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ABSTRACT

Various fracture patterns may develop through hydraulic fracture propagation and interaction with natural
fractures which may substantially enhance connectivity and connected fracture surface area in low-permeability
formations. Key factors controlling this behavior are analyzed using the continuum simulator TOUGHREACT-
FLAC3D that couples the evolution of stress and deformation (FLAC3D) with reactive fluid flow (TOUGH-
REACT) in fractured rock. The three potential interaction scenarios are accommodated - for the hydraulic
fracture to directly cross, stay arrested by, or reinitiate from the intersected natural fracture. The results show
that the combined effects of approach-angle and differential stress affect the normal closure response acting on
fractures. Also, larger approach-angles, greater stress differences, and higher fracture shear strength favor direct
crossing, with tensile stresses more readily transferred to the far-side of the approached natural fracture. Higher
injection rates accelerate buildup of wellbore and fracture pressures which lead to more rapid propagation of the
hydraulic fracture. Higher injection rates also increase the wellbore pressure and pressure gradient when in-
jection rate exceeds leak-off rate of fractures arrested by the natural fracture. The presence of only single natural
fractures results in faster hydraulic fracture propagation and greater propagation length driven by higher
developed wellbore pressures than where dual natural fractures are present. The presence of dual parallel natural
fractures hinders the propagation of the hydraulic fracture along its preferred original path as a result of greater
and redistributed leak-off and diminution of pressure through the natural fractures. Increased natural fracture
permeability slows hydraulic fracture propagation by increasing fluid flow and resulting pressure dissipation by
the natural fractures. Combined, these factors influence mechanisms of fracture propagation and interaction, and
evolution of flow paths, which are essential in design of hydraulic fracturing treatments, hydro-mechanical
characterization and prediction of the response of stimulated fracture networks.

1. Introduction

of rock properties, making the present-day orientation is often incon-
sistent with the orientation of natural fractures which are controlled by

1.1. Hydraulic fracture propagation and interaction

Hydraulic fracture propagation and interaction with natural frac-
tures in low permeability rock matrix can greatly facilitate fluid recov-
ery by enhancing the conductivity of fracture networks and shortening
the length of effective drainage path across the rock. A hydraulic frac-
ture will initiate when fluid overpressurization exceeds the concerted
impediments of rock strength and in situ stress.' The originally expected
fracture propagation direction may be influenced by local heterogeneity
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previous orientations of the in situ tectonic stress. Hence, the optimal
orientation of propagating hydraulic fractures and the orientation of
tectonically-induced natural fractures may intersect and crosscut each
other and form complex fracture networks.

When the hydraulic fracture approaches and intersects with the
natural fractures, classical interaction models and experiments®* sug-
gest that higher differential stress, approach-angles, and frictional co-
efficient may influence and favor crossing jointly. Analyses have been
extended® for full range of approach-angles in brittle linear elastic
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Fig. 1. Equivalent continuum simulation workflow implemented in TOUGHREACT-FLAC3D*.

rocks.® Further extended analytical models include those accommoda-
ting a full range of approach-angles and cohesive natural interfaces.”
Also, hydraulic fracture propagation in experiments have been demon-
strated to follow the least resistant and shortest path to approach and
interact with natural fractures.>° Although analytical solutions and
experimental studies are often limited by their assumptions, they pro-
vide a broad understanding of interaction mechanisms and may be
enhanced by numerical modelling — less-constrained by limiting sim-
plifications. More sophisticated experimental techniques, such as the
monitoring of acoustic emission have also been implemented'® in which
a narrower natural fracture aperture resulted in an increase in the
fracture fluid pressure for propagation and interaction - and conse-
quently reduced production. Overall, experiments provide useful
benchmarks and insight for the verification and investigation of fracture
propagation and interaction mechanisms derived from analytical
modelling and numerical studies.

1.2. Fluid flow in rock fractures

Understanding the hydraulic properties of rock fractures is important
in understanding and modelling fluid flow through fractured rocks.
Models of fluid flow through rock fractures can be characterized based
on the traditional cubic law.!' However, the traditional cubic law is
applicable for Darcian flow and considered ubiquitous fracture aperture.
Seepage analysis of the fracture network is based on fracture segments
and intersections between fractures based on Darcy’s flow.
Seepage-pores fractal model was adopted in evaluation of coal perme-
ability based on mercury porosimetry and Kozeny-Carman equation.'> A
dual-medium seepage model was also constructed'® which considers
water storage in fractures, stress, fracture length, and seepage pressure
for seepage evolution. Another model of Darcian fluid flow within
fractures which is derived from Snow’s model'” is considered account-
ing for the fluid exchange with matrix.'®> These models were based on
the rationale of linear relationship between pressure drop and fluid flow
rate. However, this rationale does not work for non-Darcian flow in
which the Reynolds number exceeds critical values. In this situation,
non-linear equations (e.g., nonlinear Navier-Stokes equations'®) need to

be calculated to accurately capture non-Darcian fluid flow in a rock
fracture, which have been studied both theoretical and
computational.'”>'®

