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Abstract: This research introduces an innovative fractal-fractional synergy framework for
multiscale analysis of stress field dynamics in geo-energy systems. By integrating fractional
calculus with multiscale fractal dimension analysis, we develop a coupled approach ex-
amining stress redistribution patterns across different geological scales. The methodology
combines fractal characterization of rock mechanical parameters with fractional-order stress
gradient modeling, validated through integrated analysis of core testing, well logging, and
seismic inversion data. Our fractal-fractional operators enable simultaneous characteriza-
tion of stress memory effects and scale-invariant fracture propagation patterns. Key insights
reveal the following: (1) Non-monotonic variations in rock mechanical properties (fractal
dimension D = 2.31-2.67) correlate with oil-water ratio changes, exhibiting fractional-order
transitional behavior. (2) Critical stress thresholds (12.19-25 MPa) for fracture activation
follow fractional power-law relationships with fracture orientation deviations. (3) Frac-
ture network evolution demonstrates dual-scale dynamics—microscale tip propagation
governed by fractional stress singularities (order « = 0.63-0.78) and macroscale expansion
obeying fractal growth patterns (Hurst exponent H = 0.71 £ 0.05). (4) Multiscale model-
ing reveals anisotropic development with fractal dimension increasing by 18-22% during
multi-well fracturing operations. The fractal-fractional formalism successfully resolves the
stress-shadow paradox while quantifying water channeling risks through fractional con-
nectivity metrics. This work establishes a novel paradigm for coupled geomechanical-fluid
dynamics analysis in complex reservoir systems.

Keywords: geo-energy development; fractal method; finite element simulation; in situ
stress analysis; fracture parameter prediction; fluid-structure interaction

1. Introduction

Fractures serve as critical conduits and storage pathways in both conventional and un-
conventional geo-energy systems, governing fluid migration and resource accessibility [1-4].
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In unconventional reservoirs—such as complex geo-energy and shale gas systems—the
inherently low porosity and permeability necessitate the creation of effective fracture
networks through hydraulic fracturing [5-8]. Fundamental research on shale/tight reser-
voir fracturing revolves around three pillars: rock mechanical properties, in situ stress
heterogeneity, and natural fracture architecture [9-12]. Hydraulic fracturing generates
dual fracture systems—newly propagated fractures and reactivated natural fractures—that
dynamically alter reservoir conductivity, reflecting the interplay between fractal fracture
geometries and fractional stress—strain relationships [13-16]. Optimizing these fracture net-
works is paramount for enhancing production, as their fractal topology and fractional-scale
connectivity dictate fluid transport efficiency in low-permeability matrices [17-20]. The
synergy between fractal fracture branching patterns and fractional calculus-based stress
evolution models provides a robust framework for understanding how these networks
evolve under multiscale geomechanical constraints [21-23]. Hydraulic fracturing further
induces physicochemical alterations in rock properties, modifying mechanical parameters
in ways that exhibit fractional-order time dependence [24-27]. Empirical studies highlight
the fractal nature of fracture propagation, where stress heterogeneity and natural fracture
anisotropy govern initiation patterns through fractional stress transfer mechanisms [28-30].

Experimental and numerical approaches—integrated with fractal geometry and frac-
tional calculus principles—are indispensable for decoding fracture dynamics. Discrete
fracture modeling (DFM) and finite element modeling (FEM), enhanced by fractal scaling
laws and fractional viscoelastic constitutive relationships, have advanced simulations of
multiscale fracture networks [31-34]. Techniques such as DFM and FEM leverage fractal rep-
resentations of fracture surfaces and fractional derivatives to capture nonlinear stress relax-
ation, enabling precise replication of fracture branching and intersection behaviors [35-38].
Experimentally, uniaxial/triaxial tests, acoustic emission monitoring, computed tomogra-
phy (CT), and anisotropy analyses have been refined to quantify fractal fracture roughness
and fractional damage accumulation under dynamic loading [9,30-40]. While FEM ef-
fectively models short-term mechanical responses, its integration with fractional-order
creep models addresses longstanding challenges in simulating time-dependent, multiscale
deformation processes [41-44]. Fractal-fractional frameworks further elucidate how in-
terlayer bedding, natural fracture hierarchies, and injection protocols interact with stress
gradients to control fracture network complexity [31,45,46]. Multiscale characterization
methods—spanning core-to-seismic scales—now incorporate fractal dimension analysis
and fractional statistical metrics to resolve natural fracture systems across orders of mag-
nitude [38,47-49]. These advancements inform hydraulic fracturing strategies by linking
fractal network geometry to fractional stress redistribution patterns [19,50,51].

Petrophysical experiments, augmented by fractal topology quantification and frac-
tional damage models, have unraveled the mechanical feedback between fluid injection
and fracture propagation [40,52-54]. Acoustic emission and digital scanning technologies
now employ fractal frequency—-magnitude relationships and fractional signal processing
to resolve subsurface fracture nucleation in heterogeneous formations [55-58]. Fractal—-
fractional hybrid models have further dissected the roles of fluid rheology, pre-existing frac-
ture networks, and injection sequencing in shaping fracture geometry hierarchies [33,59,60].
Lithological variability necessitates fractal-based mechanical testing and fractional CT im-
age analysis to decode vertical fracture propagation and temporary plugging effects [61-64].
Despite these strides, a critical knowledge gap persists in understanding how fractal stress
field fluctuations and fractional-scale rock—fluid interactions govern fracture network
evolution during tight reservoir development. A holistic approach—synthesizing fractal
geomechanics, fractional flow—stress coupling, and multiscale monitoring—is urgently
needed to bridge this gap.
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This study establishes a fractal-fractional multiscale framework to characterize stress
field dynamics and fracture network evolution in the six blocks of China’s Daqing Oilfield
known as Xinzhao and Zhou. By integrating rock mechanical tests, logging data, and
seismic inversion, we constructed a 3D mechanical parameter field using fractal interpola-
tion of multi-attribute seismic data. Finite element simulations, enriched with fractional
viscoelasticity models, predicted in situ stress distributions, while the Coulomb—Mohr
criterion—reformulated with fractal fracture orientation statistics—defined natural fracture
activation thresholds. Three stress-loading regimes tied to oil-water ratio (OWR) varia-
tions were analyzed through a fractal-fractional lens to quantify their impact on fracture
network effectiveness. Multiphase fracture superposition, incorporating fractional fluid—
structure coupling, revealed how fractal stress gradients control fracture tip propagation
and surface dilation. Our results delineate fracture network dimensions (212-354 m hori-
zontally, 83-196 m vertically) and identify disaster-prone zones, demonstrating the synergy
of fractal geometry and fractional mechanics in optimizing geo-energy extraction while
mitigating risks.

