s ARCHIVIO ISTITUZIONALE
ONIVERSITA DI BOLOGNA DELLA RICERCA

Alma Mater Studiorum Universita di Bologna
Archivio istituzionale della ricerca

Three-dimensional simulation of hydraulic fracture propagation height in layered formations

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:
Published Version:

Zhao K., Stead D., Kang H., Gao F., Donati D. (2021). Three-dimensional simulation of hydraulic fracture

propagation height in layered formations. ENVIRONMENTAL EARTH SCIENCES, 80(12), ---
[10.1007/s12665-021-09728-x].

Availability:

This version is available at: https://hdl.handle.net/11585/837010 since: 2024-01-18
Published:

DOI: http://doi.org/10.1007/s12665-021-09728-x
Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

(Article begins on next page)
27 August 2024



http://doi.org/10.1007/s12665-021-09728-x
https://hdl.handle.net/11585/837010

Three-dimensional numerical investigation of the
interaction between multiple hydraulic fractures in
horizontal wells

Kaikai Zhao®?, Doug Stead®, Hongpu Kang®®, Fugiang Gao*"*, Davide Donati®

aState Key Laboratory of Coal Mining and Clean Utilization (China Coal Research Institute), Beijing, China
® Mining & Designing Branch, China Coal Research Institute, Beijing, China

¢Engineering Geology and Resource Geotechnics, Simon Fraser University, Burnaby, BC, Canada

*Corresponding author: fuggao@gmail.com (F. Gao).

Abstract

Complex, non-planar fracture geometry is often observed in multi-stage hydraulic fracturing. The opening of
hydraulic fractures results in a disturbance of local stress, which in turn affects the propagation of the adjacent
fractures (stress shadow effect). The interaction between multiple fractures is of major importance in the design
of fracturing treatments. In this study, a fullycoupled three-dimensional lattice-spring code is utilized to study
the interference among multiple fractures. The results indicate that simultaneous propagating fractures can
move towards or away from each other, resulting in complicated non-planar geometry and branching of
hydraulic fractures. In an isotropic stress field, continued fracture propagation involves reorientation into a
direction normal to the initial fracture plane, leading to an S-shaped fracture geometry. Higher Young’s modulus
values amplify the interaction of multiple fractures, resulting in more secondary fractures normal to the initial
fracture plane and the greater dimension of fracture. Treatments assuming a higher magnitude of fluid viscosity
/injection rate induce more branches at the tips of the primary fracture. An adjacent layer with a low modulus
restricts the height growth of fractures, whereas the lateral growth and the stress interference will be in contrast
relatively enhanced. This study provides further insight into the design and optimization of multiple-stage

hydraulic fracturing in horizontal wells.
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1. Introduction

Hydraulic fracturing has been extensively applied to the oil and gas industry [1], Enhanced Geothermal
Systems [2], and the mining industry [3]. Complex, non-planar hydraulic fracture (HF) geometry is often observed
in multi-stage hydraulic fracturing in horizontal wells. The interaction of multiple HFs is of major importance in
the routine design of well completions and treatment strategies. The opening of an HF causes an alteration in
the neighboring stress field, which in turn affects the propagation of the adjacent HFs. This phenomenon is
referred to as the “stress shadow effect” [1]. Green and Sneddon [4] presented an analytical solution for a

pressurized HF opening and the induced stress in an elastic solid. Based on Green and Sneddon’s solution, an



analysis of the fracture-induced stresses has been given to calculate the stability of reservoirs [5]. A three-
dimensional stress solution produced by an elliptical crack has also been developed [6]. However, calculating
stress variations induced by the interaction between multiple curved HFs using analytical solutions remains a
challenging task.

Stress shadow has been documented for decades from fracture mapping data. Field observation has shown
that the maximum increase in compressive stress can be expected to occur at the HF plane, with the stress
disturbance radiating into the surrounding rock for hundreds of feet [1]. Laboratory experiments showed that
the stress shadow effect is evident with the presence of closely spaced notches [7]. The stress shadow effect
may either inhibit the propagation of neighboring HFs or induce a deviation of neighboring HFs. An older HF
impact the shape and path of newer HF. The newer HF path curved toward and coalesced with the older HF [8].
Because of experimental limitations, it is difficult to perform a sensitivity study of the stress interference process
for multiple fracture propagation under laboratory conditions.