1.3. Frameworks of simulation methods

The research of hydraulic fracture propagation and fracture in-
teractions have been explored within continuum frameworks. Finite
element modelling of fracture propagation and interaction typically
requires various remeshing and non-remeshing strategies.'?>* Extended
finite element methods (XFEM) represent the presence of a discontinuity
within an element without remeshing by enriching the degrees of
freedom of that element by using displacement functions to represent
fracture complexity.?* Thus. fracture propagation in XFEM models is
insensitive to mesh geometry,”> %’ however, these models can be
computational demanding for large-scale problems.”® The finite element
code ABAQUS/Standard’” embedded with its cohesive zone model?® has
been applied to hydraulic fracturing simulation with results matching
those from both PKN>"*? and KGD models.>>>* Alternately, continuum
approaches®>>° may be adopted with ubiquitous joint constitutive
models, as in TOUGHREACT-FLAC3D,>”>* to represent the influence of
natural fracture reactivation and slip due to fluid pressurization in
enhanced geothermal systems. In addition, mixed-continuum embed-
ded-fracture models®® and PHF (permeability-based hydraulic fracture)
models coupled through LSM (level set method)*®*° have been shown to
increase calculation efficiency in hydraulic fracturing by smearing
fractures over the continuum without remeshing. A continuum-based
combined finite-discrete element method (FDEM)*' was developed,
which is solid for the analysis of shear failure of fractures, whereas its
implementation is difficult.

In comparison, discontinuum approaches assume that the rock mass
consists of individual blocks delimited by explicit fractures** for better
explicit representation of fracture deformations and block rotations.
However, they can be computationally demanding for a large number of
fractures or matrix blocks, more limited and suitable to simulate
small-scale reservoirs in the short term*® — due to their computational
burden. In summary, the continuum approaches primarily assuming
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Table 1
Summary of the primary governing equations.*®

Fracture propagation
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continuum approaches can describe the macroscopic behavior of the
fractured rock, " and significantly enhance the computational efficiency
and are more suitable to represent large reservoir-scale fractured rock
masses over extended duration®® — the prime factor contributing to their
utilization in this study.

In the following, we explore and analyze the key factors that influ-
ence hydraulic fracture propagation and interaction mechanisms in
fractured rock masses, based on fracture propagation and interaction
modules’® developed specifically for the continuum simulator
TOUGHREACT-FLAC3D.

2. Methodology

In equivalent continuum modeling, constitutive models are used to
represent the rheology of the ensemble fractured rock mass — typically
with a linearly-elastic matrix and with nonlinearly-inelastic fractures.
The continuum simulator TOUGHREACT-FLAC3D couples fluid flow
calculation (in TOUGHREACT)*” with stress and deformation response
(in FLAC3D).*® The two programs are linked by a parsing code in
FORTRAN, accommodating evolution of a stress-dependent fracture
aperture and permeability tensor, stress intensity factor, energy release
rate, fracture propagation criterion, stress correction around fracture
tips, fracture propagation length, and fracture interaction criterion.

The stress intensity factor and energy release rate are calculated from
fracture geometry and stress states, in order to quantify the tip energy,
evaluate subcritical fracture propagation, and estimate propagation
length. When hydraulic fractures approach and intersect natural frac-
tures,” outcomes such as when the hydraulic fracture directly crosses,
remains arrested by or reinitiates from natural fractures, add complexity
for fracture patterns and analyses — and these are informed by principles
of LEFM. These constitutive relationships provide a tractable solution to
investigate mechanisms and factors that influence fracture propagation
and interaction behaviors in rock masses. Some of the detailed meth-
odology demonstrated in this section can be referred to Hu et al.
(2021).%°

Constitutive models for the evaluation of fracture propagation and
interaction are developed in the coupling code accommodating the logic
of Fig. 1. This logic allows the dynamic updating of permeability, stress,
and modulus to be parsed between TOUGHREACT and FLAC3D as the
solution proceeds.

