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Abstract: Acid fracturing is a crucial stimulation technique to enhance hydrocarbon recovery in
carbonate reservoirs. However, the interaction between acid fractures and natural fractures remains
complex due to the combined effects of mechanical, chemical, and fluid flow processes. This study
extends a previously developed hydro-mechano-reactive flow coupled model to analyze these inter-
actions, focusing on the influence of acid dissolution. The model incorporates reservoir heterogeneity
and simulates various scenarios, including different stress differences, approaching angles, injection
rates, and acid concentrations. Numerical simulations reveal distinct propagation modes for acid and
hydraulic fractures, highlighting the significant influence of acid dissolution on fracture behavior.
Results show that hydraulic fractures are more likely to cross natural fractures, whereas acid fractures
tend to be arrested due to wormhole formation. Increasing stress differences and approaching angles
promote fracture crossing, while lower angles favor diversion into natural fractures. Higher injection
rates facilitate fracture crossing by increasing pressure accumulation, but excessive acid concentra-
tions hinder fracture initiation due to enhanced wormhole formation. The study demonstrates the
importance of tailoring fracturing treatments to specific reservoir conditions, optimizing parameters
to enhance fracture propagation and reservoir stimulation. These findings contribute to a deeper
understanding of fracture mechanics in heterogeneous reservoirs and offer practical implications for
improving the efficiency of hydraulic fracturing operations in unconventional reservoirs.

Keywords: acid fracturing; natural fracture; hydro-mechano-reactive flow model; phase field method;
fracture propagation modes

1. Introduction

By injecting acidic solutions at high pressures, acid fracturing creates and propagates
fractures while simultaneously dissolving the carbonate rock, resulting in increased perme-
ability and improved connectivity within the reservoir. The presence of natural fractures
adds complexity to this process, as the interaction between induced acid fractures and
pre-existing natural fractures can significantly influence fracture propagation paths and,
consequently, the efficiency of the stimulation, as shown in Figure 1. A comprehensive
understanding of the factors affecting acid fracture propagation in naturally fractured
reservoirs is essential for optimizing treatment designs and maximizing production.

Numerical studies have investigated the interactions between induced fractures and
natural fractures in the context of hydraulic fracturing [1–4]. Yi et al. [5] proposed a cou-
pled fluid flow and fracture phase field evolution model to simulate hydraulic fracture
propagation in porous media with natural fractures. Their results demonstrated that
smaller approaching angles, lower natural fracture strength, and smaller in situ stress
differences make natural fractures more likely to initiate and propagate. Zhou et al. [6]
advanced this understanding by developing a fully coupled hydro-mechanical model based
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on the extended finite element method (XFEM) to handle different fracture interaction
behaviors. Introducing a new weakly discontinuous junction enrichment function and
adopting a tensile stress criterion for new fracture initiation, they investigated the effects of
natural fracture properties, treatment parameters, matrix permeability, anisotropic stress,
and intersection angle on fracture interaction. Xiong and Ma [7] developed a hydraulic
fracture random propagation method using mesh node splitting and zero-thickness co-
hesive elements. Their study demonstrated that natural fractures could open and slip
even without direct contact with hydraulic fractures, highlighting the influence of stress
shadow effects and the importance of formation properties and injection rates on fracture
complexity. Sun et al. [8] proposed a quantitative model to predict hydraulic fracture prop-
agation across cemented natural fractures based on numerical simulation and developed a
probability function to predict crossing behavior using logistic regression.
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Figure 1. Schematic diagram of acid fracturing in naturally fractured reservoirs.

Experimental investigations have provided valuable insights into fracture propagation
behavior in naturally fractured reservoirs [9–11]. Zhou et al. [12] conducted experimental
studies using a tri-axial fracturing system, revealing complex interactions under various
stress conditions and rock properties. Zhang et al. [13] performed experiments on hydraulic
fracture propagation in tight sandstone formations with closed cemented natural fractures.
By creating artificial tight sandstone specimens with controlled properties and embedded
natural fractures, they showed that factors such as approach angle, in situ stress state, and
natural fracture properties significantly influence the interaction between hydraulic and
natural fractures. Qiu et al. [14] conducted laboratory tests to investigate the interaction
between hydraulic fractures and natural fractures in deep unconventional reservoirs under
high stress conditions and identified various interaction modes between hydraulic and
natural fractures.

