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Karlsruhe 76131, Germany abrasion. This study investigates the relationship between granitic fracture roughness

and the resulting flow behavior under these conditions. While global surface statistics
are frequently used to characterize fractures, this study investigates whether local
topography fluctuations are a more critical factor. We conducted high-resolution
topography measurements of granite fracture samples from three locations next

to the geothermal anomaly of the Rhine Graben. Our analysis reveals that local
fluctuations in the roughness height gradient dominate the evolution of the fracture
aperture during shear. The resulting fracture voids exhibit mean apertures up to

2 mm larger than conventional models suggest, leading to a decreased normalized
local aperture distribution, widening with shear distance. To quantify the fluid
dynamic impact of these geometric shifts, we employed a dual-modeling approach
applying laminar flow at low Reynolds numbers: a 1D model was used to isolate
how the width of the aperture distribution affects the fracture hydraulics, while a

3D model investigated how the overall aperture increase governs the flow direction.
Our results demonstrate that the local height gradients of natural fracture surfaces
significantly increase hydraulic conductivity by expanding the mean aperture.
However, an aperture distribution width of 18% (e.g. introduced by fracture shearing)
leads to a pressure increase of above 25% compared to a parallel plate assumption.
Furthermore, the increased aperture in sheared fractures was found to reduce spatial
flow non-uniformity. These findings suggest that conventional models should be
expanded beyond global statistics to integrate the geometrical effects of natural,
extreme local height gradients by increasing the fracture mean aperture.

Keywords Enhanced geothermal systems (EGS), Self-affine surfaces, Hydraulic
conductivity

Introduction

Deep geothermal systems have considerable potential to expand the contribution of geo-
thermal energy by providing a reliable, low-carbon baseload supply of heat and electric-
ity. However, this potential can only be leveraged under favorable hydraulic reservoir
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conditions, which ultimately control geothermal system performance. In this context,
reservoir performance is defined by the ability to sustain high production and injection
rates at low required pressure gradients. The performance of geothermal reservoirs is
therefore highly sensitive to their hydraulic transmissivity which governs the flow rates
that can be sustained for a given pressure gradient and therefore directly controls res-
ervoir productivity and injectivity. In contrast to reservoirs in matrix-porous host
rocks, the transmissivity of crystalline basement reservoirs is primarily controlled by
fracture networks and, at the smallest scale, by fluid flow within individual fractures.
Consequently, the strong dependence of geothermal system performance on fracture-
controlled hydraulics requires a robust and comprehensive understanding of fluid flow
within individual fractures. This direct coupling between fracture-scale physics and sys-
tem-scale response highlights that reliable prediction and successful exploitation of geo-
thermal reservoirs critically depend on a detailed and quantitative understanding of the
governing physical mechanisms and their parameter sensitivities. One important physi-
cal mechanism is channeling, where preferential flow paths form due to complex frac-
ture void geometry. In the literature, flow channeling is frequently investigated, though
its definition remains inconsistent across studies. Quantification of channeling strength
typically relies on a threshold, resulting in a binary classification of the fracture into
‘channel’ and 'non-channel’ areas. Examples include the use of a 90% flow rate thresh-
old (Cardona et al. 2021) or a flow rate ratio threshold of 0.33 (Egert et al. 2023), high-
lighting that a universally applicable, physically based criterion is still lacking. Despite
these varying operational definitions, models consistently show that channeling strongly
depends on fracture aperture and shear (Marchand et al. 2020). Stronger channeling
reduces fluid interaction with the fracture surface, thereby lowering the heat-extraction
efficiency (Chen and Zhao 2020). Consequently, accurately predicting channeling behav-
ior requires numerical and experimental characterization of the fracture void space.

The reliability of these investigations, depends on the specific methodologies used to
characterize the fracture apertures. Therefore, two conceptual models are frequently
encountered in the literature to define fracture apertures: (1) the one-contact-point
model, where the surfaces roughness remains intact and shear displacement leads to the
fracture dilation governed by a single point of contact, which defines the average frac-
ture aperture (Auradou et al. 2006; Marchand et al. 2020; Egert et al. 2021) and (2) the
contact-area model, which numerically allows the opposing surfaces to interpenetrate
while simulating physical asperity deformation or break offs under load. Here, the frac-
ture aperture is often defined by the amount of overlapping contact area (Park and Song
2013; Finenko and Konietzky 2024). This area is based on fracture normal stress and
rock stiffness or defined directly from contact area measurements (Re and Scavia 1999).
While the necessary rock stiffness parameter is naturally given in experimental settings
using rocks in triaxial cells (Hofmann et al. 2016), this parameter must be defined for
simulations. Due to the lack of reliable rock normal and shear stiffness data on the res-
olution of individual mineral components, simulations often set different contact area
ratios (Li et al. 2026a). This contact-area model is more reliable at high normal stress
(Nemoto et al. 2009) whereas the one-contact-point model is applicable for low normal
effective stress conditions, which occur especially near geothermal injection wells (Zeng
et al. 2018) and wider pressure-stimulated zones. In both aperture models, the rough-
ness is crucial for determining the resulting fracture aperture. This roughness is typically
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parameterized using global roughness metrics such as the Hurst Exponent (Schmittbuhl
et al. 1993) or the height standard deviation (Rong et al. 2021). These global parameters
provide single values to describe the fracture roughness.

In recent years, studies have begun investigating local deviations from the global
roughness descriptions. Zhu and Yu (2024) measured and simulated the transport
properties of fractured shales under normal stress, finding the hydraulics controlled
by narrow points within flow channels, describing them as bottlenecks. While these
insights are valuable from a fluid dynamics perspective, the authors attribute this nar-
rowing partly to clay swelling. Consequently, these specific findings cannot be directly
extrapolated to crystalline fractures, where such swelling mechanisms are absent. A
more theoretical study by Li et al. (2026b) investigated the influence of local aperture
reduction by simulating 2D fracture flow, focusing on the non-linear hydraulic regime.
In their model, aperture reduction was modeled by adding local roughness steps to gran-
ite scans, allowing them to control step extent and quantity. Their findings show that
these local aperture reductions enhance the non-linear hydraulics by creating large-scale
(dead) recirculation zones downstream. In the analysis of fracture flow within crystal-
line reservoirs, a critical knowledge gap remains: the proof of the occurrence of local
roughness steps and their impact on linear hydraulics. To address this gap of analyzing
local roughness steps and their extent for crystalline formations, this study investigates
the hydraulic significance of observed local roughness extrema. First, the occurrence of
local roughness gradient extrema by comparing high-resolution measurements of physi-
cal fracture surfaces with simulated rough surfaces is examined. Second, since these
extrema control the evolution of fracture void geometries, a more accurate basis for
hydraulic predictions is assessed. In a final step, we evaluate the impact of these geomet-
ric variations on fluid flow at low flow rates to determine how these local features fun-
damentally alter hydraulics even within the linear hydraulic regime. Through hydraulic
modeling and local flow direction analysis, this study suggests a more naturally repre-
sentative framework for predicting reservoir hydraulics.

