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Abstract

Bedding planes widely exist in stratified reservoirs and strongly restrict the vertical cross-
layer growth of hydraulic fractures. Traditional displacement discontinuity method (DDM)
tends to produce spurious negative apertures for compressed weak bedding interfaces
and neglects multi-cluster stress superposition in inclined formations. This work proposes
an improved DDM incorporating bedding-plane normal-tangential support-stiffness con-
tact constraints together with Mohr—Coulomb-based opening-slip-closure discrimination,
which removes non-physical negative-aperture artifacts of closed weak interfaces. The
proposed numerical framework is adopted to model fracture initiation, propagation and
bedding-interface penetration under multi-fracture interference. Key coupled influences
of net pressure, bedding-plane dip angle and fracture-cluster number are quantitatively
investigated. Numerical simulations reveal that higher net pressure enhances the lasting
cross-layer propagation capacity of hydraulic fractures. Among the examined cases, a bed-
ding dip angle of 60° facilitates fracture penetration through interfaces. Bedding features
amplify inter-cluster mechanical interference and lead to asymmetric fracture evolution,
tip arrest and interface-parallel fracture propagation, which becomes more pronounced
as the number of fracture clusters increases. This study provides theoretical references for
multi-cluster fracturing design in low-permeability layered reservoirs.

Keywords: hydraulic fracturing; displacement discontinuity method; bedding-plane;
multi-cluster fracturing

1. Introduction

Hydraulic fracturing acts as a vital stimulation technology to economically develop
low-permeability hydrocarbon reservoirs [1]. Real-world reservoir formations commonly
display well-developed layered structures. Neighboring strata differ greatly in geological
properties such as bedding dip angle, rock tensile strength and in situ stress, which jointly
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govern vertical fracture geometry and set upper limits for fracture cross-layer growth [2].
Whether hydraulic fractures can effectively pass through bedding interfaces, penetrate
interbeds and build interconnected vertical fracture networks is a core prerequisite for
enlarging the stimulated reservoir volume and improving fracturing treatment perfor-
mance [3]. For field-scale multi-cluster fracturing operations, stress perturbation generated
by simultaneous growth of multiple hydraulic fractures can significantly reshape the local
stress field that controls vertical fracture extension. This phenomenon may induce multiple
engineering risks: suppressed bedding penetration, fracture path deflection, early-time tip
arrest and uneven stimulation across strata, which substantially impair the overall treat-
ment effectiveness within layered reservoirs [4—6]. Revealing how fracturing operational
parameters and formation mechanical properties jointly regulate fracture cross-layer re-
sponses is theoretically meaningful and practically valuable. Such knowledge can support
multi-cluster fracturing optimization and facilitate fine-grained reservoir stimulation for
stratified formations.

Numerical simulation serves as a powerful tool to uncover dynamic fracture propa-
gation mechanisms and quantify how hydraulic fractures evolve while crossing bedded
strata. It can well compensate the limitations of laboratory tests, which cannot capture
full dynamic fracture evolution deep inside rock formations [7]. Over recent decades,
numerical approaches such as the finite-element method (FEM) [8,9], discrete-element
method (DEM) [10,11], and semi-analytical models [12] have been extensively adopted to
investigate hydraulic-fracture propagation within layered reservoirs. Each method exhibits
unique merits alongside practical constraints under different simulation contexts. The FEM
requires full-domain mesh discretization [13]. For simulation scenarios involving multi-
layer formations and synchronous propagation of multiple hydraulic fractures, refined
meshes are often required around fracture tips and interfaces, which may substantially
increase computational cost and limit efficiency for large-scale batch parametric studies. As
a block-discretization-based technique, the DEM is powerful for capturing rock fragmen-
tation and granular failure; however, careful parameter calibration is required to obtain
accurate continuous fracture-penetration trajectories under low-deformation conditions,
which may increase pre-processing workload for fracture-dominated problems [14,15].
Semi-analytical models achieve high computational efficiency by adopting reasonable
simplifications [16], yet their capability can be restricted when dealing with strong reservoir
heterogeneity and complex multi-fracture stress-interference effects. Within this context, the
displacement discontinuity method (DDM), a subclass of boundary-element approaches,
only performs discretization on fracture and discontinuity surfaces instead of the entire rock
domain [17]. For the specific problem focused on in this work—multi-fracture initiation,
propagation and bedding-interface interaction—DDM offers competitive computational
performance. It should be noted that DDM also has known limitations, which are further
summarized in the Section 4 of this manuscript.

Researchers worldwide have conducted extensive studies concerning hydraulic-
fracture cross-layer behavior within bedded reservoirs and have built corresponding theo-
retical frameworks and simulation tools. Experimental and numerical efforts have clarified
how inter-layer stress contrast, elastic modulus and fracture toughness govern fracture
penetration, tip arrest and deflection. These findings can explain fracture responses under
simplified scenarios with horizontal bedding and single-fracture conditions [18-21].

