 with the objective to increase the permeability
by stimulating the ductile shear zone S1.3 with high pressure injections
using a straddle packer system. An additional fracture pressure moni-
toring system, labeled PRP2, was located 10.72 m from the injection
point.16

The injection protocol comprised four cycles, with the first two
cycles serving as pre-stimulation phases (i.e. two consecutive pressure
controlled HTPF tests (hydraulic testing of pre-existing fractures)),
with the objectives: (1) to break down cohesive bonds (2) to reopen
existing fractures and (3) to determine the initial injectivity and normal
stress across the fault zone. The third cycle, referred to as the main
stimulation phase, was flow rate controlled and caused the fault zone to
open and shear. Injection pressure reduction during flow rate increase
during the third stimulation cycle suggested a mixed mode response
between hydraulic shearing and hydraulic fracturing.16 The final cycle
(i.e. a pressure controlled HTPF test) aimed to determine the final
injectivity and potential changes in normal stress conditions. This study
specifically focuses on the last cycle (Cycle 4). The comprehensive
details of stimulation process can be found in the Refs. 16, 41.

The various injection steps of cycle 4 are illustrated in Fig. 2, with
a summary of these steps is provided in Table 1, highlighting the
parameters controlled. In total, cycle 4 consists of six steps and includes
two shut-in periods (i.e. injection is temporarily stopped).

4. Modeling approach

4.1. Fully coupled numerical simulator

The primary objective of this study is to replicate the fracture be-
havior observed during the cycle 4 injection of the HS1 experiment. The
numerical model was developed using the Multiphysics Object-Oriented
Simulation Environment (MOOSE) framework,27 which is an open-
source finite element method (FEM) platform created by Idaho Na-
tional Laboratories. This framework offers a flexible and hybrid parallel
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Fig. 1. Grimsel In-situ stimulation and circulation test site — Modified after Ref. 36.

Fig. 2. In-situ injection INJ2: Six injection steps of cycle 4 Post-Stimulation Phase — Modified from Ref. 41.
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Table 2
Hydromechanical properties of the model.

Parameters Symbol Granite bulk Fault zone

Geomechanical
Biot coefficient (𝛼𝑏) 1 1
Young Modulus (E) 47 GPaa 30 GPaa

Poisson’s ratio (𝜈) 0.3a 0.25a

Rock density (𝜌𝑟) 2640 kg/m3a 2640 kg/m3a

Porosity (n) 1%b 75%
Cohesion (𝑐) – 0c

Friction angle (𝜙𝑟) – 25◦b

Dilation angle (𝜓) – 24◦

Hydrogeological
Permeability (k) (𝑘𝑏𝑢𝑙 𝑘) 10−22 m2b (𝑘𝑓 𝑟𝑎𝑐 ) variable
Fluid density (𝜌𝑓 ) 1000 kg/m3d 1000 kg/m3d

Fluid viscosity (𝜇𝑓 ) 10−9 MPa sd 10−9 MPa sd

Fluid bulk modulus (𝐾𝑓 ) 2 GPad 2 GPad

a Properties were adopted from Ref. 40.
b Properties were adopted from Ref. 46.
c Properties were adopted from Nagra NIB 95-062.
d Properties were adopted from Ref. 16.

environment designed for solving multiphysics and multi-component
problems in an implicit manner. MOOSE relies on advanced mesh
libraries such as libMesh that provide support for adaptive mesh re-
finement (AMR) computations in parallel.42 It relies on PETSc for the
scalable (parallel) solution of scientific applications modeled by partial
differential equations.43

An Equivalent Continuum Modeling approach (ECM) was utilized to
characterize the hydro-mechanical processes within pre-existing frac-
tures, eliminating the need for computationally intensive treatments
such as solving mechanical contact problems. This simplifies the adop-
tion of the approaches explored here. ECM is able to deliver a fully
coupled solution and a 3D approach, facilitating a more realistic cap-
ture of flow rates while eliminating simplifications such as plain strain
or stress. The ECM approach facilitates the solution of fully coupled
multi-physics problems with greater ease compared to other meth-
ods. Specifically, ECM enables the solution of the kernel in an unstag-
gered scheme, which is notably more complex when using a discontin-
uum approach. As a result, the approaches explored in this study have
the potential for widespread adoption due to their enhanced efficiency
and applicability.