Methods

The impact of local roughness extrema on laminar fracture flow was examined by
the workflow illustrated in Fig. 1. As a starting point, we scanned and characterized a
diverse topographical dataset of three distinct rock samples to investigate the natural
occurrence, and three additional simulated self-affine rough surfaces to compare with
numerical studies. To ensure comparability with previous literature, we characterized
all surface topographies using the following global and local metrics: Global rough-
ness was quantified using power spectral density (PSD), Hurst exponent H, and stan-
dard deviation of height o,. Local roughness was defined by the height gradient Vz. Two
conceptual models were applied to theoretically represent the fracture void space under
different normal stress conditions and to derive the corresponding local and average
apertures. Based on the results, two numerical laminar fracture flow simulations were
performed: A 1D approach was used to analyze the effect of the local aperture distribu-
tion width in isolation, while the impact of variations in the mean aperture on flow uni-
formity was assessed using a 3D flow simulation to capture the local flow direction in all

spatial dimensions.
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Fig. 1 Flowchart of the investigation of the influence of local rock roughness on fracture flow: Starting from
roughness measurements of fracture surfaces (a) and simulations of self-affine surfaces (b), we analyzed global
and the local height gradient as the local roughness parameter (c). The resulting aperture was modeled for all sur-
faces using the one-contact-point and the contact-area model (d). Based on the findings of the aperture analysis,
the influence on laminar fracture flow is investigated first with a 1D model to investigate the influence of the ap-
erture distribution width (e) and second with a 3D model for the spatial flow non-uniformity for different fracture
apertures (f)

Rock roughness

Characterizing natural roughness and comparing it against our simulated roughness
serves as the foundation for the geometric fracture model. To capture the geological
diversity of crystalline geothermal reservoir rocks, we selected three granite fracture
surfaces representing different fracture mechanisms and degree of alteration. This diver-
sity ensures that the identified local roughness extrema are not an artifact of one specific
sample but instead represent characteristics of granitic fractures more broadly, support-
ing the generalizability of the findings. Three different granitic fracture surfaces were
measured: (1) a joint-type surface from cored geothermal wells from Soultz-sous-Foréts,
France, characterized by a macroscopically fresh fracture surface and inhomogeneous
grain size (surface 1); (2) a Malsburger Granite, with uniform medium- to fine-crystal-
line grain texture, fractured under controlled laboratory conditions within a triaxial cell
(surface 2); (3) an altered granite with a fracture surface, coated with secondary mate-
rial, from the cored GLBO1 borehole of the Tromm Massif, Germany, (surface 3). Uti-
lizing a Soultz-sous-Foréts sample ensures the roughness profiles directly represent
operational Enhanced Geothermal System targets. Incorporating the surface 2 enables
the characterization of pure mechanically induced topography. Meanwhile, the surface
3, sourced from a planned GeoLaB site, accounts for the geochemical history typical of
deep reservoirs, where mineralization alters primary fracture topographies. The three
surfaces were scanned with a resolution of 30 pm X 30 pm using an optical 2D profilom-
eter (Mahr, MarSurf CP select) with a vertical resolution of 0.3 um. Photos of the rock
samples, including the scan areas, are presented in Fig. 2.

While these physical samples provide geological realism, their fixed properties pre-
vent isolating the influence of individual parameters. Therefore, to compare the natural
properties with simulated roughness used in systematic studies (Marchand et al. 2020),
we complemented the rock surfaces with three simulated, self-affine surfaces using
the software SAFFT, developed by Méheust and Schmittbuhl (2001), and TAMAAS,
by Frérot et al. (2020). As a definition of roughness and its scaling behavior, the Hurst
Exponent H was used. In accordance with H measurements by Candela et al. (2012) for
fault roughness in the slip direction and normal to the slip direction, H was set to 0.8
for both software simulations, resulting in the surfaces named gen. surface 1 and gen.
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Fig. 2 Used roughness samples: Photos of the measured fracture surfaces (a-c) with indicated scanned areas
(white line) of three different granite roughness samples and height profiles of the simulated rough surfaces (d-f)
defined by two different Hurst exponents H and simulated by two different software

surface 2. Additionally, H was set to 0.6 for the third surface named gen. surface 3, simu-
lated with SAFFT. The surfaces, consisting of 2048 x 2048 nodes, were scaled to dimen-
sions of 20 cm x 20 cm. The height scaling for the simulated surfaces with H = 0.8 was
adopted from the surface 1 height by using the average of the height standard deviation
of 10 mm? sub-areas (o,(10mm?) = 0.32 mm), as described in Buness et al. (2026). The
roughness height of the simulated surface with H = 0.6 was adjusted to match the stan-
dard deviation of the whole gen. surface 1 o ;.

All six surfaces were analyzed using standard global roughness parameters (PSD, H,
o0,). Prior to statistical analysis, the measured surfaces were rotated so that the mean
surface plane aligned with the x-y-plane. The 1D Power Spectral Density (PSD) was cal-
culated (using the function periodogram from the scipy python library) along the grid
directions as the mean over all data rows. H was determined by a 1D rescaled range
(R/S) analysis (Mottl 2019). In this approach, H is extracted via a linear fit of the R/S data
over n with R(n)/S(n) = C - nfl. In this approach, the full 1D height-profile line is divided
into multiple non-overlapping windows 7,p ;, each consisting of # data points. For each
scale #, the ratio R(n)/S(n) with S(n) the standard deviation and R(#) the maximal differ-
ence of the cumulative sum of the height deviation from the mean value within 7,p ;, is
calculated for each i-th segment and then averaged across the entire line. By varying n
over a broad range of window sizes, H is determined as the slope of the resulting linear
fit in a double log plot, additionally having C as a constant. To account for the anisot-
ropy of the rough surfaces, this analysis was repeated for 34 equally spaced directional
angles y with multiple parallel lines spaced 3 mm apart for each angle. Angles deviating
from the original grid were calculated via a linear interpolation between the measured
points. Due to the random x-y orientation of the measured data, all resulting H(y) datas-
ets were rotated to align the lowest calculated H with the arbitrary zero-degree angle for
comparison.