2.1. Governing equations

The detailed explanation of the governing equations, including
fracture propagation criterion, fracture propagation incremental length,
fracture interaction criterion, etc., are presented in a previous associated
paper (Hu et al. (2021)).%°

The primary governing equations are summarized in Table 1, where
K; is the stress intensity factor; K¢ is the intrinsic fracture toughness of
the intact material and Kj. = 0.1K|¢; ¢ is the weighted stress tensor in
the element i after stress correction; lg4y is the fracture propagation
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Fig. 2. Schematic of the model where a hydraulic fracture (dashed red line)
approaching natural fractures (green lines)'®. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

incremental length; 1.y is the initial fracture length; Gnax is the energy
release rate G of the fracture tip which grows the fastest; ¢ is the
approach angle; o7 is the tangential stress of the fracture; T is the tensile
strength of the rock; a is the shear stress coefficient; ,u}’ is a calculated

coefficient of friction of the natural fracture.

2.2. Fluid flow response in TOUGHREACT

Extension of Biot’s poroelastic theory®*®” is adopted in the
dual-medium framework. The methodology represents the coupled
stress-fluid flow response in the dual-medium model.

The basic equation which describes continuity of fluid mass is rep-

resented in a compressible media based on Darcy’s law as,”®
06 k_,

vy = 1
ot pu p=d M

Eq. (1) combines Darcy’s law for the flux term and provides a
framework for flow-deformation response in a domain, where ¢ is the
increment of fluid content.”’

Biot’s (1941)° linear poroelastic constitutive equivalence for volu-
metric strain e is,

(2)

3

where % is bulk drained compressibility; % represents poroelastic
expansion; % represents specific storage.

The Skempton coefficient is calculated,

op R

- 66"5:0 “H )
The Biot-Willis coefficient is,
K
== 5
a=g 5)
The specific storage is derived as,
1 [ a
1_ & 6)

R (sp‘u:O = ﬁ

Combining Egs. (1)-(6) and extending to a dual-medium system,
yields the flow condition for a dual-medium model®’ as,
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Table 2

Initial properties of the model.*®
Young’s modulus (GPa) 8.4
Poisson’s ratio 0.23
Initial fracture shear stiffness (GPa/ m) 500.0
Initial fracture normal stiffness (GPa/ m) 1300.0
Rock tensile strength (MPa) 3.73
Fracture cohesion (MPa) 0.5
Injection rate (kg/s) 0.0002
Fracture toughness (MPa/m) 1.5
Dilation angle (°) 3.0

20.81/41.67/50.42
0.38/0.89/1.21
30.0/60.0/90.0

Natural fracture friction angle (°)
Natural fracture friction coefficient
Natural fracture orientation (°)

Vipl =——p +alle + (~1)'yAp %)

KO a”
H K B0

Eq. (7) indicates a state of mass conservation, where i = 1 represents
matrix medium; i = 2 represents fracture medium; B is the Skempton
coefficient; e is the volumetric strain; p is the pressure; Ap = (p; —p») is
the instantaneous pressure differential;®! y is a coefficient for flow ex-
change for two domains;®? a is the Biot-Willis coefficient; x is the fluid
viscosity; K, is the undrained bulk modulus (K.%2|,_, = =5

3. Verification

A model (Fig. 2) is constructed for numerical verification of hy-
draulic fracture propagation and interaction with natural fractures,
against experimental results.”® The model is 8 m x 6 m x 0.03 m in
dimension®® containing 2 m long natural fractures. Permeability of the
natural fractures is defined as 100 mD.°*%° The hydraulic fracture is
assumed to initiate from a flaw length (4 x 10~3m) due to limitation of
LEFM when representing fracture initiation. The initial simulation pa-
rameters are listed in Table 2.7-4463

3.1. Numerical verification results

The numerical model is verified against experimental observations
according to three different frictional angles and orientations of the
natural fractures,”®%* summarized in Table 3.

3.2. Analytical verification results

Also, analytical solution (Sneddon’s solution) (Eq. (8)) is imple-
mented for analytical verification as it can describe the linear model of
hydraulic fracture propagation (Fig. 3) in which the fracture aperture w
(x) under the plane strain condition with different maximum (Sy) and
minimum principal stresses (Sp).

Properties of the analytical model are listed in Table 4.

The aperture of the hydraulic fracture is calculated as,

If Sy 5& Sh,

4(1 —v?) 0.137VR 2
wx)=———> P, — S +—— (Sy — S, L+R)” —x2
(x) z h [L+3(x—R)]l/l'3( = Sw) [/ ( )
4(1-0.23?) 2
= " g6 123(13 - 1 —0.082
8.3997><103[ 6—3+0.123(13 - 3)]y/ (0.169) ~2.0x107*m
(8)

It shows that the analytical aperture result is reasonably close to the
numerical aperture (2.5X 1074 m) result at the same location on the
hydraulic fracture. Therefore, the numerical solution of the aperture can
be relatively verified by the analytical solution.