However, several critical research gaps still persist in current investigations, as sup-
ported by recent numerical and experimental studies [22]. From the algorithm perspective,
conventional DDM implementations treat weak discontinuities as pure free surfaces with-
out contact-resistance constraints. Under compressive in situ stress states, closed bedding
interfaces may yield non-physically negative fracture apertures in simulation outputs,
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which distorts induced-stress computation and reduces solution reliability [22]. In terms
of physical-modeling assumptions, a large body of prior work adopts ideal horizontal-
bedding simplifications. Even though many field reservoirs possess inclined bedding
structures, how bedding dip modifies crack-tip stress fields and interface-penetration crite-
ria has not been fully quantified [23]. Furthermore, most existing simulation efforts focus on
single-fracture scenarios. Multi-cluster fracturing generates superimposed induced-stress
fields; nevertheless, few DDM-based models can capture distinctive mechanical behaviors
originating from cluster-scale stress interference, such as delayed cross-layer advancement
and heterogeneous fracture trajectories [21,24]. From the reservoir-structure viewpoint,
numerous numerical models target one isolated bedding interface. Comparatively, rela-
tively few studies have addressed hydraulic-fracture evolution when traversing a series
of successive parallel bedding planes, which better represents realistic layered reservoir
conditions [25,26].

To fill the above-mentioned research gaps, this work constructs a numerical model for
hydraulic-fracture cross-layer propagation. The proposed model is capable of reproducing
the whole physical process: fracture initiation, vertical extension and interbed penetration
under coupled multi-fracture stress interference for inclined layered formations. The
remainder of this paper is structured as follows. Section 2 describes the detailed modeling
framework. Section 4 presents discussion of key findings, and main conclusions are
summarized in Section 5.

2. Numerical Model
2.1. Fracture Stress—Strain Model
2.1.1. Governing Equations of Hydraulic-Fracture Deformation

Suppose hydraulic-fracture surfaces are discretized into a total of Nyr numerical
elements. The resultant shear stress and normal stress loaded upon each i-th fracture
element are obtained by superposing far-field in situ stress and injected fracturing-fluid
pressure, as formulated below:

{U;HP = (‘7;);; +(of) 80

e (1=1,2...N 1
T i = (70), + (70) ¥ we) W

o0
0 :
Pa and (o}) , and (oh) , are minimum and maximum horizontal principal in situ stress

where (o), and (o?), represent shear and normal components of far-field in situ stress,
within simulation domain, Pa. Subscripts s and n correspond to the tangential and normal
directions of the local coordinate system for the i-th discretized hydraulic-fracture element,
respectively. 0'; pr and ()'il yr denote the aggregated shear and normal stresses acting upon
the i-th discretized hydraﬁlic-fracture element, in Pa.

The governing equation for the mechanical deformation of hydraulic fractures is
written as [9,17,27]

Ds

n

AsGl A, Gl
AuGl A GY

(TsHF] (i,j=1,2... Nyp) @
Uy _HF

where D; and Dj, are one-dimensional matrices of size N_HF x 1, representing the tangen-
tial and normal displacements of discretized hydraulic-fracture elements, respectively and
Ass, Asn, Aps and Ay, are coefficient matrices with dimension N_HF x N_HF. Their full
expanded formulations can be found in prior published studies [17]; G7 is an empirical
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scalar correction factor which quantifies the effect of finite fracture height on induced stress.
Its expression reads [28]
] i
Gl=1-—-2t 3)

e+ ())

where a = 1, f = 2.3 are empirical constants; d; is the distance between node i and node j;
and & denotes fracture height.

2.1.2. Governing Equations of Bedding Planes

All bedding planes within the computational domain are discretized into Ngp inde-
pendent elements. Prior to any intersection with hydraulic fractures, no injected fracturing
fluid invades the bedding planes. Frictional resistance develops along the fracture surfaces,
and the exterior surfaces of these planes bear the loading of in situ stress.

For each discretized bedding-plane element, the tangential and normal stress com-
ponents combine two contributions: stiffness-related stress arising from fracture-surface
contact, and the far-field in situ stress. O'éiBP and O'L_BP stand for the aggregated tangential
and normal stresses imposed on the i-th discretized bedding-plane element, in Pa.

The tangential stiffness-associated stress originates from interfacial friction over frac-
ture surfaces, while the normal stiffness-associated stress derives from normal contact
reaction force when fracture surfaces remain in contact. Bedding planes start in a fully
closed state with zero initial fracture aperture. Accordingly, the governing deformation
equation for these natural discontinuities is expressed as follows:

BssG”  BouG”

B.sG' B,,G"||D, Oy BP

l)s] _ [‘TS_BP] (i,j=1,2... Npp) @)

where B, Bsy, Bys and By, are coefficient matrices of dimension Ngp X Npp, whose
matrix forms are identical to those for hydraulic fractures in Section 2.1.1; Ds and D,, are
one-dimensional matrices of size Ngp x 1.

<0.515P)5t1ff - %(Uh - UH)SiTlZG]
(USZBP)stiﬁ‘ - %(Uh — opy)sin26,
T : 6)
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= =
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gp) . — Uhsinzez — 010526,
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—
3

Ngp ) 2
(a”—BP)stiﬁf — 0ySin“ONg, — OHCO0S 0Ny,

Unlike conventional DDM that treats bedding planes as pure discontinuity boundaries
without compressive contact constraints, normal-tangential support-stiffness K, and K
are introduced to capture contact mechanical responses of compressed bedding-plane
surfaces and suppress non-physical negative-aperture artifacts. To evaluate contact stresses
originating from such tangential and normal support stiffness, three characteristic mechan-
ical regimes are defined in the present model. When fracturing fluid invades bedding
planes, internal fluid pressure forces the two surfaces apart and induces fracture opening.
Tangential loads acting on bedding planes can produce shear dilation together with slight
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aperture increase, while shear stress is bounded by the Mohr-Coulomb yield threshold.
For the fully closed state without apparent fracture opening or significant relative shear
slip, shear stress is calculated by subtracting the elastic contact component from the total
stress. The above regimes are integrated with the Mohr—Coulomb criterion to describe the
mechanical behavior of bedding-plane interfaces. Corresponding expressions for normal-
and tangential-stiffness-induced stresses under different mechanical regimes are presented
below [17].