For the height parameter, the height standard deviation o, was used. Since measured
rock surfaces are known to be self-affine (Schmittbuhl et al. 1993), o, for the entire
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surface is reliable only if all compared surfaces share the same surface area. To address
this, we analyzed the standard deviation of height o, of smaller sub-areas 7,p, orders of
magnitude smaller than the whole measured surface. A moving-window approach was
employed to cover the entire surface with these 7,p. The resulting o, for each 7,p size is
the arithmetic mean of all analyzed 7,p of that size. The 7, size was varied from 10x10
data points up to one-quarter of the total surface area.

As a local roughness parameter, we used the absolute local roughness height gradient

A . . .
Vz = |A—Z|. This was calculated along the measurement grid axes along x over a specified
X

distance Ax. By varying Ax from 1 to 100 points, we investigated the resolution charac-
teristics of self-affine local roughness. To facilitate comparison between the measured
and simulated surfaces, a consistent area of 9 cm? was analyzed for each surface. This
local topographical characterization provides the geometric analysis for the subsequent
construction of the fracture void spaces based on these roughness samples.

Fracture aperture

To translate individual surface topographies into hydraulic properties, the geometry of
the fracture void must be accurately represented. In the literature, this fracture void is
quantified using several definitions for the aperture 4, ranging from the effective aper-
ture, measured perpendicular to the local slope (Marchand et al. 2020), to the hydraulic
aperture ay, back-calculated from flow measurements (Li et al. 2026a). While a detailed
comparison of these definitions is beyond the scope of this study, we define the local
fracture aperture a as the distance in the z-direction, perpendicular to the mean fracture
surface plane, which allows it to be derived directly from the roughness. The average
fracture aperture a is defined as the arithmetic mean of a. To calculate the fracture void,
the two identical fracture surfaces are kept in a parallel configuration. The three applied
models are sketched in Fig. 1: For normal opening, the top surface is just elevated to
the defined a. Under shear conditions, the one-contact-point model is primarily applied,
where the fracture aperture is determined by a single point of contact between the sur-
faces (i. e. min(a) = 0). In the contact-area model, the confining surfaces interpenetrate
until the contact area corresponds to a requested percentage. The contact areas were
calculated ranging from a single point up to 20%. Following the method of Cardona et al.
(2021), the points of the contact area were removed for subsequent fracture void aper-
ture calculations. The results of the void geometries serve as the basis for the hydraulic

simulations required to evaluate the impact of local roughness extrema.

Flow simulation
The goal of the flow simulations was to decouple the effects of aperture distribution
width from the influence of mean aperture on the fracture hydraulic and spatial flow
non-uniformity. By investigating these parameters separately, we can determine the
extent to which local height gradients control the fracture flow. To achieve this, we
implemented a dual-modeling strategy. 1D simulations were utilized to segregate the
hydraulic influence of the aperture distribution width, followed by 3D fracture flow sim-
ulations to investigate how the overall aperture increase governs the three-dimensional
flow field.

For both modeling approaches, we assume laminar flow, characterized by low Reyn-
olds numbers Re < 2.8, which dominates the far-field of geothermal reservoirs. Although
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turbulent flow can occur near injection wells due to high fluid velocities, the vast major-
ity of the reservoir volume operates under low-velocity conditions. However, already
around Re ~ 1, the flow can get slightly non-linear due to streamline curvature (Zim-
merman and Paluszny 2024). Here, Re is defined as Re = i - a/v where v = 1 mm®/s is
the applied kinematic viscosity of water at room temperature and # is the average flow
velocity as @ = Q/(a * w). The flow simulations were divided into two cases: the 1D Local
Cubic Law (LCL) simulation and the 3D flow simulation using OpenFOAM.
The 1D simulation was calculated by the LCL

124L,Q
Ap=) —=%° (1)

1 w;a;

where Ap is the pressure difference across the entire 1D fracture, u is the dynamic vis-
cosity of water (u = 1 mPa s), Q is the volumetric flow rate, g; is the local aperture of one
fracture element, L; is the length and w; is the pseudo-width of the fracture element.
While Q, L;, w; were kept constant for all fracture elements, a; was selected randomly
from a normal distribution with a specified @ and standard deviation g,. To represent
the whole a distribution, the total fracture length of 0.2 m was divided into 10 000 frac-
ture elements with w; = 0.2 m, Q = 2 L/h and varying a;.

The 3D fracture flow simulation is based on the open-source software OpenFOAM,
applying a laminar, steady-state model with the SIMPLE algorithm for incompressible
fluids using the GAMG solver. The fracture void mesh is based on a 128 x 128 nodes
SAFFT (H = 0.8) surface with the same scaling as the gen. surface 1. The void space
between the identical surfaces is defined by a specific @ and shear displacement e. The
mesh was generated using blockMesh, provided by OpenFOAM, by refining the x-y grid
spacing by half and the void height to 20 cells. Mesh refinement near the fracture walls
was achieved via z-axis cell grading, using expansion ratios of 5 and 0.2 for the bot-
tom and top 10 cells. The surface faces in the x-direction are defined as inlet and outlet
(Fig. 3), while the other sides are defined as fracture walls with a no-slip velocity condi-
tion and zero pressure gradient. The pressure at the outlet is fixed at zero with a zero
gradient flow velocity, while at the inlet, the velocity is fixed to a specific mean value,
and the pressure is defined by a zero gradient. Numerical convergence was monitored
through the evolution of the residuals for pressure and velocity components, achieving
a reduction of minimum three orders of magnitude with final residuals dropping below
107>.

From the simulation results, the flow direction angle 6 was calculated for each node in
the x-y-plane by

Outlet:
T p=0
flow —\\\\\ Yu=0

direction Jy G
Inlet: - =
Vp=0
0 = constant X

Walls:
Vp=0,u=0

Fig. 3 The fracture model for the 3D approach with the applied boundary conditions: Inlet (x = 0), Outlet
(x = maximum(x)) and Wall (all others). Additionally indicated, the main flow direction along x
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Zjuy,i-Vj>

6; = arctan(—
Zj UV

(2)

where u, ; and u,, ; are the flow velocities in x, y direction for each cell, V; is the cor-
responding cell volume, and Zj represents the summation over all cells within the frac-
ture. For fracture realizations with shear, a mean 6 # 0 can occur due to nonuniform
inlet and outlet apertures along the y-axis. Therefore, we described the spatial flow non-
uniformity by the standard deviation of the flow direction

(6, -0
g =1/ —le(\l—l ) 3)

with N the number of nodes in the x-y-plane. This oy provides a quantitative measure
of the flow direction deviation. From a physical transport perspective, cg serves as a
direct statistical proxy for hydraulic tortuosity. A wider distribution o4 necessitates that
fluid streams are continuously forced to deviate from the main flow direction, thereby
increasing the actual flow path length. This parameter completes the analytical frame-
work required to assess the impact of fracture roughness extrema on the flow. With this
methodology established, the following chapter presents the results of the roughness
analysis and discusses their direct consequences on fracture void evolution and fluid
dynamics.