In this method, the fracture was represented as a finite-thickness
porous medium with equivalent hydro-mechanical properties, while
the intact rock was treated as a low-permeability material. To account
for changes in permeability within the fracture zone, an aperture-
dependent permeability function was employed. The fracture perme-
ability model was integrated into the multi-physics finite element code
MOOSE framework,44,45 with additional support from the PorousFlow
and TensorMechanics modules to solve the coupled hydro-mechanical
equations.

4.2. Model set up

The modeling domain was 90 m × 90 m × 50 m (see Fig. 3), with
only the S1.3 fault and the bulk rock modeled, and inclusion of the
injection point INJ2. Pore pressures are extracted at the location of
the PRP2 fracture pressure probe. According to Krietsch et al.36, the
fault width in the model was assumed to be 80 centimeters with a
dip direction/dip of 142/77. The positive Y-axis is aligned with the
North direction and the positive 𝑋-axis with the East direction, while
the positive 𝑍-axis points upwards Fig. 3.

The tunnels present at the test sites were not modeled. Hydrauli-
cally, the fault zone was represented as a permeable porous medium,
whose permeability depends on an aperture function (see
Section 4.4.1). Mechanically, the stress–strain relationship in the fault

Table 3
Parameters of the permeability function for the fault zone S1.3.

Parameters Symbol Fault zone

Initial aperture (𝑏𝑖𝑛𝑖) 17 (μm)
Maximum elastic aperture (𝑏𝑚𝑎𝑥) 800 (μm)
Stress dependency (𝛼) 0.275 (MPa−1)
Fracture spacing (𝑠𝑓 ) 1 (m−1)

zone was based on an elasto-plastic Mohr–Coulomb law, softening
is not included in this framework. The host rock permeability was
assumed to be constant (i.e. stress independent). The stress–strain rela-
tionships of the host rock was assumed to be linear elastic (i.e. Hooke’s
law with Young’s modulus E and Poisson’s ratio 𝜈). The injection
process was simulated using a single point (0D element) positioned
at the location of INJ2. The fault pressure was tracked at a node
located at the same position as probe PRP2, which was 10.72 m away
from INJ2 Fig. 3. The model is considered isothermal, with both the
bulk rock and fault zone assumed to be fully saturated. The hydraulic
boundary conditions were established for granite rock with no-flow
boundaries, whereas the fault zone was assigned a boundary condition
of 1.17 MPa water pressure matching the initial measured in situ pres-
sures. Consequently, the fracture accommodated leak-off. The initial
water pressure was 1.17 MPa in the fault zone and 0.25 MPa in the host
rock. Both initial and boundary condition are based on Refs. 36, 41. The
mechanical boundary conditions were set as no displacement bound-
aries in the direction normal to the domain boundaries Fig. 3. The
initial stress tensor used was adapted from Ref. 38, and reported in
Section 2, and gravity is not included in the model, due to the limited
size and high water pressures. The model boundaries (vertical faces) are
perpendicular to the principal stress directions. The neglect of gravity is
also present in other fracture stimulation studies with high dip angles,
such as 65◦ in Rutqvist et al.25 and 70 to 90◦ in Cappa et al.47

