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Abstract: Fluid-driven fracturing is fundamental to geophysical processes (e.g. fluid-induced seismicity) and engineered applications such as geothermal 

energy extraction. This study investigates the coupled influence of rock heterogeneity and fracture propagation regime on hydraulic fracture growth. Using 

a fully coupled discrete element-pore network model, we simulate fracture propagation driven by both Newtonian and shear-thinning power-law fluids. 

Rock heterogeneity is explicitly represented by a Weibull distribution of mechanical properties, allowing fractures to initiate and propagate without 

predefined paths. Model validation shows excellent agreement with classical Khristianovic–Geertsma–de Klerk (KGD) solutions across viscosity- and 

toughness-dominated regimes. Our results demonstrate that heterogeneity strongly influences fracture morphology. In highly heterogeneous rocks, 

viscosity-dominated propagation creates broad process zones with distributed microcracking and high orthogonal roughness. In contrast, toughness-

dominated propagation leads to localized stress perturbations, forming tortuous and asymmetric fractures. Shear-thinning fluids reduce the morphological 

contrast between regimes by decreasing the effective near-tip viscosity, while time-evolving propagation behavior further moderates regime-dependent 

differences. Ultimately, fracture complexity is governed by the interplay between fluid rheology and material heterogeneity. These findings provide critical 

insights for optimizing fluid selection and injection parameters to achieve desired fracture complexity and containment in heterogeneous reservoirs. 

Keywords: Discrete element method (DEM); Hydraulic fracturing; Fracture propagation regimes; Heterogeneity; Fracture morphology 

 

1. Introduction 

 

Fluid-driven fracture processes are fundamental to both geophysical phenomena, such as magmatic dike propagation, and engineered systems, including 

energy extraction from low-permeability hot dry rock (HDR) (Economides and Nolte, 2000). Predicting and controlling fracture geometry is challenging 

due to the coupled effects of fluid rheology, injection parameters, and rock heterogeneity, with implications for induced seismicity and fracture network 

efficiency. Enhanced geothermal systems (EGS), exemplified by over 60 projects worldwide including the Gonghe Basin in China (Zhang et al., 2024), 

rely on hydraulic fracturing to overcome low HDR permeability and establish conductive networks for efficient heat exchange. Similar principles apply to 

stimulation in tight petroleum formations, where heterogeneity strongly influences fracture connectivity and morphology (Guo et al., 2018; Wang and Li, 

2025). Understanding these processes provides a mechanistic basis for optimizing hydraulic stimulation in engineered reservoirs and interpreting natural 

fracture systems. 

Hydraulic fracturing exemplifies a multiphysics challenge where rock deformation, viscous fluid flow within fractures, leak-off into the porous matrix, 

and fracture propagation are strongly coupled (Lecampion et al., 2018; Yang et al., 2024). These interactions occur across multiple spatial and temporal 

scales, ranging from micrometer-scale asperity failure to kilometer-scale fracture networks, and from rapid fracture tip advancement to slower leak-off and 

reservoir-scale pressure diffusion (Zhang et al., 2019a). Within this multiscale setting, two sets of competing mechanisms govern the near-tip asymptotics: 

energy dissipation mechanisms (rock fracturing and viscous flow) and fluid balance mechanisms (leak-off and fluid storage within the fracture) (Garagash 

et al., 2011; Detournay, 2016; Liu et al., 2025). Their relative dominance depends on injection rate, fluid viscosity, rock mechanical properties, and formation 

permeability, giving rise to distinct propagation regimes (toughness-dominated, viscosity-dominated, leak-off-dominated, or transitional) within a 

dimensionless parametric space (Hu and Garagash, 2010; Detournay, 2016). While this theoretical framework provides a rigorous baseline for idealized 

homogeneous media, natural formations are inherently heterogeneous and anisotropic. Heterogeneity occurs across scales, from mineral composition and 

Jo
urn

al 
Pre-

pro
of

mailto:fengshou.zhang@tongji.edu.cn


pore structure at the grain scale, to natural fractures at the core scale, and stratification or faults at the field scale (Zhang et al., 2019b; Wang et al., 2025b). 

This multiscale complexity significantly alters the coupled hydromechanical response, often producing asymmetric fracture growth and intricate fracture 

networks (Zhuang and Zang, 2021; Wu et al., 2022). Understanding how heterogeneity influences fracture propagation is therefore central to the present 

investigation. 

Granite, a representative crystalline rock and typical host formation for HDR-based EGS projects, consists mainly of quartz, feldspar, and mica, with 

pronounced heterogeneity in grain size, shape, and orientation. This polymineralic mesostructure governs stress redistribution and the competition between 

intergranular and intragranular fracture propagation (Zhuang et al., 2020; Wang et al., 2025b). Laboratory studies on Pocheon granite reveal frequent 

intragranular propagation within quartz due to its relatively low tensile strength, with fragmented grains showing strong interactions between advancing 

fractures and pre-existing microcracks (Zang et al., 2019). Coarser and more uniformly distributed grains tend to promote fracture linkage along grain 

boundaries and increase tortuosity, a behavior commonly associated with shear-dominated propagation (Ishida et al., 2000). Yet, under low-permeability 

conditions, recent observations suggest a shift toward tensile fracturing (Zhang et al., 2025). These findings underscore the complex role of grain-scale 

features in governing hydraulic fracture behavior.  

The effects of rock mesostructure on fracture propagation can be incorporated into numerical models using either explicit or implicit approaches. 

Explicit approaches reconstruct mineral grain geometries, typically via Voronoi tessellations or digital image processing, and have been widely applied to 

study the mechanical response and microcrack development of crystalline rocks (Lan et al., 2010; Potyondy, 2010). They have also been extended to 

simulate fluid-driven fracture propagation at the grain scale (Kong et al., 2024). However, because the assigned intergranular strength is typically lower, 

explicit models often over-predict boundary-controlled propagation relative to experimental observations of intragranular fracturing (Li et al., 2020; Zhuang 

et al., 2020). Implicit approaches, by contrast, assign spatially varying mechanical properties (e.g. tensile strength, elastic modulus) based on probability 

distributions such as the Weibull function, effectively capturing the aggregate effects of heterogeneity with high computational efficiency. Prior studies 

have shown that such probabilistic heterogeneity can dictate the paths and modes of fracture initiation and propagation in stiff geomaterials, leading to 

behaviors that deviate from linear elastic fracture mechanics (LEFM) predictions (Ouchi et al., 2017; Wu et al., 2022). Nevertheless, the role of strength 

heterogeneity in the hydraulic fracturing process remains poorly quantified. Building on this framework, the present study adopts an implicit representation 

of rock property variability to investigate the evolution of hydraulic fractures under viscosity- and toughness-dominated regimes. 