Results and discussion

Fracture roughness

The results are structured to begin with the characterization of the selected granite and
simulated surfaces to confirm their self-affine behavior. This analysis serves to quantify
the inherent variety within rock roughness, ensuring that the samples are representative
of the granitic rock fracture diversity in deep geothermal research. All six surfaces, the
three scanned fracture surfaces and the three simulated rough surfaces, were analyzed
with respect to the global roughness parameters: Power Spectral Density PSD, the aniso-
tropic Hurst Exponent H(y) and area-dependent height standard deviation o,. The mean
PSD along x and y is visualized in Fig. 4a. The linearity of the PSD in the double loga-
rithmic plot confirms the self-affinity of all surfaces, following the self-affine power-law
scaling where roughness amplitudes increase at lower wave numbers. Furthermore, the
varying slopes across the samples reflect different H values, providing the first indication
of the morphological diversity within the dataset.

The analysis of H over the evaluated directions y (Fig. 4b) highlights the differences
between the surfaces. The average standard deviation of H within one y is 0.05. While
H of the simulated surfaces as well as the surface 1 vary less than the variation within a
single y, the surface 3 exhibited a slight anisotropy of 0.08 variation in H, and the surface
2 showed a more pronounced anisotropy of 0.14. According to Candela et al. (2012), the
anisotropy of H is driven by shear under normal load. In this context, the observed spec-
trum of anisotropy quantifies the structural variety of the physical samples, capturing
the transition from near-isotropic to sheared textures. The variation in H is slightly lower
than the resulting mean shear-induced differences reported by Candela. This discrep-
ancy may stem from a smaller shear displacement in the presented samples compared
to the faults measured by Candela or from differing mechanical rock properties, which
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Fig. 4 Global rock roughness analysis of all six roughness samples: The power spectral density (PSD) over the
wavenumber k showing the self-affinity of all surfaces (a), the angle y dependent Hurst exponent (H) for the an-
isotropy analysis (b) and the height analysis by the height standard deviation o, over different sub-area sizes 7,p
for the full roughness height description (c)

are out of scope at this point. The slight, regular variation in H for the simulated surfaces
is an artifact from linear interpolation for angles differing from the x-y measurement/
simulation grid directions. This interpolation effectively smooths the surface asperities
at high wave numbers and consequently yields higher H values for angles between the
principal grid axes.

The height analysis (Fig. 4c) further quantifies the diversity in roughness magnitude
across the dataset. It reveals that the measured surfaces of the surface 1 and the sur-
face 2 are highly similar. The generated surfaces 1 and 2, based on o, of the sub-areas
7,0 = 1 mm? of the surface 1, follow the linear part of the afore mentioned sample. The
total o, ,, for the entire surface is 2.6 times larger due to the 19.6 times larger surface
area with the self-affine scaling of the roughness. The generated surface 3 shares the
same 0, as the gen. surface 1, which results in a higher o, at smaller 7,p scales, lead-
ing to a 1.2 times larger o, at 7,5 =0.955 mm?. The measured, surface 3 shows a signifi-
cantly lower o, across all 7,p sizes. This may be attributed to either the large-scale stress
field in the Tromm Massif and subsequent large-scale shearing or the alteration of the
fracture. Both hypotheses are subjects of ongoing research (Amitrano and Schmittbuhl
2002; Deng et al. 2018; Beeler 2023), and their specific impacts on fracture roughness are
not yet fully understood.

Overall, the global parameters align well with existing literature regarding the self-
affinity of rock fracture surfaces (Schmittbuhl et al. 1993) and their anisotropy (Candela
et al. 2012). Roughness height values are difficult to compare directly with literature
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data due to varying specified parameters and the common use of single data points for
total roughness. However, we utilized the measured roughness height of a sub-window
to calibrate the simulated surfaces, resulting in realistic roughness heights, representing
the measured case. By quantifying the surface variety in H, anisotropy, and roughness
height, we provide the necessary context to indicate that the local roughness extrema are
a universal feature and not restricted to specific surface types.

The roughness parameter Vz characterizes the local roughness. The distribution of Vz

for all six surfaces is shown in Fig. 5 at a resolution of Ax = 0.3 mm on a rectangular area
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Fig. 5 Histograms of the local roughness parameter Vz for all 6 surfaces (measured surfaces: a,c.e and simulated
surfaces: b, d, f) with a resolution of Ax = 0.3 mm (a—f). Additionally, the ratio of the maximum V z divided by the
median Vz over different grid resolutions Ax(g). The black and grey marker overlay each other. The blue/green
triangle-markers indicate outliers of the joint-type surface (ratios with increasing Ax: 1.4 - 10%, 6.3 - 104, 1.1 - 103
) and the surface 2 (6.9 - 103)
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of 9 cm?. Two distinct observations can be made from these data: First, the measured
samples exhibit a more linear distribution compared to the more downward-curving
shape of the simulated surfaces Vz distribution; second, the high Vz extrema are sig-
nificantly more pronounced in the measured surfaces. While a detailed discussion of the
distribution shapes is beyond the scope of this study, we will focus on the Vz extrema.
Since the Vz of self-affine surfaces is resolution-dependent, the ratio of the maximum
Vz to the median Vz was analyzed across different resolutions Ax (Fig. 5g). The results
demonstrate that, beyond some fluctuations at the highest resolution (low Ax), the ratio
decreases linearly for all surfaces. All simulated surfaces show a similar, slight decrease.
Though, the measured surfaces exhibit a much sharper decline, starting with over one
order of magnitude higher ratios and decreasing to values comparable to the simu-
lated surfaces within the measured range. This shows that the observed local roughness
extrema are not a micro-scale phenomenon and occur on all measured surfaces, even on
the relatively smooth surface 3.