Numerical simulation has been extensively used to study the interaction between multiple HFs. A
comprehensive overview of numerical methods for hydraulic fracturing can be found in previous publications
[9-11]. Only a few numerical methods are introduced in this study, including the finite element method (FEM),
boundary element method (BEM), displacement discontinuity method (DDM), distinct element method (DEM),
and lattice spring method. A finite-element model has been employed to study the interaction between multiple
HFs [12]. The results showed that the stress induced by the opening of the HF or the fluid leak-off could alter the
magnitudes and orientations of the principal stresses, thereby influencing the pathway of the HF. The 3D
multiple-cluster fracturing problems have been investigated using the XFEM-based CZM (cohesive zone model
based on the extended FEM) [13]. Results showed that the HF propagation pathway depends on a complex stress
distribution (or stress shadowing effect). The interaction between HFs causes HF to coalesce, grow parallel, or
diverge depending on cluster spacing. A pseudo-3D model based on the BEM has been utilized to investigate the
simultaneous growth of multiple HFs [14]. The simulations showed that the HFs do not always propagate
perpendicular to the far-field, minimum principal stress direction. The HF pattern complexity is influenced by
the magnitude of the HF net pressure relative to the differential stress. The interaction between multiple
neighboring cracks has been investigated using the BEM model [15]. Modeling results showed that the creation
of outer cracks could act to either promote or inhibit adjacent cracks propagation depending on the spacing and
the loading conditions. A plane strain simulator based on the DDM has been developed for simulating multiple
HFs growth [16]. The simulations showed that the HFs can curve toward or away from one another, potentially
intersecting. The curving of HFs is associated with a combination of opening and sliding along the previous HF,
as well as the disturbance of the local stress field. An HF-propagation model based on the DDM has been
presented [17]. Model results indicated that non-planar geometry reduced propagation occurs for interior HFs,
resulting in a substantial restriction in HF aperture and a reduction in length. A pseudo 3D-based HF model based
on the 3D-DDM has been developed [18]. Model results showed that the height growth may be promoted or
suppressed for parallel HFs. The accurate prediction on the HF height and width profile require the incorporation

of stress shadow effect.



The DEM has been extensively applied in different practices in rock engineering [19—21]. Simulations of stress
interference among multiple HFs based on the DEM has been presented [22]. Simulation results showed that
stress interference might impact the extent of the induced HF and treatment effectiveness. Numerical
investigation of the stress shadow effect using the DM code (both mechanical only and hydro-mechanical
coupled modes) has been presented [23]. The results showed that multiple HFs enhance the increase in
minimum principal stress in the inter-fracture zone. Additionally, the increase in minimum principal stress
reduces the HF apertures.

In the conventional DEM, discontinuities are regarded as distinct boundaries between blocks. The failure of
intact blocks and the propagation of HFs may be simulated by implementing a Voronoi or Trigon tessellation
within the intact blocks [24,25]. Therefore, the HF trajectory is constrained by the geometry of the contacts.
Based on Synthetic Rock Mass and Lattice methods, a fully-coupled code, XSite, has been presented, which
allows simulating asymmetrical non-planar HF propagation in a full 3D setting [26]. The simulation of non-planar
propagation of multiple HFs using XSite has been presented [27]. Simulation results revealed that the
propagation of a middle HF is enhanced with an increase in the cluster spacing but decreases for higher in-situ
stress difference. The mechanical interference among multiple HFs has been investigated using XSite [28]. The
simulation captured the HF front segmentation and asymmetric growth due to the combined influence of the
stress shadowing and perforation/in-situ stress misalignment.

In the present study, the lattice simulator, XSite, is employed to study the interference between multiple HFs.
The simulator allows sensitivity analyses of the key parameters influencing multiple HFs propagation to be
undertaken. Several simulations of simultaneous propagation of multiple HFs are presented, in which the effects
of the various parameters (in-situ stresses, Young’s modulus (E), the viscosity of the fluid (i), and injection rate

(Q)) are investigated. Multiple HFs propagation in a layered formation is also simulated.

$

Fig. 1. Schematic representation of lattice array (after [30]).

2. Modeling methodology

The lattice method is developed based on the DEM, with particles and contacts replaced by nodes and

springs, respectively. As shown in Fig. 1, the lattice is a quasi-random array of nodes connected by normal and



shear springs, which can fail in a brittle manner. The springs represent the elasticity of the rock mass. The
fracturing of the intact material can be modeled by spring breakage. The joints can be inserted into the lattice
spring network using a smooth joint model approach [26]. In XSite, the HF pathway is not predetermined but is
part of the solution (for an accurate prediction of non-planar HF trajectory), and full deformation and stress are

calculated (for an accurate prediction of the stress shadow) [29].

2.1.Modeling methodology

The model uses an explicit numerical solution to solve the motion of the lattice nodes. The central difference
method is used to calculate the transitional degrees of freedom [26]:
i +A0D = g (802 4N EOALm (1)
A0 = 0 4 (a2 pg (2)
where u’(t)i and u(t)i are the velocity and position of component i at time t. m is the node mass, At is the time
step,ZF(t)i is the sum of all the force-components.

The angular velocities of component i at time t are calculated using Eq (3):

@UHAD — g U-atD) Z+-f,-'”m 3)
where wi is the angular velocity of component i(i = 1,3) at time t, and ZMi is the sum of all moment-components
acting on the node of the moment of inertia, I.