In summary, the experimental and the numerical results match
reasonably with a decent agreement except for several cases (Table 3)
which may be caused by the heterogeneous and complex in situ tensile
strength of the rock®” as well as the limited experimental information of
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Table 3
Tabulated verification results for the hydraulic fracture interacting with
different friction and approaching angles of the natural fractures.*

Experimental Numerical results

results

Approaching Omax Oumin
angle (°) (MPa) (MPa)

Internal friction angles of the natural fractures of 20.81°.

90 8 3 Direct Direct
crossing crossing I. I
90 8 5 Direct No direct
crossing crossing: [.]
staying
arrested
60 10 3 Direct No direct "
crossing crossing: r"
reinitiating
60 8 3 No direct No direct |
crossing crossing: !’ l
reinitiating
30 10 3 No direct No direct
crossing crossing: I — ;
reinitiating
30 8 3 No direct No direct
crossing crossing: I' ;
reinitiating
Internal friction angles of the natural fractures of 41.67°.
90 10 5 Direct Direct
crossing crossing [.]
90 10 3 Direct Direct
crossing crossing I-I
60 10 3 Direct Direct
crossing crossing !.:
60 13 3 Direct Direct
crossing crossing (.J
60 8 5 No direct Direct
crossing crossing [’J
30 10 5 No direct No direct
crossing crossing : E
staying
arrested
30 8 5 No direct No direct
crossing crossing: E
staying
arrested
30 13 3 No direct No direct
crossing crossing: I’:
reinitiating
Internal friction angles of the natural fractures of 50.42°.
90 8 3 No direct Direct
crossing crossing [.]
920 13 3 Direct Direct
crossing crossing I. I
60 13 3 No direct Direct
crossing crossing I-I
60 10 3 No direct Direct
crossing crossing I- I
30 13 3 No direct No direct
crossing crossing: I —_— :
reinitiating
30 8 3 No direct No direct
crossing crossing: E
reinitiating

Fig. 3. Schematic of fracture propagation (enlarged for better figure view and
not in realistic scale; modified from Zhang and Yin (2018))°°.
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Table 4
Properties of the hydraulic fracture and rock mass for the analytical
solution.
Maximum principal stress, Sy 13 MPa
Minimum principal stress, Sy 3 MPa
Poisson’s ratio, v 0.23
Young’s modulus, E 8.3997%10° MPa
Wellbore pressure, P, 4.6 MPa
L+R 0.169 m
R 0.002 m
X 0.08 m
Table 5

Tabulated results for different approach-angles (90°, 60°, and 30°) for a low
coefficient of friction (Type I) of the natural fractures of 0.38.

Approaching angle (°) Omax (MPa) Omin (MPa) Modelling results
90 8 3 Direct crossing
60 8 3 Reinitiating

30 8 3 Reinitiating

local stresses, rock properties and fracture treatment. The inconsistent
comparison for high friction angle cases (50.42°) could be a result of the
extra thickened material in the experiments which influences the me-
chanical properties of the media.®* Also, the analytical result matches

3

——I-1: 90deg-8MPa-3MPa
—— |-4: 60deg-8MPa-3MPa
——1-6: 30deg-8MPa-3MPa

Bottom hole pressure (MPa)
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with the numerical solutions of the aperture of the hydraulic fracture
reasonably. Considering the reasonable verification results for the ma-
jority of the cases, we continue investigating the behaviors of hydraulic
fracture propagation and interaction with natural fractures in simple
fracture systems for further parametric responses.

4. Analyses of fracture propagation and interaction

Hydraulic fracture propagation and their interaction with natural
fractures are complex processes influenced by many factors including
approach-angle, stress difference, friction angle, wellbore injection rate,
natural fracture patterns and permeability, among others. A rectangular
block (Fig. 2) represents a fractured rock mass.®> We then explore the
principal factors which control fracture propagation and interaction and
the resulting mechanisms and fracture patterns from simulations based
on the model (Table 3).

4.1. Effect of approach-angle

We compare the impacts of (Type I scenario) low, medium, and high
approach-angles (30°, 60°, and 90°) between the hydraulic and natural
fractures for a low friction coefficient of the natural fractures (0.38; Type
I). These simulation results (Table 5; Fig. 4) show that the hydraulic
fracture has a greater potential to cross the natural fractures directly
when the approach-angle is high (approaching 90°). Furthermore, the

Fig. 4. Bottom hole pressure versus simulation time
(a) zoomed-in segment for the first 600 s, and (b) the
first 1400 s with simulation results for three different
approach-angles compared: direct crossing with a
high approach-angle of 90° (I-1), reinitiating with
lower approach-angles of 90° (I-4) and 30° (I-6).
Friction coefficient of the natural fractures is 0.38.