Fracture zone homogenization can be idealized as an equivalent
porous medium in the case of GTS ductile shear zone due to the
small variation in permeability within the fault zone, as discussed by
Wenning et al.48 Assuming linear flow and homogenization over the
entire interval, the continuum equivalent porous media was reproduced
with the fault zone width and fault zone properties given by Doetsch
et al.40 Properties for the host rock and fracture zone are summarized
in Table 2. The parameters used in the Table 3 are parameters of
the permeability function for the fault zone S1.3. They are calibrated
to reproduce as closely as possible the observations. The initial aper-
ture was assumed 20 μm which is based on the measured hydraulic
conductivity of 7 × 10−9 m∕s.49 The parameters used to calibrate are
non-unique. The value fault zone contains a single fracture as suggested
by the geophysics investigation.50 We reproduced the injection scenario
following the protocol shown in Table 1. The simulation began 100 s
before the start of injection cycle 4. The pressure-controlled injection
was carried out in four steps from 100 to 2075 s, while the flow
rate was monitored. The injection was stopped between 2075 s and
2445 s followed by the two flow rate controlled steps. During the
flow rate control phase from 2445 s to 3025 s, fracture pressure was
monitored. The injection was stopped at 3025 s, and the stimulation
was completed at 3800 s.

4.3. Mechanical formulations

The subsequent equation is valid across the entirety of the domain
(including both intact rock and fractures) to maintain the equilib-
rium of linear momentum, with gravitational forces and inertia effects
disregarded.

∇. 𝝈 = 0. (1)

In the given equation, 𝝈 is determined by the effective stress 𝝈′ and
the pore pressure 𝑝𝑓 using Biot’s effective stress principle (expressed
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Fig. 3. Numerical model with boundary conditions and location of PRP2 and INJ2.

as 𝝈 = 𝝈′ − 𝛼𝑏𝑝𝑓 𝑰 , where 𝛼𝑏 denotes the Biot coefficient). The stress
tensor is negative for compressive stress and pressure is positive in
compression.

The Mohr–Coulomb yield criterion with constant parameters (no
hardening and no softening), marking the onset of plastic shear defor-
mation, is typically defined as follows:

𝜏 = t an𝜙 𝜎′𝑛 + 𝑐 (2)

where, 𝜏 is the shear stress, 𝜙 is friction angle, 𝜎′𝑛 is the effective normal
stress. It should be noted that the above formulation of Mohr–Coulomb
does not take into account the fracture orientation.

Shear failure induced dilation is represented by the dilation angle,
𝜓 , which controls the magnitude of the volumetric strain during plastic
deformation. The Mohr–Coulomb plastic strain is generally defined as
follows:

𝜀̇𝑝 = 𝜆
𝜕 𝑔
𝜕 𝜎′ (3)

where, 𝜀̇𝑝 is the plastic strain rate, 𝜆 is the Lagrange multiplier and g
the plastic flow potential. The plastic flow potential in Mohr–Coulomb
is generally defined as:

𝑔 = t an𝜓 𝜎′𝑛 + 𝑐 (4)

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.

4.4. Hydraulic formulation

The typical formulation for the liquid mass balance in a porous
medium is commonly expressed as:
𝜕(𝑛 𝜌𝑓 )
𝜕 𝑡 + (𝑛 𝜌𝑓 )

𝜕 𝜀𝑣𝑜𝑙
𝜕 𝑡 = −𝛁 ⋅ 𝒒𝑓 + 𝑞∗, (5)

where 𝑛 is the porosity, 𝜌𝑓 denotes the fluid density, 𝑣𝑠 is the velocity
of the porous solid skeleton, 𝒒𝑓 is the Darcy flux and 𝑞∗ is the injection
source term. The variable 𝜀𝑣𝑜𝑙 signifies volumetric strain, serving as a
connecting factor that demonstrates the influence of mechanical defor-
mation on water pressure. This equation considers changes in porosity,
which result in additional fluid storage and alterations in Darcy veloc-
ity. These factors are significant in influencing the reactivation front
within the fault.51

The generalized Darcy’s law was used to describe the water flux
denoted 𝒒𝑓 in Eq. (5) (neglecting gravitational pressure gradient):

𝒒𝑓 = −𝜌𝑓 𝒌
𝜇𝑓

(𝛁𝑝𝑓 ) (6)

where 𝜌𝑓 is the fluid density, 𝒌 is the intrinsic permeability tensor of the
medium, 𝜇𝑓 is the dynamic viscosity of water, 𝑝𝑓 is the pore pressure.