These findings demonstrate that the use of simulated surfaces leads to an underesti-
mation of roughness extrema. This discrepancy highlights the importance of incorpo-
rating high-resolution natural scans to complement pure mathematical studies. While
a broader sample set would refine the quantitative magnitude of this effect, our results
suggest that pronounced Vz extrema are a universal characteristic of natural fractures
that persists across all investigated morphologies. The same results were found by addi-
tional 15 granite fracture and two sandstone fracture measurements (Appendix A). Local
roughness disturbances can exert a significant influence on fracture flow. For instance,
2D simulations demonstrated that a single local aperture reduction extent of 0.9 can
reduce the hydraulic aperture to one-third of its original value (Li et al. 2026b). Accord-
ingly, the following section focuses on these naturally occurring Vz extrema impact on
the fracture void geometry and, consequently, on the flow within these geometries.

Influence of local topography on fracture void geometry
To determine how the previously identified roughness extrema result in saturated frac-
ture voids, we first applied the one-contact-point model to the surfaces and subsequently
the contact-area model. This approach allows for a direct comparison between the void
structure of natural and simulated fractures. The resulting local apertures a were then
statistically evaluated, to identify the void characteristics. This analysis is visualized in
detail for the measured surface 1 and the generated surface 1 in Fig. 6a—d. For these
surfaces, both the a distribution and the normalized @ = a/a distribution are shown for
e < 2 mm. While a follows a normal distribution in all cases, the evolution of a reveals
a contrast. For the simulated surface, a increases steadily with increasing shear from
a = 0.21 mm up to 2.42 mm. In contrast, the aperture of the measured surface increases
abruptly to @ = 2.10 mm with only 0.15 mm shear, after which it remains relatively con-
stant with a maximum variation of 0.65 mm. This abrupt aperture expansion highlights
the role of local Vz extrema, which force immediate dilation during minor shear dis-
placement. Because synthetic surfaces lack these Vz extrema, they exhibit a more grad-
ual sliding behavior that underestimates initial dilation.

This abrupt a expansion significantly changes the a distribution, resulting in an
increasing standard deviation o, with increasing shear in a range of 3% to 25% for the
measured surface. Conversely, o, of the simulated surface remains nearly constant, with



Buness et al. Geothermal Energy

(2026) 14:33

&

E 0.15 mm s 0.5 mm 1.5 mm
B 0.25 mm s 1.0 mm 2.0 mm
a) measured b) simulated
> 6 > 4
[} e
c c
$ 44 g
g g 2
w 2 - [
0 T T T T T 0 T T T
0 1 2 3 4 0 1 2 3
a[mm] a [mm]
) d)
15 A
Ry 13 /'\ 9
c 10 4 c
g g 1.0 |
g g '
" ol SN
0 T T ‘-_|E!‘ T T 00 T T T T T
0.0 0.5 1.0 1.5 2.0 0.0 0.5 1.0 1.5 2.0
anorm anorm
e) f)
4 30 -
€ £ 20
E 2
° S 10-
T T T T T T / T T T T
00 05 1.0 15 20 25 3.0 0.5 1.0 1.5 2.0
£ [mm] & [mm]

—#— gen. surface 2
—— gen. surface 3

surface 3
—&— gen. surface 1

—e— surface 1
—8— surface 2

Fig. 6 Histograms of the local fracture aperture a for different shear distances € for one measured roughness (a)
and one simulated roughness (b) and histograms of the normalized mean aperture @ of the histograms above
(c,d). For all rough surfaces the mean aperture a over €(e) and the normalized aperture distribution width o4

over €(f)

a slight trend in the variation of below 4% across all shear distances. This stability in o4
occurs because the shear-dependent increase in the distribution width is balanced by a
proportional increase in the mean aperture. This balance is disrupted in natural surfaces
by the presence of local roughness extrema. The summary of all investigated surfaces
(Fig. 6e, f) confirms that these discrepancies represent a consistent characteristic across
the entire dataset rather than isolated incidents. Specifically, none of the measured sur-
faces exhibit a steady increase in @, whereas the simulated surfaces show a strong, shear-
dependent increase. This steady growth in the simulated cases keeps o, constant, which
contrasts with the increasing o4 observed in the measured samples.

While the one-contact-point model can describe fracture aperture under low effective
normal stress, experimental studies often focus on fractures under higher normal stress.
There, the normal stress where mechanical deformation leads to the crushing of asperi-
ties, resulting in extended contact areas rather than a single contact point. To provide
a more robust comparison, we simulated a with incrementally increased contact areas
from a single point up to 20% for ¢ < 3 mm (see Fig. 7) for the surface 1 and generated
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Fig. 7 The mean aperture @ over shear distance ¢ for different contact areas for a measured surface (a) and a
simulated surface (b)

surface 1. This method is related to the removal of roughness extrema since the con-
tact happens first at the extreme Vz positions. The results demonstrates that across the
entire range of investigated contact areas, the measured fracture exhibits a higher a than
the simulated fracture. Furthermore, the reduction of a for the surface 1 is more pro-
nounced as the contact area increases than for the simulated surface. Although the rapid
increase in a, which exceeds 2 mm, for the measured surface is attenuated by increas-
ing contact, the initial a remains higher for the measured surface across the entire
analyzed range up to 20% contact area. Regarding shear, the contact model results in
a steady increase in a for both surfaces. However, increasing the contact area leads to a
'smoothing’ effect on this a increase. While the Vz extrema are effectively removed by
an increased contact area, a of the measured surface remains consistently higher. This
suggests that the extrema are important with low contact models (contact area below
0.1% for the surface 1), but for larger contact areas also the Vz distribution shape could
be a reason for an increased a. Overall, it indicates that simulated surfaces require a cor-
responding correction.

It is important to note that the normal aperture distribution in both investigated cases
suggests a deviation from the log-normal distribution approach proposed by Renshaw
(1995), where the hydraulic aperture is compared to the geometric mean of a. While the
results from contact-area model appear more compatible with the log-normal model,
this simplified approach tends to overestimate the presence of the smallest apertures
when compared to the log-normal model (see Appendix B). It should be recalled that the
current contact-area model neglects the influence of abrasion, which can lead to slicken-
sides and the formation of gouge material that can block fluid pathways (Kalantar et al.
2025). While the steady increase in @ and o, for the simulated fractures is well-docu-
mented in the literature, both for single-contact-point models (Marchand et al. 2020),
and in comparison with normal pressure simulations (Cardona et al. 2021), the large
a observed with only small € represent a distinct geometric mechanism driven by Vz
extrema in the measured surfaces. These extrema result in an opening behavior func-
tionally comparable to a normal opening of the simulated fracture (Appendix C). From
a reservoir engineering perspective, this implies that conventional simulated surface
models yield overly pessimistic predictions of slight-shear @ enhancement. The similarity
to normally opened fractures suggests that the hydraulic behavior of natural fractures
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might be more accurately approximated in synthetic models by applying an additional
normal displacement offset rather than relying on a single contact point or contact area
alone. Since these geometric deviations redefine 4, it becomes necessary to evaluate their

subsequent impact on the fracture hydraulic behavior and spatial flow non-uniformity.

