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a b s t r a c t

Self-propping fractures formed during hydraulic fracturing in shale reservoirs constitute a critical
component of the hydraulic fractures, with surface roughness serving as a pivotal factor governing their
mechanical and hydraulic properties. To examine the regulatory effects and underlying mechanisms of
rough morphology on fluid transport behavior within self-propping fractures under closure stress, this
study employs the fast Fourier transform (FFT) method to generate synthetic rough fractures charac-
terized by fractal Brownian motion (FBM) features. Subsequently, a coupled mechanical-hydraulic
model for single rough self-propping fractures was established to simulate the influence of morpho-
logical roughness on their hydrodynamics characteristics. The results demonstrate that under closure
stress, the deformation increment of self-propping fractures exhibits a pronounced synchronous rela-
tionship with fracture conductivity degradation. The progressive narrowing of fracture aperture induced
by increasing closure stress constitutes the primary mechanism driving persistent conductivity dete-
rioration. Furthermore, both high-density “cluster-like” contact micro-asperities and “throat-shaped”
constriction structures have been identified as critical morphological factors. Regions dominated by the
high-density “cluster-like” contact micro-asperities significantly constrict the flow pathways, inducing
specialized flow phenomena such as “transverse flow” and “reverse flow”. Concurrently, the “throat-
shaped” constriction structures generate significant throttling effects, precipitating abrupt pressure
drops. These combined mechanisms fundamentally degrade the conductivity of self-propping fractures
under closure stress. A linear positive correlation exists between fractal dimension and fracture con-
ductivity. While closure stress induces significant reconfiguration of flow pathways, the interplay be-
tween fractal roughness characteristics and stress-induced deformation preserves the integrity of
favorable flow conduits, resulting in higher conductivity with larger fractal dimensions. Fracture con-
ductivity is governed by the competitive interaction between the roughness-mediated reduction in flow
resistance and the throat constriction effect during mechanical compression. The primary flow path-
ways within self-propping fractures are predominantly dictated by the fundamental large-scale
morphological structures. In contrast, small-scale roughness features primarily enhance flow hetero-
geneity in velocity magnitude and direction. Crucially, these secondary structures do not fundamentally
alter the spatial distribution pattern of the primary flow channels in self-propping fractures.
© 2025 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-

nd/4.0/).

1. Introduction

The shale oil and gas resource endowment in China is man-
ifested through the widespread distribution of organic-rich shales
across marine, continental, and marine-continental transitional
facies, which has emerged as a strategic priority for exploration
and development (Guo et al., 2025). Breakthroughs and the
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widespread application of multi-stage hydraulic fracturing in
horizontal wells have significantly accelerated the shale oil and gas
industry’s development (Sun et al., 2023). The complex fracture
networks within these reservoirs serve as primary flow channels
for hydrocarbons (Wu et al., 2024; Finenko and Konietzky, 2024).
However, the majority of fractures in these networks are not
propped by proppants, and forming self-propping fractures
(Cipolla et al., 2009). Although self-propping fractures exhibit
relatively lower conductivity compared to propped fractures, they
remain essential components of the overall flow capacity within
complex fracture networks (Sharma and Manchanda, 2015). Crit-
ically, these self-propping fractures play a pivotal role in sustaining
connectivity between complex fracture networks and the forma-
tion matrix (Britt et al., 2006), thereby ensuring sufficient pro-
duction rates even in regions with low proppants placement (Julia
et al., 2014).

The investigation of hydrodynamics within complex artificial
fracture networks is a critical focus in fracture conductivity con-
struction. However, constrained by inherent uncertainties in
fracture networks morphology and limitations in computational
capabilities, existing researches have primarily focused on hy-
drodynamics phenomena in single rough fracture (Zhong et al.,
2021; Deng et al., 2021). This simplified approach has been
extensively applied in various fields, including oil and gas pro-
duction (Xie et al., 2020), geothermal energy development (Huang
et al., 2021), carbon dioxide sequestration (Nasvi et al., 2013), and
contaminant and nuclear waste disposal (Medici et al., 2019).
These studies demonstrate that the hydrodynamics characteristics
within rough-walled fractures are strongly dependent on both the
roughnessmorphology of the fracture surfaces (Lu et al., 2021; Zhu
et al., 2022) and the contact characteristics resulting from surface
stress (Wang et al., 2024; Bl€ocher et al., 2019). Tzelepis et al. (2015)
revealed that the hydraulic head loss during fluid flow through
rock fractures exhibits a positive correlation with fracture surface
roughness magnitude. Xiao and Zhao (2019) evaluated the influ-
ence of surface roughness on fluid flow by comparing the equiv-
alent hydraulic apertures under different conditions, revealing a
negative correlation between surface roughness and the equiva-
lent hydraulic aperture. Hu et al. (2024) investigated the hydro-
dynamics behavior in fractures with distinct fractal dimensions,
finding that the equivalent permeability decreases linearly with
increasing fractal dimension. Cheng et al. (2024) observed that
fluid flow rate progressively decreases under a constant pressure
gradient as fractal dimension increases in fractures exhibiting
fractal roughness. Furthermore, Kong and Chen (2018) established
a fracture geometric model utilizing a high-resolution optical
profilometer to simulate the influence of rough structures on
fracture conductivity. The tortuous pathways of fluid flow attrib-
uted to heterogeneous fractures width distribution. Guo et al.
(2020) developed a full-field fracture flow visualization experi-
ment, identifying the occurrence of backflow and vortex phe-
nomena induced by localized rough structures. Rong et al. (2020)
experimentally investigated the relationship between fracture
flow and surface roughness, revealing that fractures exhibit sig-
nificant permeability only when their aperture surpasses a critical
threshold. The highly disordered and complex fracture
morphology results in complex fluid motion within rough-walled
fractures (Li et al., 2024). Consequently, surface roughness reduces
fracture flow capacity (Yang et al., 2023), while the irregular and
heterogeneous distribution of these features significantly com-
plicates flow dynamics (Xu et al., 2018). This enhanced flow
pathways tortuosity promotes preferential flow channel develop-
ment and induces significant fluid disturbances (Xu et al., 2024).
Such disturbances manifest as specialized flow phenomena
including bypass flow, transverse flow, and vortex (Zhan et al.,

2022), collectively resulting in a marked reduction in fracture
flow capacity. Although extensively studied, existing research has
predominantly focused on quantifying and characterizing the in-
fluence of fracture surface roughness on flow capacity and its
variation patterns. However, the underlyingmechanisms bywhich
microscopic topographical variations govern macro-scale flow
regimes remain incompletely understood.