T T T T
150 300 350 400

100 200
Time (Second)
(a)
1-4 result:
Reinitiating
with a lower

approaching

The applied maximum and minimum principal
stresses are 8 MPa and 3 MPa, respectively. (c). The
zoomed-in results of I-1, I-4 and I-6 in (b).

T T 1
500 550 600

angle of 60 de
Je —— 11: 90deg-8MPa-3MPa B €
slé —— I-4: 80deg-8MPa-3MPa
i —— 1-6: 30deg-8MPa-3MPa
@2
8,
&% 1-6 result:
§ " I-1 result: Rginitiating
€ N Direct crossing with a lower
] 4 with a higher approaching angle of 30 deg
82 approaching angle of 90 deg
0 T T T T T T T
0 200 400 800 1000 1200 1400
Time (Second)
(b)

I-1 fracture pattern

I-4 fracture pattern

(©)

1-6 fracture pattern
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1-2 result: .
Arrested with a lower

stress difference of 5MPa

>,

4 I-1 result:
Direct crossing -
2 with a higher
stress difference of 3MPa
0 T T T T T T T T T )
0 50 100 150 200 250 300 350 400 450 500
Time (Second)

Fig. 5. Bottom hole pressure versus simulation time for different minimum principal stresses (3 MPa and 5 MPa) with a low friction coefficient (Type I). The
maximum principal stress is 8 MPa. The friction coefficient is 0.38 (Type I). The approach-angle is 90°.

hydraulic fracture tends to reinitiate from the natural fractures for a low
approach-angle (< 30°).

Fig. 4a indicates that the hydraulic fracture propagates faster for a
larger approach-angle of 90° (I-1) than for a lower approach-angles of
60° and 30° (I-4 and I-6, respectively). In the early stages of propagation,
following fracture initiation at ~6.2 MPa, wellbore pressure drops less
when the approach-angle is higher — for example, a high approach-angle
(I-1 for 90°) has a smaller wellbore pressure drop of ~1.7 MPa with the
pressure reaching ~4.5 MPa, than for a low approach-angle (I-6 for 30°)
which has a larger wellbore pressure drop of ~2.2 MPa with a pressure
of ~4.0 MPa at ~20 s. This is because less fluid can leak-off into the
natural fractures where the approach-angle is high. Higher approach-
angles subject the natural fractures to higher compressive stresses
from the applied stresses, resulting in greater normal closure of the
natural fractures with less fluid leak-off. Subsequently, increased fluid
supply increases driving pressures and promote hydraulic fracture
propagation. Thus, the hydraulic fracture propagates faster with higher
approach-angles (e.g., 90°) than lower approach-angles (e.g., 60° and
30°).

After intersection, if direct crossing occurs (e.g., the 90° I-1 case)
then the hydraulic fracture propagates through to the other side of the
natural fractures and extends the fluid flow path. Because of the small
propagation increment, the rate of wellbore pressure increase exceeds
the rate of pressure dissipation during the incremental propagation of
the hydraulic fracture. Fig. 4b also illustrates that the wellbore pressure
for the case of lower approach-angles (60° and 30°), where the hydraulic
fracture cannot directly cross the natural fractures, and grows faster
than the wellbore pressure for the high approach-angle case (90°) of
direct crossing. These behaviors of increasing wellbore pressure are
implied since the hydraulic fracture remains arrested at the location of
intersection for an appreciable time without the possibility of reinitiat-
ing in the time range 0-600 s (Fig. 4a) for lower approach-angle cases (e.
g., 30° and 60°). As a result, the wellbore pressures for the lower
approach-angle cases of 30° and 60° (no direct crossing) increase faster
(reaching ~8 MPa at 500 s) than the pressure for the high angle 90°
(direct crossing) case (reaching ~7 MPa at 500 s). Hence, the wellbore
pressure shows a faster increase for the lower approach-angle than the
higher approach-angle after intersection between the hydraulic and

natural fractures occurs.

In summary, the comparison indicates that crossing is more likely to
occur with a high approach-angle, whereas the likelihood of the hy-
draulic fracture being arrested by, or later reinitiating from, the natural
fracture increases when the approach-angle decreases. Also, the hy-
draulic fracture approaches the natural fractures faster when the
approach-angles are higher. Any hydraulic fracture which directly
crosses and continues propagating to the other side of the natural frac-
ture will both dissipate and slow down the buildup of wellbore pressure.