(@) Opening-mode of Bedding Planes ( ¢, > 0):

(U:Z—BP) stiff =0

, @)
1 —
Js_BP s 0
(b) Slip-mode of Bedding Planes (o}, <0 && |oi| > C—p-ol):
i _ _ni
(‘Tn_BP)SHﬁ = —Ky(0—-Dy) ®)
i - _ I —C—yot
((TS—BP)stiﬁ = —K;D) =C—p-oj,
(c) Closure-mode of Bedding Planes (¢}, <0 && |oi| < C—p-ol):
i _ _ i
(Un_BP>Stiff = —Ky(0—Dy) ©)
(”;-BP)W = 0l — K:AD!

where C denotes the cohesive shear strength, in Pa; u represents the interfacial friction
coefficient; and K, and K; are the normal and tangential support stiffness of bedding-plane
surfaces (Pa/m); the specific formula is stated as follows [29-31].

Ky = Ko/ (1 1)

K. = 9T — m
$ 7 dus (m + nug)?

(10)

where K;; is the initial normal stiffness of bedding planes (Pa/m), which refers to the
normal contact stiffness when the normal closure displacement u, equals zero; uy is the
normal closure of bedding plane (m); un, is the maximum normal closure (m), representing
the limit of compressional displacement when the bedding surfaces are fully closed. us
is the shear deformation of bedding interface (m). m and # are dimensionless empirical
coefficients (m = 0.01, n = 0.2), which control the nonlinear variation in tangential stiffness
with shear displacement. These parameters are calibrated from laboratory compression and
shear experimental data of shale bedding planes reported in previous rock-joint studies.

2.2. Coupled Calculation and Solution for Multi-Fracture Deformation

Bedding planes and hydraulic fractures in the reservoir mutually influence each other
when undergoing deformation and failure. Certain stress interference exists even when
they do not intersect. Therefore, the governing equations for the deformation of hydraulic
fractures and bedding planes under in situ stress during hydraulic fracturing should be
solved in a coupled manner. The governing deformation equations for all discretized
fracture elements within the computational domain can be expressed as follows:

Ds

D,

H.GY H,,GY

H,.G' H,,GY o

- ["S] (i, j=1,2... Nur + Ngp) (11)
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where Hg, Hg,,, H,,s and H,,,, are influence-coefficient matrices with dimension (Ngr + N3ap)
X (Npgr + Npp).

Ds and D,, are expanded into one-dimensional matrices of size (Nyr + Npp) X 1; 05
and o, satisfy the following conditions:

0—1
’;—HP (12)
= | Tt (Ngp+1) <i < (Nyp+ Npp)

1
Un_mzt

i
[ ; ‘| = US-—HF 1<i< Nyr

Since Hgs, Hs;r, Hys and H,,y, are functions of rock mechanical properties and spatial
coordinates, they serve as known matrices. Removing D, from Equation (11) yields a direct
expression for fracture aperture D,,.

= (-1 Os == z=—(-1) = = 33— 7 0On
Hys- s V- 75— Hos - Hys' ") -Hoy Dy + Hyy Dy~ 5 =0 (13)

The solved Dy is inserted into Equation (11) to calculate Ds. Iteration proceeds
until discontinuity displacements over all discretized fracture elements fulfill the
convergence threshold:

| Dty — Dy | <e¢ (14)

where ¢ denotes the convergence tolerance, taken as 1 x e~> m; t represents the iterative
calculation step.

2.3. Fracture Initiation and Intersection Criteria

The SIF in fracture tip can be shown [32]:

_ 0806EVT p

AT (15)
Ky — O0806EVT

0= 4a=)v2a*

where Ky and Ki; is the stress intensity factor of different types of cracks, MPa-m®>.

Equation (15) is adopted to calculate the stress intensity factors at fracture tips. This
formula originates from the classical analytical solution for a single straight crack in an
infinite medium under remote loading. It should be emphasized that the displacement
discontinuity at tip elements used for SIF calculation is solved from the fully coupled DDM
system for all fractures in the domain. The mutual stress shadow induced by adjacent
fractures is inherently incorporated into the computed tip displacement discontinuity.
Therefore, the multi-fracture interaction effect is not omitted in the final SIF values.

This work applies the maximum circumferential stress (MCS) criterion to predict
fracture initiation and propagation directions [33]. The fracture deflection angle 6, is
calculated via the following relation:

0 K =0;
| K (Ki+3vV/K?+8Kp
0y = arcsm[ ( KoK ) Kip #0; (16)
70°32’ R = oo

where K] and Kjj is the stress intensity factor (SIF), MPa-m?/2.
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The instability of the HF and NFs can be judged by the mixed-SIF:
0 06 3 .
K, = cos 30 Ky cos? 5~ EKHsm 0o (17)

where K, is the mixed-mode stress intensity factor, MPa-m'/2. When K is greater than the
fracture toughness Kjc, fracture tip is unstable.
The fracture tip propagation length reads [9]

L,KICAL Ki>K
AL = § ma{R R e BeZ BCL (18)
0, Ké < K]C

where ALy, denotes the historical maximum propagation length of the fracture tip, m.