Effects on fracture flow

Differences in the fracture void geometry due to the roughness extrema strongly influ-
ence the flow within the fracture. The increased a has the most significant impact on
fracture hydraulics. This influence can be quantified using the Cubic Law. The substan-
tial differences for a 20 cm long fracture are visualized in Fig. 8a, showing that an a
increase of approximately 2 mm leads to a reduction in Ap of over three orders of mag-
nitude. In addition to this primary influence of the a increase, the o, further affects Ap,

and modifies the flow uniformity with € and a.

Effects of the aperture distribution

The previous a analysis revealed a normal distribution for both simulated and measured
surfaces, although o, increases exclusively for the measured surfaces with increasing e
. The influence of o4 on the fracture pressure difference Ap is shown in Fig. 8¢, d for
the 1D LCL fracture flow. Here, local a; values were randomly sampled from a normal
distribution with defined widths, to isolate the effect of the a distribution width from
a changes. A o; = 0 corresponds to the parallel plate model. The resulting Ap values
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Fig. 8 Hydraulic differences with different apertures with the parallel plate simplification of a 20 cm x 20 cm frac-
ture model at low flow rates (Q = 2 L/h corresponds to Re =2.78) (a). Histogram of two exemplary normalized
aperture @ = a/a distributions (b) chosen for the LCL calculations (Q = 2 L/h) shown in the bottom row: Hydrau-
lics of three different a with varying local aperture distribution width o4(c) and the normalized pressure drop over
the normalized aperture distribution width (d)

Page 14 of 24



Buness et al. Geothermal Energy (2026) 14:33 Page 15 of 24

can be used to back-calculate the corresponding hydraulic aperture a;, (equal to a back
calculation based on parallel plates), which is displayed on the second y-axis (Fig. 8c).
The results reveal that Ap increases with o4, with a slightly more pronounced increase
for smaller a. For example, compared to the o, = 0 case of @ =1 mm, an increase to
0, = 0.15 mm results in a Ap difference equivalent to a 5% reduction in a,. The influ-
ence of varying a can be eliminated by normalizing Ap by the parallel plate equivalent
Appp (04 = 0) and using o,. This normalization yields a unique relation between o, and
the pressure ratio Ap = Ap/Appp, that remains valid regardless of Q and a. The observed
increase in Ap with a broadening a distribution is a direct consequence of the non-linear
scaling of a in the LCL. Because Ap scales with a=3, it is disproportionately governed by
the lower tail of the a distribution. Essentially, the increased flow resistance in narrow
segments outweighs the conductance gains in wider segments.

Consequently, the reduced o, observed in the measured surfaces provides a hydrau-
lic advantage due to the reduction of bottlenecks. Because these simulations were
conducted in two dimensions, the influence of these bottlenecks on flow resistance is
amplified compared to three-dimensional fractures, where flow can bypass narrow pas-
sages (Brush and Thomson 2003). Combined with the overall increase in g, this leads to a
significantly lower Ap for natural fractures. The decreased Ap for the measured surfaces
highlights a significant gap in current modeling: that o, is generally not accounted for
in the correction or modification of the LCL. Instead, most existing corrections involve
the calculation of effective or hydraulic apertures or incorporate o, ., (He et al. 2021).
However, while o, ., is an insufficient parameter for characterizing self-affine fractures,
other methods for calculating a;, from local apertures may only indirectly account for
the effect of the aperture distribution, albeit by employing more computationally com-
plex approaches. A systematic analysis of aperture distribution widths could eventually
allow for a simpler correction factor, dependent on € and Vz extrema, to improve pre-

dictive accuracy.

Non-uniformity of fracture flow
To investigate the influence of the increased a on the local flow directions, we performed
3D simulations by analyzing the deviation of the flow direction from the mean flow
direction 6. Figure 9a—d displays the height map of the applied surface, the a field of a
sheared fracture case and the resulting flow directions for both a normal opening and
the aforementioned sheared case. The statistical analysis of flow uniformity across vari-
ous a and ¢ values is provided in Fig. 9e. In this context, a is varied to simulate different
possible intensities of the roughness extrema, where high a occur at already slight shear.
The analysis reveals a normal distribution of 8 with a mean predominantly centered
at zero, validating the simulation given the no-flow conditions at the side walls. Minor
shifts from the center at zero occur in sheared fractures, where a at the inlet and outlet
is not constant along the y-axis. Given the normal distribution of 8, we utilized its stan-
dard deviation oy as a metric for spatial flow non-uniformity. The results demonstrate
that while non-uniformity remains constant during purely normal opening. However, in
sheared fractures, the aperture plays a significant role regarding the flow direction by a
reduction of g as a increases. In these cases, the increased a, driven by the roughness
extrema model, effectively opens bottleneck points. This reduces the necessity to divert
around these narrow points, resulting in a more uniform flow field, thereby reducing the
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Fig. 9 Height map of the rough surface for the simulations (a), aperture field of an example sheared surface
(shearinyof ey, = 1.56 mmand @ = 3 mm) (b), an exemplary flow direction 6 distribution with the flow direction
histogram as an inset for a normal opened fracture (c) and the sheared fracture of b (d). The standard deviation
of the flow direction og as a parameter for the non-uniformity of the flow over the fracture aperture a(e) without
shear €, a shear distance of 1.5625 mm for €x1, €1 and a shear distance of 3.125 mm for €3, €y, (€) and the non-
uniformity over different mean inflow velocities @ without shear (f)

overall hydraulic tortuosity. Furthermore, a larger ¢ leads to a larger o4 for a constant a
, as the increased displacement creates additional narrow areas that force flow diver-
sion. Notably, changes in the mean flow velocity @ do not significantly affect oy, indicat-
ing that the degree of spatial flow non-uniformity is primarily a geometric rather than a
kinematic property in the investigated low flow rate regime.