4.2. Effect of differential stress

The effect of differential stress is investigated with two groups. In the
first group, the maximum principal stress is kept constant at 8 MPa for a
low friction coefficient of 0.38 (Type I) while the minimum principal
stress is changed (Type I). In the second group the minimum principal
stress is held constant at 3 MPa for a high friction coefficient of 1.21
(Type III) while the maximum principal stress is varied. The two sce-
narios are discussed separately below. Each group has an individual
constant friction coefficient and the effect of differential stress (different
minimum and maximum stresses, respectively) is compared within each
group separately.

(1) Constant maximum principal stress

Fig. 5 indicates that fracture interaction behavior changes from
directly crossing to arrested when the minimum principal stress in-
creases from 3 MPa to 5 MPa. The approach-angle is 90° and the
maximum applied stress is kept constant at 8 MPa.

Fig. 5 displays different interaction scenarios for a constant
maximum principal stress of 8 MPa and minimum principal stresses of 3
MPa and 5 MPa. As a higher minimum principal stress requires higher
pressures to induce fracture initiation and propagation, the higher
minimum principal stress scenario of 5 MPa (I-2) yields higher fracture
initiation and propagation pressures than the case for lower minimum
principal stress at 3 MPa (I-1).

When the hydraulic fracture approaches the natural fractures, the
near-tip stress field of the hydraulic fracture significantly enhances the

8
E ——II-5: 30deg-13MPa-3MPa
s7 ——1II-6: 30deg-8MPa-3MPa
o 6
25
3
a4 N
[}
E 3
€ 2
% 1
o 0 T T T T T T
0 20 40 60 80 100 120

Time (Second)

Fig. 6. Evolution of bottom hole pressure with time. Propagation at a larger differential stress (III-5) is compared with that for a smaller differential stress (III-6) for a
constant minimum principal stress. The friction coefficient is 1.21 and the approach-angle is 30°.
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(a) I1I-5. Reinitiating ( 30°, 13MPa-3MPa)

(b) I11-6. Reinitiating ( 30°, 8MPa-3MPa)
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Fig. 7. Pressure distribution for different maximum principal stresses ((a) 13 MPa; (b) 8 MPa) at 1200 s. The minimum principal stress is 3 MPa for both scenarios.

III-5 shows a higher fracture pressure relative to that in III-6.

fracture aperture through extensile strains. This results in a large pres-
sure drop (~1.5 MPa) for I-1 at 50 s (Fig. 5). After the hydraulic fracture
intersects the natural fracture, the hydraulic fracture continues to
propagate due to the larger differential stress. The driven fracture
directly crosses (I-1) the natural fractures to dissipate more pressure by
transporting more fluid across the model, resulting in a slower buildup
in wellbore pressure than if it remained arrested (e.g., I-1 has a smaller
pressure of ~6 MPa relative to that of ~7.5 MPa for I-2 at 400 s).

Therefore, under constant maximum principal stress an elevated
deviatoric stress initiates propagation of the fracture earlier and pro-
motes faster propagation with a lower wellbore pressure. Such fractures
tend to directly cross the natural fractures and continue extending and
dissipating fluid. A smaller stress difference enhances the potential for
the hydraulic fracture to arrest in its intersection with the natural frac-
ture as signaled as a higher rate of wellbore pressure buildup when the
fluid injection rate exceeds the mass rate of fluid entering the
fractures.®®

(2) Constant minimum principal stress

Apparent from Fig. 6 is that a larger maximum principal stress of 13
MPa and with a larger differential stress (III-5) promotes the earlier
initiation of the hydraulic fracture and also faster propagation than for
the smaller maximum principal stress of 8 MPa and with a smaller dif-
ferential stress (III-6). The minimum principal stress is maintained at 3
MPa.

Fig. 7 shows that a higher differential stress (III-5) yields a higher
fracture pressure than does a smaller differential stress (III-6) at 1200 s
for a constant minimum principal stress. This is because normal closure
is the dominant response as deviatoric stress increases.”? For a constant
minimum principal stress, a higher maximum principal stress results in a
smaller aperture of the natural fractures and promotes a faster and larger
pressure buildup in the natural fractures for an identical injection rate

—1-3: 80deg-10MPa-3MPa

(Fig. 6).

In summary of Sections 3.1 and 3.2, higher approach angles and
larger stress differences tend to favor fracture crossing — this is due to
effective stress transfer across the natural fracture at the tip of hydraulic
fracture. In contrast, lower approach angles and smaller stress differ-
ences tend to prevent the direct crossing of the hydraulic fracture and
arrest the hydraulic fracture as signaled by a more rapid buildup of
wellbore pressure.

