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Abstract Hydro‐mechanical processes are crucial in shear‐controlled geoscientific applications such as
enhanced geothermal systems and often result in stress‐dependent permeability changes. The present study aims
to investigate shear‐induced permeability evolution of a natural sandstone fracture using a novel modeling
approach. Combining a mechanical discrete element model and a hydraulic finite element model, three normal
stress‐related hydro‐mechanical regimes can be identified. Under low normal stress conditions (<4.0 MPa),
permeability is enhanced during shearing due to dilation on intact asperities. With increasing normal stress,
asperities break and gouge is formed, leading to a normal stress‐related transition where permeability tends to
decrease during shearing. In our study, this transition occurs when normal stress equals the rock's ultimate
tensile strength (4.0 MPa). For normal stresses >4.0 MPa, permeability decreases during shearing due to intense
fracture surface damage.

Plain Language Summary Being able to characterize fracture flow in the subsurface is essential to
sustainably manage geothermal reservoirs. Previous studies have shown that fracture permeability can either
increase or decrease when fractures are sheared. Using computer simulations, we studied how the normal stress
influences permeability changes of a single sandstone fracture subjected to shearing. Our results highlight three
different regimes depending on the normal stress applied to the fracture. At low normal stress, the fracture
asperities remain intact during shearing and favor fracture opening which induces an overall increase of the
permeability. At high normal stresses, the asperities break during shearing and favor fracture closing which
produce a decrease of the permeability. For intermediate normal stresses, a transitional regime is observed, in
which permeability remains constant during shearing.

1. Introduction
Understanding the hydro‐mechanical (HM) behavior of fractures is essential for subsurface systems such as
enhanced geothermal systems (EGS) where hydraulic stimulation plays a crucial role (Amann et al., 2018).
Hydraulic stimulation increases fluid pressures that reduce the effective stress and potentially enable shear slips of
existing fractures (e.g., Ellsworth, 2013; Nguyen et al., 2021), which, in turn, induce permeability changes that
can have drastic effects at the reservoir scale.

Empirical models can be used to correlate permeability and geometrical properties of single fractures. One
fundamental model is the cubic law that relates permeability and mechanical aperture (Louis, 1969; Witherspoon
et al., 1980). Since the cubic law was developed for two parallel plates, other studies tried to enhance its capability
by including additional parameters in its formulation such as relative roughness (e.g., Barton & De Quad-
ros, 1997; Renshaw, 1995), joint roughness coefficient (e.g., Barton, 1982; Olsson & Barton, 2001), or contact
area (e.g., Walsh, 1981; Zimmerman & Bodvarsson, 1996). However, most of these existing models do not
consider shear‐related processes, such as dilation on asperities, or gouge and contact area formation (Cardona
et al., 2021).

HM coupled direct shear tests (DST) are commonly used to investigate fracture permeability evolution during
shearing (e.g., Frash et al., 2016; Li et al., 2023). Based on such tests, two shear‐induced hydraulic regimes have
been identified: (a) an opening regime associated with a permeability increase, and (b) a closing regime associated
with a permeability decrease. These regimes are dependent on multiple factors, such as normal stress, surface
roughness, and material properties (Fang and Wu, 2022). High‐strength materials, low normal stresses, and
pronounced surface roughness promote fracture opening (Fang and Wu, 2022). Thus, permeabilities of fractures
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in granites or marbles tend to increase during shearing (Esaki et al., 1999; Wenning et al., 2019), whereas they
tend to decrease in shales (Carey et al., 2015; Fang et al., 2017), although exceptions exist (Frash et al., 2016; Li
et al., 2023).

Since DST are destructive for the tested fractures, systematic studies on natural fractures are challenging. Thus,
many studies have used artificial fractures (e.g., saw‐cut fractures, 3D printed fractures), which, however, have
only limited significance due to their specific morphology and material properties (Fang andWu, 2022; Tatone &
Grasselli, 2015). Alternatively, numerical approaches provide a relevant alternative to study such HM‐coupled
and progressive processes due to their flexibility and evolving capabilities. However, studies providing 3D
HM coupled models to investigate permeability changes during shearing remain scarce. Most numerical studies
focus either on hydraulic flow and permeability changes during shearing or on mechanical processes, such as
gouge or contact area formation (e.g., Chen et al., 2021; Wang et al., 2020). Hydraulic studies have been mostly
performed using continuum approaches such as the finite element method (FEM) (e.g., Auradou, 2009; Matsuki
et al., 1999) and thus tend to simplify or neglect mechanical processes such as gouge formation or fracture surface
evolution, since they are not able to reflect breakages of asperities.