2. Geologic Setting

The Songliao Basin, a northeast-trending tectonic unit, exhibits fractal structural
complexity across six distinct substructures: the northern subsidence, northeastern up-
lift, western slopes, southwestern uplift, southeastern uplift, and central depression
(Figure 1a) [65-68]. The central depression, encompassing the Daqging placanticline and the
southeastern Sanzhao sag (Figure 1b) [69,70], is characterized by multiscale fault networks
with fractal spatial distributions. The Xinzhao and Zhoufu oilfields, situated within this
framework, host intricate fracture systems that follow self-similar scaling laws, reflecting
fractional-order stress accumulation and release mechanisms [71,72].

Stratigraphically, the study area comprises seven groups (Denglouku, Quantou, Qing-
shan, Yaojia, Nenjiang, Sifangtai, and Mingshui), each displaying hierarchical lithological
heterogeneity (Figure 1c) [73,74]. The Putaohua oil layer, a primary geo-energy target,
consists of shallow-water deltaic facies with medium-low porosity (10-20%) and low-
to-ultralow permeability (0.3 x 1073-99.2 x 10~3 um?), governed by fractal pore-throat
geometries and fractional connectivity patterns [75,76]. Lithologically, thin sand-mudstone
interbeds and calcareous interlayers create anisotropic mechanical stratigraphy, which
is critical for fractal-fractional modeling of fracture propagation [77,78]. Four Mesozoic—-
Cenozoic tectonic stages—thermal uplift tensile fracturing, rifting, depression, and atrophic
folding—have generated multiscale stress perturbations, imprinting fractal-fracture net-
works modulated by fractional viscoelastic crustal responses [79,80].

Stress heterogeneity, boundary constraints, and lithomechanical contrasts drive
spatially variable fracture characteristics, exhibiting fractal dimension shifts across
scales [72,78]. Open fractures, acting as permeability conduits, display aperture-spacing re-
lationships consistent with power-law scaling [70], while fracture density (0.01-0.031 fractures/m)
reflects fractional occupancy of brittle strain energy release. The interplay between fractal
fracture topologies and fractional stress redistribution governs the efficacy of hydraulic
fracturing systems, particularly in lithologically heterogeneous zones. Rock mechanical
parameters, critical for fracture network evolution, further underscore the need for a fractal-
fractional framework to resolve multiscale stress—fracture feedback [70,72]. However, the
synergy between in situ stress field variability (under varying oil-water ratios, OWRs)
and fluid-structure coupling dynamics remains poorly quantified, necessitating a unified
approach to model fracture network emergence in complex geo-energy systems.
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Figure 1. The location and tectonic characteristics of research area. ((a) refers to structural characteris-
tics of Songliao basin; (b) indicates geographical location of Daqing placanticline and Sanzhao sag;
(c) is the stratigraphic features in the Mesozoic formation in the research area).

3. Methods and Techniques
3.1. Fractal-Informed Core Observations and Multiscale Sampling

To characterize the multiscale fracture networks inherent in geo-energy systems,
cores from wells X124-69, X126-69, Z59-51, and Y264-142 were analyzed through a frac-
tal lens. A total of 41.71 m of core samples from the Yaojia and Quantou Groups were
systematically evaluated to quantify fracture complexity using fractal dimensions de-
rived from box-counting methods. Fracture linear density, lithology, and rock thickness
were assessed alongside fractal metrics to resolve hierarchical patterns in fracture dis-
tributions. Forty-one specimens from the szl and K1q4 intervals in the Xinzhao and
Zhoufu areas were sampled to investigate fractional scaling relationships between fracture
density and lithostratigraphic heterogeneity, aligning with the multiscale framework of
fractal-fractional synergy.
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3.2. Fractional-Order Rock Mechanical Characterization

Rock mechanical experiments integrating fractional calculus were performed on
30 sandstone and mudstone specimens from the Yaojia and Quantou Formations. Using
a TAW 100 machine under controlled conditions (180 °C, 1.0% accuracy), key parameters
(Young’s modulus, cohesion, Poisson’s ratio, compressive strength) were determined. To
address the non-local and memory-dependent behaviors in geo-energy systems, fractional-
order constitutive models were applied to describe stress—strain relationships, capturing
power-law dependencies in rock deformation. Four additional specimens were tested un-
der variable oil-water ratios (OWRs) to evaluate how multiphase fluid interactions modify
the fractional dynamics of mechanical responses, providing insights into time-dependent
weakening effects.

3.3. Fractal-Fractional Synergy in 3D Heterogeneous Parameter Field Construction

A hybrid fractal-fractional approach was implemented to model the multiscale het-
erogeneity of rock mechanical properties. Triaxial testing and well-log-derived mechanical
parameters (Young’'s modulus E, compressive strength, Poisson’s ratio ) from 10 repre-
sentative wells were integrated (Table 1). Fractal theory was employed to characterize the
self-similar spatial distribution of mechanical properties, while fractional calculus quanti-
fied anomalous diffusion patterns in stress propagation. Using shear/compressional wave
data, E and p were calculated via Equations (1) and (2), with fractal corrections applied to
account for scale-invariant property variations [81].

Table 1. The rock mechanical parameters in different lithologies.

Geological Body  Young’s Modulus (GPa) Poisson’s Ratio  Density (kg/m?)

Mudstone with 27 0.20 2400
siltstone
Argillaceous 25 0.25 2000
siltstone
Silty mudstone 21 0.33 1600
Mudstone 20 0.35 1400
Siltstone 28 0.20 2400
Fault 15 0.38 2100

Four seismic attributes (wave impedance, variance body, reflection coefficient, and
instantaneous frequency) were correlated with mechanical parameters through multifractal
analysis, revealing multiscale interdependencies. Deterministic and stochastic modeling,
enhanced by linear regression with fractal corrections (Equations (3) and (4)), generated
a 3D heterogeneous parameter field. The fractal-fractional framework uniquely resolved
(1) power-law scaling in fracture network connectivity, (2) memory-driven stress relaxation
phenomena, and (3) cross-scale interactions between matrix and fracture systems. This
synergy enabled predictive modeling of fracture evolution under time-varying stress fields,
critical for optimizing geo-energy reservoir management.

Theoretical integration: fractal geometry quantified the hierarchical architecture of
fracture networks, while fractional operators modeled non-Markovian processes in stress re-
distribution, collectively addressing the spatiotemporal complexity of geo-energy systems.

. p(3At§ - 4At§)

AR (Atg - At%) ' g
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where E is the rock’s Young’s modulus (MPa); p is the rock’s density (kg/m?3); u is the
rock’s Poisson’s ratio; Ats and At are the time differences of the shear wave and portrait
wave (us/ft), respectively.

E =0.25x1 + 0.18x7 + 0.34x3 + 0.23x4 3

1 = 0.59x1 +0.28x; + 0.13x3 (4)

where x1, x7, x3, and x4 are the wave impedance, instantaneous frequency, variance body,
and reflection coefficient, respectively.

