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Abstract:	
Design and control of hydraulic stimulation jobs in naturally fractured
rock is challenging due to interaction between injection-induced fractures
and natural fractures. Dynamic stress transfer between the two fracture
systems and the resulting slip response of the natural fractures are key to
understanding the temporal evolution of hydraulically- and mechanicallystimulated reservoir volumes. Here, we present a computational model
of interaction between induced and natural fractures based on numerical
simulation of coupled flow, deformation, and failure processes. By
capturing the time dependence of stress and energy transfer mechanisms
between hydraulic and natural fracture systems, our model allows us to
better understand the mechanical response of natural fractures to hydraulic
fracturing for the purpose of upscaling such responses in field-scale
simulation models.
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Introduction

Hydraulic stimulation of naturally fractured rock is a common operation for
fluid extraction from low permeability hydrocarbon-bearing rock and geothermal reservoirs (Hubbert and Willis, 1972; Hossain et al., 2002; Curtis, 2002). Yet,
our understanding of the interaction between hydraulically induced fractures
and natural fractures in these reservoirs is far from complete and suffers from
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a lack of knowledge of the physical mechanisms that control such interactions
(Lamont and Jassen 1963; Blanton 1982; Huang et al., 2014; Nagel et al., 2013). It is
known that natural fractures can be activated through elastic effects even before
hydraulic communication is established between the hydraulic fracture and natural fractures (Jaeger et al., 2007). However, such elastic interaction mechanisms
evolve with time leading to evolution in stresses and slip on pre-existing fractures, which makes the estimation of permeability enhancement and seismicity
from hydraulic stimulation a challenging task. Recent computational and experimental studies in this area have provided significant insight into understanding these interaction mechanisms and their sensitivity to fracture propagation
(Olson et al., 2012; Kresse et al., 2013; Warpinski and Teufel, 1987), in-situ stress
anisotropy (Kresse et al., 2013; Zangeneh et al., 2015; Aimene and Ouenes, 2015),
angle between hydraulic and natural fractures (Potluri et al., 2005; Gu et al., 2011;
Zangeneh et al., 2015), viscosity of the fracturing fluid (Nagel et al., 2013), coupling between flow and mechanics (Nagel et al., 2013), mode of failure (Nassir et
al., 2014), and injection rate and pressure (Cheng et al., 2015). The focus of some
of these computationally expensive studies has been on understanding the intersection between a hydraulic fracture and a natural fracture (Potluri et al., 2005;
Zangeneh et al., 2015), modeling the stress shadow effect in presence of multiple
propagating fractures (Kresse et al., 2013), maximizing connectivity between a
hydraulic fracture and a natural fracture network (Zangeneh et al., 2015), and
estimating the stimulated reservoir volume in terms of the number of natural
fractures activated by hydraulic fracturing (Nagel et al., 2013), natural fracture
density and brittleness (Ouenes et al., 2014), and permeability enhancement
(Nassir et al., 2014). However, a detailed study of the temporal evolution of stress
and slip on a natural fracture during a hydraulic fracturing event is missing. In
some of the earlier work, hydraulic fracturing has been modeled as an instantaneous event (Nagel et al., 2013), which precludes studying the time evolution of
natural fracture response to hydraulic fracturing. Our goal is to describe the individual mechanisms of interaction between the hydraulic and natural fractures in
terms of reduced-order models that can be used in upscaled reservoir simulation
models of flow and deformation in real fields. Such upscaled models are used for
field development planning and reservoir management purposes and can benefit from the speed gained by reducing the complexity associated with fracture
models. Capturing the time dependence of mechanical response of pre-existing
fractures to hydraulic fracturing is the key to a successful reduced-order model
of hydraulic stimulation of naturally fractured rock.
In this article, we study the time evolution of mechanical interaction between
hydraulic and natural fractures during opening of a hydraulic fracture. We
use a computational approach to simulate the coupled processes of fluid flow,
mechanical deformation, and rock failure processes in a simplified setting of
one hydraulic fracture interacting with four natural fractures. We use a oneway coupled sequential solution scheme in which the flow problem is solved
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independent of mechanical deformation and failure. We analyze evolution of
slip and traction on the natural fractures in both shear and normal directions as
the hydraulic fracture is created. In agreement with the earlier studies (Nagel
et al., 2013), we find that the shear induced on the natural fractures as a result
of opening a hydraulic fracture depends on the relative position and orientation
of the natural fractures with respect to the hydraulic fracture and the principal stress directions. We find spatial and temporal heterogeneity in the failure
response of natural fractures that can influence the permeability enhancement
and microseismicity resulting from hydraulic fracturing. We explain such heterogeneity in terms of stress and energy transfer from the hydraulic fracture to
the natural fractures.