4.4.1. Permeability function
The permeability of the fracture zone here follows the cubic

law,52,53 given as:

𝒌 =
𝑏3ℎ
12
𝑠𝑓 (7)
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where 𝑏ℎ represents the total hydraulic aperture and 𝑠𝑓 fracture spac-
ing.

The reactivation of fractures during stimulation initially results in
an opening due to a decrease in effective normal stress.10 Additionally,
the permeability of a fracture may further increase when it dilates upon
shearing.54

To comprehensively account for the combined effects of elastic
opening and shear dilation on aperture change, it is necessary to
consider variations in fracture aperture as a function of both, effective
stress and plastic shear strain. The total change in fracture aperture can
be expressed as:

𝑏ℎ = 𝑏𝑛𝑜𝑟𝑚𝑎𝑙 + 𝑏𝑠ℎ𝑒𝑎𝑟 (8)

where, 𝑏ℎ represents the total hydraulic aperture in Eq. (7), 𝑏𝑛𝑜𝑟𝑚𝑎𝑙
denotes for the normal opening, and 𝑏𝑠ℎ𝑒𝑎𝑟 corresponds to the shear-
induced aperture change. By considering the sum of these components,
a comprehensive understanding of the aperture change in the fracture
can be achieved.

The relationship between recoverable normal opening, confining
pressure, and injection pressure has been established by Refs. 55,
56. Their studies illustrated that elastic normal opening is exponen-
tial. Subsequent work by Ref. 57 corroborated the accuracy of this
function through comprehensive laboratory data analysis. The fracture
recoverable normal opening can be expressed as:

𝑏𝑛𝑜𝑟𝑚𝑎𝑙 = 𝑏𝑖𝑛𝑖 + 𝑏𝑒𝑙 (9)

where, 𝑏𝑖𝑛𝑖 denotes the initial aperture and 𝑏𝑒𝑙 represents the elastic
opening.

The relationship between effective normal stress (𝜎′𝑛) and normal
opening proposed by Rutqvist and Tsang56 is given as:

𝑏𝑒𝑙 = 𝑏𝑚𝑎𝑥 exp(−𝛼 𝜎′𝑛) (10)

where, 𝑏𝑚𝑎𝑥 indicates the maximum aperture and 𝛼 represents the stress
dependency.

The enhancement of permeability due to shear is incorporated
through a shear-induced aperture change. Hsiung et al.58 derived a
shear aperture function based on plastic shear strain and dilation. In
a similar fashion, Rinaldi et al.22 proposed a shear-induced aperture
function expressed as:

𝑏𝑠ℎ𝑒𝑎𝑟 =
𝜀𝑝𝑡𝑎𝑛𝑔 𝑒𝑛𝑡𝑖𝑎𝑙 t an(𝜓)

𝑠𝑓
(11)

where, 𝜀𝑝𝑡𝑎𝑛𝑔 𝑒𝑛𝑡𝑖𝑎𝑙 is the projected plastic strain tangential to the normal
of the fault plane, 𝜓 denotes the dilation angle, and 𝑠𝑓 represents the
fracture spacing.

The interaction between hydraulics and mechanics occurs through
several mechanisms: the effective stress concept outlined in Eq. (1),
𝜕 𝜀𝑣𝑜𝑙
𝜕 𝑡 this terms represents the impact of volumetric strain rate on

the fluid pressure in Eq. (5), and changes in permeability as depicted
in Eq. (7).

This permeability function, along with an equivalent continuum
modeling approach for the fault zone, has been successfully applied in
modeling hydraulic shearing and in matching granitic EGS laboratory
experiments and field studies conducted by Refs. 22, 24, 59, 60.