In this paper, compressive normal stress is negative and tensile normal stress is positive.
Shear stress components are defined with respect to the local element coordinate system.
The cohesion C, friction coefficient y, shear stress os and normal stress o, adopt identical
physical definitions as the bedding-plane slip constitutive relations given in Section 2.1.2.

In the judgment of fracture intersection, two criteria must be satisfied simultaneously
for intersecting fractures to achieve penetration.

(@) The compressive stress or cementation force acting on the fracture surfaces can suf-
ficiently inhibit the opening and slipping of fracture surfaces [34-37], which can be
specifically expressed by the following formula:

los| <C — uon 19)

(b) The stress ahead of the hydraulic-fracture tip is sufficient to initiate a new fracture
on the opposite side of the bedding-fracture surface [38], which can be specifically
expressed by the following formula:

Tir., 0) > To (20)

where Ty represents the tensile strength of the rock (Pa); T(r, 0) is the maximum prin-
cipal stress acting on the bedding planes surface (Pa); and 7. is the critical radius for
the inelastic behavior of the rock, within which linear-elastic fracture mechanics is no
longer strictly valid. It is evaluated via the Irwin plastic-zone correction formula [39]:

1 (K

2.4. Fluid Flow

Simplified flow relations derived from the Navier-Stokes framework are implemented
in this model to characterize pressure loss inside fracture voids. For Newtonian fluid, the
flow between two parallel smooth fracture walls is described by the parallel-plate analytical
solution [40]:

q(x 1) = — =5 5 (22)

where py is the fracture-internal pressure, Pa; g is the volumetric flow rate of fluid through
the fracture cross-section per unit time, m3/s; hf is the fracture height, m; w is the maximum
width of the fracture cross-section, m; x is the fracture length, m; k is the consistency index;
and ¢ is the fracturing time.
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It should be noted that: Zero fluid loss of fracturing fluid is assumed for all numerical
simulations in this study. The governing system is solved by Gaussian elimination. The
fluid flow equation and deformation equation are not coupled in this model. The iteration
terminates when | D, — D¢l <eand e =102 m.

2.5. Flowchart of Numerical Calculation

The execution logic of the improved DDM numerical solver is illustrated in Figure 1.
The major calculation steps for fracture evolution are outlined sequentially below: () The
solver first imports predefined geomechanical and operational input variables, including
maximum and minimum horizontal principal stresses, Young’s modulus, Poisson’s ratio,
fracture toughness, fracture count, fracture spacing, fluid pressure inside fractures, per-
foration depth and perforation angle, etc. ) All bedding planes and hydraulic fractures
within the computational domain are discretized and represented by a total of N disconti-
nuity elements. (3) Based on the initial loading state, normal and tangential discontinuity
displacements Dy, and Ds at each node are computed. (4 The nodal normal and tangential
stress components are then solved using the obtained displacement variables D, and Ds.
® For each element on the bedding planes, the shear stress is evaluated: Once the slip
criterion is satisfied, the shear stress is constrained to the yield threshold. If slip does not
occur, the shear stress is derived by removing the elastic stress component from the total
stress field. (¢) Iterative updates are executed repeatedly until the change in displacement
discontinuity D' converges to the predefined tolerance ¢. (?) Nodes on bedding-plane
and hydraulic-fracture elements that fulfill the fracture propagation criterion are counted
and summed as N1 + Ny. (8 The program checks the fracture propagation criterion. If
neither natural bedding planes nor hydraulic fractures meet the propagation condition,
the computation terminates. Otherwise, the code judges whether the current iterative time
has exceeded the pre-defined time limit. (9) When the time step reaches the preset upper
bound, the simulation terminates. If not, the algorithm loops back to step (2) and continues
the calculation.

‘ Input the initial parameters ‘

'

—ﬁ

‘ Discretization of fractures

}4—

.

Calculation of the D, and D¢

.

|

Calculation of the %, p and o' pp

no

= gl pp<=0 && | &' p | >=C—p-

.

no- T yes
v "’

E_',n__,:::’

‘ (0% Bp)suit=0s pp—KsD's ‘ ‘ (' Bp)stis>=C—p= o'y BP H Timp step: t= t+At ‘

v

~—
no
h 4

t

{ Elements: N=N-+Nial

- ;;_ = Di*l-Di<g _7_";\7_- — +
T ;
yes
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~——_ Ke Kid| Taeg To__—————yes—»~__ Time step: t<Tjom =
e Bicll Taeo™ To e e

Figure 1. Computational flowchart for the improved displacement discontinuity-based numerical solver.
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2.6. Model Validation
2.6.1. Induced Stress

The first benchmark examines the perturbation stress field induced by pressurized frac-
ture deformation. The numerical framework is implemented under plane-strain conditions
with a fixed fracture height assumption [41]. The closed-form analytical expressions for
stress components surrounding a pressurized crack are adopted for cross-validation [42]:

VIr

oy = PsL (%) zsin@sin[%(@l +62)] — Py {ﬁcos (9 — @) — 1} (23)