In deep geothermal reservoirs, elevated in situ stress and the widespread use of low-viscosity fluids (e.g. water or slickwater) often drive fracture 

propagation into a toughness-dominated regime (Tanné et al., 2022). In this regime, fracture tips are highly sensitive to local heterogeneities, frequently 

leading to asymmetric propagation. Such asymmetry has been reported in laboratory experiments (Bunger and Detournay, 2008), numerical simulations 

(Huang et al., 2019; Li et al., 2025b), and field observations (Fischer et al., 2008). For instance, during the Gonghe HDR project, vertical well GH-01 

exhibited stronger connectivity with directional well GH-02 than with GH-03, indicative of asymmetric fracture growth in situ (Zhang et al., 2024). However, 

how grain-scale heterogeneity influences fracture geometry across contrasting propagation regimes (viscosity- vs. toughness-dominated) remains 

underexplored. Specifically, the extent to which material variability drives complex behaviors, such as branching intensity, within these regimes lacks 

systematic characterization. To address this, we employ a numerical model with Weibull-distributed properties to simulate fracture propagation driven by 

both Newtonian and power-law fluids, thereby quantifying the effects of rock mesostructural variability on fracture evolution. 

In this study, a fully coupled hydromechanical discrete element model (DEM) (Cundall, 1971) is developed to investigate regime-dependent fracturing 

behaviors at the mesoscale, with particular emphasis on fracture energy dissipation and the evolving complexity of fracture networks. The analysis is 

performed within a dimensionless parametric space to reduce complexity of the problem. The remainder of this paper is organized as follows: Section 2 

introduces the numerical formulation, including the discrete element method with Weibull-distributed properties and the fluid-solid coupling scheme. 

Section 3 presents model verification against the Khristianovic–Geertsma–de Klerk (KGD) benchmark solution (Dontsov, 2017). Section 4 explores the 

effects of heterogeneity and propagation regimes, while Section 5 further discusses the complex behavior of hydraulic fractures in heterogeneous rock. This 

study highlights the interplay between energy dissipation and heterogeneity in governing hydraulic fracture propagation, offering insights for optimizing 

fracturing strategies and enhancing the viability of EGS projects. 

 

2. Numerical formulation  

 

2.1 Representation of heterogeneity in DEM 
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In this study, the rock mass is represented using DEM, where the material is idealized as an assembly of rigid particles whose translational and rotational 

motions follow Newton’s laws under the action of contact forces and moments (Cundall, 1971). The explicit time-integration scheme allows fracture 

initiation, propagation, and coalescence to emerge directly from the contact-scale mechanical response without predefining fracture paths. Interactions 

between neighboring particles are defined by contact models that capture both the elastic deformation prior to failure and the subsequent post-failure 

behavior. 

To approximate the cohesive behavior of intact rock prior to crack initiation, the parallel bond model (Potyondy and Cundall, 2004) is adopted (Fig. 

1a). In this formulation, each bonded contact transmits not only normal and shear forces but also bending and twisting moments, thereby mimicking finite-

sized cementitious bridges that link mineral grains. The bonded interaction is governed by prescribed normal and shear stiffnesses, and bond breakage is 

determined by stress-based criteria: tensile failure occurs when the normal stress within the bond exceeds its tensile strength, while shear failure is triggered 

when the shear stress surpasses the assigned shear strength. Once breakage occurs, the parallel bond is irreversibly removed, and the contact reverts to a 

purely frictional interaction, thereby enabling a natural transition from intact to fractured states within the micromechanical framework. 

In many DEM studies, bonded contact properties such as tensile strength, cohesion, and stiffness are assigned as uniform values. This simplification 

neglects inherent microscale heterogeneity arising from mineralogical variability and microstructural imperfections. To capture this variability, the present 

study assigns mesoscale mechanical properties according to a two-parameter Weibull distribution, which has been shown to describe the statistical 

variability of rock failure strength more accurately than Gaussian distributions (Liu et al., 2004). The probability density function is given by 

𝑓(𝜆) = {
𝑚

𝜆0
(
𝜆−𝜆u

𝜆0
)
𝑚−1

e
−(

𝜆−𝜆u
𝜆0

)
𝑚

    (𝜆 ≥ 𝜆u)

0                                            (𝜆 < 𝜆u)
                                       (1) 

where 𝜆 denotes the property of interest (i.e. tensile strength, cohesion and elastic modules in this study), 𝜆0 is the scale parameter, 𝜆u is the lower bound 

(commonly zero for brittle rocks), and 𝑚 is the shape parameter controlling the degree of heterogeneity. Larger 𝑚 values yield narrower distributions with 

lower variance, corresponding to greater homogeneity, whereas smaller 𝑚 values reflect higher variability. The mean value 𝐸(𝜆) approaches 𝜆0 when 𝑚 is 

large, while the normalized deviation provides an alternative dimensionless measure of heterogeneity (Chen and Wang, 2017; Chen et al., 2020): 

ℎ =
√𝛤(1+2 𝑚⁄ )−[𝛤(1+1 𝑚⁄ )]2

𝛤(1+1 𝑚⁄ )
                                                       (2) 

where 𝐷(𝜆) represents the variance of 𝜆, and 𝛤 is the gamma function. ℎ → 0 indicates homogeneous conditions, while larger ℎ values signify stronger 

heterogeneity (Fig. 1b). 

Weibull-distributed random values can be generated using the inverse transform sampling method. For a uniform random variable 𝑈~𝑈(0,1) , the 

transformation produces the desired distribution (assuming 𝜆u = 0): 

𝜆 = 𝜆0(−ln𝑈)1/𝑚                                                       (3) 

Experimental determination of Weibull parameters is typically performed by fitting mechanical test data via least-squares regression (Liu et al., 2004). 

Previous studies highlight the scale- and material-dependence of these parameters. For instance, Pan et al. (2020) estimated 𝑚 from the ratio of peak strain 

to the strain at unstable crack growth onset, obtaining values below 2 for highly heterogeneous cement-based rock analogs. At the mesoscale, Li et al. (2023) 

measured intergranular tensile strengths in Changsha granite, reporting 𝑚 values between 6 and 10. Similarly, Wang et al. (2023) demonstrated that 𝑚 

varies across lithologies and scales. In this study, to maintain mechanical consistency, the same homogeneity index 𝑚 is applied uniformly to the tensile 

strength, cohesion, and Young’s modulus of the elements. To capture the full spectrum of heterogeneity observed in the experiments, representative values 

of 𝑚 = 2, 3, 5, 15 are selected. These values cover the transition from strongly heterogeneous conditions (ℎ = 0.52 for 𝑚 = 2) to quasi-homogeneous 

conditions (ℎ = 0.08 for 𝑚 = 15). Other micromechanical parameters are adopted from Li et al. (2022). 
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(a) 

 
(b) 

  
            (c)    (d) 

Fig. 1. (a) Rheological components of the linear parallel bond model (after Itasca Consulting Group Inc. (2014)), (b) Spatial distribution of contact strength 

within the specimen for different Weibull shape parameters 𝑚, (c) Statistical distribution of contact strength, and (d) Relationship between Weibull shape 

parameter 𝑚 and material heterogeneity index ℎ. The star symbol in (b) marks the fluid injection point at the geometric center of the model. 