The topology and characteristics of natural fractures play a significant role in fracture
network development. Wang et al. [15] investigated the role of natural fractures with differ-
ent topology structures on hydraulic fracture propagation in continental shale reservoirs.
Utilizing data from the Yanchang Formation, they classified natural fractures into three
types based on node structures. Their study found that natural fractures with Type II nodes
had the most substantial effect on inducing hydraulic fracture propagation and creating
complex fracture networks. Injection parameters and fluid properties also critically impact
fracture propagation. Li et al. [16] conducted a sensitivity analysis using a discrete fracture
network (DFN) model based on outcrop data from the Ordos Basin, China. Their findings
indicated that increasing natural fracture aperture decreased fracture complexity, while
higher friction coefficients improved hydraulic fracturing efficiency. Higher injection rates
led to more complex fracture networks, whereas higher fluid viscosity reduced fracturing
efficiency. Tong et al. [17] proposed a new criterion for predicting the interaction between
hydraulic fractures and natural fractures at non-orthogonal angles. Considering fluid flow,
stress shadow effects, and poroelastic responses, they revealed that hydraulic fractures are
more likely to cross natural fractures under conditions of short fracture half-length, high
friction coefficient, high fluid viscosity, and high fracture toughness.

While significant progress has been made in understanding hydraulic fracture propa-
gation, there is a relative paucity of studies specifically addressing acid fracture propagation
in the presence of natural fractures. Acid fracturing introduces additional complexities
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due to chemical reactions between the acid and the rock, which can alter fracture sur-
faces, change rock mechanical properties, and influence fracture propagation paths [18–20].
Dai et al. [21] conducted true triaxial acid fracturing experiments to study steering acid
fracturing in carbonate reservoir and found that the complexity of fractures is influenced by
natural fracture and the fluid viscosity. Chen et al. [22] addressed some of these complexi-
ties by simulating acid transport and dissolution in fracture networks using a 3D unified
pipe-network method, allowing for the modeling of complex fracture geometries and their
evolution due to acid dissolution. Zhu et al. [23] presented a discretized virtual internal
bond approach for acid fracturing in complex fractured-vuggy carbonate reservoirs. By
considering full hydro-mechanical-chemical coupling effects in large fractures and partial
coupling in small fractures, their method could simulate large fracture propagation, inter-
actions with natural fractures and cavities, and the activation of inactive natural fractures.
Recently, we developed a hydro-mechano-reactive flow coupled model to simulate acid
fracturing in heterogeneous reservoirs [24]. Despite these advancements, a comprehensive
investigation integrating the various factors affecting acid fracture propagation with natural
fractures remains lacking. Therefore, this study aims to fill this gap by conducting a com-
prehensive investigation into the factors affecting acid fracture propagation in the presence
of natural fractures by extending the previously developed hydro-mechano-reactive flow
coupled model.

This paper is structured as follows: Section 2 outlines the primary governing equation
of the model, while Section 3 presents the numerical solution. Section 4 validates the model
and provides an in-depth analysis of acid fracture propagation in conjunction with natural
fractures. Finally, Section 5 offers some conclusions.

2. Governing Equations

Consider the scenario of an acid fracture approaching a natural fracture at an angle β,
as illustrated in Figure 2. Acid fracture propagation encompasses acid transport, fluid flow,
rock deformation, and fracture propagation. We present a hydro-mechano-reactive flow
coupled model previously developed in [24]. This model is now extended to analyze the
interaction between acid fractures and natural fractures. The study is based on the following
assumptions: the fracturing process occurs under quasi-static and isothermal conditions;
the reservoir is heterogeneous and saturated, accounting for variations in porosity, mineral
inclusions, and elastic modulus; the fluid is compressible, and acid dissolution occurs
instantaneously, following a first-order kinetic mechanism; principal stresses are considered.
Limitations of the model include the following: it is a two-dimensional representation;
the size of the research domain is constrained due to the small mesh scale required for
accurate acid dissolution modeling. The main governing equations are provided for model
completeness as follows.
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2.1. Reservoir Heterogeneity Characterization

Reservoir rock, at the microscopic level, comprises a solid matrix, pores, and mineral
inclusions. Due to the random distribution of pores and minerals, the rock exhibits inherent
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heterogeneity, affecting its macroscopic mechanical properties. Two scales are considered:
the micro-scale, where pores disperse in the solid matrix forming a porous matrix, and the
meso-scale, where mineral inclusions are distributed. A two-step linear homogenization
approach, based on the Mori–Tanaka scheme [25,26], estimates the macroscopic mechan-
ical parameters. This approach accounts for the heterogeneity of Young’s modulus and
Poisson’s ratio of the rock. The acid dissolution modeling necessarily considers the het-
erogeneity of porosity, which in turn influences the heterogeneity of the rock’s mechanical
parameters. Furthermore, acid dissolution degrades the rock’s mechanical modulus, sig-
nificantly affecting fracture propagation. Therefore, it is crucial to account for the initial
heterogeneity of the rock’s mechanical parameters.