Spring force variation and relative displacement are calculated by the velocities of the nodes [26]:
FN « FN 4+ aNENA; (4)
F¥ « F5 + u5k5at (5)
\;vhere F is the force, k is the stiffnesses, “N” and “S” represents normal and shear, respectively. u'Nand u’iS are

the velocity of component i in the normal and shear directions, respectively. The spring will break and micro-

crack will form if the spring force exceeds the calibrated spring strength.

2.2.Fluid flow formulation
Fluid flow is simulated by the pipes network that connects fluid elements. As shown in Fig. 2, the fluid
elements act as microcracks positioned at the broken spring or springs intersected by the joints. The pressures
are stored in the fluid elements. Pipes are formed between the fluid elements within a certain distance between
each other. As the microcracks are created, due to the breaking of the lattice springs as dictated by the forces in

the lattice, the code automatically creates new fluid nodes and connects them, using flow pipes [26].
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Fig. 2. Schematic representation of the pipe network (After [26]).

The flow rate along the pipe is calculated based on lubrication theory [31]:

e
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f
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where a is aperture, uf is fluid viscosity, pA and pBare hydraulic pressures at nodes “A” and “B”, respectively, zA
and zB are elevations of nodes “A” and “B” respectively, pw is fluid density, and g is gravitational acceleration.
Calibration parameter B is applied to relate the joint conductivity to the conductivity of a pipe network. kr is the
relative permeability, which depends on saturation, s:

k. =53 - 2s) (7)
. The pressure increment with a timestep of At can be calculated as:

Ap =%gm (8)
where kf is the fluid bulk modulus, V is the volume of a fluid element.

Q= Zté’f (9)

is the sum of all flow rates, qi, from the pipes linked to the fluid element.

2.3.Fracture propagation criterion

criterion for HF propagation based on the J-integral is employed in XSite. The domain expression for local
energy release rate at the crack front, in the direction of unit vector n, under quasi-static conditions, and
assuming body force, Fi and traction T, on the crack faces, the J-integral is determined by the following relation
[31]:
J= é [ (g — Woi)q s — F.u,-__;q‘:n,]dvfé f Tisg mdS (10)

where R is the half-length of crack, W is strain energy density,V is a domain that includes the crack front, o is
the Cauchy stress tensor; u is the displacement vector, S is the fracture face, gr is a sufficiently smooth function.

gr is calculated as [31]:

It [fl<1,¢ =1—7, else ¢ =0 (11)
where 7=&’+&°+5° (12)
SR (13)

wherexi is the point coordinates at the arbitrary location, xc i is the point coordinates at centre of the
spherical domain.

The stress intensity factor, K, is calculated as:

p—

K, =\IE



(14)

The fracture-propagation criteria rest on the principle that the integral in Eq. (10) is “zero” if no stress
amplification is detected, otherwise provides a measure of stress intensity at the target location. Each spring in
the model is tested as a potential location for the crack-propagation front. The integral in Eqg. (10) is evaluated
at the spring location in two directions, normal to each other, in a plane perpendicular to the spring. The
maximum value of the two calculated values is taken as a measure of stress intensity (local energy release rate,
J). If no stress amplification is detected (i.e., if Ki << Kic), spring tensile strength is used as the criterion for spring

failure (i.e., it is compared to spring normal force); otherwise, the stress intensity factor is compared to rock

toughness, Klc, to detect spring failure [31].

2.4.Coupling scheme
The coupling of mechanical deformation and fluid flow is incorporated in the code. The deformation and

strength of the solid model depend on the fluid pressure. Fluid pressure is affected by solid deformation.
Fracture permeability is determined by the HF aperture and the mechanical deformation [26].

3. Model description

Fig. 3 depicts the setup of the base model, the volume of the rock block was assumedas5mx4mx4m. A
vertical starter crack (2) is positioned at the center of the block, normal to the x-axis. The starter cracks (1) and

(3) are placed on the two sides of starter crack (2), and the distance between two adjacent cracks is 1.5 m. All

starter crack has a radius of 0.2 m. Base model input parameters are listed in Table 1.
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Fig. 3. Base model setup.

Table 1. Base model input parameters.

Variables Values

p (kg/m3) 2650

Young’s modulus, E (GPa) 20
Poisson’s ratio, v 0.25
Tensile strength, ot (MPa) 10
UCS, oc (MPa) 200
Permeability, (m2) 1x1073




4. Model results
4.1.Effect of in-situ stress

Three types of stress regime were considered, i.e. ox = oy = 0z =5 MPa; oy = 06z = 5 MPa, ox = 7.5 MPa; ox =
oy =5 MPa, oz = 7.5 MPa. Other parameters were assumed as: E = 20 GPa, u = 1 mPa-s. Simulations were
conducted under a constant injection rate of 0.001 m3/s for 2 s.