In reality, the majority of rock fractures within in-situ forma-
tions remain partially closed towithstand in-situ stresses (Su et al.,
2024). Stress perturbations can induce alterations in fracture
aperture geometry, thereby influencing hydrodynamics within
rough-walled fractures (Dapp et al., 2012). Chen et al. (2019)
observed through experimental investigations that the fracture
flow capacity of shale fractures decreases by orders of magnitude
with increasing closure stress. Similarly, Zhao et al. (2020)
observed a substantial reduction in the flow capacity within
rough-walled fractures under elevated effective stress through
experimental results. Kulatilake et al. (2020) and Zhou et al. (2020)
experimentally examined fluid flow through rough fractures under
normal loading, revealing an initial rapid reduction in flow ca-
pacity at low closure stresses, followed by a gradual decline at
higher stress levels. Deng et al. (2024) identified a threshold
conductivity under high closure stress, where conductivity de-
creases by approximately eight orders of magnitude relative to
initial values. Closure stress induces contact between micro-
asperities within rough fracture voids, modifying flow bound-
aries. Zou et al. (2017) demonstrated that spatial variations in
fracture surface roughness and the distribution of contacting
micro-asperities generate complex flow phenomena, including
channeling flow, transverse flow, and vortex flow. Xiong et al.
(2018) also observed that contact areas increase flow path tortu-
osity, with tortuosity and associated eddies/backflow intensifying
alongside rising contact ratios. Li et al. (2019) performed visuali-
zation experiments of rough fractures flow, and confirmed the
formation of bypass flow around contacting micro-asperities. Li
et al. (2021) conducted visualized core-flooding experiments of
rough-walled fractures, and revealed that surface roughness
significantly impaired fractures flow capacity, with only a minor
fraction of the fracture void space functioning as effective flow
channels. Zhang and Sanderson (1996) numerically simulated fluid
flow through fractures under varying contact conditions, finding
that excessive contact area impedes flow by reducing velocity. Li
et al. (2022) observed through seepage experiments that
increasing confining pressure elevates the proportion of contact-
ing micro-asperities while progressively diminishing flow capac-
ity; flow pathways initially deflect slightly around contacts but
become increasingly tortuous as contact number and volume
expand. However, contrasting findings exist: Wu et al. (2019)
experimentally observed in Eagle Ford shale that fracture con-
ductivity tended to increase with greater roughness. Similarly, Xia
et al. (2024) reconstructed 3D single rough fracture models using
morphology scanning technology and found rougher fractures
exhibited greater flow capacity under identical stress. Evidently,
the roughness morphology of fractures surface (Jansen et al.,
2015), along with the spatial distribution of contact micro-
asperities and non-contact regions under closure stress, critically
governs fracture fluid flow (Rodríguez et al., 2024). Stress-induced
fracture deformation and increased contact area enhance void
space complexity (Chen et al., 2021), progressively intensifying
fluid flow anisotropy and amplifying irregularity across macro-
and micro-scales (Huang et al., 2025). To systematically charac-
terize coupled fracture closure and conductivity degradation, re-
searchers employ experimental and numerical methods to
investigate both macroscopic flow behavior and microscopic
characteristics within stressed rough fractures (Yang et al., 2024).

M.-Y. Zeng and H.-Y. Zhou Petroleum Science 23 (2026) 245–261

246



Nevertheless, the influence of closure stress on fracture geometry
is inherently complex and multifaceted. This complexity impedes
the isolation of individual effects, such as rough surface
morphology or other geometric parameters, on the hydrodynamic
characteristics of fractures (Cunningham et al., 2020). It is even
more challenging to capture the regulatory mechanisms of multi-
scale morphology on internal fluid flow within rough-walled
fractures. Consequently, the influence of dynamically evolving
roughness morphology on the coupled evolution characteristics of
fracture deformation and fluid flow remains incompletely
understood.

During hydraulic fracturing in shale oil and gas reservoirs,
numerous self-propping fractures are generated. These fractures
constitute critical pathways for subsurface hydrocarbon flow. As
hydrocarbon extraction proceeds and formation pressure subse-
quently decreases, the effective stress acting upon these fractures
progressively increases. This dynamic triggers a coupled evolution
of stress-induced deformation and hydrodynamics properties in
rough-walled fractures. By precisely controlling fracture surface
roughness morphology and isolating individual geometric fea-
tures, the macro-scale governing effects and micro-scale influence
mechanisms of multi-scale roughness on self-propping fracture
conductivity can be explicitly elucidated. This study employs a
numerical approach to obtain fractures aperture distributionswith
controllable rough surface morphology. We systematically inves-
tigate the influence of roughness characteristics on the coupled
mechanical-hydraulic evolution in self-propping fractures,
analyze how micro-scale morphological variations govern
macroscopic flow capacity, and ultimately elucidate the formation
and evolution mechanisms of conductivity in self-propping
fractures.