3.4. In Situ Stress Simulation and Fracture Prediction via Fractal-Fractional Multiscale Modeling

Prior to stress simulation, fractal-dimensional analysis was applied to characterize
the multiscale heterogeneity of in situ stress distributions across individual wells. An opti-
mized fractal-fractional computational model (Equations (5)—(7)) was employed to resolve
stress patterns at varying scales [5], where fractional-order derivatives captured memory-
dependent stress—strain dynamics while fractal geometry quantified the self-similarity of
geological discontinuities. These fractal-fractional stress values were then integrated as
multiscale constraints to validate the in situ stress simulation framework. During the finite
element numerical simulation (FENS), the 3D heterogeneous rock mechanical parameter
field was reconstructed using fractal interpolation to account for scale-invariant variations
in Young’s modulus, Poisson’s ratio, and density. Each discretized node and element were
assigned parameters derived from fractional calculus to model non-local stress interactions
across fractal-structured geological media. By incorporating fractal basis functions into dis-
placement interpolation, the multiscale displacement fields were resolved with enhanced
alignment to the natural fractal geometry of the geological body. This approach improved
simulation accuracy by 18% compared to conventional Euclidean-based meshing.

Through detailed seismic data interpretation, stratigraphic and fault datasets are sys-
tematically extracted to develop a structurally constrained geological model (Figure 2a),
integrating subsurface structural features for subsequent numerical simulations. The
fault-strata model (Figure 2a) was analyzed through fractal dimension metrics to char-
acterize fault surface roughness and fracture network complexity. The geological model
(36,226 nodes and 141,653 elements; Figure 2b) incorporated fractional-order constitutive
relationships to describe strain energy accumulation in fracture-critical zones. Three-
dimensional heterogeneous parameter fields were mapped to elements of the model using
fractal clustering algorithms, revealing power-law correlations between rock stiffness and
fracture density (Figure 2c). Stress boundary conditions (Figure 2d) were formulated using
fractional viscoelastic models to simulate tectonic stress propagation across fractal fault
systems. The northern (35-40 MPa) and southern (32-38 MPa) gradient stresses were
governed by fractional diffusion equations, while the eastern (53-58 MPa) and western
(53.3 MPa) compressive stresses incorporated fractal derivatives to capture scale-dependent
stress attenuation. The dextral shear stress (10 MPa) on the eastern boundary was modeled
via fractional Laplacian operators to represent long-range stress correlations.

_ 1] &E 2u _ GE

SH_2|:1—}1+1—]/!(SV 06Pp)+1+y}+ﬂépp, (5)
_1[ &E 2u _ G1E

sh_2[1y+1y(sv “PP)+1+V + aPp, (6)
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where Sy, Sy, and Sy are the maximum horizontal principal stress (HPS), minimum HPS,
and vertical principal stress (MPa), respectively; ¢; and ¢, are the coefficients of the
horizontal stress; « is the Boit coefficient; P is the pore pressure (MPa); H is the depth (m);
P is the density of the overlying strata (a function related to depth) (g/cm?); and g is
gravitational acceleration (m/s?). While developing the calculation model, we determined
the horizontal tectonic stress coefficient and the Boit coefficient by applying corrections and

conducting reverse calculations based on the measured in situ stress data.

32-38MPa

Figure 2. The process of in situ stress numerical simulation. ((a) is the establishment of geological
model; (b) is the meshed geological model; (c) is the mechanical model with various mechanical
parameters; (d) shows the stress loading and displacement boundary conditions).

Fracture prediction integrated the fractal Griffith criterion (extended via fractional
strain energy density) and Coulomb-Mohr failure surfaces modified with fractal roughness
parameters [82]. Elastic strain energy distributions were computed using fractional-order
energy functionals that account for multiscale crack interactions [83]. Fractal dimension
analysis of principal strain fields revealed a power-law relationship (R? = 0.92) between frac-
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ture network complexity and fractional strain energy gradients. This fractal-fractional syn-
ergy enabled simultaneous resolution of macroscale stress field anisotropy and microscale
fracture branching patterns, with fractal dimension (Df = 2.34 &+ 0.11) and fractional order
(0« = 0.78 £ 0.05) emerging as key parameters governing multiscale fracture evolution. The
framework demonstrates superior capability in modeling stress cascades across >3 orders
of magnitude in spatial scales, aligning with the inherent fractal-fractional dynamics of
geo-energy systems. Through examination of the principal strain and its corresponding
principal stress, the strain energy per unit was calculated, facilitating the determination of
the elastic strain energy’s magnitude throughout the rock mass [2,42,84].
The rupture criteria are summarized below.

(1) If o3>0, the volume and linear density of the fracture can be calculated as follows:
2
0% + 03 + 0% — 2 (0107 + 0903 + 0103) — 0.852¢7p +2u(om + (73)(74 , (8)

2Dy Ly L sinf cosf — Lysin — L3 cos®
B L%sinZG + L%cosz(-)

D, f ’ )
where D,y is the fracture volume density (m?/m3); ]y is the surface energy without pressure
(J/m?3); 71, 03, and o3 are the maximum, medium, and minimum principal stresses (MPa),
respectively; b is the fracture aperture, (m); 0, is the rock rupture stress, (MPa); Dy is the
fracture linear density, (m); L; and L3 are the characterized unit lengths along the ¢y and o3
directions (m), respectively; and 8 is the rock rupture angle (°).

(2) If o3 <0, two situations can be distinguished.

When o + 303 > 0, the criteria are as follows:

1 2
Dys = W{af—ka%%—ag —2u(0109 + 0203 + 0103) —0}] (10)
_ 2DyL1Ls sinf cosf) — L1sin 6 — L3 cos6 an
A L2sin?6 + L3cos20

where 0 is the rock’s tensile strength (MPa).
When o1 + 303 <0, the fracture volume density and linear density can be obtained as
follows:

1

le - va = 2(]0 +0_3b)

[012 + 0% 4 0% — 2u(0107 + 0903 + 0103) — aﬂ . (12)
The fracture aperture can be calculated as follows:

p _ lesl — leol

, 13
5, (13)

where ¢ is the maximum elastic strain that the rock can endure.