For the case of ox = oy = 0z = 5 MPa (i.e., an isotropic stress field), in the very early stage of injection, three
HFs perpendicular to the wellbore was initiated from the vertical starter cracks. The further propagation of the
HFs was affected by the interaction between adjacent HFs, leading to an S-shaped fracture geometry (front view
in Fig. 4). In general, the HFs were deflected into the direction of ox for the case of ox = oy = 0z = 5 MPa. These
HFs are characterized by non-planar geometry and asymmetric propagation.

For the case of ox = 7.5 MPa and oy = 0z = 5 MPa, a preferred propagation direction of HFs became more
evident. The HFs reorient themselves to become parallel to the horizontal plane (or normal to the direction of
oz). The continued propagation pathway of the HFs was along the direction of ox. The maximum vertical growth
of HFs was reduced compared to that for the case of ox = oy =0z =5 MPa.

For the case of ox = oy =5 MPa and oz = 7.5 MPa, the general propagation pathway of the HF 3 was along the
direction of oz (i.e., perpendicular to the direction of ox), and the tilting of the HF plane was less evident than
for the case of ox = oy = 0z = 5 MPa. The HF 2 was characterized by a bowl-shaped geometry, which deviated
away from HF 3. Additionally, a noticeable secondary fracture was induced on the primary HF 1. The secondary
fracture plane was simulated perpendicular to the direction of oy, whereas the main part of HF 1 was
perpendicular to the direction of ox. HF 2 was simulated in an orthogonal direction to HF 1 (in the direction of
ox) and propagated towards HF 2. The adjacent HF 1 and HF 2 progressively propagated away from each other,
inducing an evident bowl shape in HF 1 in the early simulation stage, prior to the formation of the secondary
fracture later during the simulation.

Fig. 5 present the vertical profiles of multiple HFs in the different stress regimes. Fracture deflection angle
was introduced to quantitative evaluate the variation in fracture shape. Fracture deflection angle in the vertical
direction is defined as the angle between the direction of 6z and the tangent to the crack tip at the injection
point. As shown in Fig. 5, each fracture has a deflection angle of more than 44- for the case of ox=0y=0z=5
MPa.

A much larger fracture deflection angle (greater than 60°) can be found in the case of ox = 7.5 MPa and oy =
oz =5 MPa. For the case of ox = oy =5 MPa and oz = 7.5 MPa, all three fracture has a relative straight pathway

in the vertical direction. The fractures prefer to propagate in the direction of maximum principal stress.
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Fig. 4. Simultaneous growth of multiple HFs in the different stress regimes (The HF aperture was truncated at

0.001 mm and 0.5 mm).
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Fig. 5. Vertical profiles of multiple HFs in the different stress regimes.

4.2 .Effect of Young’s modulus

For the four models, the input modulus (E) was assumed as 5 GPa, 15 GPa, 20 GPa, and 30 GPa, respectively.
Other parameters were assumed as: ox = oy =5 MPa, oz = 7.5 MPa, u = 1 mPa-s. Simulations were conducted
under a constant injection rate of 0.001 m3/s for 2 s.

Fig. 6 shows the geometry of the HFs with varying modulus. With a low modulus of E = 5 GPa and 15 GPa, no
secondary fracture was observed on the primary HF 1. For E = 20 GPa, a small secondary fracture induced on the
primary HF 1. When E = 30 GPa was assumed, secondary fractures formed on both HF 1 and HF 2. Additionally,
the dimension of secondary fracture in case of E = 30 GPa is greater than that of E = 20 GPa. In general, the

curvature of the primary HFs increased with Young’s modulus (refer to the top view for varying Young’s



modulus). With E = 5 GPa, the shape of all three HFs is planar or sub-planar, with a less evident curvature
compared to the other models. The bowl-shaped HFs were observed in cases with higher modulus values.
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Fig. 7 present the horizontal profiles of multiple HFs for varying Young’s modulus. Fracture deflection angle

E =30 GPa

Fig. 6. Simultaneous growth of multiple HFs for varying Young’s modulus.

in the horizontal direction is defined as the angle between the direction of oy and the tangent to the fracture tip
at the injection point. As Young’s modulus changed from 5 GPa to 15 GPa, the deflection angle in each fracture
is promoted. For the case of E = 15 GPa, 20 GPa, and 30GPa, no marked variation in fracture deflection angle can
be observed. The most evident difference is the propagation of secondary fracture. High Young’s modulus
contributes to the growth of secondary fractures. Those secondary fractures tend to be perpendicular to the

initial fracture plane.
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Fig. 7. Horizontal profiles of multiple HFs for varying Young’s modulus.

Fig. 8 shows the vertical and lateral growth of HF 3 with changes in Young’s modulus. The size (vertical and
lateral growth) of the HF increased with an increase in modulus, assuming a constant injection rate.