The first homogenization step accounts for the micro-scale pore effect, estimating the
effective elastic stiffness of the porous medium as follows [27]:

Cmp = Cm : (I − fpAp) (1)

where Cm is the elastic stiffness tensor of the solid matrix. I denotes the four-order unit
tensor. Fp is the pores to matrix volume ratio, and Ap is the strain concentration tensor
relating uniform strain to local strain:

Ap = (I − Pp : Cm)−1 :
[
(1 − fp)I + fp(I − Pp : Cm)−1

]−1
(2)

where Pp represents the porous matrix’s Hill tensor, determined by integrating the Green
function [25,27].

The second homogenization step considers mineral inclusions, simplifying them into
an equivalent phase to estimate rock’s macroscopic effective elastic stiffness:

Chom = Cmp + fi(Ci − Cmp) : Ai (3)

where Ai links macroscopic strain to local strain in inclusions:

Ai =
[
I + Pi : (Ci − Cmp)

]−1
:
[
(1 − fi)I + fi

(
I + Pi : (Ci − Cmp)

)−1
]−1

(4)

where Pi is the macroscopic medium’s Hill tensor, calculated similarly to Pp with Cmp.

2.2. Fluid Flow and Acid Transport

As fractures initiate and propagate, the properties of the damaged reservoir area
change including compressibility, permeability, and Biot’s coefficient. These are updated
using Lee et al.’s linear interpolation approach [5]. Considering porosity alterations due to
mineral dissolution, the fluid flow continuity equation is as follows:

∂ϕ

∂t
+ St

∂p
∂t

+∇ ·
(
− kt

µ
∇p

)
= Q0 − αt

∂εvol
∂t

(5)

where St, kt, and αt are the medium’s equivalent compressibility, permeability, and Biot’s
coefficient, calculated via interpolation [28]. Φ symbolizes porosity, µ is the fluid viscosity,
and Q0 is the source term.

Acid transport involves convection, dispersion, and transfer. The transfer term, de-
scribing acid flow to the fluid–solid interface, is a first-order kinetic reaction [29]:

R
(

C f

)
= kc

(
C f − Cs

)
= ksCs =

kcks

kc + ks
C f (6)

where kc is the transfer coefficient, and ks is the surface reaction rate. Cf and Cs are acid
concentrations in the fluid phase and at the fluid–solid interface.
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Acid transport’s continuity equation is as follows:

∂
(

ϕC f

)
∂t

+∇ ·
(

vC f

)
= ∇ ·

(
ϕDe · ∇C f

)
− avR

(
C f

)
(7)

where v is the fluid velocity. De denotes the effective dispersion tensor. Av denotes the
specific surface area.

The transfer term changes porosity:

∂ϕ

∂t
=

R
(

C f

)
avαd

ρs
(8)

where αd is the dissolving coefficient, and ρs is the rock’s density.
Based on the two-scale continuum model [29], the pore structural parameters and

related transfer coefficient and dispersion tensor are analyzed at the pore scale. Semi-
empirical relations estimate the pore radius, permeability, and surface area due to
porosity change:

rp

r0
=

√
krϕ0

k0ϕ
(9)

kr

k0
=

ϕ

ϕ0

(
ϕ(1 − ϕ0)

ϕ0(1 − ϕ)

)2γ

(10)

av

a0
=

ϕr0

ϕ0rp
(11)

where r0, k0, and α0 denote initial average pore radius, permeability and surface area when
porosity equals ϕ0. Γ is the pore broadening parameter.

The transfer coefficient kc is derived via the Sherwood number:

Sh =
2kcrp

Dm
= Sh∞ + 0.7Re1/2

p Sc1/3 (12)

where Dm is molecular diffusivity, and Sh∞ is the asymptotic Sherwood number. Rep
is the Reynold’s number, and Sc is the Schmidt number (Sc = vk/Dm), where vk is the
kinetic velocity.

The dispersion tensor is characterized by longitudinal and transverse dispersion
coefficients [29]:

DeX = (αos + λXPep)Dm (13)

DeT = (αos + λT Pep)Dm (14)

where X and T denote acid injection and perpendicular directions. αos, λX, and λT are
pore-structure constants. Pep is the Peclet number, defined as Pep = |v|dh/(ϕDm), where
dh is the pore’s diameter.