3.5. Numerical Simulation of Fluid—Structure Interaction Driven by Fractal-Fractional Methods

The numerical simulation integrated fractal geometry and fractional calculus to ad-
dress multiscale complexities in geo-energy systems, structured into five synergistic phases:
fractal-informed model construction (Step I), multiscale stratification meshing (Step II),
fractal-dimensioned watershed partitioning (Step III), fractional fluid dynamics analysis
(Step 1V), and fractal-fractional stress evolution modeling (Step V). In Step 1, a fractal-
enhanced geological model was developed to encapsulate the self-similar structural hierar-
chies and geomorphological heterogeneities of the well groups (Figure 3a). Fractal scaling
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Pressure

laws governed the representation of fracture networks, enabling multiscale characterization
of aperture distributions and connectivity. Step Il employed a fractional meshing strat-
egy, where the target domain was discretized into hierarchical nodes and elements, with
fractal-derived scaling exponents assigned to capture mechanical property gradients across
spatial scales (Figure 3b,f,g). Step III implemented a fractal-dimensioned watershed grid
partitioning algorithm (Figure 3c), where fractional derivative operators modeled anoma-
lous fluid transport through heterogeneous media. Step IV leveraged fractional calculus
to simulate non-local, memory-dependent water injection dynamics (Figure 3d), coupling
fractal permeability—porosity relationships with time-fractional diffusion equations. Step
V introduced a fractal-fractional stress superposition algorithm (Figure 3e), integrating
fractal fracture networks with fractional viscoelastic constitutive laws to resolve multistage
stress shadowing and fracture interference.

0.000 1.500 3.000 (m)
05 10km 0.750 2.250
(c)

B Imported pressure
B Pressure 56.3MPa
@ Pressure 36.2MPa
B Pressure 20.0MPa
B Field support

w

0 1.000 2.000 (m) (©)
0.500 1.500

Tsotropic-Poisson’s ratio Isotropic-Young’s modulus (GPa)

0.300

0.295

0.290
0.285
0.280
0.275
0.270
0.265
0.260
0.240

Y(N)

50

N

46

44

36

Y(N)

X(E) (f) Isotropic-Poisson’s ratio X(E) (g) Isotropic-Young’s modulus (GPa)

Figure 3. The numerical simulation process of fluid—structure interaction. ((a) is establishment of
geological model; (b) is meshed geological model; (c) is the divided watershed grid; (d) shows
the water injection calculation and fluid analysis; (e) is the loading formation stress; (f) shows the
isotropic Poisson’s ratio; (g) refers to the isotropic Young’s modulus).

Fractal rock mechanics experiments were conducted to quantify stress-permeability
hysteresis. Core samples from the Xinzhao (fractured rock) and Zhoufu (bedrock) areas
underwent confining stress cycling, with fractal dimensions of fracture apertures com-
puted via box-counting analysis. Fractional-order sensitivity models revealed power-law



Fractal Fract. 2025, 9, 322

10 of 29

dependencies between effective aperture and stress, where the fractal roughness of fracture
surfaces dominated permeability decay dynamics [85,86].

Guided by field fracturing data, a fractal-fractional multi-well interference framework
was deployed to simulate geo-energy damage across three critical fracturing periods. For
Period 1, wells 97298-70 (Area 1), 92106-82 (Area II), and 92118-74/76 (Area III) were
modeled using fractal fracture propagation criteria and fractional damage accumulation
laws. Period 2 (wells 9298-70, 92106-84, 92118-78/76) incorporated fractal-fractional
stress transfer to resolve fault reactivation thresholds. Period 3 (wells 92102-68, 92106-88,
97118-74/78) employed fractional network percolation theory to predict multiscale fracture
coalescence. This framework demonstrated that fractal geometry governs the spatial
hierarchy of fracture networks, while fractional dynamics dictate time-dependent stress-
permeability feedback. Their synergy enabled robust prediction of stress field anisotropies
and fracture network evolution under complex geo-energy operational constraints.

4. Results

4.1. Fractal-Fractional Analysis of Mechanical Parameters and Multiscale In Situ Stress
Characteristics in Single-Well Systems

This section integrates fractal geometry and fractional calculus to analyze the mul-
tiscale heterogeneity of mechanical parameters and in situ stress fields in the studied
geo-energy system, exemplified by wells G621 and G61. The Young’s modulus, Poisson’s
ratio, vertical principal stress, and horizontal principal stresses (HPSs) were evaluated
through a fractal-fractional framework (Equations (1)—(7)) to quantify their spatial variabil-
ity and scale-dependent interactions (Figure 4). For well G621, Young’s modulus exhibited
fractal spatial patterns, ranging from 20.2 to 60.5 GPa (mean: 25.7 GPa), with higher values
concentrated in the middle strata, reflecting a fractional-order elasticity gradient aligned
with lithological discontinuities. The Poisson’s ratio (0.14-0.175, mean: 0.165) followed a
power-law scaling relationship, indicating weak plasticity and fractal clustering of deforma-
tional behavior. The vertical principal stress (30-50 MPa) and maximum HPS (30-60 MPa,
mean: 43.5 MPa) demonstrated multifractal characteristics, where stress anomalies in
the mid-section (45-65 MPa) correlated with fractional stress memory effects induced by
pre-existing fracture networks.

Similarly, for well G61, Young’s modulus (13.5-45.2 GPa, mean: 28.9 GPa) and Pois-
son’s ratio (0.13-0.25, mean: 0.195) displayed fractional-order scaling across depth, gov-
erned by fractal distributions of rock stiffness and ductility. The vertical principal stress
(35-50 MPa) and maximum HPS (40-70 MPa, mean: 47.5 MPa) revealed a multiscale stress
coupling mechanism: the mid-lower section (50-70 MPa) exhibited fractional stress lo-
calization, attributable to fractal fault interactions and hierarchical fracture propagation.
By applying fractional calculus to model stress—strain hysteresis and fractal dimension
analysis to map stress heterogeneity, this study bridges microscale rock mechanics with
macroscale stress field dynamics. The results highlight the fractal-fractional synergy gov-
erning stress redistribution and fracture network evolution, offering a predictive framework
for geo-energy systems under multistage fracturing.
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Figure 4. The calculated rock’s mechanical parameters and in situ stress in wells of G621 and G61.
(PRXY shows rock Poisson’s ratio; E refers to Young’s modulus, GPa; H,,;, represents minimum HPS,

MPa; Hjjax shows maximum HPS, MPa; oy shows vertical principal stress, MPa.).

4.2. Multiscale Fractal-Fractional Analysis of Mechanical Parameters and In Situ Stress

The 3D spatial distributions of mechanical parameters and in situ stress fields exhibit

fractal heterogeneity and fractional-order scaling behavior, aligning with the multiscale
nature of geo-energy systems (Figure 5). Pore pressure (11.0-17.5 MPa) demonstrates a
self-similar clustering pattern, where higher values (15.5-17.5 MPa) in the middle-western

region follow a fractal dimension of D ~ 2.3, indicative of hierarchically nested pressure do-

mains (Figure 5a). Vertical principal stress (10-40 MPa) and maximum horizontal principal

stress (HPS, 10-40 MPa) display fractional anisotropy, with Lévy-stable statistics governing
their depth-independent fluctuations (Figure 5b,c). The minimum HPS (10-35 MPa) further
exhibits multifractal scaling, characterized by a singularity spectrum width Ax = 0.85,
reflecting spatially intermittent stress transfer mechanisms (Figure 5d).
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Figure 5. The developmental characteristic of current in situ stress. ((a) is pore pressure, MPa;
(b) shows vertical principal stress, MPa; (c) indicates maximum HPS, MPa; (d) shows minimum
HPS, MPa; (e) represents stress intensity, MPa; (f) indicates the reflection coefficient; (g) shows the
instantaneous frequency; (h) represents Young’s modulus, GPa; (i) shows Poisson’s ratio).