Both vertical and lateral growth showed an increasing trend with the increase of Young’s modulus. As Young's
modulus increased from 5 GPa to 30 GPa, the vertical growth increased from 1.59 m to 3.83 m (+2.24 m), and
the lateral growth increased from 1.72 m to 3.12 m (+1.4 m). The maximum difference between the vertical and

lateral growth occurred in the case of E = 30 GPa with a magnitude of 0.71 m.

40 T T T T T T 4.0

3.0

Vertical growth (m)
Lateral growth (m)

20+

15 +—b-"-+—-a—-"—v——-—v—7T—"—T7+15
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Fig. 8. Effect of Young’s modulus on the vertical and lateral growth of HF 3.

Additionally, a marked variation in the HF aperture can be observed with changes in Young’s modulus.
Specifically, the main part of the HF aperture was greater than 0.5 mm for the case of E =5 GPa, as shown in Fig.
6. For the case of E = 30 GPa, there was a relatively small region with an aperture greater than 0.5 mm around

the injection point, whereas most parts of HF 3 had an aperture of lower than 0.5 mm.

10



4.3.Effect of the fluid viscosity

Four simulations were conducted with assumed fluid viscosity of 1, 3, 7, and 9 mPa-s, respectively. Other
parameters were assumed as: ox = oy =5 MPa, oz = 7.5 MPa, E = 20 GPa. Simulations were performed under a
constant injection rate of 0.001 m3/s for 2 s.

As shown in Fig. 9, a secondary fracture can be observed for the cases of u = 1 mPa-s and 3 mPa-s. With a
higher fluid viscosity of L =7 mPa-s and 9 mPa-s, more induced branches occurred on the primary HF. Note that
the secondary fracture under low fluid viscosity case of L =1 mPa-s was developed in the vicinity of the injection
point. In contrast, branches for the high fluid viscosity case of u =9 mPa-s was observed at the tips of the primary

fracture.

Front view Side view I 5.0000€.04

u=9mPa-s

Fig. 9. Simultaneous growth of multiple HFs for varying fluid viscosity.

Fig. 10 present the horizontal profiles of multiple HFs for varying fluid viscosity. As shown in Fig. 10, the
deflection angle for eachbranch has been measured. A high magnitude of fluid viscosity promotes the branching

of hydraulic fractures. For the cases of 1 mPa-s and 3 mPa-s, the secondary fracture was induced in the vicinity
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of the injection point. The secondary fracture tended to be perpendicular to the initial fracture plane. As for the
cases of 7 mPa:s and 9 mPa-s, the branches were formed at the fracture tip. The branches are not aligned with
the direction of principal stress. More branches can be observed in the case with higher fluid viscosity. In

contrast, the propagation of secondary fracture in the vicinity of the injection point is inhibited.
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Fig. 10. Horizontal profiles of multiple HFs for varying fluid viscosity.

Fig. 11 shows the vertical growth and lateral growth of HF 3 with changes in fluid viscosity. It clear that the
simulated HF size diminishing with the rise of fluid viscosity. As the fluid viscosity increased from 1 mPa-s to 9
mPa-s, the vertical growth reduced from 3.1 m to 2.37 m (- 0.73 m), and the lateral growth decreased by 0.71

m.
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Fig. 11. Effect of fluid viscosity on the vertical and lateral growth of HF 3.
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4.4 Effect of fluid injection rate
Four simulations were performed with injection rates (Q) of 0.001, 0.002, 0.006, and 0.008 m3/s, respectively.
The volume of the injection fluid was assumed as 0.002 m3 for all models. Other parameters were assumed as:
ox =0y =5MPa, 0z=7.5MPa, E =20 GPa, p=1 mPa-s.
When the injection rate was low (i.e., Q = 0.001 and 0.002 m3/s), only one secondary HF was simulated on
HF 1. As the injection rate increased to a high level (i.e., Q = 0.006 and 0.008 m3/s), more branches developed

on the primary HFs, as shown in Fig. 12.

: ; i . Pipes
Front view Side view Top view I 5.0000E.04

Q=0.008 m%/s

Fig. 12. Simultaneous growth of multiple HFs for varying fluid injection rates.

Specifically, each primary HF has one branch on it for the case of Q = 0.006 m3/s, with more than one branch
developing on HF 2 and HF 3 for the higher injection rate case of Q = 0.008 m3/s. Note that with a low injection
rate case of Q = 0.001 m3/s, the secondary HF formed in the vicinity of the injection point, whereas the branches
simulated at a high injection rate case of Q = 0.008 m3/s formed at the tips of the primary HFs.

Fig. 13 present the horizontal profiles of multiple HFs for varying fluid injection rates. As shown in Fig. 13, the
deflection angle for each branch has been measured. A high magnitude of fluid injection rate promotes the
branching of hydraulic fractures. For the cases of Q = 0.001 m3/s and Q = 0.002 m3/s, the secondary fracture

was induced in the vicinity of the injection point. The secondary fracture tended to be perpendicular to the initial

13



fracture plane. As for the cases of Q = 0.006 m3/s and Q = 0.008 m3/s, those branches were formed on the

fracture tip. The branches are not aligned with the direction of principal stress.
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Fig. 13. Horizontal profiles of multiple HFs for varying injection rates.