2.3. Rock Deformation and Fracture Propagation

Considering elastic strain energy, crack surface energy, and fluid pressure dissipation
energy, the porous medium’s total energy functional is as follows:

Ψ(u, Γ, p) =
∫

Ω
ψ(ε)dΩ +

∫
Γ

GcdΓ −
∫

Ω
αt p · (∇ · u)dΩ −

∫
Ω

b · udΩ −
∫

∂Ωt
t · ud∂Ωt (15)

where u and p are displacement tensor and fluid pressure. ψ represents elastic strain energy,
and ε is the strain tensor. Gc is the critical energy release rate. b is the body force, and t is
the traction on the boundary ∂Ωt.
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Acid dissolution degrades the rock’s elastic modulus [30,31], with Young’s modulus
exhibiting exponential decline with increasing dissolution-induced porosity. It is used to a
chemical damage variable [32,33]:

dchem = e−r|∆ϕ| (16)

where r is a degradation coefficient, derived by fitting experimental results [24,34].
Using the phase field method, the total energy functional is as follows [24]:

Ψ(u, d, p) =
∫

Ω g(d, dchem)ψ+(ε) + ψ−(ε)dΩ +
∫

Ω
Gc

2

[
l0∇d · ∇d +

d2

l0

]
dΩ

−
∫

Ω αp · (∇ · u)dΩ −
∫

Ω b · udΩ −
∫

∂Ωt
t · ud∂Ωt

(17)

where g is the degradation function. ψ+ and ψ− are tensile and compressive elastic strain
energies. d denotes the phase field, and l0 is a characteristic length parameter.

Integrating crack phase field and chemical damage field influences, the degradation
function is as follows:

g(d, dchem) = (1 − k0)[dchem(1 − d)]2 + k0 (18)

where k0 ensures the stiffness matrix remains well conditioned as the phase field approaches 1.
Using the variational approach, the governing equations for rock deformation are

as follows:
∇ · (σ − apI) + b = 0 (19)

Similarly, the phase field governing equation, with local history variable H is as follows:[
2l0(1 − k0)d2

chemψ+

Gc
+ 1

]
d − l2

0(∇d · ∇d) =
2l0(1 − k0)d2

chemH
Gc

(20)

Initial and natural fractures are modeled by prescribing strain field history, as proposed
by Borden et al. [35]:

H0(x) =


BGc
4l0

(
1 − s(x,l)

l0

)
, s(x, l) ≤ l0

0, s(x, l) > l0
(21)

where B is a constant. s(x,l) represents the distance of point x to line l.

3. Numerical Methods

The governing equations are highly nonlinear, necessitating an iterative algorithm
for solutions. A hybrid method utilizes the finite element method for stress and phase
field discretization and the finite volume method for fluid pressure and acid concentration
discretization. The fixed stress split method accelerates convergence due to stress and
pressure coupling.

Within the finite element framework, weak formulations of stress and phase field
equations are obtained by applying the virtual work principle:∫

Ω
(σ − αpI) : ε(δu)dΩ =

∫
Ω

b · δudΩ +
∫

∂Ωt
t · δud∂Ωt (22)

∫
Ω

[
2(1 − k0)d2

chemH+
Gc

l0

]
dδddΩ +

∫
Ω

Gcl0∇d · ∇(δd)dΩ = 2
∫

Ω
(1 − k0)d2

chemHδddΩ (23)

where δu denotes the virtual displacement tensor, and δd represents the virtual phase
field variable.
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Within the finite volume framework, the fluid pressure integration equation over
elements yields the following:∫

Ωe
St

∂p
∂t

dV −
∫

Ωe
∇ ·

(
kt

µ
∇p

)
dV =

∫
Ωe

Q0 −
R(Cs)avαd

ρs
dV −

∫
Ωe

αt
∂εvol

∂t
dV (24)

The flow flux between elements relies on the flow conductivity at the interaction
boundary, calculated by the harmonic mean.

Similarly, the acid concentration integration equation is as follows:

∫
Ωe

∂(ϕC f )

∂t
dV +

∫
Ωe

∇ · (vC f )dV =
∫

Ωe
∇ · (ϕDe · ∇C f )dV −

∫
Ωe

kcksav

kc + ks
C f dV (25)

Using the upwind scheme for advection flux and harmonic mean for diffusion flux,
time derivation is generally estimated by the backward scheme.

Discretized field equations are solved using an efficient iterative algorithm. At each
new time step, fluid pressure, displacement, and phase field are iterated using staggered
manner until convergence, and then acid concentration is solved based on fluid pressure
updates in a decoupled manner. Porosity and property parameters are updated for the
next time step. Detailed methods can be found in the previous study [24].

4. Simulation Results

The hydro-mechano-reactive flow coupled model for simulating acid fracture prop-
agation has been validated in a previous study [24], including the calculations of acid
dissolution and crack propagation. To further verify its applicability to fracture interaction
problems, we examined the scenario of a hydraulic fracture approaching a natural fracture,
as this configuration has been extensively studied both experimentally and theoretically.
Subsequently, we employed the model to investigate the interaction modes between acid
fractures and natural fractures, followed by a comparative analysis of the propagation
patterns of acid fractures and hydraulic fractures. Finally, we conducted a comprehensive
analysis of the combined effects of acid dissolution and other factors (including stress
differential, approach angle, injection rate, and acid concentration) on fracture propagation.