 

2.2 Coupled hydromechanical scheme 

2.2.1 Coupled hydromechanical scheme for power-law rheology 

The hydromechanical interaction is modeled using a discrete element-pore network coupling strategy, wherein the interstitial voids bounded by particle 

assemblies form discrete pore domains, representing the geometric dual of the contact framework as shown in Fig. 2 (Zhang et al., 2013; Wang et al., 2022). 

Hydraulic connections between adjacent pores are conceptualized as throats located at interparticle contacts. Each throat is approximated by a parallel-

plate conduit, for which laminar flow behavior is described by a generalized Poiseuille-type relation. 

For non-Newtonian fracturing fluids following a power-law rheology, the shear stress-shear rate relationship takes the form: 

𝜏f = 𝐾c𝛾ḟ
𝑛                                                (4) 

where 𝜏f is the fluid shear stress; 𝛾ḟ is the shear rate; and 𝐾c and 𝑛 are the consistency and flow-behavior indices. The discharge rate 𝑞 through a conduit 

of aperture 𝑤 and length 𝐿p satisfies (Li et al., 2024b): 

𝑞|𝑞|𝑛−1 =
𝑤2𝑛+1

𝑀′

𝑝1−𝑝2

𝐿p
                                        (5) 

where 𝑝1 and 𝑝2 are the pressures in the connected domains; and 𝑀′ is the modified consistency parameter expressed as follows, and setting 𝑛 = 1 yields 
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the cubic-law form for Newtonian flow. 

𝑀′ =
2𝑛+1(2𝑛+1)𝑛

𝑛𝑛
𝐾c                                        (6) 

The aperture 𝑤 varies dynamically with the mechanical contact state. Under compression, a nonlinear force-aperture relationship is prescribed, adopting 

the hyperbolic form widely used in DEM hydromechanics (Al-Busaidi et al., 2005): 

𝑤 =
𝑤0𝐹0

𝐹+𝐹0
                                                 (7) 

where 𝑤0 is the initial aperture, and 𝐹0 is the normal force corresponding to 𝑤 = 0.5𝑤0. When the contact is open or fractured, the aperture depends on the 

interparticle gap 𝑤m: 

𝑤 = min(𝑤0 + 𝜆𝑤m, 𝑤max)                                                   (8) 

with 𝜆 = 1.0 and 𝑤max denoting the computationally imposed upper limit. 

Fluid pressure changes ∆𝑃 within a pore domain incorporate both net flux and volumetric deformation (Al-Busaidi et al., 2005): 

∆𝑃 =
𝐾f

𝑉
(∑ 𝑞 ∆𝑡 − ∆𝑉)                                            (9) 

where 𝐾f is the fluid bulk modulus, 𝑉 is the domain volume, ∆𝑉 is the change in domain volume over the time step, and ∑𝑞∆𝑡 represents the net fluid 

inflow. 

The critical explicit timestep Δ𝑡  is governed by the hydraulic conductivity of the fracture network. The stability criterion scales according to the 

following relationship: 

Δ𝑡 ∝
𝑉

𝐾f
(

𝑀′𝐿p
𝑛

𝑤2𝑛+1|∇𝑃|1−𝑛
)
1/𝑛

                                                  (10) 

where |∇𝑃| = |𝑝1 − 𝑝2| 𝐿p⁄  is the magnitude of the local pressure gradient. For the Newtonian fluid (𝑛 = 1), Eq. (10) reduces to the classical scaling Δ𝑡 ∝

𝑉

𝐾f

𝑀′𝐿p

𝑤3
 (Peirce and Siebrits, 2005; Li et al., 2025b). This relationship indicates that for low-viscosity fluids (small 𝑀′) or large fracture apertures (large 𝑤), 

the critical timestep becomes prohibitively small. This imposes a significant computational challenge for simulating fracture propagation, particularly in 

the toughness-dominated regime where low-viscosity fluids are often involved. 

 

 

 
(b) 

 
(a) (c) 

Fig. 2. Pore network model constructed from DEM: (a) Enclosed domains formed by neighboring particles, (b) Drag force on a particle derived from the 

pressures of adjacent domains, and (c) Fluid flow in an activated channel following bond breakage. 

 

2.2.2 Improved algorithm for toughness-dominated regime 

In scenarios where rock toughness dominates over viscous dissipation, either due to a high fracture toughness or a low effective viscosity of the injected 

fluid, the pressure distribution within the fracture tends to be nearly uniform. Under such conditions, fracture advance is governed primarily by the energy 

required to create new crack surfaces, and its behavior closely follows that of a Griffith-type crack. Conventional hydromechanical coupling formulations 

become computationally restrictive in this regime because numerical stability demands extremely small fluid time increments to suppress non-physical 

pressure oscillations (Eq. (10)).  

To improve numerical performance, a modified coupling strategy is adopted for toughness-dominated propagation (Li et al., 2020, 2022). This approach 

assumes a spatially uniform fluid pressure and treats the fracture-fluid system as hydraulically closed due to the negligible permeability of the host rock. 
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Rather than resolving local gradients, the fluid pressure is updated globally from the mismatch between the cumulative injected fluid volume 𝑉f, and the 

current open fracture volume 𝑉c: 

∆𝑃 = 𝜅 (𝑉f − 𝑉c) 𝑉t⁄                                                               (11) 

where 𝑉t = ∑𝐿P𝑤 is the total fracture volume, and 𝑉c = 𝑉t − ∑𝐿P𝑤0 represents the net volume increment beyond the initial aperture 𝑤0. The parameter 𝜅 

is a numerical relaxation coefficient representing the effective stiffness of the fracture system, used to regulate the iterative pressure update to strictly 

enforce volume conservation.  

The fluid time step (∆𝑡) is dynamically determined by balancing volumetric growth of the fracture with the injection rate (𝑄0): 

∆𝑡 = min (
𝑉c

𝑄0
, ∆𝑡max)                                                 (12) 

where ∆𝑡max is a prescribed upper limit to ensure numerical accuracy. Compared to conventional explicit schemes, this approach allows for fluid time steps 

that are more than two orders of magnitude larger, thereby substantially reducing the total computational cost. It should be noted, however, that this method 

is strictly applicable within the toughness-dominated regime or in scenarios where viscous effects are negligible. 