3
oy — —Pfé(,‘f% 251’11951'71[%(91 + 92)] — Pf [LCOS(G _ 91;92) — 1}

2 2 . .
oxy = —Pr (7’11—,2) sinbsin [%(91 +6)]
where Pr denotes fracture injection pressure (Pa); 7, r1, r, represent distances from the field
point Q to relevant reference locations around the fracture (m); 6, 61, 6, define the angular
offsets between the X-axis and lines connecting point Q to crack tips. The corresponding
mechanical schematic is displayed in Figure 2a.

x10°

36, xx
e Yy

o
xy

Stress/ Pa

0 2 4 6 8 10
Vertical distance from crack plane/ m

(a) (b)

Figure 2. Benchmark for induced-stress verification. (a) Schematic of the mechanical configuration

and (b) comparison between computed and analytical stress solutions. Discrete markers represent
numerical outputs; solid lines denote analytical results.

The benchmark parameters are configured as follows: constant internal fracture
pressure Py = 3 MPa and fracture half-length a = 1.5 m. The horizontal coordinate of
monitoring point Q is fixed at x = 0.5 m, and its vertical coordinate y varies over the range
of 1 m to 10 m. As illustrated in Figure 2b, both normal and shear stress magnitudes decay
progressively as the separation distance from the fracture surface increases. The numerical
predictions closely match the analytical solutions, demonstrating the reliability of the stress
calculation module within this model.

2.6.2. Fracture Intersection

To further validate the capability of our model for simulating hydraulic-fracture-
discontinuity interaction, numerical outputs are compared against the experimental find-
ings documented by Lamont and Jessen [43]. Essential computational parameters adopted
for this benchmark case are compiled in Table 1. Subplots Figure 3a—c visualize the suc-
cessive simulated fracture evolution sequences obtained from the improved DDM model.
According to the recorded laboratory phenomena from the referenced test, when a hy-
draulically driven fracture advances toward a pre-existing discontinuity, modest deflection
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will take place prior to physical contact. Upon reaching the interface, high stress con-
centration at the intersection spot triggers the emergence of secondary fractures. Such
secondary fractures initially propagate roughly normal to the plane of the pre-existing
discontinuity instead of extending parallel to the maximum horizontal principal stress. As
fracture growth proceeds, the secondary crack tip gradually adjusts its orientation and
realigns toward the far-field maximum principal-stress direction. Our numerical simu-
lation reproduces this whole set of mechanical responses: slight pre-contact deflection,
the initiation of secondary fractures at the interface, the early-stage perpendicular growth
of newly formed cracks, and the subsequent gradual rotation toward dominant in situ
stress orientation. The good correspondence between simulated fracture behaviors and
reported experimental observations confirms that the proposed numerical framework can
reasonably characterize fracture deflection, secondary crack nucleation and re-orientation
during hydraulic-fracture-bedding-interface interaction.

Table 1. Key parameters adopted in the benchmark validation simulation.

Parameter Value Parameter Value
Poisson’s ratio 0.25 Young’s modulus/GPa 50
Fracture toughness/ MPa-ml1/2 2.5 Tensile strength/MPa 4
Maximum principal stress/psi 1100 Minimum principal stress/psi 600
Fracture inclination 5/° 70
18 18 : T T ; T 18
15 2 15 | 2 15 3
G, c
H H Sn
12 1.5 12+ | 12
2
1 1
9 9 9
Bedding Plane {0.5 1
6
£ 0 6 0 6
> £ 7 E 9
3 05 S 3 S 3f
= B~
0 ! of 18 of 18
5 l 15 5
/' 5 37 1B 3F 1
-6 Hydraulic Fracture 25 6F i 6F | -3
9 3 sl i E " i »
12 %107 ‘ ‘ | | ;
3 -12 : : ; : <107 -12 -
- P 9 6 3 0 3 6 9 6 3 0 3 6 %
x/ cm x/ cm

(b) (c)

Figure 3. Evolution of hydraulic fracture interacting with pre-existing bedding plane for model
validation. (a) Initial propagation of hydraulic fracture; (b) geometrical intersection between hydraulic
fracture and bedding interface; and (c) final fracture configuration after secondary crack development.

2.6.3. The Interference Between Two Parallel Fractures

To verify the coupled propagation characteristics of multiple hydraulic fractures under
inter-fracture stress shadowing, we perform a benchmark comparison against the numerical
predictions reported by Wu et al. [44]. The baseline input parameters adopted for this
comparative case are listed as follows: Young’s modulus of 4.35 x 10° psi, Poisson’s ratio
of 0.35, maximum horizontal in situ stress of 6903 psi, minimum horizontal in situ stress of
6773 psi, yielding a stress anisotropy of 130 psi, and fracture toughness of 1.000 psi/in"°.
Figure 4 illustrates the comparison of fracture trajectories. The red triangular markers
denote fracture paths computed using the numerical framework developed by Wu et al.,
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whereas the black solid lines represent predictions generated by our model. Two parallel
hydraulic fractures are initiated with a horizontal spacing of dx = 33 ft and identical vertical
coordinate dy = 0; the maximum horizontal principal stress aligns with the y-axis. Driven
by the inter-fracture stress interference, the two fractures deflect and repel one another.
The fracture geometries predicted by our model show good agreement with the reference
results. This comparison demonstrates that the present model can reliably capture the
propagation of interacting hydraulic fractures.