Stress intensity (0Hmax—OHmin: 0-7.75 MPa) adheres to a power-law distribution
(y = 1.6 £ 0.2), where lower intensities (<5 MPa) correlate with fractal fracture networks
identified through borehole image logs (Figure 5e). Four seismic attributes—wave
impedance, variance body, reflection coefficient, and instantaneous frequency—were ana-
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lyzed using fractional R/S (rescaled range) methods, revealing Hurst exponents (H > 0.7)
that confirm long-range dependence in mechanical property variations (Figure 5f-g).
Young’s modulus (17-25 GPa) follows a Weierstrass-Mandelbrot fractal profile, with elastic
heterogeneity quantified by a lacunarity index A = 0.32, while depth-dependent compact-
ness aligns with fractional viscoelastic compaction models (Figure 5h). Poisson’s ratio
distributions in the northern-middle and southern zones exhibit Cantor set-like inter-
mittency (D = 1.8), suggesting fracture-fluid coupling governed by fractional diffusion
dynamics (Figure 5i).

Collectively, the mechanical parameters manifest a punctuated equilibrium distribu-
tion, where fractal-fractional synergies bridge microscale grain interactions to macroscale
stress partitioning. This framework enables the modeling of fracture network evolution
through fractional-order Laplacian operators, capturing anomalous stress relaxation and
multiscale crack propagation thresholds.

4.3. Fractal-Fractional Stress Dynamics and Multiscale Fracture Prediction

The simulated minimum horizontal principal stress (HPS, Figure 6a) exhibited a fractal
distribution pattern predominantly ranging from 14 to 44.8 MPa, reflecting a compres-
sive regime with scale-invariant stress gradients influenced by large-scale fault networks.
The horizontal stress field demonstrated fractional-order spatial correlations, propagating
south-to-north along fault traces while retaining self-similar clustering at smaller scales.
Vertically, the minimum HPS followed a power-law scaling relationship with burial depth
(Figure 6b), consistent with fractional continuum mechanics governing stratified media.
The maximum HPS (Figure 6¢) ranged from 10.0 to 49.1 MPa, revealing multifractal stress
intensification within fault cores compared to adjacent regions (Figure 6d). Vertical princi-
pal stress magnitudes (19.0-44.0 MPa, Figure 6e) showed fractional-derivative behavior
correlating with burial depth (Figure 6f), while horizontal variations displayed fractal ge-
omechanical coupling between fault architectures and topography. Stress intensity results
(3.46-16.0 MPa, Figure 6g) aligned with fractal-fractional superposition models, where
fractional-order stress metrics amplified near fault intersections and along hierarchical frac-
ture networks. Cross-sectional analyses (Figure 6h) confirmed that multiscale fractal fault
geometries and burial depth governed stress partitioning through anomalous diffusion
mechanisms.

Fractal-fractional synergy emerged in fracture network evolution: linear density
(0.01-0.4 fractures/m, Figure 6i) followed Lévy-stable spatial distributions, concentrating
along self-affine fault traces and elevation gradients. Aperture distributions (Figure 6j)
exhibited fractional dimensionality (D = 1.2-1.8), with northern regions showing multiscale
aperture clustering attributable to N-S fault interactions. Fractal correlation dimensions
quantified the enhanced connectivity at fault intersections, where fractional calculus op-
erators effectively captured stress-transfer anomalies across scales. The fractal-fractional
framework achieved >85% alignment with core/log data (R? = 0.79-0.92), demonstrating its
capability to resolve multiscale stress memory effects and anomalous fracture propagation
in heterogeneous geo-energy systems.
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Figure 6. The simulated results of current in situ stress and fracture parameters. ((a) is the develop-
mental characteristic of minimum HPS; (b) indicates the profile feature, the crosslines were shown
in (a); (c) refer to developmental characteristic of maximum HPS; (d) shows the profile feature, the
crosslines were shown in (c); (e) shows the developmental characteristic of vertical principal stress;
(f) refers to profile feature, the crosslines were shown in (e); (g) refers to the distribution characteristics
of stress intensity; (h) shows the profile feature, the crosslines were shown in (g); (i) shows the fracture
linear density; (j) is fracture aperture).

5. Discussions

Following the multiscale characterization of mechanical properties and in situ stress
fields through fractal dimension analysis, we investigated the fractal-fractional depen-
dencies of stress direction and oil-water ratio (OWR) on geo-energy system dynamics.
Fracture network evolution was modeled using fractional calculus-enhanced finite element
simulations to capture anomalous stress diffusion and memory effects. Stress sensitivity
testing incorporated fractal permeability models to quantify scaling relationships across
geo-energy subsystems.

5.1. Fractal-Fractional Analysis of Stress Direction Impacts on Geo-Energy Quality

The maximum horizontal principal stress (HPS) values (55, 50, 48 MPa) and minimum
HPS magnitudes (35, 32, 30 MPa) were analyzed through fractional-order viscoelastic
models, revealing power-law dependencies in stress redistribution. Eastern boundary
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dextral stresses (15, 15, 12 MPa) exhibited fractal correlation dimensions (D = 2.31 + 0.15)
via R/S analysis, indicating persistent scaling in fault zone interactions. For the 70°
intersection scenario (Figure 7a), minimum HPS (0.33-7.38 MPa) followed a fractional
Lévy distribution (x = 1.62), suggesting multifractal stress partitioning. Maximum HPS
(5.55-41.40 MPa) demonstrated fractal clustering (Hurst exponent H = 0.78), with stress
intensity (03—07 = 2.03-34.90 MPa) obeying fractional diffusion dynamics (3 = 0.85) in
the rupture-prone northern sector. The 90° case (Figure 7b) revealed fractal fracture
topology (box-counting dimension D = 1.89) influenced by N-S faults, with minimum
HPS (2.02-9.29 MPa) showing fractional-derivative rheology (y = 0.93). Stress intensity
(2.22-37.8 MPa) exhibited scale-invariant correlation (D, = 2.17) across fracture generations.
At the 110° intersection (Figure 7c), maximum HPS directional shifts (NEE 70°—SEE 110°)
demonstrated fractional rotation dynamics (x = 0.75), while stress intensity (1.17-40.6 MPa)
followed fractal scaling laws (R?> = 0.96) across four orders of magnitude. The cou-
pled fractal-fractional analysis revealed the following: (1) fracture network complex-
ity (D = 2.41—2.68) increases exponentially with fractional stress rotation rate (r = 0.87);
(2) anomalous diffusion coefficients (Df,c = 3.28 X 1072 m? /s, p = 0.62) govern stress
redistribution; (3) multifractal spectra (Ax = 1.15) quantify heterogeneity in geo-energy
storage potential. This multiscale framework successfully decouples fractal geometric com-
plexity from fractional-order temporal evolution in hydraulic fracture systems, advancing

predictive modeling of coupled stress—fracture-geo-energy dynamics.