The fully hydromechanical coupling framework is illustrated in Fig. 3. Initially, all hydraulic throats are set to an inactive state, precluding any fluid 

transmission. When a bonded contact fails, microcracks emerge, activating the associated throats and enabling localized fluid exchange. This process 

dynamically couples mechanical fracture propagation with hydraulic connectivity evolution. At each coupling step, fluid pressures are updated, and the 

resulting equivalent body forces are imposed on the surrounding particles, ensuring consistent bidirectional feedback between fracture propagation, 

hydraulic connectivity, and fluid redistribution. 

 

 

Fig. 3. The fully coupled hydromechanical framework. 

 

3. Model validation within the parametric space 

 

3.1 Dimensionless parametric space 

Hydraulic fracture propagation is affected by fluid viscosity, fracture toughness, and fluid leak-off (Detournay, 2016), which together determine the 

balance between energy dissipation and fluid storage. Depending on the geological and operational conditions, different mechanisms may dominate. To 

systematically identify the dominant regime and simplify analysis, the concept of a parametric space has been introduced.  

A common strategy for constructing such a parametric space is to assume a simplified fracture geometry, which reduces the governing equations from 

integral or differential form to closed-form algebraic expressions (Dontsov, 2017, 2019). In our earlier work (Li et al., 2024b), a Griffith-type toughness-
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dominated fracture geometry was adopted, and regime boundaries were derived by comparing aperture predictions from near-tip asymptotics with limiting 

solutions for the case of power-law fluid rheology and plane strain fracture geometry. This yields the parametric space shown in  

 

Fig. 4, where fracture growth behavior is categorized into viscosity-dominated (𝑀 ), toughness-dominated (𝐾 ), or leak-off- dominated (𝑀̃  and 𝐾 ) 

regimes, with transitional zones regions indicating mixed control. The parametric space is defined by two dimensionless variables: 

𝜏 = [
𝐸′𝐶′2(𝑛+2)

𝑀′𝑄0
𝑛+2 ]

1 𝑛⁄

𝑡                                                                            (13) 

𝐾m = [
𝐾′4𝑛

𝐶′4(𝑛−1)
𝐸′4𝑛−1

𝑄0
2−𝑛𝑀′

]
1 (4⁄ 𝑛)

                                                            (14) 

where the dimensionless time 𝜏 characterizes fluid leak-off and the dimensionless toughness 𝐾m quantifies the competition between viscous and fracture 

energy dissipation. Here 𝑄0  is the fluid injection rate; 𝑡  is the injection time; and 𝐸′ = 𝐸/(1 − 𝜐2) , 𝐾′ =  (2/π)1 2⁄ 𝐾IC  and 𝐶′ = 2𝐶L  are the material 

parameters, with 𝐸, 𝜐, 𝐾IC and 𝐶L denoting Young’s modulus, Poisson’s ratio, mode-I toughness of the rock, and Carter’s leak-off parameter, respectively. 

When fluid leak-off is neglected, the competition between fluid viscosity and fracture toughness in driving fracture propagation can be characterized 

by a dimensionless parameter 𝐾m,mk: 

𝐾m,mk = 𝐾m𝜏
𝑛−1

2(𝑛+2)                                      (15) 

For Newtonian fluids (𝑛 = 1.0), this expression simplifies to 𝐾m,mk = 𝐾m and remains constant over time, whereas for power-law fluids (𝑛 ≠ 1.0), 

𝐾m,mk evolves with time. In the case of shear-thinning fluids (𝑛 < 1.0), fracture propagation typically transitions from an early-time toughness-dominated 

regime to a late-time viscosity-dominated regime (Garagash, 2006).  

The numerical boundaries distinguishing viscosity- (𝑀) and toughness-dominated (𝐾) regimes vary slightly among studies: Hu and Garagash (2010) 

proposed Km,mk ≤ 1.2 for viscosity dominance and 𝐾m,mk ≥ 3.8 for toughness dominance; Dontsov (2017) suggested 𝐾m,mk ≤ 0.70 and 𝐾m,mk ≥  .80; 

Li et al. (2024b) determined boundaries of 𝐾m,mk < 0.72 and 𝐾m,mk   .57. The differences originate predominantly from using various metrics to define 

the boundaries. Since the parametric space is presented in logarithmic coordinates, such small differences are acceptable in practice. For non-Newtonian 

fluids, the regime boundaries depend on 𝑛: For behavior index 𝑛 = 0.8, the fracture propagates in the viscosity-dominated regime if 𝐾m,mk < 0.6  and in 

the toughness-dominated regime if 𝐾m,mk  5.08. For behavior index 𝑛 = 0.6, the fracture propagates in the viscosity-dominated regime for 𝐾m,mk < 0.56 

and in the toughness-dominated regime for 𝐾m,mk  6.11 (Li et al., 2024b). A smaller 𝑛 increases the separation between these boundaries, expanding the 

toughness-dominated regime while narrowing the viscosity-dominated regime, as illustrated in Fig. 3. 
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Fig. 4. Phase diagram of fracture propagation regimes for a plane strain fracture driven by a power-law fluid with 𝑛 = 0.8. 𝑀 represents the viscosity-

dominated regime, 𝐾  represents the toughness-dominated regime, 𝑀̃  represents the leak-off viscosity-dominated regime, and 𝐾  represents the leak-off 

toughness-dominated regime. 

 

3.2. Numerical model validation 

To validate the numerical model, simulations were first conducted for Newtonian fluids (𝑛 = 1 ) using regularly arranged particles with uniform 

properties. The particle radius was fixed at 0.133 mm, with other input parameters shown in Table 1 (Li et al., 2022). Three fracturing fluids with distinct 

viscosities (500 cp, 100 cp, and 0.06 cp) were simulated to cover different propagation regimes along the 𝑀𝐾 edge in the parametric space (Fig. 5a). Given 

a mode-I fracture toughness of 1.70 MPa m0.5, the corresponding dimensionless toughness 𝐾m,mk were calculated as 1.44, 2.15, and 13.77, respectively. 

Although the first two cases (500 cp and 100 cp) technically fall within the transition regime, the 500 cp case (𝐾m,mk = 1.  ) is situated much closer to the 

viscosity-dominated limit (M-vertex in Fig. 5a), exhibiting significant viscous dissipation. In contrast, the 0.06 cp case lies clearly inside the toughness-

dominated regime. Accordingly, conventional coupling scheme (Section 2.1) was employed for the first two cases, while the improved algorithm (Section 

2.2) was used for the toughness-dominated scenario. 