2. Numerical methodology

2.1. Model description

Fractal theory was applied to synthetically generate rough-
walled fractures with self-affine roughness characteristics, pre-
cisely capturing their aperture properties. These synthetic frac-
tures serve as the foundation for subsequent coupled mechanical-
hydraulic simulations. The mechanical deformation model for
rough-walled fractures (Hopkins, 2000; Pyrak-Nolte and Morris,
2000) is illustrated in Fig. 1(a), The physical model employs a cy-
lindrical grid system. Based on the original fracture aperture dis-
tribution, the computational domain has geometric dimensions of
178 × 38 mm. The model configuration comprises two half-spaces
representing fracture-surfaced bedrock and uniformly distributed
cylindrical micro-asperities that characterize fracture surface
roughness. The heights of micro-asperities are primarily deter-
mined by the fracture aperture and the relative positions of the
bedrock. The model formulation assumes that: (1) mechanical

interactions between discrete cylindrical micro-asperities and
between the half-spaces are negligible, enabling linear super-
position of deformation increments; (2) both the half-spaces and
micro-asperities behave as ideal elastoplastic materials that obey
the associated flow rule. The flowmodel in rough-walled fractures
(Klimczak et al., 2010; Zhang and Sanderson, 1996) is illustrated in
Fig. 1(b), the physical model employs a rectangular prism grid
system with square cross-sections. Following the fractures aper-
ture distribution after deformation, the computational model
domain also features geometric dimensions of 178 × 38 mm. The
model system is configured for horizontal flow, and the gravita-
tional effects are neglected during simulations. Assuming the
conductivity of fractures significantly exceeds that of the rock
matrix, fluid is injected at a constant flow rate along the fracture
length (X-axis direction).

2.2. Rough-walled fracture generation

The FBM method demonstrates robust adaptability for con-
structing geometrically heterogeneous structures of rough-walled
fracture apertures (Mandelbrot and Van, 1968). By leveraging the
FFT algorithm, we synthesize the initial aperture distribution of
rough-walled fractures endowed with FBM characteristics (Wu
et al., 2024; Pentland, 2009). The corresponding spectral density
function conforms to the following mathematical representation:

SV(f )∝
1

f2H+1
: (1)

where, SV(f) is the spectral density function, f is the frequency
components, H is the Hurst exponent, 0 < H < 1, for two-
dimensional rough-walled fractures, the Hurst exponent H and
fractal dimension FD satisfy a relationship of FD = 3− H.

Since the spectral density lies within the u-v plane, it exhibits
statistical isotropy in directional components. For two-
dimensional systems, this implies:

f =
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

f2i + f 2j

√

: (2)

where fi and fj denote the frequency components in the u- and v-
directions, respectively, the following relationship holds:

SV(f )∝
1

(
f2i + f2j

)H+1∝
1

(
f2i + f2j

)4− FD
: (3)

By employing a random number generator to synthesize a
white noise sequence W and subsequently filtering it through a
shaped filter defined by the transfer function T(f), a targeted power
spectral density for the fractures aperture distribution function
can be synthesized, where the spatial scaling properties are gov-
erned by the Hurst exponent H.

Fig. 1. Schematic diagram of the mechanical-hydraulic coupling model for self-propping fractures.
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SV(f )∝|T(f )|
2SW(f ): (4)

The spectral density of white noise, SW(f), is a constant, and the
following relationship holds:

SV(f )∝|T(f )|
2
: (5)

Therefore, the transfer function of the shaped filter is given by:

T(f )∝
1

(
f2i + f2j

)(H+1)=2 : (6)

The workflow proceeds as follows: First, obtaining the ampli-
tude and phase spectra for all frequency pairs (fi, fj). Subsequently,
determining the value of the Hurst exponent H and evaluating the
transfer function T (fi, j) = aij by using Eq. (6). Finally, applying the
inverse Fourier transform by using the formulation below to derive
the corresponding fractures aperture distribution, can be
expressed as follows.

f (x; y)=
∑N− 1

j=0

∑M− 1

i=0

aije
2πi(ix+jy): (7)

where, f (x, y) denotes the original fracture aperture distribution
function; M and N represent the number of discretized grid cells
along the X- and Y- directions.

2.3. Mechanical deformation model

Under closure stress, the total deformation at any location
within a rough fracture comprises both micro-asperities and cor-
responding half-spaces (Petrovitch et al., 2014; Zeng and Zhou,
2025). The geometric constraints dictates that the algebraic sum
of the initial half-space separation distance D and the cumulative
half-spaces deformation at the location of micro-asperity i re-
mains equivalent to compressed length of the micro-asperities
after deformation, expressed by Eq. (8).

D+Wi = L0i − ΔLi: (8)

The total deformation of the half-space at a radial distance r
from the micro-asperities center, induced by calculating the forces
acting on individual micro-asperities via the superposition
method, can be expressed as:

Wi= fi
8
(
1 − v2

)

π2Ea

∫

Di
I
(
r
a

)
rdθdr

πa2
= fi

3:4
(
1 − v2

)

πEa
: (9)

⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

I
(r
a

)
=

∫ π
2

0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −

(

a2
/

r2
)

sin2 θ

√

dθ −

(

1 −
a2

r2

)

∫ π
2

0

dθ
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −

(

a2
/

r2
)

sin2 θ

√ r> a

I
(r
a

)
=

∫ π
2

0

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 −

(

a2
/

r2
)

sin2 θ

√

dθ r< a

: (10)

During the plastic deformation of micro-asperities, contact
stress remains constant at the yield strength of the formation

rocks, while elastic deformation is governed by Hooke’s law for
displacement calculation, expressed as:

ΔLi= fi
L0i
Eπa2

: (11)

Upon achieving mechanical equilibrium, the closure stress and
contact stress of the micro-asperities must satisfy the equilibrium
criterion, expressed as:

σc=
∑n

i=1

fi

/

A: (12)