For an advanced representation of the mechanical behavior of fractures, discontinuum approaches, such as the
discrete element method (DEM), have been increasingly used due to their capacity to describe explicitly pro-
gressive failure processes. DEM models can actually simulate the evolution of fracture contact area (Lambert &
Coll, 2014) or the formation of gouge material (Asadi et al., 2012; Liu et al., 2016; Wang et al., 2019, 2020).
However, due to the complex representation of fluid flow in DEM models, hydraulic processes are often
neglected, and permeability changes are generally determined empirically (Wang et al., 2020).

In recent years, several studies focused on detailed investigations of permeability changes related to HM pro-
cesses (Chen et al., 2021; Deng et al., 2024). For instance, Li et al. (2024) developed an approach that allows a
mechanical DEM model to be coupled to a hydraulic FEM simulator in order to compute permeability changes
during a DST simulation. Nonetheless, although technically possible, none of these studies focused on the effect
of the normal stress on shear induced permeability changes.

Hence, the objective of this study is to investigate permeability changes of a natural sandstone fracture during
shearing, considering specifically the influence of the normal stress on its evolution, using numerical experiments
combining a mechanical DEM model and a hydraulic FEM model.

2. Materials and Methods
2.1. Fracture Sample

This study is built upon a natural bedding joint in a block of Flechtinger sandstone taken from a quarry in
Bebertal, Germany (Fischer et al., 2012). Flechtinger sandstone is an oil and gas reservoir rock in the North
German Basin considered for the development of EGS systems in recent years (Zimmermann et al., 2010). Thus,
many previous studies investigated important HM parameters of the rock and its fractures, such as porosity,
fracture and matrix permeability, fracture roughness, and grain size distribution (Blöcher et al., 2019; Cheng
et al., 2020; Gutjahr et al., 2022; Hale & Blum, 2022; Hale et al., 2020; Hassanzadegan et al., 2012; Heidsiek
et al., 2020; Heiland, 2003; Kluge et al., 2021). Due to the tectonic and diagenetic processes (Heidsiek
et al., 2020) and superficial weathering, the fracture exhibits a low initial contact area (c.f., Text S3 in Sup-
porting Information S1).

In this study, two representative, self‐affine 3D point clouds of high‐resolution surface scans of the bedding joint
were used (Fuchs, Hale, et al., 2024; Gutjahr et al., 2022). The extent of the bedding joint as well as the extent of
the scans is 450 mm in x‐direction and 120 mm in y‐direction. The average resolution of these scans is 250 μm
(Fuchs, Hale, et al., 2024). Due to computational constraints, the scans were cropped to a section of
50 mm × 50 mm taken from the center of the point cloud (Figure 1). To facilitate its numerical handling, the
irregular point clouds were assigned to a regular grid and matched spatially (Fuchs, Hale, et al., 2024; Fuchs,
Suzuki, et al., 2024).
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2.2. Mechanical Simulation of Direct Shear Tests

To simulate DST on the Flechtinger sandstone, we utilized the bonded particle model (BPM) proposed by
Scholtès and Donzé (2013) implemented in the YADE software (Smilauer et al., 2021). First, the calibration of the
BPM was required so that its mechanical properties match those of the Flechtinger sandstone. For this purpose,
three standard rock experiments were conducted: (a) tensile, (b) uniaxial compression, and (c) triaxial
compression tests. Subsequently, following the procedure proposed by Scholtès and Donzé (2013), the rock tests

Figure 1. Workflow of the study with (I) the sample preparation from 3D fracture surface scans, (II) mechanical simulation of
direct shear tests with a discrete element model, and (III) hydraulic simulation of fluid flow with a finite element model.
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were simulated on cylindrical samples, and the interparticle parameters of the BPM adjusted to match the
experimental behavior of the Flechtinger sandstone (Table S2 in Supporting Information S1).

After the calibration, two blocks packed with spherical particles were generated using the two fracture surface
scans. To limit the computational cost, each block was packed with two layers of particles (Figure 1). The
particles of the inner layer have an average diameter of 400 μm, reproducing the actual grain size of the sandstone
(100–500 μm) to represent the fracture surface roughness. The particles of the outer layers have an average
diameter of 800 μm. The ratio of the maximum to minimum particle diameters in each layer is equal to 3.