20 .10 0 10 20 220 -10 0 10 20

(a) (b)

Figure 4. Interference between two parallel fractures. (a) Isotropic, (b) Anisotropy.

2.6.4. Element-Sensitivity Analysis of Mixed-Mode Stress Intensity Factor

We construct an inclined crack embedded within an infinite thin plate under far-field
uniaxial tension, and compare the numerically calculated Mode-I and Mode-II stress inten-
sity factors (K}, Kjj) with the Westergaard analytical solution [45]. We perform simulations
with varying discrete element quantities to quantify relative errors. The tabulated error
data will be replotted as curves to illustrate the convergence trend of stress intensity factors
with mesh refinement. The injection pressure Pf = —3 MPa and crack half-length a = 1 m.
At monitoring point Q, x remains constant at 0.5 m, and y ranges from 0 m to 10 m. Figure 5
presents the calculated stress intensity factors and corresponding relative errors under
different discrete element quantities. Subplot (a) describes the trends for Mode-I stress
intensity factor K, while subplot (b) corresponds to Mode-II stress intensity factor Kj;. As
the number of elements increases, the relative error gradually decreases, and the computed
SIF values converge toward the Westergaard analytical solution. This demonstrates that
sufficient discretization can guarantee numerical accuracy.
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Figure 5. Element-sensitivity analysis for mixed-mode stress intensity factors. (a) Variations in K} and its
relative error with element number and (b) variations in Ky and its relative error with element number.

3. Simulation Results

To investigate the propagation behavior of hydraulic fractures intersecting bedding
planes, a 300 m x 300 m two-dimensional plane-strain numerical model was constructed,
as shown in Figure 6. A horizontal well was located at the model center, with an initial
hydraulic fracture perpendicular to the wellbore pre-defined at the mid-wellbore to reproduce
the initial propagation path of the main fracture upon fracture initiation. Multiple groups of
large-scale weak structural planes were pre-installed above and below the horizontal wellbore,
nearly parallel to one another, to simulate the impacts of bedding interfaces on hydraulic-
fracture propagation trajectories. Based on their spatial positions relative to the wellbore, the
upper interfaces were sequentially numbered C1, B1, and A1, while the lower interfaces were
designated A2, B2, and C2. Of these, Al and A2 are the near-well interfaces that first intersect
the main fracture. The dip angle 3 of natural fractures is defined as the angle between the
bedding plane and the direction of the maximum horizontal principal stress oyy.

[ o [ ]

—_— —
p

Bl —

M Initial hydraulic
— fracture N

Oy
—* Horizontal well | N
] B2 )|
— X, C2
N Y f———

RERRRRRRR

Figure 6. Schematic diagram of the cross-layer propagation model for hydraulic fractures.
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This section quantifies the influences of fracture-internal pressure, natural-fracture dip
angle, tensile strength of bedding interfaces, and fracture-cluster count on the cross-layer
propagation of hydraulic fractures. The capability of the main fracture to stably traverse
multi-order interfaces is taken as the evaluation criterion for continuous cross-layer propa-
gation capacity. Table 2 summarizes the geometric parameters, rock mechanical parameters,
in situ stress parameters and fluid properties for the baseline case in this chapter.

Table 2. Rock-mechanics and operational parameters for simulation cases.

Parameter Value Parameter Value
Vertical in situ L .
stress/MPa 38 Dynamic viscosity /Pa-s 0.03
Minimum horizontal . , .
principal stress/MPa 33 Poisson’s ratio/— 0.33
Dip angle 3 of bedding Spacing of fracture
. o 75 3
interfaces/(°) clusters/m
Spacing between adjacent ’ Fracture-internal 35
bedding interfaces/m pressure/MPa
Initial hydraulic-fracture 5 Fracture 25
length/m toughness/MPa-m1/2 '
Tensile strength of ,
bedding interface/MPa 25 Young’s modulus/GPa 4.37
Initial element size of 0.2 Initial elements number 10
HF/m ’ of HF

3.1. Influence of Fracture-Internal Net Pressure

Fracture-internal net pressures of 2 MPa, 5 MPa and 15 MPa were assigned respectively
to simulate the propagation of single and dual hydraulic fractures in bedded formations.
The simulation results are presented in Figures 7 and 8. Defined as

Pret =P — Op (24)

where pr is the fracture-internal fluid pressure, MPa and py; is the fracture-internal net
pressure, MPa.

As shown in Figure 7, for a single-cluster hydraulic fracture, the net pressure inside the
fracture exerts a prominent regulatory effect on the interaction between hydraulic fractures
and bedding planes. At a net fracture pressure of 2 MPa, the resistance for hydraulic
fractures to cross weak bedding interfaces exceeds the driving force for cross-layer initiation.
Consequently, hydraulic fractures hardly penetrate bedding planes and tend to deflect and
propagate along bedding planes upon intersection. Injected fracturing fluid rapidly builds
up pore pressure within bedding planes and enables far-reaching pressure propagation
along bedding planes, which restrains further fracture initiation inside rock matrix. As the
net fracture pressure rises, the driving force for hydraulic fractures to overcome bedding-
plane impedance increases gradually and improves cross-layer propagation capacity. Ata
net pressure of 15 MPa, hydraulic fractures can continuously traverse multi-order bedding
interfaces and maintain a stable propagation orientation.