The contact stresses of micro-asperities in three distinct
deformation regimes: elastic contact, plastic contact, and non-
contacting regime, are respectively expressed as follows:

fi =

⎧
⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

d − b0

/(
3:4
(
1 − v2

)

πEa
+

L0i
πEa2

)

Elastic deformation

πσmaxa2 Plastic deformation

0 No contact

:

(13)

where D is the initial distance between the half-space, mm; Wi is
the total deformation at the location of micro-asperity i, mm; Li0 is
the height ofmicro-asperities, mm; E is the Young’smodulus, MPa;
v is the Poisson’s ratio, dimensionless; ΔLi is the deformation of
micro-asperities, mm; a is the radius of micro-asperities, mm; fi is
the force acting on micro-asperities, N; r is the distance from a
certain point to the center of a certain micro-asperities, mm; Di is
the integral region; A is the projected area of the fracture surface,
m2; σc is the closure stress, MPa; d is the distance of mutual
approach in half-space under closure stress, mm; σmax is the
compressive strength of the formation rocks, MPa.

2.4. Fluid flow and conductivity model

The fluid flow within fractures is mathematically characterized
as a steady-state single-phase incompressible and isothermal fluid
flow, and the Navier-Stokes equations can be written as the
following vector forms respectively (Baghbanan et al., 2008; Wang
et al., 2024):

∇ ⋅u = 0; (14)

ρ(u∇)u= μ∇2u − ∇P; (15)

Assuming that fluid flow within the fractures is constant
laminar and inertial forces within the fluid are negligible
compared to viscous forces and pressure. And for Darcy flow,
assuming that the single fracture consists of two smooth parallel
plates, the local cubic law (Koyama et al., 2008; Lee et al., 2014),
which describes a linear relationship between flow rate and
pressure gradient, can be obtained:

u = −
b3

12μ
∇P; (16)

Based on the material balance equation, the continuity equa-
tion within these fractures is expressed in Eq. (17).
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1
12μ

∂
∂x

(

b3
∂P
∂x

)

+
1
12μ

∂
∂y

(

b3
∂P
∂y

)

=0: (17)

where, u represents the fluid flow velocity tensor, m/s; b repre-
sents the fracture width, mm; P represents the fluid pressure in-
side the fractures, Pa; μ represents the fluid viscosity, Pa⋅s.

The Neumann boundary was imposed on the two boundaries
except the inlet and outlet, expressed as follows:

∂P
∂x

⃒
⃒
⃒
⃒
y=0

=0 ∀x; t>0; (18)

∂P
∂y

⃒
⃒
⃒
⃒
y=H

=0 ∀x; t>0; (19)

The Dirchlet boundary is applied at the outlet, expressed:

P(L;H) = Pe ∀y; t>0: (20)

Darcy’s law is applied to establish the functional relationship
between fracture conductivity and the pressure difference be-
tween inlet and outlet (Wei et al., 2022), where conductivity is
defined as:

kfwf =0:01667×
QμLf

Hf

(
Pinj − Pe

) : (21)

where, kfwf is fracture conductivity, μm2⋅cm; Hf is cross-sectional
width of the flow channel, cm; Lf is fracture length, cm; Q is flow

velocity, mL/min; Pinj is injection pressure at the injection end,
kPa; Pe is boundary pressure at outflow end, kPa.

3. Model solution and validation

3.1. Model solution

Taking the Cambrian Qiongzhusi Formation shale in the
Sichuan Basin as a case study, and based on the rough-walled
fracture generation method established herein, along with the
corresponding mechanical deformation and flow models, we
simulated the evolution of closure and fluid flow within self-
propping fractures within the shale reservoir under varying
closure stresses. The requisite rock mechanical and hydraulic pa-
rameters are provided in Table 1. Regarding the fractal dimension
of rough-walled fractures, the majority of published papers report
values typically within the range of FD = 2.0 to 2.55 (Kong and
Chen, 2018; Li et al., 2024). However, some experimental studies
have demonstrated that the fractal dimension of rough-walled
fractures can reach FD = 2.6 or higher values (Lu et al., 2020,
2021), as shown in Fig. 2. Therefore, in common with some
existing numerical simulation studies, this research adopts a
relatively broad range of fractal dimension values to enhance the
applicability and coverage of the study’s conclusions. The injection
rate was determined in accordance with the Reynolds number
calculation method described in previous literature (Cheng et al.,
2017; Cheng et al., 2024), thereby ensuring the maintenance of
laminar flow conditions throughout all numerical simulations.

The mechanical deformation of rough-walled fractures is dis-
cretized using the finite differencemethod and solved numerically
via the Newton-Raphson iterative method. Fluid flow model is
discretized using the five-point central difference scheme and
solved numerically via the Gauss-Seidel iterative method. The
computational workflow for numerical simulation of the coupled
system is illustrated in Fig. 3. Within this framework, geometric
deformation of rough-walled fractures under closure stress
inherently modifies the boundaries of flow pathways (Xia et al.,
2024). When computing flow fields within partially closed frac-
tures, contact regions and fluid domains are modeled as a unified
computational domain for coupled solution. Critically, at the
beginning of each solution iteration, velocity within contact re-
gions is explicitly set to zero. This enforces no-slip boundary

Table 1
The requisite rock mechanical and hydraulic parameters.

Parameter Value Unit

Young’s modulus 40.91 GPa
Poisson’s ratio 0.18 Dimensionless
Compressive strength 320 MPa
Fractal dimension 2.1, 2.3, 2.5, 2.7, 2.9 Dimensionless
Fluid viscosity 1.0 (fresh water) mPa⋅s
Flow rate 10.0 mL/min
Closure stress 10, 20, 30, 40, 50, 60, 70 MPa
Random seed 24 Dimensionless
Minimum fracture aperture 0 mm
Maximum fracture aperture 5 mm

Fig. 2. Analysis of fractal dimension assignment for rough fractures in the literatures.
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conditions, ensuring contact nodes impose zero-velocity con-
straints on adjacent fluid nodes.