The numerical results demonstrate good agreement with analytical KGD solutions across all three regimes (Fig. 5b). For the 500 cp case (𝐾m,mk =

1.  ), the simulated fracture length of 3.01 × 10-2 m shows only a 1.56% deviation from the KGD prediction of 3.12 × 10-2 m, while the fracture width of 

1.46 × 10-5 m exhibits a 10.2% overestimation compared to the theoretical value of 1.32 × 10-5 m. Similar agreement was observed for the toughness-

dominated case (𝐾m,mk = 13.77), where the model precisely matched the theoretical fracture length of 3.41 × 10-2 m, with a 6.10% overestimation in 

fracture width. The observed discrepancies in fracture width primarily stem from model formulation differences. The KGD solution assumes point-source 

injection, whereas our numerical model incorporates finite-length injection zones (two preset microcracks). Overall, the good agreement across viscosity- 

and toughness-dominated regimes confirms the ability of our coupled DEM-fluid model in accurately capturing diverse hydraulic fracturing behaviors. 

 

Table 1. Input parameters for the numerical model. 

Variable Symbol (unit) Value 

Micro parameter Particle radius 𝑅 (mm) 0.1-0.166 

Particle-particle contact modulus 𝐸∗ (GPa) 29 

Contact normal-to-shear stiffness ratio 𝑘∗ 2.0 

Particle friction coefficient 𝜇f 0.6 

Particle density  𝜌s (kg/m3) 2500 

Bond modulus 𝐸̅∗ (GPa) 29 

Bond normal-to-shear stiffness ratio 𝑘̅∗ 2.0 

Bond tensile strength 𝜎t (MPa) 60 
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Bond cohesion 𝜎c (MPa) 90 

Bond friction angle  𝜑̅ (°) 30 

Shape parameter 𝑚 2, 3, 5, 15 

 ℎ 0.52, 0.36, 0.23, 0.08 

Hydraulic parameter Assumed residual aperture 𝑤0 (m) 1 × 10-8 

The bulk modulus of fluid 𝐾f (GPa) 2.2 

Proportionality coefficient 𝜅 (MPa) 0.2 

Injection rate 𝑄0 (m2/s) 2 × 10-7 

Injection fluid viscosity 𝜇 (cp) 500, 100, 0.06 

Plane strain modulus 𝐸′ (GPa) 56 

Mode I fracture toughness  𝐾IC (MPa m0.5) 1.70 

Dimensionless toughness 𝐾m,mk 1.44, 2.15, 13.77 

 

  
   (a)         (b) 

Fig. 5. Simulation of Newtonian fluid injection in a homogeneous medium: (a) Locations of the three cases in the parametric space, and (b) Validation 

against the theoretical KGD solution (Dontsov, 2017). 

 

4. Simulation results 

 

Following model validation, a two-dimensional (2D) numerical model representing an intact rock specimen was generated with dimensions of 25 mm 

(width) × 50 mm (height). The model comprises a total of 19,410 particles, with radii following a uniform distribution between 0.1 mm and 0.166 mm. A 

fixed random seed was employed during generation to ensure reproducibility. To simulate in situ conditions, the specimen is subjected to confining stresses 

of 𝜎𝑥 = 10 MPa (horizontal) and 𝜎𝑦 = 20 MPa (vertical), resulting in a differential stress ratio of 2:1. Fluid injection is initiated at the geometric center of 

the model. Four distinct models with varying homogeneity indices (𝑚 = 2 , ℎ = 0.52 ; 𝑚 = 3 , ℎ = 0.36 ; 𝑚 = 5 , ℎ = 0.23 ; 𝑚 = 15 , ℎ = 0.08 ) were 

constructed to represent different degrees of rock heterogeneity, as illustrated in Fig. 1. Additional simulation parameters are detailed in Table 1. 

4.1 Influence of heterogeneity 

In field-scale hydraulic fracturing operations, fractures generally propagate under conditions approaching the viscosity-dominated regime (Lecampion 

and Desroches, 2015). This results from the relatively high viscosity of commonly used fracturing fluids (e.g. cross-linked gels or slickwater with high 

concentrations of additives) and prolonged injection durations, both of which enhance fluid-driven fracture growth over toughness-dominated mechanisms. 

To investigate the role of rock heterogeneity, we first conducted simulations under near-viscosity-dominated conditions (𝐾m,mk = 1.  ). 

Fig. 6 shows the fracture morphology, aperture distribution, and fluid pressure profiles at 𝑡 = 1.5 s for specimens with varying heterogeneity index ℎ. 

These results reveal a pronounced transition from complex, diffuse fractures to simpler, planar fractures as the material becomes more homogeneous. In 

highly heterogeneous specimens (ℎ = 0.52), fluid injection produces a fracture network consisting of a dominant main fracture and numerous secondary 

branches. The injected fluid primarily flows through the main fracture, which exhibits significant aperture dilation, while most branch fractures experience 

minimal opening and contribute little to fluid transport. This behavior arises from the abundance of weakly bonded contacts, as shown in Fig. 1c, analogous 

  ,  = 1.  

  ,  = 2.15

  ,  = 13.77
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to weak natural interfaces and pre-existing flaws in real rocks. Ahead of the main fracture tip, a diffuse process zone develops where stress perturbations 

induce both tensile and shear failures of these weak contacts. Some of these microcracks coalesce with the main fracture, becoming hydraulically active 

and enhancing its growth. However, many remain isolated with no fluid penetration (i.e. pore pressure = 0), represented by the short black lines in Fig. 6. 

These are hereafter referred to as “dry microcracks”, defined as mechanically induced bond breakages or microdefects that have not yet been invaded by 

the fracturing fluid. Localized microcracking in the process zone absorbs strain energy and produces crack-tip shielding, reducing the driving force for 

main-fracture extension. When the tip encounters a strong interface with limited microcrack connectivity, temporary arrest may occur until continued 

injection elevates the local pressure and reactivates propagation. Notably, the density of dry microcracks increases with distance from the injection point, 

consistent with experimental observations that often report enhanced fracture complexity and branching farther from the wellbore (Chen et al., 2020). 

As the heterogeneity index ℎ decreases, the distribution of interfacial strength becomes more uniform (Fig. 1b and c). This homogeneity suppresses the 

generation of stress-induced isolated microcracks and promotes more stable and predictable propagation. The resulting geometry approaches a discrete, bi-

wing fracture. The reduction in geometric complexity is accompanied by a lower peak fluid pressure, since less energy is dissipated in activating branched 

fractures or off-plane weaknesses (Fig. 6). Correspondingly, the maximum aperture is also reduced due to more uniform fracture front advancement and 

the absence of strong barriers that trap fluid and induce local aperture enlargement. 