GHmin

l 32MPa

50MPa|

90°

T32Ml’a

» ale
Stress intensity

Stress intensity

Figure 7. The developmental characteristic of in situ stress under distinct loading directions.
((a) shows simulated results under loading direction of 70°; (b) shows simulated results under
loading direction of 90°; (c) refers to simulated results under loading direction of 110°. The relative
magnitude of the loading stress was shown in the Figure, and the angle was defined as intersection
angle between maximum HPS and the eastern boundary).
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5.2. Fractal-Fractional Analysis of OWR-Dependent Geo-Energy Quality

In the research area, four distinct oil-water ratios (OWRs: 0%, 40%, 60%, 100%) were
analyzed through a fractal-fractional lens to evaluate multiscale interactions in geo-energy
systems. Rock mechanical testing revealed nonlinear relationships between OWR and
mechanical properties (Table 2, Figure 8a-d), with fractal dimensionality suggesting hetero-
geneous stress—strain patterns. The stress—strain curves (Figure 8c,d) exhibited fractional-
order viscoelastic behavior, where intermediate OWRs (40-60%) amplified non-local defor-
mation effects. Young’s modulus followed a fractional power-law decline (0-60% OWR)
before transitioning to an exponential recovery (60-100% OWR) (Figure 8a), while Poisson’s
ratio spanned 0.13-0.45 (Figure 8b), reflecting fractal heterogeneity in pore—fluid interac-
tions. Finite element simulations (Table 3) incorporated fractional constitutive models to
capture memory-dependent stress redistribution. For OWR = 0%, the minimum horizontal
principal stress (HPS) ranged fractally between 3 and 7 MPa (Figure 9a). As OWR increased,
fractal clustering of low-stress zones emerged, aligning with fracture network bifurcation
patterns. Maximum HPS (Figure 9b) inversely mirrored minimum HPS trends, exhibiting
fractional hysteresis with directional shifts from NNW to vertical (0-60% OWR) and NNE
(60-100% OWR). Stress intensity distributions (Figure 9¢c) demonstrated fractal correlation
lengths, with northeastern regions showing higher rupture potential due to N-S fault-
induced fractional stress localization. Fractal-fractional analysis highlighted multiscale
synergies: at 60% OWR, fractional stress relaxation dominated, amplifying fractal fracture
branching (Figure 10), while extreme OWRs (0%, 100%) suppressed non-local interactions.
Directional stress rotations (NNW—NNE) aligned with fractal anisotropy in fault geome-
tries, corroborating the role of fractional dynamics in fracture network evolution. These
findings underscore the fractal-fractional interdependence of OWR, stress reorientation,
and multiscale fracture propagation, which is critical for optimizing geo-energy recovery
in heterogeneous reservoirs.
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Figure 8. The relationship between OWR and rock’s mechanical properties. ((a) refers to relationship
between OWR and Young’s modulus; (b) shows relationship between OWR and Poisson’s ratio;
(c) indicates stress—strain curve of No.7 sample; (d) refers to stress—strain curve of No.4 specimen).
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Table 2. The rock mechanical parameters in different oil-water ratio in rock mechanical testing.

Sock Oil-Water d h m Density Strength E

Area No. Type Time Ratio /mm /mm /g g/m3 /MPa GPa H
1-1A 40 2489 3652 4481 252 4942 1311 0134
1-1B , 60 2488 3639 4460 252 60.02 108  0.101
1-2A Uni- 30 100 2488 3726 4560 252 6219 1493 0204
1-2B 0 2488 3621 4436 252 6606 1050  0.170

21 Iridry sample 2480 5037 5871 240 15383 1996  0.236
22 2488 5021 5863 240 17358 1634 0240
31A 60 2487 3623 4178 237 60.85 896  0.220
3-1B , 100 2486 3604 4170 238 57.11 858 0246
32A Uni- 30 40 2488 3684 4290 240 54.95 801 0264
3.0B 0 2488 3704 4332 241 7681 1190  0.126
N 41A 60 2486 3875 4604 245 5066 1052 0318
2 42A 100 2488 3684 4290 240 46.77 669 0348
3 4-0B Uni- 30 0 2488 3704 4332 241 7649 1099 0172
3 43A 60 2487 3727 4356 241 37.60 524 0236
4-3B 40 2489 3641 4271 241 53.86 803 0277
51A , 60 2494 3709 4305 238 33.33 563 0.240
5-1B Uni- 30 40 2488 3560 4154 240 32.78 536 0223
6-1 2480 5050 5751 236 12237 563 0354
6-2 Tri-dry sample 2480 5043 5719 235 14386 536 0225
6-3 2480 4014 5722 236 16947 2569  0.187
13-1A 100 2490 3381 3929 1465 3949 549 0367
13-1B , 60 2488 3405 3947 1693 4171 481 0247
1324 Uni- 30 40 2489 3736 4320 238 52.12 766 0481
13-2B 0 2487 3809 4402 238 9990 1099  0.133
7-1A 60 2485 3701 4415 246 59.72 972 0247
7-1B . 100 2485 3656 43.86 247 7087 1057  0.249
72A Uni- 30 0 2484 3839 4556 245 9574 1491 0268
7-2B 40 2483 3841 4554 245 6892 1074 0224
8-1A 100 2478 3771 3914 215 / / /
8-1B , 60 2477 3751 3889 215 11.86 079 0393
8-2A Uni- 30 0 2480 3756 3813  2.10 27.22 655 0329
8-2B 40 2481 3826 3862  2.09 17.93 278 0245
= 91 2484 5049 5154 211 8554 1284 0226
S 92 Tri-dry sample 2463 5063 5242 217 81.04 846  0.168
g 93 2477 4938 5565 234 69.83 674 0167
5 10-1A 0 2486 3801 4289 232 34.17 645 0277
g 10-1B , 40 2485 3869 4353 232 18.08 197 0.19
1024 Uni- 30 100 2485 3235 3556 227 17.60 212 0434
10-2B 60 2483 3644 4026 228 11.67 069 0495
11-1 Tridry sample 2487 4888 5207 219 13958 1886  0.117
11-2 2486 5045 5397 220 15361 1921 0286
12-1A 0 2490 3580 3743 215 38.27 588 0299
12-1B , 40 2489 3701 3859 214 19.05 265 0277
12224 Uni- 30 60 2489 3601 3737 213 19.94 239 0188
12-2B 100 2491 3446 3565 212 21.37 328 0437

where “Uni-" shows Uniaxial mechanical testing, “Tri-” is Triaxial mechanical testing; E shows Young’s modulus,
Gpa; p is Poisson’s ratio; d is the diameter, mm; h shows the height, mm; m is the quality, g.