After creating the packings, the DST simulations were performed. Each test consists of two phases: (a) the normal
loading phase, in which an increasing load is applied perpendicularly onto the fracture plane until the predefined
normal stress is reached, and (b) the shearing phase, in which the upper fracture block is displaced at a constant
velocity parallel to the fracture plane while keeping the normal stress constant and the lower block fixed. To
investigate the influence of normal stress on permeability, DST simulations were conducted at six different
normal stresses: 1.5 MPa, 3.0 MPa, 4.0 MPa, 4.5 MPa, 7.5 MPa, and 15.0 MPa. For all simulations, the loading
rates were chosen to ensure a quasi‐static response of the model (i.e., the simulated behaviors are rate‐
independent).

2.3. Hydraulic Simulation

An extension of the YADE code was developed to combine the mechanical DST simulations with hydraulic flow
simulations performed with theMOOSE framework (Giudicelli et al., 2024), and the built‐in PorousFlowmodule,
which allows finite element method (FEM) simulations of flow in porous and fractured media (Wilkins
et al., 2020, 2021). Since the flow simulations require a finite element mesh, the fracture surface geometry was
reconstructed from the BPM. In particular, the particles forming the fracture surfaces were traced throughout the
simulations so that the evolving fracture surfaces could be rebuilt at any time of the DST (every 70 μm of shear
displacement here). An automatized triangulation algorithm was used to interpolate the surfaces from the par-
ticles. Then, these surfaces were used to produce a hexahedral mesh representing the fracture flow domain
(Figure 1). It should be noted that while the detached particles (gouge) are considered in the mechanical DEM
model, they were assumed to be flushed out of the fracture in the hydraulic FEM model due to the numerical
representation. Thus, the permeability values computed in the presence of gouge material should be regarded as
an upper limit since only the particles forming the fracture walls were considered when building the FEM mesh
for flow simulations.

The mesh consists of elements with an average size of 400 μm × 400 μm, similar to the average particle size. The
flow in the rock matrix was neglected, given its low permeability of 0.1–1 mD (Cheng et al., 2020; Hassanza-
degan et al., 2012).

To simulate fracture flow within MOOSE, a constant hydraulic pressure gradient was applied along the fracture
length. To ensure laminar flow conditions required for the application of Darcy's law, a pressure difference of
0.1 Pa was applied between the inlet and the outlet of the fracture (Zimmerman & Bodvarsson, 1996). Since the
influence of flow direction was also examined in this study, flow was either applied parallel or perpendicular to
the shear direction.

Once steady‐state conditions were reached, the permeability was calculated using Darcy's law (Cheng et al., 2020;
Zimmerman & Bodvarsson, 1996):

k =
μvL
Δp

(1)

where k is the permeability of the fracture [m2], μ is the dynamic viscosity of the fluid [Pa ⋅ s], v is the geometric
mean of the flow velocity in the fracture [m/s], L is the length of the fracture domain [m] and Δp is the fluid
pressure difference between inlet and outlet of the fracture [Pa].

3. Results and Discussion
Based on the DST simulations results (c.f. Text S3 and S4 in Supporting Information S1 and Movie S2), three
shear induced hydraulic regimes can be identified depending on the normal stress applied: (a) an opening regime,
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in which the fracture permeability is enhanced during shearing, (b) a transitional regime, in which permeability
shifts from a regime of increase to one of reduction, and (c) a closing regime, in which permeability is reduced
during shearing (Figure 2). In the following sections, each regime is discussed.

3.1. Opening Regime

The opening regime is observed for DST performed at low normal stresses (1.5 and 3.0 MPa). Mechanically, this
regime is characterized by two main characteristics: (a) after the first peak shear stress is reached, strain softening
is limited and the shear stress oscillates and reaches the peak shear stress several times (Figure 2a), and (b) the
dilation rate is maximal compared to the higher normal stress cases (Figure 2b). The pronounced dilation and the
oscillating shear stress around the peak value result from sliding over the fracture surface asperities that do not
break during the shearing process as confirmed by the few amount of gouge formed (Figure 3).

Figure 2. Shear displacement—(a) shear stress evolution, (b) dilation, and (c) permeability evolution during the direct shear
test for six normal stress scenarios: 1.5 MPa, 3.0 MPa, 4.0 MPa, 4.5 MPa, 7.5 MPa, and 15.0 MPa. If the normal stress
exceeds the UTS (4.0 MPa), dilation and permeability are significantly decreased.
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As a result of ongoing dilation, the mode of the mechanical aperture distribution increases from 100 to 200 μm at
the start to >400 μm at the end of the DST, as the distribution changes gradually from a log‐normal to a Gaussian
distribution. Additionally, an increase in mechanical apertures<100 μm as well as in contact area is observed with
ongoing shear displacement. This shift in mechanical apertures has also been observed in μ‐CT images of shear‐
induced fractures in shale (Welch et al., 2022). Since the investigated natural fracture has a small initial contact
area (<2%), the displacement of the fracture results in an increase of contact area on the shear‐facing sides of the
asperities. Consequently, this leads to an enlargement of mechanical apertures on the shear‐opposing side of
asperities, increasing the overall mechanical aperture and creating potential flow channels (Figure 4a).