4.3. Effect of frictional resistance of natural fractures

A larger friction coefficient yx of 0.89 favors direct crossing, while a
smaller coefficient of friction y of 0.38 tends to prevent the hydraulic
fracture crossing the natural fractures directly (Fig. 8). For the lower
friction coefficient this results in the hydraulic fracture reinitiating from
the natural fractures where the reinitiation criterion is met. The
maximum and minimum principal stresses are 10 MPa and 3 MPa,
respectively, and the approach-angle is 60° in this case (Fig. 8).

When the injection rate is held constant, a smaller friction coefficient
on the natural fractures allows the enhancement of natural fracture
aperture and resulting fluid leak-off, which slows pressure buildup in-
side the hydraulic fracture. After intersection, the higher and lower
friction angle scenarios have visibly different pressure buildup rates.
These result from the direct crossing event for the higher coefficient of
friction (scenario II-3 as marked by the red arrow at ~180 s in Fig. 8)
while the hydraulic fracture in the lower friction coefficient (scenario I-
3) is momentarily arrested at the intersection point. Well pressure builds
faster for lower coefficient of friction scenario (I-3) as the pump-in rate
exceeds the flow rate able to enter the fracture network. Conversely, the
hydraulic fracture for the higher friction coefficient scenario (II-3)
continues propagating to extend across the natural fractures where
increased leak-off reduces pressure build-up in the wellbore.

Therefore, higher frictional strength of the natural fractures

1-3 result:
Reinitiating

with a lower friction
angle of 20.81 deg

& %7 —— 11-3: 60deg-10MPa-3MPa
=0
@12
210
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2 s a higher friction
4
£, 11-3: HF direct crossing and growing angle of 41.67 deg
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Fig. 8. Bottom hole pressure versus simulation time. Comparison between scenarios for lower friction coefficient (0.38) of natural fractures with reinitiation
resulting (I-3) and higher friction coefficient (1.21) of natural fractures with direct crossing resulting (II-3). The applied maximum and minimum principal stresses

are 10 MPa and 3 MPa, respectively. The approach-angle is 30°.
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Fig. 9. Bottom hole pressure versus simulation time. Four cases using different constant fluid injection rates (0.0001 kg/s, 0.00015 kg/s, 0.0002 kg/s and 0.0003 kg/
s) are compared. The applied maximum and minimum principal stresses are 13 MPa and 3 MPa, respectively. The approach angle is 30°. (a) Zoomed-in details over

the first 30 s. (b) Behavior over 0-800 s.
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Fig. 10. Bottom hole pressures for each of single and double natural fractures. The applied maximum and minimum principal stresses are 13 MPa and 3 MPa,
respectively. The approach-angle is 30°.The single natural fracture promotes hydraulic fracture propagation while the presence of two fractures hinders both

propagation and reinitiation.

promotes direct crossing and higher wellbore pressure buildup that has
an extending hydraulic fracture which transports more fluid mass away
from the wellbore and delays wellbore pressure buildup than in the
arrested status.

4.4. Effect of injection rate

Four different constant injection rates of 0.0001 kg/s, 0.00015 kg/s,
0.0002 kg/s and 0.0003 kg/s for the small size model (Fig. 9), are
adopted to investigate the effect of the injection rate on pressure evo-
lution during hydraulic fracturing. Fig. 9a zooms-in on the first 30 s s of
the simulation and indicates that a larger fluid injection rate triggers
earlier and faster hydraulic fracture propagation - the larger injection
rate delivers fluid more rapidly to the tip of hydraulic fracture.

After intersection with the natural fracture, the hydraulic fractures
remain arrested at the intersection for the duration shown in Fig. 9b. In
this period, a larger injection rate increases the pressure buildup at the
well (Fig. 9b). The increase in aperture and enhancement in perme-
ability is too small to accommodate all the injectate. As a result, higher
injection rates boost fluid mass accumulation at the wellbore, promoting
a more rapid buildup in wellbore pressure while propagation is arrested.

In summary, larger injection rates result in the earlier occurrence of
hydraulic fracture propagation during the approach to intersection,
followed by a higher buildup rate of the wellbore pressure after
intersection.