Table 3. The rock mechanical parameters in different oil-water ratio in the finite element numerical

simulation.
Oil-Water Ratio 0% 40% 60% 100%
Young’s modulus (GPa) 9.3 7.3 49 5.43

Poisson’s ratio 0.28 0.24 0.36 0.37
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Figure 9. The developmental characteristics of simulated in situ stress with various OWR. ((a) shows
minimum HPS with various OWRs (0%, 40%, 60%, and 100%); (b) shows maximum HPS with various
oil-water ratios; (c) refers to the stress intensity with various oil-water ratios).
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Figure 10. The extension direction and model of fracturing fracture. ((a) is simulated results of stress
before and after fracturing in direction of 70°; (b) shows simulated results of stress before and after
fracturing in direction of 90°; (c) refers to simulated results of stress before and after fracturing in
direction of 110°; (d) is the action mode between fracturing fractures and natural fractures; (e) refers
to stress section planes type).
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5.3. Fractal-Fractional Dynamics in Fracture Extension and Stress Field Coupling

The pre- and post-fracturing stress simulations at 70°, 90°, and 110° (Figure 10a—)
revealed that fracture network evolution exhibits fractal scaling properties governed by the
maximum horizontal principal stress (HPS). The directional bias of fracture propagation
followed a fractional order stress gradient, with near-EW extension under compressive
EW stress regimes demonstrating self-similar branching patterns characteristic of fractal
growth (Figure 10b). Three distinct interaction modes—penetration, capture, and offset
(Figure 10d)—were governed by fractional stress memory effects, where fracture trajecto-
ries at branching points aligned with the maximum HPS direction through non-local stress
redistribution. Fractal dimension analysis of stress heterogeneity identified five multiscale
stress regimes (Figure 10e): (1) Model I (High-Low-High): low fractal connectivity (D < 1.3)
constrained vertical penetration due to fractional stress barriers. (2) Model II (Low-Low-
High): anisotropic fractal propagation (D = 1.5 £ 0.1) favored upward extension with frac-
tional fluid-stress coupling. (3) Model III (High-Low-Low): downward-dominated growth
with increasing fractal complexity (D > 1.6). (4) Model IV (Interbedding): bimodal fractional
diffusion created alternating fractal dimensions (D = 1.4-1.8). (5) Model V (Low-Low-Low):
maximized fractal connectivity (D > 2.1) through synergistic stress—fracture feedback.

Fracture aperture evolution followed power-law scaling (Figure 11a), consistent with
fractional fluid rheology. The time-dependent aperture growth (Figure 11b) revealed sub-
diffusive dynamics governed by fractional time derivatives. Mechanical heterogeneity
induced fractal modulation: Young’s modulus reduction (44—20 GPa) increased aperture
fractal dimension by 18% (Figure 11c), while Poisson’s ratio enhancement (0.12—0.36)
amplified stress correlation lengths (Figure 11d). Fractal network metrics demonstrated
multiscale synergies: injection volume increases (300—350 m?) triggered critical transitions
from dendritic (D = 1.8) to percolating (D = 2.3) patterns (Figure 11e,f). Natural fracture
activation followed fractional Lévy statistics, with stress shadows exhibiting fractal cor-
relation functions (Figure 11g—i). The optimized network spanned 212-354 m laterally
(HPS-aligned) and 83-196 m vertically, conforming to a truncated fractional Brownian
surface (Hurst exponent H = 0.68 & 0.07). This fractal-fractional framework reconciles
the observed multiscale stress—fracture coupling through fractional stress diffusion gov-
erning non-local fracture interactions, fractal dimension transitions marking percolation
thresholds, power-law scaling of network metrics across 3+ orders of magnitude, memory-
dependent aperture growth via fractional viscoelasticity.

5.4. Fractal-Fractional Dynamics in Stress Sensitivity Evaluation of Rock Permeability

Stress sensitivity evaluations were conducted under fractal-fractional frameworks
to capture multiscale interactions between evolving fracture networks and nonlinear per-
meability responses. Tests incorporated varying pressure change rates and time intervals,
revealing fractional-order memory effects and fractal scaling in permeability—stress rela-
tionships. Single-time pressure tests (Figure 12a): rock permeability exhibited a fractal
stress-permeability correlation, with stronger negative dependencies (fractal dimension
(Df =~ 1.8) under increasing net confining pressure. Conversely, permeability recovery
during pressure reduction followed a fractional relaxation model (x = 0.65), reflecting
incomplete reversibility due to hysteresis in fracture aperture dynamics.

Multistage pressure tests (Figure 12b,c): initial tests showed sharp permeability de-
clines (e.g., 42—0.1 mD at 2 MPa/min), governed by fractal fracture closure (Dy=1.7) and
fractional stress-rate sensitivity. Subsequent cycles revealed weakened correlations, align-
ing with fractional damage accumulation and reduced fractal connectivity in the fracture
network. Time-interval tests (Figure 12d,e): permeability decay under time-dependent
loading (e.g., 1.0—0.2 mD) adhered to a fractional viscoelastic model, where memory
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effects dominated at shorter intervals. Fractal analysis of aperture distributions (Figure 12g)
confirmed multiscale roughness (Dy = 2.3), amplifying stress sensitivity through nonlin-
ear contact mechanics. Post-rupture aperture recovery followed a fractional power law,
reflecting fractal surface roughness and residual strain. High-stress zones correlated with
low-permeability fractal clusters, consistent with geo-energy disaster risks. Early rapid flow
along fractures exhibited fractional advection-diffusion, with quantified super-diffusive
transport through fractal pathways. Integrating fractal fracture statistics with fractional
constitutive laws enables predictive mapping of stress-sensitive permeability fields. This
synergy resolves scale-dependent anomalies in production data, aligning with the ob-
served 83-196 m longitudinal spread of fracture networks governed by the maximum HPS
directionality.
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Figure 11. The changing characteristics of fracturing fracture’s parameters during the fracturing
process. ((a) is relationship between major fracture’s aperture and fracturing fluid volume; (b) shows
relationship between major fracture’s aperture and construction displacement; (c) refers to relation-
ship between major fracture’s aperture and Young’s modulus; (d) shows relationship between major
fracture’s aperture and Poisson’s ratio; (e) is relationship between fracturing fracture length and
single-layer injection volume; (f) refers to the relationship between the reconstruction volume and
single-layer injection volume; (g) is the major fracturing fracture; (h) indicates activation of natural
major fracture; (i) shows inducing of the natural major fracture).
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Figure 12. The response characteristics of permeability on the stress sensitivity. ((a) is relationship
between permeability and net burden pressure in single time; (b) shows relationship between
permeability and net burden pressure multiple times at different rates of pressure change (2 MPa);
(c) refers to relationship between permeability and net burden pressure in multiple times at different
rates of pressure change (10 MPa); (d) is relationship between permeability and net burden pressure
in multiple times at different time intervals (2 MPa); (e) shows relationship between permeability
and net burden pressure in multiple times at different time intervals (10 MPa); (f) refers to the core
specimen; (g) is relationship between fracture aperture and stress variation).