Incorporating the impact of roughness extrema only through their effect on a, rather
than explicitly including them directly into the 3D mesh, this model enables a general
study of spatial fracture flow non-uniformity across increasing a without requiring
a specific definition of the extrema positions, amounts or magnitudes. However, the
explicit inclusion of these extrema would lead to a slight increase in o4 (Appendix D), as
the flow is forced to deviate around local contact points or closed areas. By quantifying
spatial flow non-uniformity using o4, we developed a continuous statistical approach.
As all fracture flow simulations, this approach remains sensitive to the spatial resolu-
tion of the surface roughness. Consequently, applying higher-resolution roughness mod-
els or evaluating real rock fracture experiments will cause o, to deviate from the values
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presented here. Nevertheless, a qualitative comparison with the threshold-based models
of different resolution can be performed by assuming that a higher o4 correlates with
more pronounced channeling (see Appendix E for the foundation of this assumption).
Thus, the observed increase of oy with increasing € is consistent with the shear-induced
channeling increase reported by Marchand et al. (2020). While channeling studies sug-
gest that the effect is strongly dependent on the shear direction (Egert et al. 2021), our
o analysis shows no significant directional differences. This discrepancy may be caused
by the artificial, physically often random threshold of channeling definitions. Such defi-
nitions potentially filter out below threshold flow channeling or directional changes that
occur primarily during shear in the flow direction (e,). In deep geothermal reservoirs,
these small-scale flow direction changes act as a geometric flow mixer. Such flow non-
uniformity can result in increased tortuosity (see Appendix E). Its precise influence on
fluid—rock heat transfer within fractured geothermal reservoirs remains under active
investigation (Chen and Zhao 2020). Furthermore, the observed stability of og across
varying # aligns with the constant degree of channeling found by Egert et al. (2023), con-
firming that topography, rather than #, dominates flow paths.

Conclusion

This study evaluates the impact of local roughness extrema on the void geometry and
hydraulic properties of granite fractures, demonstrating that they play a dominant role
in governing fluid dynamics. To investigate the existence of these fracture roughness
extrema, high-resolution topography measurements from three geologically diverse
granite roughness samples were compared with synthetically generated self-affine sur-
faces. The overall sample roughness diversity was quantified using global and a local
parameter. The explicit influence of the observed extrema in Vz on the resulting frac-
ture void geometry was evaluated by applying two aperture models. In a final step, the
subsequent impact of the a increase on laminar fracture flow was simulated using both
1D and 3D numerical approaches to independently quantify the influence on fracture
hydraulics and flow uniformity. Based on the results, the following key conclusions can
be drawn:

+ The results indicate that Vz extrema constitute a general and potential universal
feature of natural granite fracture roughness. The studied conventional roughness
simulations systematically underestimate these Vz extrema as their maximum-to-
median ratio is one order of magnitude smaller. This underestimation has critical
geometric consequences, as it leads to significantly lower a (up to 2 mm lower) and
increased o4 of above 20% for simulated surfaces. To adapt these theoretical models
to the physical measurements, we suggest introducing an additional normal opening
offset for the simulated surfaces. Such a a correction allows for a more realistic
representation of the fracture void without a restrictive contact point, thereby more
closely resembling natural systems driven by physical Vz extrema.

« The resulting extrema-induced increase in a@ and decrease in o, reduce the hydraulic
resistance of the fracture. While the increase in a is the primary factor defining
the order of magnitude of the pressure drop, the local a distribution remains
highly influential. Specifically, as shown within the LCL calculations, an increased
o4 of 18% leads to a pressure drop increase of over 25% compared to the parallel-
plate approximation. This d, 0,4 sensitivity should be accounted for when modeling
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fractured granitic reservoirs, either by applying a normal opening offset to simulate
the found dilation or integrating geometry-based correction factors into LCL
calculations.

+ Flow non-uniformity is reduced in sheared fractures due to an increased mean
aperture. Specifically, 3D flow simulations of a slightly sheared fracture demonstrate
that an increase in a from 1.2 mm to 4 mm leads to a spatial flow non-uniformity
reduction by 80%, resulting in a larger effective fluid-rock contact area for the main
flow rate (90% of the flow). Consequently, accounting for this reduced channeling
behavior in numerical models may be of interest for refining predictions of heat
transfer and heat-extraction efficiency in deep geothermal applications.

To prove the universality of these roughness extrema and establish a reliable and gen-
eralized value for the proposed additional fracture opening offset, the local roughness
extrema must be analyzed statistically using a larger sample size that includes an even
wider variety of fracture origins and lithologies. Building on this, advancing synthetic
surface generation algorithms will require a detailed analysis of the spatial distribu-
tion, shape, and enclosure of roughness extrema to determine whether they exist as iso-
lated spots or are embedded within broader geometric patterns. Beyond refining these
algorithms to produce more realistic generated surfaces, future work must also focus
on verifying classical theoretical contact models against real fracture measurements,
moving beyond regular geometries to account for the complex, irregular contact clus-
ters observed in natural self-affine surfaces. In addition, the relevance of these extrema
should be investigated at higher flow rates and validated at the field scale. This could be
tested in underground research laboratories, such as the upcoming GeoLaB. Once oper-
ational, this facility is expected to provide the conditions required to measure fracture
apertures, hydraulic conductivity, and heat transfer in situ.

Appendix A Extended sample analysis of local roughness extrema

To assess the robustness of the Vz extrema pattern observed in the three natural granite
samples discussed in Sect. "Influence of local topography on fracture void geometry", we
conducted additional high-resolution topography measurements on further granite frac-
ture surfaces. These supplementary samples were obtained from the same three geologi-
cal formations as the primary dataset: Soultz-sous-Foréts (4 samples), Malsburg Granite
(3 samples), and Tromm Massif (8 samples). Additionally, two sandstone samples from
Soultz-sous-Foréts were analyzed to strengthen the hypothesis that roughness extrema
are a universal feature of fracture surfaces.

Due to practical constraints across multiple measurement campaigns, the additional
samples were acquired with varying spatial resolutions (Ax ranging from 20 um to 30 u
m) and scanned areas (3.05 cm? to 42 cm?). This heterogeneity in measurement parame-
ters prohibits direct comparison of absolute Vz magnitudes across all samples. However,
the maximum-to-median ratio (max(Vz)/median(Vz)) over Ax serves as a metric that
remains suitable for cross-sample comparison, as demonstrated in Fig. 5g and extended
here in Fig. 10. The supplementary sandstone samples suggest that roughness extrema
may represent a general characteristic of rough rock fractures. However, a larger sample
size and greater lithological diversity are required to validate this hypothesis.
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Fig. 10 Maximum-to-median local roughness gradient ratio (max(V z)/median(V 2)) as a function of grid resolu-
tion Ax
Appendix B Aperture distribution with contact area
The contact model employed for the aperture analysis with a specified contact area
neglects contact points for the calculation of the local aperture. This assumption intro-
duces a cut-off effect in the local aperture a distribution. In Fig. 11 the histograms of
a are plotted for one measured surface and one simulated surface. As the contact area
increases, the normal distribution shifts toward lower mean apertures a. The smallest a
values are cut off, while the remaining distribution keeps its original shape, albeit shifted.
If it is assumed that physical measurements may result in lower small 4, the resulting
truncated a distributions become superficially comparable to the log-normal distribu-
tions found by Renshaw (Renshaw 1995) and others. This underestimation could possibly
be due to experimental measurement uncertainties at small a or it could be physically
more correct due to gouge material blocking the small aperture areas, leading to closure
instead of narrow a.
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Fig. 11 Histograms of the local aperture a for different contact areas with shear of €5, = 1.1 mm for the surface 1
roughness (left) and the generated surface 1 (right)
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Fig. 12 Aperture maps for the measured surface 1 and generated surface 1 for the contact model with the white
spots as contact area