The hydraulic response reflects this mechanical behavior since the overall permeability of the fracture increases
during the DST (Figure 2c). Additionally, flow channeling becomes increasingly pronounced with increasing
shear displacement (Figures 4c–4f), which was also observed for flow through shear fractures in shales (Li
et al., 2024; Welch et al., 2022).

Based on these observations, the following conclusions can be drawn: the fracture opens mainly due to me-
chanical dilation on intact asperities. Interestingly, the associated increase in contact area does not result in a
reduction of permeability (Figure 3). This result is in contrast to previous findings showing that permeability
tends to increase when contact area decreases during shearing (Barton et al., 1985; Chen et al., 2000).

3.2. Transitional Regime

At normal stresses >4.0 MPa, a transition from the above‐described opening regime to a closing regime occurs
(Figure 2c). The amount of gouge material and contact area increases significantly during shearing (Figure 3),
leading to the closing of the main flow paths and to permeability reduction. Gouge material is formed from broken
surface asperities (Gill et al., 2021). To characterize gouge formation, we analyzed the breaking modes of the

Figure 3. Permeability evolution (parallel to flow direction) and contact area during shearing with increasing normal stresses. Three curves are accompanied by three
histograms showing the mechanical aperture distribution at the start (S), the peak shear stress (P), and the end (E) of each direct shear test. The color of the bars in the
histogram indicates whether a cell in the hydraulic mesh is open (light gray), closed (dark gray), or would be filled with gouge (red).
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bonds forming the BPM (Text S2 in Supporting Information S1) and observed that more than 99% of all cracks are
tensile cracks (mode I) and only less than 1% of all cracks are shear cracks (mode II). This indicates that the
breaking of fracture asperities is governed by shear‐induced local tensile stresses. Remarkably, it is observed that
the normal stress at which the permeability transitions from an increasing to a decreasing regime corresponds to
the ultimate tensile strength (UTS) of the rock matrix (4.0 MPa). Previous studies have shown relationships
between mechanical parameters and permeability (Deng et al., 2024; Gutierrez et al., 2000; Makurat et al., 1997;
Milsch et al., 2016). Of particular interest are the studies by Makurat et al. (1997) and Gutierrez et al. (2000),
which pointed out that the hydraulic transition occurs when the effective normal stress exceeds the UCS of the
rock matrix they tested (a shale). However, while their results clearly highlight the fact that fracture permeability
drastically decreased during shearing for normal stresses higher than the UCS value, the transition from an
opening to a closing hydraulic regime seemed to be reached at lower normal stresses when reanalyzing their data
(approximately 2 MPa). Unfortunately, the authors did not report the UTS of the rock they tested, and, at this
point, we can only acknowledge that further investigations are required to state a representative threshold value
for the transitional regime.

The increase in contact area related to fracture surface damage lead to additional changes in hydraulic properties,
specifically in terms of flow anisotropy. This occurs in the DST at 3.0 MPa normal stress, as well as for the DST at
4.5 and 7.5 MPa normal stresses (Figure 2c). Due to transpression in shear direction, the permeability anisotropy
(PA) k⊥/k// is >1.2 with a peak anisotropy of k⊥/k// = 1.6. Similar observations on PA during shearing were
observed in previous experimental studies (Auradou et al., 2005; Yeo et al., 1998), performed on digital synthetic
fracture models (Matsuki et al., 1999) or numerically (Auradou et al., 2005; Li et al., 2024). Besides, gouge
material also has a decisive influence on permeability, since it reduces dilation or clogs major flow paths, and,
therefore, reduces mechanical apertures in the fracture (Gill et al., 2021; Li et al., 2023). However, many studies,
especially numerical studies, do not consider gouge formation (e.g., Egert et al., 2023; Welch et al., 2022).