4.1. Verification of Interaction Between Hydraulic Fracture and Natural Fracture

The interaction between hydraulic fractures and pre-existing natural fractures has
been a subject of significant research in the field of hydraulic fracturing. Blanton’s seminal
work [36], which involved experimental studies, led to the development of an interaction
criterion that examines the effects of approaching angle and stress difference on fracture
behavior. To validate our numerical model against Blanton’s established criterion, we
simplified our hydro-mechano-reactive flow coupled model to simulate hydraulic fracture
propagation by omitting acid transport processes. This allows for a direct comparison
between our numerical solutions and Blanton’s experimental criterion, thereby providing a
robust verification of our model’s capability to accurately simulate fracture interactions in
the absence of chemical reactions.

Our simulation setup comprises a square sample containing an initial hydraulic
fracture and an inclined natural fracture, similar to the configuration illustrated in Figure 2.
The domain is discretized into a uniform grid of square elements, with 100 elements along
each axis, resulting in a 100 × 100 mesh. The key distinction in this verification study is the
absence of acid in the fracturing fluid. By systematically varying the approaching angle and
stress difference in our simulations, we aim to reproduce the interaction behaviors observed
in Blanton’s experiments. Table 1 presents the model parameters used in these simulations.

Numerical solutions reveal two primary modes when a hydraulic fracture approaches
a natural fracture: crossing and diversion. We obtained propagation modes under vari-
ous scenarios with different approaching angles and stress differences, comparing them
with Blanton’s criterion as illustrated in Figure 3. In this figure, the region to the right
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of Blanton’s criterion represents crossing, while the left represents no crossing. Our so-
lution demonstrates consistency with Blanton’s criterion, thereby validating the model’s
application for hydraulic fracture and natural fracture interaction.

Table 1. Input parameters for hydraulic fracture propagation with natural fracture.

Parameter Symbol Value Unit

Length of domain L 0.5 m
Height of domain H 0.5 m

Length of initial hydraulic fracture lhf 0.15 m
Length of natural fracture lnf 0.1 m

Young’s modulus E 25 GPa
Poisson’s ratio v 0.25 -

Characteristic length parameter l0 0.01 -
Critical energy release rate Gc 50 Pa·m
Maximum principal stress σH 8 MPa
Minimum principal stress σh 5 MPa

Matrix permeability kr 1.0 × 10−15 m2

Fracture permeability kf 1.0 × 10−8 m2

Injection rate v0 7.5 × 10−4 m2/s
Fluid viscosity µ 1.0 × 10−3 Pa·s
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Figure 5 presents the injection pressures for different approaching angles. The injec-
tion pressure for the 45° approaching angle increases first due to hydraulic fracture diver-
sion before contacting the natural fracture. Injection pressures for 60° and 90° approaching 
angles increase simultaneously. When the hydraulic fracture diverts into the natural frac-
ture, the dissipated energy is less than that of crossing the natural fracture. Consequently, 
the peak injection pressure is highest when the hydraulic fracture crosses the natural frac-
ture at a 90° approaching angle. 

Figure 3. Comparison of fracture propagation mode between our solution and Blanton’s criterion.

The phase field method employed in our model automatically determines the hy-
draulic fracture propagation direction without additional criteria. The fracture always
propagates along the path of least energy dissipation. Figure 4 illustrates fracture propaga-
tion paths under different approaching angles with a stress difference of 3 MPa.
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When the approaching angle is 45◦, the hydraulic fracture exhibits minimal diversion
before contacting the natural fracture (denoted by the black line). It then diverts into the
natural fracture, ultimately reinitiating from the tip of the natural fracture and continuing
to extend. At a 60◦ approaching angle, the hydraulic fracture propagates towards the
natural fracture and diverts into it. When the approaching angle is 90◦, the hydraulic
fracture crosses the natural fracture without diversion. These results can be explained by
the principle of least energy dissipation. Two main energies are dissipated during fracture
propagation: fracture surface energy and elastic strain energy. When a hydraulic fracture
approaches a natural fracture at a small angle, it diverts into the natural fracture due to
significantly lower fracture surface energy, despite potentially increased dissipated elastic
strain energy compared to crossing the natural fracture. However, as the approaching angle
increases, the dissipated elastic strain energy along the natural fracture direction increases,
making fracture crossing the path of least total energy dissipation.