3.2. Model validation

To ensure numerical simulation accuracy was not unduly
affected by mesh resolution, fluid flow simulations within rough-
walled fractures under closure stress were performed using
meshes of varying geometric resolution, as illustrated in Fig. 4. The

results indicate that as the mesh size decreases, the number of
elements increases exponentially, substantially elevating compu-
tational demands and simulation duration. When the mesh size is
reduced to 1mm, the calculated fracture conductivity converges to
a stable value. Consequently, a uniform mesh size of 1 mm was
implemented for all subsequent simulations in this study.
Furthermore, to prevent the meshing process itself from altering
the local fractal dimension of the fracture, the identical 1 mm
resolution was employed during the numerical generation of the
rough-walled fracture surfaces.

Results from experimental tests on the mechanical deforma-
tion of rough-walled fractures and their conductivity under
closure stress, reported in previously published researches, were
used to validate the model presented in this study. These
comparative results are shown in Fig. 5. The mechanical-
deformation calculation results for rough-walled fractures
exhibit typical stress-deformation curve behavior (Guan et al.,
2012). Both the shape of the curve depicting the variation of
deformationwith closure stress and the absolutemagnitude of the
deformation show good agreement with previously published
studies (Gou, 2017; Lu et al., 2019, 2020; Jiang et al., 2020; Chen,
2022). This demonstrates the reliability of the simulation results
obtained from the mechanical-deformation model for rough-
walled fractures. The calculated conductivity curves for rough
fractures under closure stress exhibit an exponential decline trend
consistent with experimentally measured results reported in the
literature (Gou, 2017; Wu, 2019; Lai et al., 2019; Lu et al., 2019;
Chen et al., 2021; Chen, 2022; Aliu et al., 2022). Furthermore, the
calculated conductivity magnitudes remainwithin the same order
of magnitude as these experimental measurements. This consis-
tency demonstrates the reliability of the fracture conductivity
calculations under closure stress.

4. Results and discussion

4.1. Aperture of rough-walled fractures

The rough morphology represents one of the most prominent
characteristics and concurrently serves as a critical factor gov-
erning the mechanical behavior and hydraulic properties of rock
fractures. Five distinct fracture sets with fractal dimensions of 2.1,
2.3, 2.5, 2.7, and 2.9 were numerically generated, as illustrated in
Fig. 6. Statistically, all fracture apertures exhibit distributions
within the range of 0–5 mm, with mean values (M) of approxi-
mately 2.5 mm and standard deviations (σStDev) around 0.7. The
original aperture distributions conform closely adhere to a normal
distribution, demonstrating negligible differences across fractures
with varying fractal dimensions andmaintaining high consistency.
From the perspective of aperture distribution, fractures with lower

Fig. 4. Analysis diagram of mesh size independence of the simulation (FD = 2.7,
closure stress = 10).

Fig. 5. Comparison between numerical simulation results and experimental test results (FD = 2.1).

Fig. 3. Flowchart of mechanical-hydraulic coupled model solution.
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fractal dimension exhibit more pronounced clustering of both
larger and smaller aperture regions. This distinct clustering pro-
gressively diminishes with increasing fractal dimension, resulting
in a more dispersed and homogeneous distribution of aperture
sizes throughout the fractures. A fractures aperture profile curve
was constructed along the X-axis direction at Y = 19 mm through
data path acquisition, as illustrated in Fig. 7. Fractures with
different fractal dimensions exhibit fundamentally consistent

undulation trends in their aperture profiles. However, fractures
with lower fractal dimensions demonstrate reduced amplitude
fluctuations in aperture variations, characterized by smoother
transitions between adjacent peaks and troughs. This phenome-
non arises from the spatial concentration of wider and narrower
aperture zones. Conversely, fractures with higher fractal di-
mensions display more pronounced fluctuation amplitudes,
manifesting as large-amplitude, short-wavelength variations
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Fig. 6. Original fractures aperture and statistical characteristics with varied fractal dimensions.
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between peak and troughs. This intensified roughness stems from
the discrete spatial arrangement of wide and narrow aperture
regions, where alternating high and low aperture zones create
abrupt interfacial transitions along the fracture interfaces.

4.2. Stress-dependent flow attenuation characteristics in rough-
walled fractures

Computational results for fracture deformation and conduc-
tivity are systematically presented in Figs. 8 and 9, respectively.
We observe that fractures with distinct fractal dimensions exhibit
highly consistent deformation magnitudes and patterns under
closure stress. Specifically, rapid compression with large defor-
mation occurs in the low-stress regime (10− 40 MPa), whereas
gradual compression with small deformation occurs in the high-
stress regime (40− 70 MPa). The maximum discrepancy in defor-
mation magnitudes across different closure stress levels peaks at a
mere 3.77%. Similarly, fracture conductivity progressively declines
with increasing closure stress, showing marked reduction in the
low-stress regime (10− 40 MPa) and attenuated decline in high-
stress regime (40− 70 MPa). At 40 MPa, conductivity decreases to
7.7%–16.5% of its value at 10 MPa. When stress reaches 70 MPa,
conductivity further decline to 1.6%–4.8% of the 10 MPa reference
value. Nevertheless, this residual conductivity still exceeds the
matrix permeability of formation rocks (Zhou et al., 2019). Over an
identical 30 MPa stress interval, deformation in the low-stress
regime is 1.9–2.1 times greater than in the high-stress regime,
while conductivity degradation shows a more pronounced
disparity of 4.6–9.1 times. This indicates strong coupling between
fracture deformation and conductivity degradation: significant
aperture compression triggers rapid conductivity decline, whereas

Fig. 8. The deformation characteristics in fractures with distinct fractal dimensions
subjected to differential closure stress.