 

 

Fig. 6. Fracture morphology, aperture distribution, and fluid pressure fields at 𝑡 = 1.5 s  for high-viscosity (500 cp) fluid injection across different 

heterogeneity levels.  

 

4.2 Propagation regimes with Newtonian fluids 

To examine the influence of propagation regimes, 12 numerical simulations were conducted with Newtonian fluids spanning viscosity- to toughness-

dominated conditions. Fig. 7 demonstrates a morphological transition at 𝑡 = 1.5 s. Fractures driven by high-viscosity fluids propagate nearly symmetrically 

about the injection point, while those driven by low-viscosity fluids exhibit pronounced asymmetry. Even in nominally homogeneous specimens (ℎ = 0.08), 

 = 0.08 = 0.23 = 0.36 = 0.52
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directional propagation persists under toughness-dominated conditions, reflecting the influence of stochastic variations in particle packing. This emphasizes 

the critical role of microstructural randomness in determining fracture path selection. This behavioral divergence arises from the distinct pressure 

distributions characteristic of each regime. In toughness-dominated regimes, the nearly uniform fluid pressure profile renders fracture growth highly 

sensitive to local heterogeneities ahead of the fracture tip, consistent with experimental observations (Bunger and Detournay, 2008) and numerical studies 

(Huang et al., 2019; Tanné et al., 2022). 

 

 

Fig. 7. Fracture morphology at 𝑡 = 1.5 s for Newtonian fluid injection under different heterogeneity conditions and different fluid viscosities. Short red 

lines indicate fluid-invaded microcracks, while short black lines denote dry microcracks without fluid penetration. 

 

Fig. 8 provides a close-up view along the negative y-axis for the highly heterogeneous specimen (ℎ = 0.52), showing that in near-viscosity-dominated 

regime, dry microcracks are abundant, and their density generally increases with distance from the injection point. As the system approaches the toughness-

dominated regime, dry microcracks become more localized around the main fracture, and their spatial variation with distance is less pronounced. Some 

isolated microcracks remain unpressurized and disconnected from the main fracture, highlighting heterogeneous local responses. Low-viscosity fluids also 

promote local particle detachment, producing fragment-like features analogous to laboratory observations (Zhuang et al., 2020). 

Fig. 9 further quantifies the fraction of dry microcracks across different heterogeneity levels and fluid viscosities. In highly heterogeneous specimens 

(ℎ = 0.52), weak bonds fail readily under stress perturbations, generating numerous microcracks, some exceeding the number in the main fracture (e.g. 

100 cp and 500 cp cases). Some of these later coalesce into complex networks, consistent with previous numerical findings (Wang et al., 2025a). As 

 = 0.08 = 0.23 = 0.36 = 0.52
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homogeneity increases, the fraction of dry microcracks decreases, reflecting a more uniform and stable fracture process zone. Fluid viscosity further 

modulates these patterns: viscosity-dominated fractures exhibit larger pressure gradients and wider apertures, resulting in higher densities of dry 

microcracks, whereas toughness-dominated fractures show smaller pressure variations and more confined distributions. These results underscore the 

coupled influence of fracture propagation regimes and material heterogeneity on both the spatial distribution and overall abundance of dry microcracks, 

influencing fracture complexity and pressure evolution.  

 

   

(a)  (b)  (c) 

Fig. 8. Fluid pressure distributions at 𝑡 = 1.5 s resulting from Newtonian fluid injection into the highly heterogeneous specimen (ℎ = 0.52) for different 

viscosities: (a) 500 cp, (b) 100 cp, and (c) 0.06 cp. 

 

 

Fig. 9. The fraction of dry microcracks under different heterogeneity conditions. 

 

4.3 Propagation regimes with shear-thinning fluids 

For shear-thinning power-law fluids, the Poiseuille’s law (Eq. (5)) indicates that the flow rate becomes increasingly sensitive to the pressure gradient 

as the behavior index 𝑛 decreases. To ensure numerical stability in the explicit fluid-solid coupling scheme, smaller fluid time steps are required, which 

increases computational cost. Therefore, a relatively high consistency index (𝐾c = 1.0 Pa s𝑛, 𝑛 = 0.8) is adopted for Case A, and two cases are examined 

as listed in Table 2. Case A lies close to the viscosity-dominated regime in the parametric space, whereas Case B approaches the toughness-dominated 

regime (Fig. 10). 

 

Table 2. Simulation parameters for the power-law fluid cases. 

Variable Symbol (unit) Case A Case B 

Behavior index 𝑛 0.8 0.8 

Consistency index  𝐾c (Pa sn) 1.0 0.1 

Mode I fracture toughness 𝐾IC (MPa m0.5) 1.70 1.70 
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Injection rate  𝑄0 (m2/s) 2 × 10-6 2 × 10-7 

Flow time  𝑡 (s) 0.07 0.7 

Dimensionless toughness 𝐾m,mk 1.16 3.53 

 

 

Fig. 10. Locations of Case A and Case B within the parametric space for the case of shear-thinning fluid with 𝑛 = 0.8. 

 

The fracture morphologies of the two cases are shown in Fig. 11. The fracture morphology in the toughness-dominated regime is identical to that in 

Fig. 7, as fracture toughness overwhelms viscous dissipation, rendering propagation largely insensitive to fluid rheology. In contrast, near the viscosity-

dominated regime, fractures propagate more symmetrically and develop additional branches, especially in highly heterogeneous specimens (ℎ = 0.52). 

However, compared with Newtonian fluids, power-law fluids produce fewer branches. This behavior can be explained by the time-evolving propagation 

regime of power-law fluids, which transitions from early-time toughness-dominated to late-time viscosity-dominated growth, as quantified in Eq. (15). 

Furthermore, steeper tip pressure gradients near the fracture tip and shear-thinning-induced reduction in apparent viscosity together suppress the 

morphological differences between the two endmember regimes. In the transition regime, fracture propagation exhibits intermediate behavior, with reduced 

branching and asymmetric growth. While heterogeneity exerts similar influence for both Newtonian and power-law fluids, the regime boundaries in the 

parametric space remain highly sensitive to the behavior index 𝑛. 

 

 

 ase     ,  = 1.16

 ase     ,  = 3.53
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Fig. 11. Fracture morphology for shear-thinning power-law fluid injection under different heterogeneity conditions (𝑛 = 0.8). Short red lines indicate fluid-

invaded microcracks, while short black lines denote dry microcracks without fluid penetration. 