4.5. 3D FE modeling of the experiments

The mesh within the fault zone was finer compared to the host rock
and further refined between PRP2 and INJ2. The whole model consists
of ca. 120 000 nodes and ca. 710 000 elements Fig. 4. We employed
the Galerkin finite element method with first-order Lagrange shape
functions. Quadrature techniques, primarily Gaussian Quadrature, were
used for numerical integration over the reference element. To mitigate
volumetric locking, we utilized the b-bar approach within the MOOSE
framework, as elaborated in the provided link MOOSE SolidMechan-
ics. In addressing concerns about shear locking, we kept element aspect

ratios close to 1 throughout our investigations. Additionally, we exer-
cised caution in determining fracture thickness and final mesh count to
avoid very thin elements that might introduce distortion and unwanted
numerical artifacts.

Fig. 5 highlights the model’s sensitivity to variations in mesh den-
sity. We evaluated the maximum injection pressure response at INJ2
across six steps. We have increased the number of elements and nodes
only in the refined area, which is shown in Fig. 4. As the number of
elements increases, the accuracy of the model improves. Fig. 5 illustrate
the convergence of the maximum pressure and plastic tangential strain
response with increasing mesh density. Convergence is achieved with
508 132 tetrahedral elements, and the final model, with 715 056 tetra-
hedral elements, is considered the most accurate. To prevent distortion
and numerical artifacts, further increases in the number of elements
were avoided. With a stable plastic tangential strain and pressure
response influenced by permeability and plastic properties the model
appears to be appropriately meshed.

Fig. 6 shows the evolution of tangential plastic strain at different
elements. Mechanical convergence is again achieved at 508 132 tetra-
hedral elements. Fig. 6b and c illustrate the same tangential plastic
strain pattern across the fault.

5. Simulation results

In this section, we present the numerical results of the simula-
tion. The simulation used Table 1 as input, with the first four steps
modeled for pressure control and steps five and six for flow rate
control. The experimental results and associated calibrated numerical
results are shown in Fig. 7. The first four steps of the injection were
modeled as pressure controlled steps, and therefore match the exper-
imental results closely (shown in Fig. 7-a). The corresponding flow
rates during these steps (Fig. 7-b) showed a sudden increase during the
first three steps, followed by reaching a steady state. In contrast, the
experimental results show a similar, but slightly higher, initial increase
in flow rate, which then more gradually decreased in a hyperbolic
manner until a steady state was reached at a value which matches well
the numerical results. In the fourth step, the flow rate exhibits a more
pronounced increase and subsequently undergoes a more minor decay
before reaching a steady state. This is interpreted as the initiation of
hydraulic shearing.

During the first shut-in phase, the measured injection pressure
exhibited a slight decrease, reaching a value of 3.6 MPa, while nu-
merically, it sharply dropped to 1.84 MPa (Fig. 7-a), most likely due
to the model boundary conditions that allow a leak off. The pressure
response during the last two steps, under flow rate control, show a
good qualitative agreement between the numerical simulation and the
field data, albeit with the numerical results requiring a higher injection
pressure than in the experiment. At a flow rate of 15 l/min, the
injection pressure stabilized at 4.95 MPa in the field and at 5.37 MPa
in the numerical simulation. Similarly, at a flow rate of 25 l/min, the
injection pressure stabilized at 5.37 MPa in the field and at 6.45 MPa
in the numerical simulation. After the final shut-in period, the injection
pressure decreases sharply to 2.23 MPa in the numerical simulation,
whereas experimentally, it gradually decreased to 4.73 MPa, again
probably due to the model boundary conditions.

The pressure monitoring point PR2, shown in Fig. 7-c, shows an
excellent general agreement with the experimental results. It initially
showed a value of 1.17 MPa, and exhibited a slight increase during the
first three steps, both numerically and experimentally. At the end of the
third step, the measured pressure reached 1.45 MPa, while the numeri-
cal simulation yielded a value of 1.38 MPa. During the fourth step, the
fracture pressure increased at higher rates due to shear induced changes
in permeability. Numerically, the fracture pressure at PRP2 reached
1.54 MPa, while the on-site measurement was 1.55 MPa. During the
first shut-in period, the pressure of the numerical simulation and the ac-
tual measured values remained virtually constant. Higher permeability
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Fig. 4. The mesh of fault within the model showing a refined area around the injection point.