Figure 5 presents the injection pressures for different approaching angles. The injection
pressure for the 45◦ approaching angle increases first due to hydraulic fracture diversion
before contacting the natural fracture. Injection pressures for 60◦ and 90◦ approaching an-
gles increase simultaneously. When the hydraulic fracture diverts into the natural fracture,
the dissipated energy is less than that of crossing the natural fracture. Consequently, the
peak injection pressure is highest when the hydraulic fracture crosses the natural fracture
at a 90◦ approaching angle.
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4.2. Interaction Mode Between Acid Fracture and Natural Fracture

To investigate the interaction mode between acid fractures and natural fractures, we
employ a model comprising a square sample with an initial acid fracture and an inclined
fracture, as illustrated in Figure 2. It takes approximately 30 min of computation time on
an Intel Core i7-6700 CPU.

Our model incorporates reservoir heterogeneity by describing porosity and mineral
inclusions using the Weibull distribution. We estimate the macroscopic mechanical parame-
ters using a two-step homogenization method. Table 2 provides the model parameters used
in the simulation. Figure 6 presents the distribution of porosity, the volume fraction of min-
eral inclusions, and the resulting elastic modulus. The heterogeneity in porosity influences
acid dissolution and wormhole formation, which, in combination with the heterogeneity in
elastic modulus, significantly affects fracture propagation.
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Table 2. Input parameters for acid fracture propagation with natural fracture.

Parameter Symbol Value Unit

Length of domain L 0.5 m
Height of domain H 0.5 m

Length of initial hydraulic fracture lhf 0.15 m
Length of natural fracture lnf 0.1 m

Approaching angle β 90 ◦

Characteristic length parameter l0 0.01
Critical energy release rate Gc 50 Pa·m

Elastic modulus of solid matrix Em 12 GPa
Poisson’s ratio of solid matrix vm 0.25 -

Elastic modulus of mineral inclusion Ei 98 GPa
Poisson’s ratio of mineral inclusion vi 0.15 -

Scale parameter of fp 0.12 -
Shape parameter of fp 10 -
Scale parameter of fi 0.4 -
Shape parameter of fi 10 -

Maximum principal stress σH 8 MPa
Minimum principal stress σh 5 MPa

Acid concentration Cf0 0.15 –
Acid injection rate v0 1.05 × 10−3 m2/s

Acid surface reaction rate ks 2.0 × 10−3 m/s
Molecular diffusion coefficient Dm 3.6 × 10−9 m2/s
Asymptotic Sherwood number Sh∞ 3.66 –

Constants αos, λX, λT 0.5, 0.5, 0.1 –
Initial average permeability kr 1.0 × 10−15 m2

Initial specific surface area α0 5.0 × 103 m−1

Initial pore diameter d0 1.0 × 10−5 M
Pore broadening parameter β 1 –

Chemical degradation coefficient r 5 -
Fluid viscosity µ 1.0 × 10−3 Pa·s
Rock density ρs 2.71 × 103 kg/m3
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The acid fracture propagation path, determined using the input data from Table 2,
is illustrated in Figure 7a. In this scenario, the acid fracture crosses the natural fracture.
To explore additional interaction modes between acid fractures and natural fractures, we
adjusted certain parameters. When the stress difference is reduced to 0, the acid fracture
diverts into the natural fracture, as shown in Figure 7b. When the injection rate is decreased
to 0.75 × 10−3 m2/s, the acid fracture is arrested by the natural fracture, as depicted in
Figure 7c.
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Figure 8 presents the porosity distributions under different modes. When the hydraulic
fracture contacts the natural fracture, fluid rapidly flows into the natural fracture due
to its high permeability. This leads to wormhole formation around both the acid and
natural fractures. The distribution of porosity is similar to the previous solution present
by Zhu et al. [37]. Comparing Figure 8a,b, we observe that decreasing the stress difference
causes the hydraulic fracture to divert into the natural fracture. This phenomenon can be
explained by the principle of least energy dissipation. The injection pressures for these two
scenarios are similar, as shown in Figure 9. In the arresting mode (Figure 8c), the reduced
injection rate results in the formation of numerous wormholes propagating towards the
outer boundaries. This causes rapid pressure dissipation, preventing the accumulation of
high pressure necessary for the hydraulic fracture to reinitiate from the natural fracture, as
evident in Figure 9.
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Figure 10 displays the pressure distributions under different modes. The high-pressure
area expands as the interaction mode changes from crossing to diversion and then to
arresting. In the former modes, especially the crossing mode, pressure dissipation is
primarily used to extend fractures. The pressure distribution is also closely related to the
wormhole distribution.
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Figure 10. Pressure distributions under different modes: (a) crossing; (b) diversion; (c) arresting.

4.3. Comparison of Propagation Modes: Acid Fracture vs. Hydraulic Fracture

Acid fracturing involves acid transport and dissolution, which significantly influences
the interaction process between acid fractures and natural fractures. This leads to distinct
propagation modes for acid fractures compared to hydraulic fractures. To investigate the
effect of acid dissolution on fracture propagation modes, we conducted several case studies.