Fig. 14 shows the vertical and lateral growth of HF 3 with changes in the fluid injection rate. The HF 3 size
decreased with an increase in the injection rate for the same volume of injection. As the simulated injection rate
is increased from 0.001 m3/s to 0.008 m3/s, the vertical HF growth decreased from 3.1 m to 2.47 m (- 0.63 m),

and the lateral growth fell by 0.68 m.
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Fig. 14. Effect of fluid injection rate on the vertical and lateral growth of HF 3.
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4.5.Multiple HFs propagation in a layered formation

Fig. 15 shows the propagation of multiple HFs in a layered formation. The volume of the rock block was
assumed as 6 m x 5 m x 6 m. The Young’s modulus in the outer layers for the two comparative models was
assumed as 5 GPa, and 60 GPa, respectively. The middle layer had a thickness of 1.75 m and Young’s modulus of
20 GPa. Other parameters were assumed as: ox = oy = 5 MPa, and oz = 7.5 MPa, i = 1 mPa-s. The simulations
were conducted under the condition of simultaneous fluid injection at a constant injection rate of 0.001 m3/s
for3s.

It is clear from Fig. 15 that Young’s modulus in adjacent layers had a significant effect on the vertical growth
of the HFs. As Young’s modulus of the adjacent layers increased from 5 GPa to 60 GPa, the vertical growth and
the dimension of HFs were greatly enhanced.

For the case of an assumed modulus of E = 5 GPa in the adjacent layers, the HFs did not propagate beyond
the middle layer. The vertical growth was restrained, therefore, fracture propagated laterally. Additionally, a
fracture branch was simulated on HF 3. One wing of the inner fracture (HF 2) was deflected toward HF 3,
potentially intersecting with it (see Fig. 15, top view). The other wing of the inner fracture was reoriented toward
HF 1, resulting in an S-shaped geometry.

For the case of E = 60 GPa, substantial growth of HF was simulated in the adjacent layers. From the side view,
it can be seen that the HFs near the boundary between layers exhibited a discontinuous propagation pattern.
The HFs were relatively straight in the vertical direction in the middle layer. However, when the HFs grew into
the high-modulus layer, the deflection/reorientation behavior became more pronounced. The outer primary HFs
deviated away from the inner HF, exhibiting a bowl-shaped geometry. The inner HF 2 is characterized by a high
degree of tortuosity. Despite the deviation in the propagation direction, the dominant propagation direction for
HF 2 was in the direction of oz. The lateral growth of HF 2 was strongly affected by the interaction between
adjacent HFs, which potentially reoriented or deflected into the ox direction (see the top view in Fig. 15).
Additionally, the HF aperture in the high-modulus layer (E = 60 GPa) was in comparison smaller than that
simulated in the middle layer (E = 20 GPa).

E=5 GPa Front view Side view Top view i"lﬁ,’(mm
1 D000E 08

1.0000E-06
Aperture (m)

Fig. 15. The simultaneous growth of multiple HFs in a layered formation.
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5. Discussion

A propagating HF alters the stress field near the HF, causing an increase in the local minimum principal stress.
The increment of minimum horizontal stress may be greater than that of maximum horizontal stress, leading to
a change in the direction of the maximum horizontal stress [17]. The induced stress field can have an impact on
the further propagation of HFs. For the case of ox = oy = 0z = 5 MPa (isotropic stress field), the propagating HF
increased the compressive stress perpendicular to the HF plane, causing the deflection/reorientation of adjacent
HFs. Because of the increment in the principal stress in the X-axis direction, the further propagation of HFs was
along this direction. Thus, asymmetric non-planar HF surfaces were simulated, as shown in Fig. 4. The HFs have
different curvatures as a result of non-symmetric compression induced by the adjacent opened HFs. Besides,
these HFs were characterized by variable heights. Kresse and Weng [18] reported that stress shadows have a
noticeable effect on the HF height growth and width profile. The height growth and width profile were calculated
more accurately by including the 3D stress shadow effect. However, the pseudo-3D-based model failed to
capture the deflection/reorientation behavior of HF propagation in a three-dimensional setting. The study
presented in this paper highlights that the asymmetric non-planar propagation of HF, emphasizing the
limitations of approaches assuming 2D plane strain and pseudo-3D models.