The complexity of a detailed analysis of contact areas can be seen in Fig. 12 of an exem-
plary case with a 1.8% contact area and a shear displacement of 1.1 mm along x. The
contact areas vary in size and are non-uniformly distributed across the fracture plane.
In the measured surface, contact areas appear more elongated than in the simulated sur-
face. Furthermore, the regions surrounding contact areas exhibit a more gradual aperture
increase in the simulated surface fracture. These detailed morphological discrepancies
complicate the formulation of a reliable contact model. Although numerous theoreti-
cal attempts have been made to analyze the impact of contact areas on fracture flow
(Zimmerman et al. 1992), contact topology of self-affine fractures (Kottwitz et al. 2020)
including rock sample measurements (Pirzada et al. 2021) remains an active subject of
investigation, also concerning changes during fracture alteration (Deng et al. 2018).

Appendix C Simulated joint fracture

We assumed the occurrence of the normalized aperture distribution o4 widening of the
measured surface to be caused by the rapid increase in a observed at slight shear. We used
the generated surface 1 to validate the hypothesis that the same result can be modeled by
a wider normal opening of a simulated fracture. To test this, we calculated the aperture
distribution under slight shear but with increasing normal aperture (Fig. 13). The resulting
a distributions are comparable to those of the measured surfaces: The behavior observed in
the simulated joint with decreasing normal a corresponds to the widening behavior of the
measured surfaces with increasing shear. This verifies the validity of using simulated sur-
faces with additional normal aperture as an analog model for the measured a distribution.
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Fig. 13 Normalized aperture distribution with slight shear of €, = 0.15 mm and joint simulated higher average
apertures @
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Appendix D Flow with roughness extrema contact point

For simplification, the investigation of the flow direction was performed using the gen-
erated surface 1. Utilizing a simulated surface allowed for the modeling of low a with-
out contact points as the measured surfaces. However, a normal opening of the original
simulated surface neglects the local roughness extrema, leading to a contact point for
the measured surfaces. To examine the flow distribution influenced by a contact point,
the surface mesh was adapted to include a single contact point in the center of the sur-
face. This contact point was modeled using two half-cones: the front half-cone (along the
x-direction) was subtracted from the roughness profile, while the downstream half-cone
was added to the rough surface. For the upper surface, the cones were shifted by one
node in positive x-direction (Fig. 14 top-row). The half-cones were designed with a height
nearly equal to half the aperture, leaving a negligible gap of 0.01 mm between the fracture
walls. The cone radius spanned 5 surface nodes.
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Fig. 14 Modification cone added to the normally opened simulated fracture (top-left) and the resulting surface
height along x, in the main flow direction, at the center (top-right). The local flow direction 6 within the normally
opened fracture of the original SAFFT fracture (middle-left), @ of the locally modificated fracture with a contact
point (middle-right), and the difference in flow direction between the two models (bottom-left) with the modifica-
tion cone extend indicated by the green circle. Additionally, the histogram of 8 with the standard deviation within
the legend (bottom-right)

Page 21 of 24



Buness et al. Geothermal Energy (2026) 14:33 Page 22 of 24

The resulting flow directions are visualized in Fig. 14 (middle row) for the original sur-
face as well as the 5-node cone manipulation. The resulting histogram of flow directions 8
is plotted in the bottom-right. The @ distribution widens significantly with a limited num-
ber of frequencies. This broadening is expected, as the fluid must divert around the nearly
closed contact point. However, the strongly increased 8 occur only within a localized
area, leaving the flow in much of the fracture mainly undisturbed. Compared to the high
0 standard deviations up to 20 ° with shear, the deviation of below 1° for the contact-point
seem to be negligibly small. Consequently, we consider the normally opened simulated
surface as a decent model for the measured surfaces with a roughness extrema contact
point.

Appendix E Relation of o, with channeling and tortuosity
For comparison with existing literature the found flow non-uniformity o4 was compared
with the channeling effect and average stream path length.

To evaluate the correlation with flow channeling, we implemented the formulation used
by Cardona et al. (2021) which quantifies the area in the x — y plane responsible for 90%
of the total flow rate Agyy. Within this framework, a smaller area represents enhanced
channeling.

Tortuosity was evaluated by analyzing the average path length of massless particles
passing through the fracture. Streamline trajectories were calculated by numerically inte-
grating the 3D velocity field using PyVista’s streamlines_from_source filter (RK45, Sul-
livan and Kaszynski 2019). The seed positions were placed at the x, y cell centers of the
inlet layer at the vertical (z) midpoint of the fracture.

The results in Fig. 15 demonstrates that the flow non-uniformity correlates with both
Aggy and the path length. In prior literature (Egert et al. 2023), channeling was found to
strongly depend on the shear direction, a finding consistent with our channel calcula-
tions. As shown in Fig. 15 left, the correlation between o and Agg, is primarily governed
by the shear direction rather than the shear distance. Although oy and Aggy, are domi-
nated by the shear direction and less by the shear distance. Besides ¢, ¢, €, all exhibit
increased channeling (indicated by a decreasing Agyq) with greater flow non-uniformity,
their distinct groupings and inherent variability restrict this correlation to a qualitative
assessment at this point. The average path length is strictly increasing with o4 (Fig. 15
right) and appears to be independent of the shear direction. However, normally opened
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Fig. 15 3D simulation data of the flow non-uniformity relation to channeling and tortuosity. As a channeling
parameter the x-y plane area Agqy, is used and for the tortuosity the average path length relative to the fracture
length in x
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fractures display a different correlation trend compared to sheared fractures. Overall,
it can be qualitatively concluded that a higher o4 corresponds to enhanced channeling
(within one shearing direction) and increased streamline path lengths. Developing a pre-
cise quantitative metric to convert between these parameters remains beyond the scope
of this study.
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