Fig. 5. Mesh convergence study for plastic strain and pore pressure.

changes were observed during the two flow rate injection steps. At the
end of the fifth steps, the modeled fracture pressure at PRP2 reached
1.92 MPa, whereas the on-site measurement reached 1.76 MPa. During
the final step the on-site fracture pressure reached a maximum of 1.95
MPa, while numerically it increases to 2.21 MPa. During the shut-in
period, the on-site fracture pressure remains constant at 1.95 MPa,
while numerically it dropped to 1.92 MPa (Fig. 7-c).

The flow rate and pressure at steady state are presented in Fig. 8. We
calculated the average flow rate and injection pressure for the final
50 s of each step. As shown in Fig. 8, the numerical simulation ac-
curately captures the behavior up to the fourth step, which are mostly
controlled by recoverable normal opening. The last two steps show an

approximate match with the numerical flow rate at 5.37 MPa in the
fifth step (compared to the experimental value of 4.91 MPa) and at
6.45 MPa during the last step (compared to the experimental value
of 5.36 MPa). In the elastic region, up to 3.51 MPa, the relationship
between flow rate and pressure was linear, reflecting the linear elastic
granite behavior. However, for larger pressures a sharp increase in
the relationship between flow rate and fracture pressure was observed.
Fig. 8 suggests a jacking pressure between 3.51 and 4.27 MPa.

The presented model shows reversible permeability changes dur-
ing the initial three steps. Specifically, the numerical analysis shows
that the fracture opens in a reversible manner. At this stage, the
permeability is solely governed by the elastic deformation, denoted as
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Fig. 6. Tangential plastic strain at mesh density; (a) 428 192 elements (b) 508 132
elements (c) 646 644 elements (d) 715 056 elements.

𝑏𝑒𝑙. However, the onset of plasticity was observed when the fracture
pressure exceeded 4 MPa. This is numerically represented by sliding
and dilation of the fracture. Plastic deformations lead to the creation
of irreversible permeability.

Fig. 9-a shows the normal opening (𝑏𝑛𝑜𝑟𝑚𝑎𝑙) and shear opening
(𝑏𝑠ℎ𝑒𝑎𝑟) of the fault at INJ2. Major fluctuations are observed in the

normal opening (𝑏𝑛𝑜𝑟𝑚𝑎𝑙), with an initial value of 67.27 μm and a final
value of 74.33 μm. The maximum aperture at the highest flow rate was
129.6 μm. Fig. 9-a also suggests that the majority of aperture changes
was reversible.

The onset of shear displacement and related aperture changes oc-
curred during the 4th step at 1725 s, coinciding with an injection pres-
sure of 4.27 MPa. At this stage, the shear aperture reached 0.82μm. Sub-
sequently, during the 5th step, the shear aperture further increased to
4.75 μm. In the final step, at a flow rate of 25 l/min, the aperture
changes related to shear reached its maximum value of 7.12 μm. Due
to irreversible plastic straining of the fault zone, the shear aperture
remained (i.e. irreversible) after shut-in, as shown in Fig. 9-a.

Fig. 9-c shows the permeability at INJ2. The initial permeability
was 2.53 × 10−14 m2. Over the first three steps, the permeability
increased only due to normal opening, reaching 4.44 × 10−14 m2 by
the end of the third steps. In the fourth step, the permeability increased
substantially to a value of 6.24× 10−13 m2, mainly due to normal
opening with a minor contribution from shear opening. Upon injection
pressure release, the permeability decreased to 3.12 × 10−14 m2. In
the fifth step, the simultaneous increase in 𝑏𝑛𝑜𝑟𝑚𝑎𝑙 and 𝑏𝑠ℎ𝑒𝑎𝑟 led to
a permeability of 1.26 × 10−13 m2. Finally, during the last step, the
permeability reached its maximum value of 2.11 × 10−13 m2. During
venting the wellbore, permeability changes were primarily controlled
by 𝑏𝑛𝑜𝑟𝑚𝑎𝑙, and the related permeability at the end of the test was
determined to be 4.52 × 10−14 m2 Fig. 9-c.