Fig. 9. The fracture conductivity with distinct fractal dimensions subjected to dif-
ferential closure stress.

Fig. 10. Correlation between the fracture deformation and the corresponding conductivity attenuation.
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minor aperture reduction corresponds to gradual deterioration. As
shown in Fig. 10, changes in fracture deformation (Δb0) and con-
ductivity attenuation (ΔFCD) exhibit a clear linear positive corre-
lation per 10 MPa stress increment, as evidenced by the coefficient
of determination (R2) greater than 0.938. This confirms that frac-
ture width reduction under closure stress directly drives the
concurrent decrease in conductivity.

4.3. Effect of fractal dimension on conductivity in rough-walled
fractures

Based on simulation results, the influence of fractal dimensions
on the conductivity of self-propping fractures was further
analyzed, as illustrated in Fig. 11. The results demonstrate that
fracture conductivity increases progressively with rising fractal
dimension, exhibiting a linear positive correlation. This indicates
that greater fracture roughness corresponds to superior conduc-
tivity under closure stress. Notably, this observation contrasts with
conventional research perspectives associating increased rough-
ness with elevated flow resistance (Tzelepis et al., 2015; Xiao and
Zhao, 2019; Hu et al., 2024; Kong and Chen, 2018). Although higher
fractal dimension introduces more complex structural features
that could impede flow, the application of closure stress induces a
significant restructuring of flow channels within the fractures
space. Crucially, these morphological characteristics enhances the
stress disturbance resistance of the fracture architecture.
Compressive stress loading maintains primary flow pathways
integrity through mechanical stabilization. This counterintuitive
phenomenon fundamentally arises from the stress-induced geo-
metric optimization mechanism. The synergistic interaction be-
tween fractal roughness and stress-mediated deformation
promotes advantageous reconfiguration of flow conduits rather
than merely exerting obstructive effects.

Fig. 11. The variation of fracture conductivity with fractal dimensions.
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Fig. 12. Fractures aperture and statistical characteristics with varied fractal dimensions under closure stress of 40 MPa.
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As a representative case under 40 MPa closure stress, the
aperture distributions of fractures with varying fractal dimensions
were systematically analyzed following stress-induced deforma-
tion, as illustrated in Fig. 12. Statistically, the five fracture sets
exhibit residual aperture distributions ranging from 0 to 3.3 mm,
with mean values approximately 0.8 mm and standard deviations
of about 0.6, demonstrating favorable consistency in their distri-
bution patterns. Regarding aperture distribution, fractures with
lower fractal dimensions exhibit a more concentrated distribution
of contact micro-asperities within the fractures, characterized by
dense clustering. As the fractal dimension increases, this clustered
pattern gradually diminishes, and the contact micro-asperities
become progressively dispersed throughout the entire fractures.
This behavior aligns closely with the distribution of narrower
aperture regions in the original fracture width distribution. This
alignment occurs because regions with smaller apertures prefer-
entially form effective supporting contacts during compressive
deformation to resist closure stress. Through precise control of the
initial fracture width distribution in rough-walled fractures, all
groups exhibit highly consistent average fracture widths and
width distributions before and after closure stress loading and
deformation, as intended. This demonstrates that the observed
variations are primarily governed by fractal dimension, with most
extraneous factors effectively eliminated.

The geometric dimensions and spatial distributions of “cluster-
like” and “discrete-like” contact micro-asperities within fractures
constitute critical factors influencing the flow capacity variation of
self-propping fractures across fractal dimensions. As Fig. 13(a) il-
lustrates, these contact micro-asperities intensify the fluid pres-
sure drop. Both the number of micro-asperities along the flowpath
and the size of high-density “cluster-like” regions correlate posi-
tively with the magnitude of this pressure drop. Furthermore,
larger high-density “cluster-like” regions significantly constrict
the fracture flow channel area, forming distinct “throat-like”
structures. Fig. 13(b) presents flow pressure distribution curves
derived from X-axis data paths at Y= 19mm. Fractures with fractal
dimensions FD = 2.1 and FD = 2.3 exhibit a characteristic “stepwise
pressure decline” pattern. At three primary “throat-like” struc-
tures, significant pressure buildup occurs upstream, resulting in a
gradual pressure decrease, while a noticeable sharp pressure drop
is observed immediately downstream of each constriction. This
phenomenon results from flow impedance geometric constric-
tions, where localized pressure accumulation precedes sudden
energy dissipation across structural discontinuities. Across these
three throats, the cumulative pressure loss relative to the injection
pressure is 15.18%, 19.36%, and 47.42% for FD = 2.1, and 11.20%,
23.40%, and 33.27% for FD = 2.3. The throttling effect of these
“throat-like” structures accounts for approximately 81.96%

Fig. 13. The pressure field distribution characteristics in fractures with varying fractal dimensions under closure stress of 40 MPa.
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(FD = 2.1) and 67.87% (FD = 2.3) of the total pressure loss, estab-
lishing them as a dominant factor in flow pressure reduction and
diminished fracture conductivity. In contrast, fractures with
higher fractal dimensions (FD = 2.5, 2.7, 2.9) display a linear
pressure decline along their length. This behavior stems from the
absence of pronounced “throat-like” structures. Consequently,
flow dynamics are predominantly governed by microscale
roughness variations. The lack of significant macroscopic flow
channel differences amplifies the influence of microscopic het-
erogeneities on pressure propagation, resulting in the observed
consistent linear pressure gradient.