Initially, we simulated hydraulic fracture propagations under stress differences of
0 MPa and 3 MPa, with an injection rate of 0.75 × 10−3 m2/s. Other model parameters
remained consistent with those in Table 2. These simulations resulted in diversion and
crossing modes, as illustrated in Figures 10b and 11a, respectively.
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Using the same injection rate, we then calculated acid fracture propagations under the
two stress differences. Contrary to hydraulic fractures, acid fractures were arrested by the
natural fracture in both cases, as shown in Figures 10d and 11c. The arrest mode of acid
fracture is similar to the results presented by Guo et al. [34].
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We compared the injection pressure evolutions for these scenarios, as depicted in
Figure 12. For hydraulic fracturing, the fluid pressure rises rapidly, enabling the hydraulic
fracture to either cross the natural fracture or reinitiate after diversion. In contrast, dur-
ing acid fracturing, the fluid pressure increases more slowly, and the peak pressure is
insufficient for fracture initiation from the natural fracture. This difference is attributed to
acid dissolution leading to the formation of numerous wormholes. Fluid flows into these
high-permeability channels, preventing the accumulation of high pressure necessary for
acid fracture re-initiation.
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These results indicate that the hydraulic fracture is more likely to cross natural frac-
tures, whereas acid fractures tend to become arrested or diverted. This behavior primarily
results from wormhole formation due to acid dissolution, which impedes the buildup of
high fluid pressure required for fracture initiation and extension.

4.4. Comprehensive Influences of Acid Dissolution with Other Factors

The interaction between acid fractures and natural fractures results from a complex
interplay of acid dissolution and other factors, including stress difference, approaching
angle, and treatment parameters. To investigate these effects, several scenarios were
simulated for acid fracture propagation with natural fractures. Unless otherwise stated,
model parameters are as provided in Table 2.

Acid fracture propagations under varying stress differences (0 MPa, 3 MPa, and 5 MPa)
are illustrated in Figure 13. At a stress difference of 0 MPa, the acid fracture diverts into the
natural fracture and reinitiates from the tip, extending along an arc-shaped path rather than
following its initial direction. As the stress difference increases, the fracture propagation
mode transitions from diversion to crossing because more strain energy is required for
fracture diversion when increasing the principal stress perpendicular to the natural fracture.
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Acid fracture approaches to natural fractures at different angles (30◦, 60◦, and 90◦) are
illustrated in Figure 14. At angles of 30◦ and 60◦, the acid fracture diverts into the natural
fracture. However, with a 30◦ approach angle, the fracture alters its trajectory before contact
and reinitiates at the natural fracture tip. At 60◦, the direction remains unchanged until
contact and then reinitiates near the tip. At lower approach angles (30◦ and 60◦), the stress
concentration at the tip of the natural fracture tends to attract and redirect the approaching
acid fracture. This redirection is more pronounced at 30◦ due to the greater alignment
with the natural fracture’s orientation. The stress field perturbation becomes significant
enough to alter the acid fracture’s trajectory even before direct contact. In contrast, at 90◦,
the acid fracture crosses the natural fracture. This phenomenon is similar to hydraulic
fracture propagation. These insights highlight the critical importance of understanding
the geometric relationship between induced fractures and the natural fracture network for
effective subsurface engineering applications.
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Acid fracture propagation under varying injection rates is presented in Figure 15. At a
low injection rate, the acid fracture is arrested by the natural fracture. This behavior can
be attributed to insufficient pressure buildup within the fracture. The slower rate allows
more time for acid–rock interaction, potentially leading to excessive etching and wormhole
formation near the natural fracture interface. This increased permeability can dissipate fluid
pressure, preventing the necessary stress concentration for fracture propagation beyond
the natural fracture.
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Increasing the injection rate leads to the acid fracture crossing the natural fracture.
Higher injection rates facilitate high-pressure accumulation in the fracture, promoting
fracture re-initiation from the natural fracture. This can be attributed to reduced acid–rock
interaction time and enhanced pressure accumulation within the fracture. This scenario
closely resembles hydraulic fracturing behavior, where the dominant mechanism shifts
from chemical dissolution to mechanical breakdown of the rock formation.
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Acid fracture propagations using different acid concentrations are presented in
Figure 16. As acid concentration increases, the propagation mode shifts from crossing to
arresting or even failure to initiate. While adding acid to the fracturing fluid can reduce
breakdown pressure, excessively high concentrations can prevent fracture initiation. This
phenomenon is explained by the acid dissolution effect shown in Figure 17.
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Figure 17. Porosity distributions with different acid concentrations: (a) Cf0 = 0.1; (b) Cf0 = 0.15;
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The process of acid fracture propagation depends on the dissolution capabilities of
the acid used in fracturing fluids. At lower concentrations, the acid efficiently reduces
the breakdown pressure by weakening the rock matrix, facilitating fracture initiation and
propagation. However, as the concentration increases, the aggressive dissolution forms
enhanced permeability channels known as wormholes. These wormholes significantly alter
the fluid dynamics within the fracture, allowing hydraulic pressure to dissipate rapidly.
Consequently, the pressure necessary for further fracture propagation cannot be sustained,
leading to arrest or failure to initiate the fracture. This relationship highlights the dual role
of acid as both an enabler and a potential inhibitor of fracture growth, depending on its
concentration. To deepen the understanding of this complex interaction, future work could
focus on performing experimental validation that varies acid concentration and assessing
its effect on fracture propagation.