Figure 4. Results for normal stresses of 1.5 MPa (left) and 15.0 MPa (right). (a) and (b) Cross‐section of the fracture before
(gray) and after shearing (navy). (c–j) 2D flow fields with major streamlines (black arrows), contact area (white), and gouge
(red) of the flow parallel to the shear direction before (c, g) and after shearing (d, h), as well as perpendicular to the shear
direction before (e, i) and after shearing (f, j). The enlargement of major flow paths can be seen in (d) and (f). The hydraulic
closing due to increasing contact areas and gouge is illustrated in (h) and (j).
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3.3. Closing Regime

For normal stresses exceeding the transition threshold of 4.0–4.5 MPa, the fracture is governed hydraulically by a
closing regime during shearing (Figure 2c). Mechanically, this regime is characterized by a distinct peak shear
stress and strain softening toward a residual state (Figure 2a). This behavior can be explained by the formation of a
large amount of gouge associated to an increase of contact area (Figure 4b). Up to 50% of the fracture is closed by
gouge particles or contacts (Figure 3). This is also reflected in the mechanical aperture distribution. The initial
log‐normal distribution is shifted to a logarithmic distribution with the mode <100 μm (Figure 3). The fracture is
not just closed on the shear‐facing sides of asperities, but also, in contrast to the opening regime, on the shear‐
opposing side (Figure 4b). Due to high normal and shear stresses, tensile cracks form in and around these as-
perities, promoting damage in the surrounding rock matrix and therefore producing even more gouge particles
(Liu et al., 2016).

Hydraulically, the breakage of asperities and the associated increase of contact area lead to a total mechanical
closure of all major flow paths during the DST, leaving only secondary flow paths open (Figures 4g–4j), and
limiting flow anisotropy (Figure 2c). This hydraulic closure of the fracture is, therefore, mainly due to fracture
surface damage instead of the pure vertical compaction of two fracture surfaces, as previously observed by Li
et al. (2024).

A crucial assumption of our BPM approach is that gouge material results from the detachment of the particles
(either isolated or clustered in aggregates) forming the fracture walls and that these particles are unbreakable.
Since the sample mainly consists of quartz grains, such an assumption is acceptable at normal stresses up to
15 MPa. Nonetheless, it should be noted that, depending on material properties or alteration processes, actual
gouge particles may break under high‐stress conditions or large shear displacements (Fang and Wu, 2022; Li
et al., 2023), and may have a significant effect on fracture closure (Zhao, 2013).

4. Conclusions
In this study, the hydro‐mechanical behavior of a single sandstone fracture subjected to direct shear tests was
investigated for normal stresses ranging from 1.5 to 15.0 MPa. A combined numerical approach (DEM and FEM)
was designed to characterize fracture permeability changes during shearing. Our results indicate that three normal
stress‐related hydraulic regimes can be distinguished: (a) an opening regime at normal stresses between 1.5 and
3.0 MPa, (b) a transitional regime at around 4.0–4.5 MPa, and (c) a closing regime for normal stresses >4.5 MPa.
These regimes can be characterized as follows:

1. In the opening regime, dilation on intact asperities governs the fracture behavior, and gouge and contact area
formation are negligible. In this regime, permeability increases with increasing shear displacement since
existing flow paths are enlarged.

2. In the transitional regime, increasing gouge formation and contact area start to affect the flow behavior of the
fracture. This leads to high flow anisotropy, since gouge particles aggregate parallel to the shear direction and
clog the flow in this direction, whereas perpendicular flow paths are kept open.

3. In the closing regime, significant asperity breakages form large amounts of gouge and contacts between the
fracture surfaces. This results in less but still significant dilation on gouge particles. Hydraulically, existing
flow paths close, and permeability is reduced.

Conclusively, all three regimes can occur in deep reservoirs depending on the rock material properties and in situ
stress levels. For instance, according to our study, the transition to a closing regime would correspond to a depth
of around 300 m for Flechtinger sandstone. Assuming long‐term permeability enhancement after hydraulic
stimulation should therefore be scrutinized in the context of geothermal projects realized in greater depths and
stresses, since the lack of permeability can lead to shear‐slip events and induced seismicity (Gaucher et al., 2015),
as observed in Strasbourg in 2019/2020 (Schmittbuhl et al., 2022) and in Pohang in 2017 (Li et al., 2024).
Nonetheless, it should be noted that these findings are based on a small‐scale fracture and numerical simulations.
To address this important limitation, future studies should aim for experimental validation of the present findings.
Extrapolations to geothermal systems should also consider scale effects, fracture network connectivity and
orientation. Furthermore, more sophisticated numerical models and larger‐scale experiments are necessary on
reservoir scale. Thus, further studies should focus on two key aspects: First, detailed small‐scale hydro‐
mechanical models should be established to enable an exact representation of governing processes, especially
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gouge formation, on the HM behavior during shearing. Second, methods should be developed to upscale small‐
scale results to reservoir scale. This includes the validation of such methods using laboratory and large in situ
experiments in underground research laboratories.
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