Results from Figure 8 indicate that two-cluster fracturing shares a similar evolution
law of cross-layer capacity with single-cluster fracturing. Nevertheless, inter-cluster stress
interference introduces distinct morphological differences. After penetrating bedding
interfaces, the two hydraulic fractures are subjected to superposed induced-stress fields,
giving rise to stress shielding and competitive propagation. Ultimately, only one dominant
macroscopic hydraulic fracture is generated rather than two independent primary fractures.

https://doi.org/10.3390/pr14193219


https://doi.org/10.3390/pr14193219

Processes 2026, 14, 3219 14 of 21
8 no 8 0 15 -1.05
o o
6 'OV 0.2 6 A 105 \% 11
C1 10
4 -0.4 -1 -1.15
2 -0.6 -1.5 .
Hydraulic 5 C1 1.2
t “ fracture -0.8 -2
’ : Bl 125
£ g £
= 2 A2 -1 =~ -2.5 = 0 Al
= s - -13
4 B2 ||-12 3 Al
| B2 J-1.35
6 \ C2 -1.4 -3.5 C2
8l Weak bedding planes 1.6 4 R
107 -1.45
-10 -1.8 -4.5
-1.5
-12 -2 -8 - B -15 : . ,
-0 5 0 5 10 x10° -10 -5 0 5 10 x10 -10 -5 0 5 10 x10
X/m X/m X/m
(a) (b) (c)
Figure 7. Cross-layer propagation of single hydraulic fracture under different fracture-internal net
pressures. (a) 2 MPa; (b) 5 MPa; and (c) 15 MPa.
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Figure 8. Cross-layer propagation of two-cluster hydraulic fractures under different fracture-internal

net pressures. (a) 2 MPa; (b) 5 MPa; and (c) 15 MPa.

It can be seen that at low net pressure, hydraulic fractures are dominated by fluid chan-

neling within bedding planes and slip-propagation along bedding planes, while continuous

directional cross-layer propagation can be achieved under high net pressure. Multi-cluster

fractures inherit the net-pressure-cross-layer response law of single fractures; nevertheless,

the superposition of inter-cluster stress fields triggers competitive propagation. Even if

each fracture-cluster possesses cross-layer capacity, multiple independent primary fractures

may not necessarily be formed.

3.2. Effect of Dip Angle of Weak Bedding Planes

The bedding-plane dip angle f is set to 15°, 30°, 60°, and 75°, respectively, to analyze
the influence of approach angle on the cross-layer propagation capacity of hydraulic
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fractures. The simulation results are shown in Figures 9 and 10. It can be observed
that for both single and dual hydraulic-fracture propagation, when  equals 15° and 30°,
hydraulic fractures hardly intersect the bedding planes; even after intersection, cross-
layer penetration rarely occurs, and fractures tend to propagate along the bedding planes
instead. As the angle 8 increases, the cross-layer propagation capacity of hydraulic fractures
gradually improves after intersecting bedding planes. At = 60°, hydraulic fractures can
successfully penetrate three weak planes while maintaining their original propagation
direction. When 8 = 75°, the cross-layer capacity of hydraulic fractures decreases, and the
fractures fail to penetrate the C1 layer. Accordingly, when hydraulic fractures intersect
bedding planes, either an excessively small or excessively large approach angle will cause
fracturing-fluid infiltration into bedding planes, which is unfavorable for the forward
propagation of hydraulic fractures. Within the four tested bedding dip angles (15°, 30°, 60°,
and 75°), the 60° configuration produces the strongest capacity for hydraulic fractures to
penetrate interlayers.

15 70 15 0
o, Hydraulic fracture P o, C1 Bl . y
10 Mg . 10
=2 -2
5 -3 5 3
g * £ B
= 0 = 0
P 5 s 5
5/ -6 5 -6
C1 7 7
- B1 10
i Al \ -8 A2 -8
Weak bedding planes B2 C2
£15 9 15 : 9
-10 -5 0 5 10 x10° -10 -5 0 5 10 x10
X/m X/m
(a) 15° (b) 30°
15 15 0
-6
Ty Ty P
10 c 10
Bl 6.5 2
Al
5 a2 5 3
4
g 0 ‘ ‘ 1.5 E 0 e A2
= > Bl e P
g Al
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5 -8 5 -6
AZ -8.5 -7
-10 B2 -10
2 -
9
15— : : . -15 : : R
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(c) 60° (d) 75°

Figure 9. Single-fracture fracturing under different dip angles of bedding planes.
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Figure 10. Two-cluster hydraulic fractures fracturing under different dip angles of bedding planes.

3.3. Effect of Fracturing Cluster Number

For multi-cluster fracturing operations within bedded reservoirs, the propagation of
hydraulic fractures is governed by the combined influence of bedding planes (BPs) and
stress interference among adjacent fracture clusters. Numerical simulations are imple-
mented to investigate fracture growth behaviors under such coupled controls. In these
cases, the vertical interval between bedding planes is fixed at 6 m, and the bedding dip
angle is set to pi/7. The simulated outcomes are presented in Figure 11.
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Figure 11. Cross-layer propagation of fractures under multi-cluster fracturing: (a) single-cluster
hydraulic fracture; (b) dual-cluster hydraulic fractures; and (c) three-cluster hydraulic fractures.