4.5. Effect of multiple natural fractures

The influence of multiple natural fractures on fracture propagation
response is explored by comparing cases for both single and double
natural fractures. Apparent implication from Fig. 10 is that one tip of the
bi-wing hydraulic fracture is arrested by the single natural fracture while
the other tip propagates freely in the opposite direction. Conversely, the
hydraulic fracture reinitiates from the natural fractures once intersected
for the two parallel natural fractures (Fig. 10). For the same duration of
the simulation, the total length of the hydraulic fracture interacting with
the single natural fracture is greater than that interacting with the two
natural fractures.

In addition, the hydraulic fracture propagates at faster velocity and
with higher wellbore pressure in single natural fracture than those in the
dual natural fractures (Fig. 10). The presence of two natural fractures
accommodates greater fluid mass and slows buildup of the wellbore
pressure. After intersection, the wellbore pressure for the single natural
fracture increases more slowly than for the two natural fractures. This is
because the injection rate exceeds the fluid flow rate entering the frac-
tures when the hydraulic fracture is maintained arrested on the two
natural fractures. Therefore, natural fracture pattern could influence
hydraulic fracture propagation and interaction results with natural
fractures via fluid leak-off and redistribution.

4.6. Effect of permeability of natural fracture

The permeability of the natural fracture or fracture network controls
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the rate of fluid dissipation from induced to natural fractures. Two cases
with natural fracture permeability differing by an order of magnitude
are used to examine the influence on the borehole pressure. Fig. 11 in-
dicates that hydraulic fracture propagation is slower and with a lower
wellbore pressure for a larger natural fracture permeability. This is
because more permeable natural fractures promote increase leak-off and
reduce the rate of pressure buildup to then activate fracture propaga-
tion. Therefore, the hydraulic fracture propagates more slowly and with
a lower wellbore pressure when the natural fractures are more perme-
able. The natural fracture permeability then affects the subsequent
evolution of bottom hole pressure.

5. Conclusions

This work presents an investigation and analysis of the key factors
that influence hydraulic fracture propagation and interaction with nat-
ural fractures with a focus on mechanisms and resulting architecture of
the fracture network. This is important in predicting hydraulic frac-
turing response and evolution of flow paths in fractured rock.

Selected influencing factors include approach-angle, differential
stress, coefficient of friction of the natural fractures, injection rate,
natural fracture distribution, and the permeability of natural fractures.
These parameters capture a broad range of contrasting behaviors and
identify the principal mechanisms in conditioning propagation results.
Analyses are completed using coupled hydro-mechanical constitutive
models in the TOUGHREACT-FLAC3D continuum code.

(1) The conjunctive effects of approach angle and differential stress
affect the normal closure response acting on fractures. Larger
approach-angles and elevated stress differences favor direct
crossing with extensional stresses more readily transferred to the
far-side of the approached natural fractures. Otherwise, direct
crossing is prohibited when approach angles and stress differ-
ences are decreased, with hydraulic fractures arrested by the
natural fracture, or arrested and later reinitiating from weak
points on the natural fractures if the reinitiation criterion is
satisfied.

Triggering of slip or opening of natural fractures is less favored
for larger friction coefficients on the natural fracture. This also
indicates that higher shear strength favors direct crossing of the
natural fracture.

(3) As a hydraulic fracture approaches a natural fracture, larger in-
jection rates result in faster fracture propagation by building
pressure more rapidly. Following arrest by the natural fracture,
larger injection rates result in higher rates of wellbore pressure
buildup when the injection rate exceeds the rate of fluid dissi-
pation into the fractures.

The presence of only a single natural fracture speeds hydraulic
fracture propagation with a higher wellbore pressure than for
dual natural fractures. This is because a higher density of natural
fractures results in increased leak-off, which delays pressure
buildup for any given injection rate. In addition, the total length
of the hydraulic fracture is greater for a freely extending tip for
the presence of a single natural fracture, while the presence of

(2

—

(4

—

respectively. The approach angle is 30°. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

T T 1
400 450 500

two (or more) parallel natural fractures hinders the propagation
of the hydraulic fracture along the same paths with redistributed
fluid leak-off and pressure.

(5) When the permeabilities of the natural fractures increase, the
hydraulic fracture propagates more slowly with a lower wellbore
pressure. Such permeable natural fractures provide effective
conduits for the transport and storage of fluid, which reduces the
rate of pressure buildup and results in a reduced rate of
propagation.

(6) The hydro-mechanical properties of the reservoir play a signifi-
cant role in modulating the fracture propagation behavior,
interaction mechanisms and evolution of flow paths. Hydraulic
fracturing is a complex process with this complexity further
exacerbated in naturally fractured reservoirs. The foregoing
presents a foundation for the rational investigation of the com-
plex evolution of fractured reservoirs using the TOUGHREACT-
FLAC3D simulator.
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