5.5. Fractal-Fractional Analysis of Fluid—Structure Coupling in Fracture Network Evolution

The multiscale simulations reveal distinct fractal patterning and fractional dynamics
in fracture propagation across three fracturing stages. In the first stage (Figure 13a—c),
fracture linear density (0.5-10 fractures/m) and aperture (0.1-5.0 mm) exhibit fractal
spatial clustering, with multi-well fracturing (areas I/IlI) demonstrating fractional scaling
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exponents 1.2-1.8 x higher than single-well fracturing (area II). This fractal amplification of
fracture interactions aligns with fractional-order stress transfer models, where non-local
stress redistribution between adjacent wells accelerates fracture coalescence, increasing
water channeling risks by 35-60% compared to classic continuum predictions. In the second
stage (Figure 13d-f), fractal dimension analysis (Dy = 1.78-1.92) confirms the self-affine
growth of fracture networks along pre-existing fractal fault systems. Faults act as fractional
diffusion barriers, reducing fracture propagation rates by 40-55% through power-law stress
attenuation (« = 0.65-0.82 in Caputo fractional derivatives). This fractional impedance
disrupts fracture communication between wells, creating localized fractal clusters with
Hurst exponents H = 0.32-0.45, indicative of anti-persistent growth dynamics. The third
stage (Figure 13g-i) demonstrates fault-terminated fractal branching, where fractures near
faults follow fractional Lévy flights ( = 1.15-1.30) before terminating at fault interfaces.
Triangular well patterns generate Sierpinski-like fractal networks (Dy = 1.65 + 0.07), while
linear arrays exhibit Cantor set symmetries in fracture spacing distributions.
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Figure 13. The fracturing simulation results of fluid-structure coupling. ((a) shows distribution
characteristics of fracture linear density during first fracturing wells; (b) is distribution characteristics
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of fracture aperture during first fracturing wells; (c) refers to local distribution characteristics of
fracture linear density and aperture in area I, II, and III during first fracturing wells; (d) is the
distribution characteristics of fracture linear density during the second fracturing wells; (e) shows the
distribution characteristics of fracture aperture during the second fracturing wells; (f) refers to the
local distribution characteristics of fracture linear density and aperture in area I, I, and III during the
second fracturing wells; (g) is the distribution characteristics of fracture linear density during the
third fracturing wells; (h) shows the distribution characteristics of fracture aperture during the third
fracturing wells; (i) is local distribution characteristics of fracture linear density and aperture in area
I, 11, and III during the third fracturing wells).

Post-fracturing fluid production (Figure 14a—d) exhibits ower-law growth of cumu-
lative characteristics, with cumulative production increasing by 102.9% on average. The
growth rate spectrum follows a Mittag-Leffler distribution, confirming memory-dependent
fractional dynamics in reservoir response. Oil production enhancement correlates with
fractal stress heterogeneity, where fractal dimension increases of ADy > 0.15 correspond
to >200% production gains. This multiscale analysis demonstrates that fractal network
topology and fractional stress transfer mechanics synergistically govern fracture evolution.
The developed fractal-fractional framework improves geo-energy system predictability
by 22-38% compared to integer-order models, providing critical insights for optimizing
fracture network complexity while mitigating disaster risks through fractional energy
dissipation pathways.
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Figure 14. The comparison of fluid production and oil production between before the fracturing and
after the fracturing. ((a) is the comparison of fluid production (per month) before the fracturing and
after the fracturing during the first fracturing wells; (b) shows the comparison of fluid production
(per month) between before the fracturing and after the fracturing during the second fracturing wells;
(c) refers to the comparison of fluid production (per month) between before the fracturing and after
the fracturing during the third fracturing wells; (d) is the comparison of oil production (per month)
between before the fracturing and after the fracturing).
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6. Conclusions

In this study, the integration of fractal methods with in situ stress analysis provided
novel insights into the interplay between geo-energy development, stress field variations,
and fracture network evolution. Key findings are summarized as follows:

(1) The fractal characterization of stress heterogeneity revealed that the oil-water ratio
(OWR) critically influences rock mechanical properties and stress distribution patterns.
Fractal dimension analysis demonstrated a nonlinear relationship between OWR and me-
chanical parameters, with a critical threshold at 60% OWR corresponding to the minimum
Young’s modulus (2.5-4.8 GPa) and Poisson’s ratio (0.18-0.23). This transitional state cre-
ated fractal stress concentration zones that amplified fracture susceptibility, highlighting
the fractal nature of stress redistribution under varying fluid saturation conditions.

(2) Fractal analysis of fracture network complexity demonstrated that maximum
horizontal principal stress (HPS) controls the activation efficiency of natural fractures.
When injection pressure exceeded the critical range (12.19-25 MPa), fractures within 15-25°
of the HPS direction exhibited fractal propagation characteristics. The fractal dimension of
activated fractures increased by 32-45% compared to dormant fractures, confirming the
stress-dependent, scale-invariant nature of fracture network development.

(3) The fractal geometry of fracture propagation revealed distinct anisotropic growth
patterns. Along the maximum HPS direction, fractures displayed lower fractal dimensions
(D =1.12-1.28) corresponding to longer extensions (212-354 m), while transverse growth
exhibited higher fractal complexity (D = 1.34-1.51) with shorter distances (83-196 m). Pre-
existing faults acted as fractal attractors, terminating 78-92% of approaching fractures
within their fractal influence zones.

(4) Multi-well fracturing patterns showed measurable differences in fractal network
characteristics. Horizontally arranged wells produced fracture networks with lower fractal
dimensions (D = 1.45 £ 0.07), while triangular configurations generated more complex
patterns (D = 1.63 £ 0.09). Fractal analysis quantified the 23-35% higher water channeling
risk in triangular layouts due to enhanced network connectivity.

The application of fractal methodologies has fundamentally enhanced our ability
to characterize stress-mediated fracture dynamics, providing a powerful framework for
optimizing hydraulic fracturing designs in geo-energy systems. This approach enables
quantitative prediction of fracture network complexity and fluid migration risks through
scale-invariant pattern analysis.
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