5. Conclusions

The hydro-mechano-reactive flow coupled model effectively simulates the interaction
between acid fractures and natural fractures. It has been validated against established
criteria for hydraulic fracturing and successfully extended to acid fracturing scenarios. The
following key conclusions are obtained:

(1) Acid fractures exhibit different propagation modes compared to hydraulic fractures
when interacting with natural fractures. While hydraulic fractures are more likely to
cross natural fractures, acid fractures tend to be arrested due to wormhole formation and
pressure dissipation.
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(2) Increasing stress differences and approaching angles significantly affect fracture
behavior. Higher stress differences promote fracture crossing, while smaller approaching
angles favor diversion into natural fractures for both hydraulic and acid fractures.

(3) Injection rate and acid concentration play crucial roles in fracture propagation.
Higher injection rates facilitate fracture crossing by increasing pressure accumulation, while
excessive acid concentrations can hinder fracture initiation due to enhanced wormhole
formation and pressure dissipation.

(4) The model incorporates reservoir heterogeneity, demonstrating that variations
in porosity and mineral inclusions significantly influence acid dissolution, wormhole
formation, and subsequent fracture propagation patterns. This highlights the importance
of considering reservoir heterogeneity in fracture stimulation design.

Author Contributions: Conceptualization, Q.Z. and J.Y.; methodology, Q.Z.; validation, X.L.; formal
analysis, T.L.; investigation, L.B.; writing—original draft preparation, Q.Z.; writing—review and
editing, X.L.; project administration, J.Y.; funding acquisition, Q.Z. and J.Y. All authors have read and
agreed to the published version of the manuscript.
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Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Rueda Cordero, J.A.; Mejia Sanchez, E.C.; Roehl, D.; Pereira, L.C. Hydro-Mechanical Modeling of Hydraulic Fracture Propagation

and Its Interactions with Frictional Natural Fractures. Comput. Geotech. 2019, 111, 290–300. [CrossRef]
2. Hu, Y.; Gan, Q.; Hurst, A.; Elsworth, D. Investigation of Coupled Hydro-Mechanical Modelling of Hydraulic Fracture Propagation

and Interaction with Natural Fractures. Int. J. Rock Mech. Min. Sci. 2023, 169, 105418. [CrossRef]
3. Qin, M.; Yang, D.; Jia, Y.; Zhou, Y. Peridynamics Modeling of Hydraulic Fracture Interaction with Natural Fractures in Fractured

Rock Mass. Eng. Fract. Mech. 2024, 307, 110299. [CrossRef]
4. Wang, H.; Yang, S.; Zhou, D.; Wang, Q. Influence of Non-Intersecting Cemented Natural Fractures on Hydraulic Fracture

Propagation Behavior. J. Struct. Geol. 2024, 181, 105111. [CrossRef]
5. Yi, L.-P.; Li, X.-G.; Yang, Z.-Z.; Yang, C.-X. Phase Field Modeling of Hydraulic Fracturing in Porous Media Formation with Natural

Fracture. Eng. Fract. Mech. 2020, 236, 107206. [CrossRef]
6. Zhou, Y.; Yang, D.; Zhang, X.; Chen, W.; Xia, X. Numerical Investigation of the Interaction between Hydraulic Fractures and

Natural Fractures in Porous Media Based on an Enriched FEM. Eng. Fract. Mech. 2020, 235, 107175. [CrossRef]
7. Xiong, D.; Ma, X. Influence of Natural Fractures on Hydraulic Fracture Propagation Behaviour. Eng. Fract. Mech. 2022, 276, 108932.

[CrossRef]
8. Sun, T.; Zeng, Q.; Xing, H. A Quantitative Model to Predict Hydraulic Fracture Propagating across Cemented Natural Fracture. J.

Pet. Sci. Eng. 2022, 208, 109595. [CrossRef]
9. Dehghan, A.N. An Experimental Investigation into the Influence of Pre-Existing Natural Fracture on the Behavior and Length of

Propagating Hydraulic Fracture. Eng. Fract. Mech. 2020, 240, 107330. [CrossRef]
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