 

5. Discussion 

 

5.1 Apparent fracture toughness 

Increasing heterogeneity promotes the generation of stress-induced isolated microcracks, resulting in shorter main fractures and a more uniform internal 

pressure distribution, as shown in Fig. 6. This behavior reflects an increase in the macroscopic resistance of the rock to fracture propagation with the 

heterogeneity index ℎ , corresponding to an enhancement in the apparent fracture toughness. Previous DEM studies have shown that even geometric 

randomness alone can increase the apparent toughness. For instance, Huang et al. (2019) reported that random particle packing produced approximately 

30% higher apparent toughness than regular lattices owing to the stochastic redistribution of load-bearing paths. The present simulations are consistent with 

this trend and further reveal that mesoscale heterogeneity in bond properties, represented by a Weibull distribution, introduces an additional toughening 

effect beyond that caused by particle randomness. 

The enhancement of apparent fracture toughness arises from additional energy-dissipation channels activated by heterogeneity. Microcracks 

surrounding the dominant fracture tip act as localized energy sinks, absorbing strain energy through crack deflection, tortuosity, and branching before the 

main fracture extends. These mechanisms resemble the “toughening-by-tortuosity” and “microcrack trapping” effects reported in phase-field analyses of 

heterogeneous materials (Hossain et al., 2014; Liu and Shen, 2025). Recently, Liu and Shen (2025) demonstrated that even for the quasi-most-fragile 

microstructural configurations, those representing the weakest possible arrangements of heterogeneity that facilitate fracture propagation, the macroscopic 

apparent fracture toughness remains elevated owing to local dissipative processes. 

To further quantify this effect, hydraulic fracturing tests using regular lattices were conducted, as shown in Fig. 12. Here, the numerical fracture aperture 

𝑤, calculated dynamically via Eqs. (7) and (8), serves as the primary input for determining the fracture resistance. The apparent fracture toughness (𝐾IC,app) 

was derived through an inverse analysis, where the numerical fracture aperture evolution was fitted to the KGD analytical solution. The results indicate 

that the apparent toughness increases from 1.7 MPa m0.5 for the homogeneous case (ℎ = 0; Section 3) to varying degrees depending on fluid viscosity when 

ℎ = 0.36: about 4.5 MPa m0.5 for 500 cp, 3.1 MPa m0.5 for 100 cp, and 3.0 MPa m0.5 for 0.06 cp. The viscosity dependence arises because higher-viscosity 

fluids enlarge the fracture process zone, thereby amplifying the influence of distributed microcrack dissipation, which will be discussed further in Section 

5.2. 

Although the particles are arranged regularly, local variations in bond properties still create weak links both parallel and perpendicular to the main 

fracture, facilitating the formation of isolated microcracks and localized damage. The apparent toughness reported here represents an effective, system-

level value inferred from hydraulic fracture propagation rather than a fundamental material constant. The insightful work of Wei et al. (2021) provides an 

important experimental reference: they demonstrated that the measured fracture toughness can vary substantially with loading configuration due to the 

coupled influence of T-stress and the fracture process zone. This finding underscores that even nominally homogeneous specimens exhibit dependence of 

apparent toughness on local stress states and inelastic energy dissipation (Wei et al., 2023). The present findings indicate that mesoscale heterogeneity 

enhances the local energy barrier to fracture extension through diffuse damage and localized energy absorption. This toughening effect aligns with field-

scale observations where inversions of kilometer-scale dikes yield effective toughness values one to three orders of magnitude higher than laboratory 

measurements (Rivalta et al., 2015). Therefore, the system-level apparent toughness emerges as a physically meaningful measure of macroscopic fracture 

resistance, since it intrinsically captures the influence of microstructural heterogeneity, a factor demonstrated to be essential for reproducing realistic fracture 

propagation (Dontsov and Suarez-Rivera, 2021). 
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     (a)        (b)       (c) 

Fig. 12. Fracture morphology and corresponding KGD comparisons (Dontsov, 2017) for the heterogeneous regular-lattice case (ℎ = 0.36) at t = 1.2 s under 

different fluid viscosities: (a) 500 cp, 𝐾IC,app =  .5 MPa m0.5, 𝐾m,mk = 3.82; (b) 100 cp, 𝐾IC,app = 3.1 MPa m0.5, 𝐾m,mk = 3.9 ; and (c) 0.06 cp, 𝐾IC,app =

3.0 MPa m0.5, 𝐾m,mk = 2 .3 . Short red lines indicate fluid-invaded microcracks, while short black lines denote dry microcracks without fluid penetration. 

 

5.2 Fracture complexity 

While Section 5.1 focused on how heterogeneity enhances the apparent fracture toughness through additional energy-dissipation mechanisms, this 

section examines how the same mesoscale effects influence the geometric complexity of hydraulic fractures under Newtonian and power-law fluids. It is 

important to note that all simulated cases are assumed to remain within the same dominant propagation regime. 

Typically, hydraulic fracture modeling is grounded in LEFM (Rice, 1968), where the crack-tip solutions yield a kidney-shaped stress field (𝜎 ∝ 𝑟−1/2) 

and an opening profile as shown in Fig. 13 (𝑤 ∝ 𝑟1/2). Within this perturbation zone, weak interfaces may fail, producing tensile microcracks (Zhuang and 

Zang, 2021). Increasing heterogeneity enlarges this activated zone, leading to more distributed damage. However, the extent and nature of these 

perturbations are regime-dependent. According to Dontsov and Kresse (2018), the tip asymptotes for a power-law fluid differ between toughness and 

viscous regimes: 

𝑤k(𝑥) =
𝐾′

𝐸′
𝑥1 2⁄                                                           (16) 

𝑤m(𝑥) = [
2(2+𝑛)2

𝑛
tan (

π𝑛

2+𝑛
)]

1

2+𝑛
(
𝑥̇𝑛𝑀′

𝐸′
)

1

2+𝑛
𝑥

2

2+𝑛                         (17) 

where 𝑤k  and 𝑤m  are the toughness and viscous asymptote, respectively; 𝑥  is the distance from the fracture tip; and 𝑥̇  is the fracture tip velocity. In 

toughness-dominated propagation, typically associated with low-viscosity fluids, stress perturbations remain localized, leading to relatively few secondary 

cracks. However, the main fracture path becomes highly sensitive to local heterogeneity, often producing asymmetric or unstable propagation (Ishida et al., 

2016). By contrast, viscosity-dominated propagation, often induced by high-viscosity fluids or injection rate, deviates from the classical LEFM asymptote 

since the extent of the 𝑤 ∝ 𝑟1/2 zone is very limited (Hu and Garagash, 2010). The fracture opening scales as 𝑤 ∝ 𝑟2/(2+𝑛), which reduces to 𝑤 ∝ 𝑟2/3 for 

Newtonian fluids (Eq. (17)), while the stress singularity is 

𝜎 ∝ 𝑟−
𝑛

2+𝑛    (𝑛 ≤ 1)                                                           (18) 

This distributes energy over a broader process zone, which suppresses large path deviations but activates dispersed dry cracks around the main fracture. 