The non-uniformly distributed rough surfaces of fractures
perturb flow dynamics, resulting in a highly heterogeneous dis-
tribution of bothmagnitude and direction of flow velocities within
them. The presence and localized aggregation of micro-asperities
zones further exacerbate flow complexity, ultimately inducing
flow channel reorganization and reconfiguration, as graphically
demonstrated in Fig. 14. For fractures with fractal dimensions of
FD= 2.1 and FD= 2.3, regions formed by high-density “cluster-like”
contact micro-asperities significantly constrict flow pathways,
resulting in a series of high-velocity flow regions. These high-
velocity regions interconnect to constitute the primary flow
channels through the fractures. Meanwhile, fluid flow outside
these channels is largely suppressed, with most external fluid
remaining stagnant or exhibiting negligible participation in the
overall flow dynamics. The emergence of primary flow channels
induces meandering of fluid pathways, increasing actual distance

traveled through the fractures beyond the fractures length thereby
elevating flow resistance. Furthermore, when fluids encounter
smaller scales contact micro-asperities, flow bifurcation and
directional reorientation occur, after circumventing these contact
micro-asperities, the fluid re-converges, forming a “bypass flow”
pattern. Conversely, interaction with larger-scale contact micro-
asperities results in fluid movement dominated by geometric
constraints of the contact zones, giving rise to specialized flow
phenomena such as “transverse flow” and “reverse flow”. These
multi-scale flow modifications collectively contribute to a signifi-
cant enhancement of fluid flow resistance within fractures. For
fractures with fractal dimensions FD = 2.5, FD = 2.7, and FD = 2.9,
the aggregation of high-density “cluster-like” contact micro-
asperities gradually weakens with increasing fractal dimensions.
The fluid flowdirection becomes predominantly aligned parallel to
the fracture length direction, resulting in an actual flow path
length nearly equivalent to the fracture length. Meanwhile, the
“discrete-like” distribution of contact micro-asperities induces
alterations in flow boundary conditions. This spatial configuration
fragments, cuts, and disturbs the flow domain, predominantly
generating “bypass flow” while significantly suppressing the
occurrence of “diffusion flow” and “reverse flow”. This hydrody-
namics characteristic is manifested in relatively lower flow resis-
tance through these fractures. Both the high-density “cluster-like”
contact micro-asperities regions and the “throat-shaped”
constriction structures constitute critical factors affecting the
overall flow capacity of the fractures. These distinctive

Fig. 14. The flow fields distribution characteristics in fractures with varying fractal dimensions under closure stress of 40 MPa.
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configurations exhibit dual effects: they induce tortuous flow
pathways, increasing the actual flow distance and flow accumu-
lation, while simultaneously engendering specialized hydrody-
namics phenomena such as “diffusion flow” and “reverse flow”.
These phenomena increase fluid flow resistance and reduce frac-
ture conductivity. This mechanistic analysis demonstrates that the
conductivity of self-propping fractures under closure stress cannot
be assessed solely based on fractures width as an independent
criterion, comprehensive consideration of these complex struc-
tural characteristics is necessary.

4.4. Effect of multi-scale morphology on conductivity in rough-
walled fractures

The morphological complexity of fractures is inherently char-
acterized by multi-scale surface roughness. Through hierarchical
decomposition and reconstruction of these multi-scale features,
the systematic influence of morphological heterogeneity on rough
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Fig. 15. Original fractures aperture and statistical characteristics with multi-scale rough structures.
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fracture transmissivity can be quantitatively evaluated. In this
investigation, Gaussian low-pass filtering was employed to delib-
erately segment and recombine fracture roughness. A two-

dimensional Gaussian distribution function (Eq. (22)) was
employed as the kernel function, whose scale parameter was
deliberately modulated. Direct convolution was applied to the
original aperture distribution field, generating restructured aper-
ture fields incorporating roughness at multiple discrete scales:

φ(x; y)=
1

σScal
̅̅̅̅̅̅
2π

√ × exp
[(

−
x2 + y2

2σScal2

)]

: (22)

where, (x, y) is the coordinates to the center of the Gaussian
function; σScal is the scale parameter governing the scale of
roughness.

Based on the original fractures aperture distribution charac-
terized by a fractal dimension of FD = 2.7 as the fundamental
template, we systematically adjusted the scale parameters (σScal)
values of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0. This process yielded the
reconstructed fractures aperture distributions presented in Fig. 15.
Statistically, the aperture distributions incorporating multi-scale
rough structures remain confined to the range of 0–5 mm. The

Fig. 17. Variation of fracture conductivity multi-scale rough structures.
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mean aperture value range from 2.53 to 2.90 mm, with standard
deviations spanning 0.65 to 0.92. The decomposition and recon-
struction of rough structures across different scales induce sig-
nificant variations in mean aperture among the fracture sets.
Concurrently, the aperture distributions progressively deviate
from a normal distribution. Regarding distribution patterns, the
reconstructed fracture spaces exhibit increasing smoothness with
ascending scale parameters, where regions characterized by larger
and smaller apertures also demonstrate progressive localization.
Fracture aperture profile curves derived from sampling path data
along the X-axis at Y = 19 mm are presented in Fig. 16. The scale
parameter exhibits a positive correlation with the spatial fluctu-
ation wavelength of these aperture profile curves. When the scale
parameter assumes larger values, the aperture distribution within
the reconstructed fracture medium is dominated by the preser-
vation of coarser-scale rough features. Conversely, the assignment
of smaller scale parameter values renders finer-scale textural
features within the reconstructed fracture medium increasingly
discernible, revealing enhanced resolution of microstructural
heterogeneities.