As shown in Figure 11a—c, distinct fracture propagation behaviors are observed under
single-, dual-, and three-cluster fracturing. In the single-cluster scenario (Figure 11a),
the hydraulic fracture expands symmetrically as a primary main fracture and penetrates
the bedding plane; although bedding interfaces induce slight lateral deflection of the
fracture trajectory, the fracture tip successfully crosses the interface. For dual-cluster
fracturing (Figure 11b), inter-cluster fracture interference emerges: the lower tip of the
left fracture and the upper tip of the right fracture stop extending after intersecting one
bedding plane, while the upper tip of the left fracture and the lower tip of the right fracture
achieve successful penetration, and these active fracture tips tend to grow perpendicularly
toward the bedding planes under the control of bedding dip angle. Under three-cluster
fracturing (Figure 11c), strong stress disturbance from neighboring fractures prevents
the middle fracture from crossing the bedding plane after interface intersection, and the
lower tips of fractures in both left and right clusters propagate along the strike of bedding
planes with propagation lengths ranging from 15 m to 20 m. The simulation results reveal
pronounced fracture—fracture interactions during multi-cluster fracturing in reservoirs
containing multiple parallel bedding planes. Compared with formations without bedding
barriers, pre-existing bedding interfaces amplify the inter-cluster stress shadow and trigger
asymmetric fracture propagation; as a result, one fracture tip grows preferentially while the
opposite tip loses the capacity to penetrate bedding planes, and fractures may even spread
along bedding surfaces and completely lose penetration ability.

4. Discussion

This study investigates the multi-parameter coupling mechanisms governing hydraulic-
fracture cross-layer propagation in inclined layered reservoirs, complementing the lim-
itations of previous idealized models that primarily focus on single-fracture scenarios
and horizontal-bedding systems. Numerical results indicate that net pressure acts as the
dominant driving factor that enables hydraulic fractures to overcome interfacial resistance
and achieve effective penetration. Under the specific model and geological conditions
adopted in this work, low net pressure tends to induce interfacial slip and fluid channeling,
which is consistent with field phenomena whereby low-displacement fracturing commonly
yields inadequate inter-layer stimulation. By contrast, elevated net pressure enhances the
ability of hydraulic fractures to resist bedding-induced propagation disturbance, thereby
improving the multi-layer reconstruction performance.
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The bedding dip angle exhibits a dual-influence characteristic on fracture cross-layer
behavior within the tested parameter range. Both excessively small and large dip angles
constrain vertical fracture penetration. Among the four investigated bedding configura-
tions (15°, 30°, 60°, and 75°), the 60° case shows the most favorable cross-layer propagation
performance under the preset model conditions, rather than representing a universally
optimal geological threshold. This case-specific quantitative observation provides a reason-
able interpretation for the variable fracturing responses commonly encountered in field
inclined stratums.

Furthermore, this work reveals that natural bedding interfaces significantly aggravate
inter-cluster stress interference during multi-cluster fracturing. Different from the ideal
assumption that multiple fractures can propagate independently, the superposition of
induced stress generates distinct competitive propagation behavior. This effect triggers
asymmetric fracture extension and local propagation arrest, which well explains the uneven
stimulation distribution and insufficient effective fracture height frequently observed in
field fracturing operations of layered reservoirs.

The improved DDM eliminates the non-physical negative-width defect of weak planes
and maintains high computational efficiency for multi-parameter simulation. Still, the
model does not account for bedding-plane damage under fluid erosion or proppant trans-
port. Further work may couple fluid-solid-damage equations to realize full-process fractur-
ing simulation. It should also be noted that, as a boundary-element-based tool, the present
DDM framework also has inherent limitations, such as difficulties in directly modeling
complex rock matrix damage and large-scale plastic deformation, which requires further
algorithm improvement in follow-up research.

5. Conclusions

This work develops an improved displacement discontinuity model to simulate multi-
cluster hydraulic-fracture cross-layer propagation in inclined layered reservoirs. The coupled
effects of net pressure, bedding dip angle and fracturing cluster number are explored under
predefined model conditions. The main conclusions are summarized below:

(1) Net pressure dominates cross-layer propagation capacity. Within the tested cases,
2 MPa net pressure triggers fracture deflection, bedding slip and severe fluid chan-
neling, while 15 MPa enables fractures to overcome interface resistance for con-
tinuous multi-layer penetration. These pressure values are case-specific and not
universal thresholds.

(2) Bedding dip angle exerts strong nonlinear control on cross-layer behavior. Very
small or large dip angles suppress vertical penetration. Among the four tested an-
gles (15°, 30°, 60°, 75°), the 60° case achieves better cross-layer performance only
for the examined parameter set, and this observation cannot be generalized to all
geological settings.

(3) Bedding interfaces amplify inter-cluster stress interference. Dual- and three-cluster
simulations show obvious asymmetric fracture growth, including tip arrest and
unilateral preferential propagation. This study focuses on cluster-number effects;
systematic cluster-spacing tests are not performed, so related inferences on cluster
spacing are removed.

(4) Combined multi-cluster induced stress and bedding constraints hinder the generation
of multiple independent main fracture networks. Changes in cluster number modulate
inter-fracture competition and propagation asymmetry, further affecting vertical
reservoir reconstruction.
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This study reveals multi-parameter coupling mechanisms for fracture cross-layer
growth. The qualitative insights and case-specific quantitative results offer references for
multi-cluster fracturing design in similar stratified low-permeability reservoirs.
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