At monitoring point PRP2, no changes in shear displacement (𝑏𝑠ℎ𝑒𝑎𝑟)
were detected. Initially, the normal opening (𝑏𝑛𝑜𝑟𝑚𝑎𝑙) at PRP2 measured
67.27 μm with a corresponding permeability of 2.53 × 10−14 m2. The
evolution of the normal opening was notably influenced by pressure
diffusion. Over the first three steps, a slight increase in 𝑏𝑛𝑜𝑟𝑚𝑎𝑙 was
observed, reaching 69.74 μm, accompanied by a gradual rise in per-
meability to 2.85 × 10−14 m2. Subsequently, during the fourth step,
the increase in 𝑏𝑛𝑜𝑟𝑚𝑎𝑙 became more pronounced due to the initiation
of hydraulic shearing at INJ2, resulting in a 𝑏𝑛𝑜𝑟𝑚𝑎𝑙 value of 70.80 μm
and a permeability of 2.96 × 10−14 m2. The maximum value of 𝑏𝑛𝑜𝑟𝑚𝑎𝑙
reached 77.13 μm, with a corresponding permeability of 3.86 × 10−14

m2, observed when the flow rate was 25 l/min. During the second
venting phase, the normal opening gradually decreased, reaching a
final value of 73.7 μm, with a permeability of 3.32 × 10−14 m2 Fig. 9-
b. Notably, since the fracture pressure did not revert to its initial value,
the final 𝑏𝑛𝑜𝑟𝑚𝑎𝑙 value exceeded the initial measurement.

Fig. 10 illustrates the spatial variation of pore pressure in the
fault zone, termed the fracture pressure. Each sub-figure represents the
fracture pressure at the end of an injection step, showing both a contour
plot of the pressure in the fault zone and the values on a section through
the fault below (dashed red line). At the end of each injected step, an
approximate radial diffusion pattern is shown within the fault. An ana-
lytical solution to the radial diffusivity equation for a confined aquifer
under semi-steady state conditions61 is overlain with a solid blue
line. This solution uses assumptions that the reservoir is homogeneous
in all rock properties, the domain is infinite and isotropic in permeabil-
ity. Additionally, it assumes that the producing well is completed across
the entire formation thickness, ensuring fully radial flow. Furthermore,
the formation is considered to be completely saturated with a single
fluid. The analytical solution generates a hyperbolic pressure profile
in all steps, indicating that the fracture pressure diffuses along the
fracture. However, the analytical solution does not stabilize the fracture
pressure significantly far away from the injection point. Instead, the
fracture pressure decays hyperbolically in all steps until reaching the
model’s limits. The numerical solution of pressure propagation exhibits
a limited radial perturbation of fracture pressure along the fault zone,
attributed to the increase in permeability in that zone. Additionally,
cross section B-B’ in Fig. 10 illustrates radial diffusion in the transversal
plane. This radial diffusion in the transversal plane show the same
diffusion pattern as the diffusion in the longitudinal plane.
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Fig. 7. (a) Injection pressure at INJ2, (b) Flow rate at INJ2, (c) Fracture pressure at PRP2.

The experimental data obtained at PRP2 show strong agreement
with both the numerical model and analytical solution illustrated in
Fig. 10 across all stages. However, beginning from the fourth stage,
stronger disparities emerge between the analytical and numerical so-
lutions regarding fracture pressure around the injection site. This vari-
ance becomes more pronounced due to the onset of hydraulic shearing
occurring at step 4, and further consequential increases in perme-
ability in this zone. The linear diffusion model does not include a
finite domain and the influence of pressure-dependent permeability
or aperture increases due to shearing, with only the storage being
pressure-dependent. In contrast, the model incorporated the aperture
change of the fault with pressure and shear deformation. Consequently,
the numerical model predicts a larger area experiencing higher pres-
sures compared to the analytical solution. As the pressure increases,
this disparity between the numerical and analytical models further
magnifies.