Based on the reconstructed fractures aperture distribution,
flow simulation under varying closure stresses were conducted,
with the corresponding results presented in Fig. 17. The results
demonstrate that under identical closure stress conditions, the
conductivity of self-propping fractures exhibits a tri-phasic trend
characterized by “an initial decline, followed by an increase, and
subsequent decline” as the scale parameter varies. When scale
parameters are σScal = 0.5 and σScal = 1, the decomposition and
reconstruction of rough structures did not significantly alter the
spatial fluctuation characteristics of the fracture aperture profiles
(see Fig. 16). However, this process eliminated certain high-
aperture “peaks” and low-aperture “valleys” at fluctuating posi-
tions, resulting in insufficient effective support under closure
stress. This led to substantial increased fracture deformation and
reduced fractures aperture (as shown in Fig. 18). Concurrently,
non-contacting rough structures within fractures continued to
exert notable influences on fluid flow, manifesting as highly het-
erogeneous velocity magnitudes and directions that consequently
diminished conductivity of self-propping fractures. As the scale
parameter increased, recombined larger-scale rough structures

Fig. 19. The pressure fields and flow fields distribution characteristics in fractures with multi-scale rough structures under closure stress of 40 MPa.
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exhibited progressively smoother fractures aperture profiles. The
formation of “cluster-like” contacting micro-asperities signifi-
cantly enhanced fracture deformation resistance. Simultaneously,
smaller-scale roughness features diminished during scale param-
eter evolution, reducing surface roughness effects on fluid flow.
Residual non-contacting micro-asperities exerted negligible im-
pacts on intra-fracture flow, promoting the gradual recovery and
enhancement of fracture conductivity. The conductivity reached
its maximumvalue at a scaling parameter of σScal= 3. With further
increases in scale parameter, fracture surfaces retained only
essential roughness elements, rendering fracture space increas-
ingly smooth. Progressive surface smoothing facilitated the
development of “throat-shaped” constriction geometries, partic-
ularly under elevated closure stress conditions. At a high closure
stress of 70 MPa, these throat-dominated structures became pre-
dominant in governing fluid transport dynamics. This transition
resulted in a paradoxical conductivity reduction at σScal = 3
compared to σScal = 2.5, despite the initial conductivity recovery
trend. This phenomenon arises from the competitive interaction
between the roughness-mediated flow resistance reduction and
the throat constriction effects during mechanical compression.

Further analysis of fluid pressure and velocity field distribu-
tions within reconstructed fractures was performed, as illustrated
in Fig. 19. As the scale parameter increases, the clustering char-
acteristics of contact micro-asperities formed within fractures
exhibit increasingly pronounced aggregation tendencies. These
contact zones impose increasingly significant constriction on
fracture flow channels through the accumulation of contact micro-
asperities, generating substantial pressure drops between adja-
cent high-density “cluster-like” contact micro-asperities aggre-
gates. This phenomenon constitutes the primary source of fluid
flow resistance. From the flow field perspective, increasing the
scale parameter causes high-density “cluster-like” contact micro-
asperities to meander the fluid flow path and establish dominant
primary flow channels. However, with diminishing retention of
rough structural details within the fracture, the fluid flow within
these primary channels becomes more uniform and consolidated.
For fractures restructured with multiscale roughness, the spatial
configuration of the primary flow pathways remains fundamen-
tally consistent. This indicates that primary flow pathways in self-
propping fractures are predominantly governed by large-scale
foundational roughness structures. In contrast, smaller-scale
roughness features merely enhance flow heterogeneity in veloc-
ity magnitude and direction through localized flow phenomena
such as circumfluent flow, diffusion flow, and reverse flow. Criti-
cally, these secondary structures do not alter the spatial distribu-
tion pattern of the primary flow channels in self-propping
fractures.

5. Conclusions

This study focuses on the regulatory effects and underlying
mechanisms of rough fracture morphology on the stress-flow
coupled evolution of self-propping fractures in shale. Particular
attention is given to investigating how microscopic alterations in
fracture morphology govern macroscale fracture flow capacity.
The principal conclusions drawn from this research are as follows.

(1) Under closure stress, the deformation increment in self-
propping fractures demonstrates a pronounced synchro-
nous response with fracture conductivity degradation.
Moreover, a distinct linear positive correlation exists be-
tween the extent of deformation and the magnitude of
conductivity reduction as closure stress intensifies. The
progressive narrowing of self-propping fractures aperture

under increasing closure stress represents the primary
mechanism driving persistent fracture conductivity
deterioration.

(2) The fractal dimension demonstrates a linear positive cor-
relation with fracture conductivity. Although increased
fractal dimension creates more complex rough structural
features capable of impeding flow, the application of closure
stress induces significant reconfiguration of flow channels
within the fractures space. Crucially, these morphological
irregularities enhance the stress disturbance resistance of
the fracture architecture. Compressive stress loading pre-
serves primary conductive pathways through mechanical
stabilization. This counterintuitive phenomenon funda-
mentally arises from the stress-driven geometric optimiza-
tion mechanism. The synergistic interaction between fractal
roughness and stress-mediated deformation promotes ad-
vantageous reconfiguration of flow conduits, rather than
solely exerting obstructive effects.

(3) The conductivity of self-propping fractures under closure
stress cannot be evaluated solely based on fractures width
as an independent criterion. Both high-density “cluster-like”
contact micro-asperities and “throat-shaped” constriction
structures constitute critical factors requiring focused
investigation. Specifically, regions formed by high-density
“cluster-like” contact micro-asperities significantly
constrict flow pathways within the fracture, inducing
specialized flow phenomena such as “transverse flow” and
“reverse flow”. Concurrently, “throat-shaped” constriction
structures generate substantial throttling effects, triggering
abrupt pressure drops. These combined mechanisms
demonstrably impair the conductivity of self-propping
fractures under closure stress.

(4) Fractures exhibiting lower roughness tend to develop
“throat-shaped” constriction structures under closure
stress. Within these structures, the fracture conductivity is
governed by the competing interplay between roughness-
mediated reduction in flow resistance and the flow-
constricting effect of throat narrowing during mechanical
compression. The primary flow pathways in self-propping
fractures are primarily determined by fundamental, large-
scale rough structures. In contrast, the small-scale rough-
ness features merely induce heterogeneity in the flow field’s
velocitymagnitude and direction. Crucially, these secondary
structures do not fundamentally alter the spatial distribu-
tion of primary flow channels in self-propping fractures.
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