It is generally believed that the HF propagation pathway tends to be straighter with the presence of more
significant differential stress [32]. For the case of ox = oy =5 MPa, 0z = 7.5 MPa, in our XSite models, a straighter
HF plane was simulated than for the isotropic stress field case. Moreover, the secondary fracture was induced
by the interaction between multiple HFs, which could represent another significant influence of the stress
shadow effect. The stress shadow tends to cause changes in the direction and magnitude of the maximum and
minimum horizontal stresses. Under specific conditions, an increase in the local minimum stress may result in
secondary fracture growth in the orthogonal directions, as shown in Figs. 4 and 6.

As observed in Fig. 16, the primary fracture growth increases the stress normal to the HF plane. At some
points, the increased principal stress orthogonal to the original propagation direction may exceed the principal
stress in the original propagation direction. It may then become easiest for the HF to propagate in the direction
orthogonal to the original direction leading to a secondary fracture being induced. The HF plane may flip back

and forth between the two directions, as has been measured in actual fracturing practice [33].

pressure increase
causes stresses to
increase as well

.
pﬂWtu re

high pressure zone,f}“'*»-x
p = o (original) ——

Fig.16. Near-field stresses altered by a fracture (After [33]).
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In a thermal shock experiment [34], a secondary fracture (see the plane normal to the green arrows in Fig.
17) was induced on the inner primary fracture (the secondary fracture approximately orthogonal to the inner
fracture). In addition, significant curving of the outer fracture is observed. The primary fracture on the right is
diverted away from the inner primary fracture due to the induced stresses, resulting in a non-planar geometry.

This phenomenon has been successfully captured in the XSite simulations.

Fig. 17. Morphology of multiple fractures generated from cryogenic thermal shock (After [34]).

Fisher et al. concluded that an increase in the local minimum stress magnitude tends to inhibit the initiation
of adjacent HFs and encourage HF growth in orthogonal directions [1]. Moreover, the formation of orthogonal
HFs may contribute to productivity as the network size and network density are both enhanced by the growth
of orthogonal HFs.

Higher Young’s modulus could amplify the interaction of multiple HFs. In the formation with an assumed
higher modulus, more secondary HFs were simulated, and strong curving of primary HFs can be observed (see
Fig. 6). Note that the fluid flow is fully coupled with mechanical deformation. The aperture of the HF in the stiff
layer was smaller than that in the soft layer. In contrast, the dimensions of the HF in the stiff layer were greater
than those in the soft layer, assuming a uniform injection rate. The variation in modulus had an impact on the
gradient of induced stress and on the HF propagation path. Therefore, the interaction between multiple HFs was
amplified, and more secondary HFs occurred with a higher Young’s modulus. Besides, strong curving of primary
HFs can be found in the case of high modulus, as shown in Fig. 6. As reported in the previous publication, the
reorientation of an HF is more likely to occur in the formation with high Young’s modulus, and varying modulus
can result in a variation in the range of net closure pressure [35].

As shown in Fig. 15, the high modulus encouraged the HF to cross the boundary into adjacent layers, whereas
the lower modulus hindered the HF propagation. Two explanations have been proposed concerning the effect
of modulus contrast between adjacent layers on the simulated HF height containment. First, the stiff layer serves
as a barrier to inhibit HF propagation as it initiates from a soft layer and propagate towards the adjacent stiff
layer. The stress intensity factor (SIF) is reduced to zero as the HF tip propagates from the soft layer to the stiff
layer. In contrast, the SIF increases to infinity as the HF tip propagates from the stiff layer to the soft layer [36,37].

HF growth in width is reduced in the stiff layer, constraining the fluid flow into the HF tip. Thus, the adjacent stiff
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layer will limit the growth of HFs under the condition of constant pressure within the HF [38]. The second
explanation is that the stiff layer is conducive to the HF propagation from a soft layer into the stiff layer. The SIF
will be enhanced after the HF tip crosses the boundary into the stiff layer [39]. The SIF will be reduced after the
HF tip crosses the boundary into the soft layer [40]. Because of the hydro-mechanical coupling effect, the
dimensions of the HF in the stiff layer will be larger than those in the soft layer [39]. The two proposed
explanations are somewhat controversial as the condition of the fracture-spanning boundary has been not
considered in fracture mechanics solutions, and the hydro-mechanical coupling effect was not included in
traditional numerical models.

The modulus contrast in a layered formation has a remarkable effect on the interaction between multiple
HFs. When the layer has a low modulus, the HF height will be constrained, whereas the lateral growth may be
relatively enhanced. At some points, the stress shadow effect may be enhanced within the middle layer (i.e.,
secondary HF and highly curved HF path). The fracture path in the vertical direction is relatively straight. In the
high-modulus adjacent layer, strong curving on the HF surface can be observed. Thus, a high degree of tortuosity
of the HF path in the vertical direction can be expected. Note that the bedding planes, which are commonly
observed in layered formations, were not included in the present models. The presence of geological
discontinuities will affect HF propagation during fracturing treatment [41,42]. In future work, efforts will be
made to include the interaction between discontinuities and HFs in the presence of stress shadows.