6. Discussion and conclusion

In this paper, we present a model for permeability enhancement
during hydraulic stimulation of a meso-scale reservoir. Our model was
designed to represent the conditions observed at the Grimsel ISC test
site, and specifically the HS1 stimulation test. The proposed perme-
ability function accounts for both recoverable normal opening and

unrecoverable shear opening, providing a comprehensive representa-
tion of the system. The model deviates from the experimental results
during shut in periods, most likely due to the boundary conditions and
limited domain of the model.

Specifically, our investigation revealed that for pressures below the
jacking pressure, permeability changes occurred exclusively in an elas-
tic manner. Once the jacking pressure was exceeded, the permeability
was controlled by both elastic normal opening and fracture sliding. Our
model revealed a permeability increase of approximately 1 magnitude,
mostly due to recoverable opening.

To further refine our results, the injection system could replicate the
behavior of a packer system in the well. This method could enhance
our simulation results by increasing the accuracy of flow rate versus
injection pressure relationship at the INJ2 borehole. Crack formation
and extension which occurred during step 3,16 which were not inte-
grated into our model, are likely to have impacted the results. These
cracks might have a significant influence on injectivity and pressure
response and correspond with the mismatch in results in the last two
steps. During the last two steps, the injection pressure responses in the
numerical model were consistently higher than those observed in the
experimental data. A greater fracture opening or additional cracks in
our model would align more closely with the experimental results.

We have showcased, supported by reasonable assumptions, the
model’s capability to capture the transient propagation of pressure
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Fig. 8. Flow rate vs. Injection pressure at INJ2.

Fig. 9. Fracture permeability and aperture change; (a) Aperture variation over time at INJ2, (b) aperture variation over time at PRP2, (c) permeability change at INJ2, (d)
permeability change at PRP2.
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Fig. 10. Fracture pressure at different steps; (a) Step 1 : Injection pressure 2.33 MPa; flow rate 1.82 l/min; time 680 s, (b) Step 2: Injection pressure 3.07 MPa; flow rate 3.26
l/min; time 1260 s, (c) Step 3: Injection pressure 3.51 MPa; flow rate 4.3 l/min; time 1720 s, (d) Step 4: Injection pressure 4.27 MPa; flow rate 6.57 l/min; time 2080 s (e) Step
5: Injection pressure 5.37 MPa; flow rate 15.00 l/min; time 2730 s, (f) Step 6: Injection pressure 6.45 MPa; flow rate 25.00 l/min; time 3000 s.
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within the system. At PRP2, we provide evidence of the existence of
elastic opening only. The numerical changes of fracture pressure at
PRP2 are reproduced accurately. A greater variation in permeability
of the fracture would have led to lower fracture pressure during the
last two steps. By adequately incorporating this opening phenomenon
into the model, we anticipate a less pronounced response in fracture
pressure to the injection. Consequently, the fracture pressure at PRP2
would have been diminished, aligning more closely with the site mea-
surements. We demonstrated that the utilization of the radial diffusivity
equation for a confined aquifer under semi-steady state condition equa-
tion results in a good agreement with the fracture pressure modeled for
the first 4 steps, with higher deviation occurring during the last 2 steps.

The significance of hydromechanical interactions in the vicinity
of a stimulation campaign is highlighted, which is of particular rele-
vance for Enhanced Geothermal Systems (EGS). The proposed model
effectively captures the behavior by integrating elastic and plastic
responses that enhance permeability. The Equivalent Continuum Mod-
eling approach enables a solution that can be replicated by engineers
providing a realistic representation of the dynamics involved during
such operations.
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