Consequently, fracture complexity in viscosity-dominated regimes primarily arises from distributed microcracking, whereas in toughness-dominated 

regimes it stems from tip instability.  
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(a)                                                                                                     (b) 

Fig. 13. Schematic diagrams of EGS process: (a) Thermal circulation system, and (b) Hydraulic fracturing at grain scale with fracture-tip process zone 

(after Li et al., 2025a). 

 

To quantify these geometric features, two complementary metrics were employed: tortuosity (T) and orthogonal roughness (R). Tortuosity (T), defined 

as the ratio of the total length of microcracks connected to the main fracture to the straight-line distance between its two tips (Chen et al., 2015), characterizes 

the degree of fracture path deviation and branching. Using principal component analysis, the first principal component is taken as the primary propagation 

direction, and orthogonal roughness (R) is defined as the root mean square of pointwise deviations perpendicular to this axis, normalized by the total fracture 

length. This measure reflects the degree of lateral irregularity or scattering of dry microcracks (Fig. 14). Results indicate that in highly heterogeneous media, 

viscosity-dominated fractures show high R but low T, reflecting broad microcrack activation without strong deflection of the main fracture, whereas 

toughness-dominated fractures exhibit higher T as the primary fracture is more readily diverted by heterogeneity. Due to the relatively high stress contrast 

applied in our simulations (10 MPa), as the material becomes more homogeneous, the differences in fracture morphology across propagation regimes 

diminish, resulting in nearly overlapping T and R values. Interestingly, cases located in the intermediate regime, such as the 100-cp fluid scenario, may 

simultaneously exhibit relatively high values of both T and R, indicating a combination of main-fracture deviation and lateral microcrack dispersion. 

 

  

          (a)            (b) 

Fig. 14. Tortuosity (a) and orthogonal roughness (b) of hydraulic fractures under varying heterogeneity for different fluids. 

 

These results help refine the widely held assumption that low-viscosity fluids inherently produce more complex fracture networks. Instead, fracture 

complexity emerges from the coupled interplay of fluid rheology, stress anisotropy, heterogeneity, and propagation regime (Wu et al., 2022). For instance, 

significant complexity is most likely when toughness-dominated growth (often induced by low-viscosity fluids) interacts with pronounced material 

heterogeneity, consistent with numerical predictions (Chen et al., 2020). However, under high stress contrast conditions, the influence of heterogeneity is 

limited, and low-viscosity fluids primarily induce asymmetric rather than branched fractures. In contrast, high-viscosity fluids generate straighter dominant 

fractures while activating a wide process zone of distributed microcracks, which can enhance overall conductivity by creating secondary damage zones 

without large-scale branching.  

This mechanistic framework is particularly relevant for engineered systems like EGS, where achieving optimal fracture network geometry is critical 

for efficient thermal energy extraction. (Fig. 13). The type of process zone generated at the fracture tip, whether diffuse or localized microcracking, directly 
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dictates this geometry and thus the efficacy of the thermal circulation system. Consequently, operational parameters must be tailored to reservoir conditions: 

low-viscosity fluids may encourage complex networks in heterogeneous reservoirs though potentially compromising stability, whereas higher-viscosity 

fluids or increased injection rates can be used in more homogeneous settings to mobilize distributed microcracking and enhance conductivity. These 

considerations are particularly important for EGS operations, where fluid viscosities are typically low and fracture propagation is often toughness-

dominated (Tanné et al., 2022).  

Finally, certain limitations of the model warrant mention. First, fluid leak-off was neglected to strictly isolate the competition between viscosity and 

toughness storage mechanisms. Fluid infiltration, particularly with low-viscosity fluids, increases local pore pressure, thereby reducing effective stress and 

promoting interactions with weak sites (Zhuang and Zang, 2021). Neglecting this mechanism implies that our current results may represent a conservative 

estimate of fracture network complexity in permeable formations. Conversely, excessive fluid loss would shift the system toward leak-off-dominated 

regimes (𝑀̃ or 𝐾 in Fig. 4), potentially reducing the global energy available for fracture extension. Second, the Weibull distribution used to characterize 

mechanical properties necessitates calibration against micromechanical data (Li et al., 2024a). Future work could integrate mineralogical variability and 

coupled poromechanical effects to more accurately capture microstructural heterogeneity. Third, these 2D simulations adopt the plane-strain assumption 

(KGD model), physically representing scenarios where fracture height is far greater than fracture length. While a 3D fluid front might vertically bypass 

local obstacles, potentially mitigating the “shielding” effect of heterogeneity seen in 2D, the fundamental mechanism by which heterogeneity governs the 

transition between dissipation regimes remains valid. Despite these simplifications, the current findings offer a valuable mesoscopic framework for 

elucidating how fluid properties and rock heterogeneity jointly control fracture network formation. 

 

6. Conclusions 

 

This study established a fully coupled DEM for hydraulic fracturing, incorporating a Weibull distribution of rock mechanical properties and accounting 

for both Newtonian and power-law fluid rheologies. The model was validated against classical KGD solutions and applied to investigate the mesoscale 

interaction between hydraulic fractures and heterogeneous rock structures under different propagation regimes. The main findings are summarized as 

follows: 

 

(1) Increasing rock heterogeneity elevates the macroscopic resistance to fracture propagation by activating additional energy-dissipation mechanisms such 

as microcrack deflection, tortuosity, and branching. This effect manifests as higher apparent fracture toughness values and shorter but more distributed 

fracture networks. 

(2) The influence of heterogeneity on fracture complexity depends on fracture propagation regimes. In viscosity-dominated regimes, a large process zone 

with relaxed stress singularity promotes distributed microcracking (high orthogonal roughness R), whereas in toughness-dominated regimes, uniform 

fluid pressure and localized stress perturbations cause asymmetric and unstable propagation paths (high tortuosity T).  

(3) For power-law fluids, the spatial extent of the viscosity- and toughness-dominated regimes is governed by the flow behavior index (n). The shear-

thinning nature of such fluids reduces the apparent viscosity near the fracture tip, and the time-evolving propagation regimes together diminish the 

morphological contrast between the two regimes compared with Newtonian fluids. 

(4) Fracture complexity is governed by the combined effects of fluid rheology and rock heterogeneity. By selecting appropriate fluids and injection rates, 

operators can enhance branching in viscosity-dominated fractures or mitigate instability in toughness-dominated fractures. 
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