A higher magnitude of flow resistance will be introduced in treatment with higher viscosity fluids. In turn, the
induced stress in the rock will be more pronounced with higher viscosity fluid treatments. Strong stress
concentration around the HF tip can be expected, which has the potential to induce the failure of the rock.
Therefore, more branches were simulated on the primary HFs for higher fluid viscosity cases (see Fig. 9).
Similarly, the injection of fluid at a higher injection rate has a higher energy magnitude. Strong stress
concentration around the HF tip was induced with the treatment of high injection rate fluid, potentially causing
the branching at the front of the primary HF (see Fig. 12). In summary, the dominant mechanism accounting for
the branching at the tips of the primary HF may not be the effect of the stress shadow but the strong stress
concentration around the HF tip (note that the stress shadow effect still exists). The multiple HFs amplify the
increase in the minimum principal stress in the inter-fracture region. With a low magnitude of fluid
viscosity/injection rate, the secondary HF was formed close to the injection point due to the additive increase in
the minimum principal stress. However, the branching formed at the front of the primary HF under a high
magnitude of fluid viscosity/injection rate may be attributed to the strong stress concentration around the HF
tip.

Stress intensity factors and energy release rates increase before branching then drop since energy is now
used to propagate two branches [43]. If cracks are branching it indicates that the stress is high and the material
is unable to dissipate the energy that is driving the failure with a single crack. High-energy release (and high
stress in the part) will cause many branches of the crack [44]. In atomistic models, under conditions that lead to
instability of the crack path, cracks can branch without a specific criterion[45]. Note that understanding the
various mechanisms governing the fracture branching remains a challenge. Exhaustive modeling of all the

previously mentioned mechanisms would certainly require a more sophisticated simulator.
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The stress shadow effect is influenced by multiple factors, including stress anisotropy, and hydraulic pressure,
aspect ratio, Poisson’s ratio, among others [46]. These factors can act together to describe the interaction
between multiple fractures. The determination of which factor dominates is a complex problem. Furthermore,
a stress shadow is the result of a dynamic process that evolves with the propagation of HFs. The stress field
around the fracture changes with the propagation of HFs. In turn, the continued propagation (e.g., deflection or
branching) of a simulated HF was affected by the local stress variation. The dynamic evolution of a stress shadow
poses a challenge to the suitability of a simplified analytical solution. Although numerous numerical models have
been developed for simulating the propagation of HFs, few studies have been undertaken to study the
interaction between multiple HFs in a three-dimensional setting. The overall propagation of an HF depends on
the competition between lateral, upward, and downward HF growth [47]. Additionally, both the differential
stresses between 02 and 063 and between ol and 63 impact the HF reorientation trajectory [48]. Numerical
simulation based on a 2D plane strain approach or pseudo-3D models cannot correctly represent a 3-D fracture
system. Three-dimensional non-planar propagation and the branching behavior of HFs must be considered. The
robust simulators that account for fluid flow, solid deformation, HF propagation, and their interaction, in a fully-
coupled setting, are essential for the realistic prediction of the dynamic interaction between HFs.

Although numerical analysis has made a significant contribution to capturing the propagation of HF, it
remains an approximation of the real physical process. Moreover, the complexity of fractured rock mass is
challenging to be incorporated into a numerical model. Methodologies, analysis, and field experiments are
required to confirm or calibrate the numerical result. For instance, Pettitt et al. [49] presented the fracture
network engineering (FNE) method. In this method, the integrated application of numerical modeling with
enhanced microseismic analysis provides a feedback loop, in which numerical modeling is enhanced and
constrained by the information provided by the microseismic data. The numerical model provides one promising
tool to investigate the dynamic interaction between multiple HFs, potentially integrating microseismic field

mapping and other data into the optimization of the fracture treatment.

6. Conclusion

account for the effects of in-situ stresses, Young’s modulus, the viscosity of the fluid, and the injection rate.
The propagation of multiple HFs in a layered formation is also simulated. The following conclusions can be drawn.

(1) The interaction of multiple fractures can alter the local stress field, which in turn affects fracture
propagation. Simultaneous propagating fractures may grow toward or away from each other, resulting in
complicated non-planar geometry and branching on fractures. The dominant fractures tend to propagate
parallel to the direction of maximum principal stress.

(2) High Young’s modulus will amplify the interaction between adjacent fractures. More secondary fractures
normal to the initial fracture plane and a greater dimension of fracture can be expected when fracturing in
formations with high Young’s modulus.

(3) Treatment with a higher fluid viscosity /injection rate contributes to the branching at the tips of the
primary fracture. In contrast, the propagation of secondary fracture in the vicinity of the injection point is

inhibited.
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(4) An adjacent layer with a high modulus promotes the propagation of fractures. With the presence of the
adjacent layers with low modulus, the fracture height will be constrained, whereas the lateral growth will be in

contrast relatively promoted.
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