2

Physical Model

We consider a plane stress model under compression with one injection-induced
hydraulic fracture (HF) and four pre-existing natural fractures (NF1, NF2, NF3
and NF4) as shown in Figure 1. The fractures are not connected to each other
hydraulically. The boundary conditions are such that the maximum principal
stress, s1, is aligned with the x-axis and the minimum principal stress, s3, is
aligned with the y-axis. The relative angle between the hydraulic fracture and s1
is 0 degree and the relative angle between the natural fracture and s1 is 45 degree.
Water is injected at a constant bottomhole pressure at the center of HF, which
then travels away from the center and along the fracture in both directions. The
injection pressure is maximum at the center of HF and decreases as we get closer
to fracture tips. The injection pressure increases non-linearly in time, and it causes
opening of HF, expansion of the domain, and changes in the state of stress around
the natural fractures.
s3

Ly

s1
y
x

Lx

Figure 1 Schematic of the physical domain used to study interaction between a hydraulic
fracture (HF) and four natural fractures (NF1, NF2, NF3, and NF4). The midpoint of the
hydraulic fracture is shown as a blue dot. Midpoints of the natural fractures are shown as
red dots. The maximum principal stress is oriented along the x-direction and the minimum
principal stress is oriented along the y-direction. The other two boundaries are fixed in the
respective normal directions to prevent translation or rotation of the domain.
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3

Mathematical Formulation

The linear momentum balance equations governing the quasi-static mechanical
equilibrium of a porous medium in absence of body forces are as follows

∇·s = 0

(1)

where the total stress tensor s (x,y,t) is related to the pore pressure p(x,y,t) and the
effective stress tensor s¢ (x,y,t) through the equation, s = s¢ – bp1, where 1 is the
identity tensor and b is the Biot coefficient. Note that tension is positive in our sign
convention. In 2D, the system of partial differential equations become

∂σ xx ∂σ xy
+
= 0,
∂x
∂y
∂σ xy ∂σ yy
+
= 0.
∂x
∂y

(2)

The total stress can be decomposed as s = s0 + ds, where the initial stress s0
results from the boundary tractions and the stress change ds results from hydraulic fracturing. The mechanical equilibrium equations become

∇·ds¢ = –∇· s0 + b∇(dp)= –∇·s¢0 + b∇p,

(3)

where p = p0 + dp with p0 being the initial pressure and dp being the change in pressure. We assume a slightly compressible single-phase flow for the flow problem.
The pressure can be obtained by solving the fluid mass balance equation given as
(Jha and Juanes, 2014)

∂ε
1 ∂p
+ b V + ∇⋅v = f
M ∂t
∂t

(4)

where eV = s¢V/Kdr is the volumetric strain, s¢V is the volumetric effective stress, Kdr
is the drained bulk modulus, v is the Darcy velocity, M is the Biot modulus and
f is the volumetric injection rate per unit bulk volume of the medium. We use an
analytical solution of Eqn. (4) under the assumption of weak coupling from the
mechanics problem to the flow problem. A weak solid-to-fluid coupling is usually observed in gas reservoirs under high degree of consolidation where the Biot
modulus is small and the drained bulk modulus is large. We assume a linear elastic
∇u + ∇u t
= ∇ s u is the infinitesimal
solid behavior given by ds¢ = Ce, where ε =
2
strain tensor defined in terms of the displacement vector u = [ux,uy]t, and C is the
rank-4 elastic tensor. When using the engineering notation to express stress and
strain as vectors, the elastic tensor can be expressed as a matrix in terms of Young’s
modulus E and Poisson’s ratio n for a homogeneous isotropic solid assumed here.

(

)
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We model the compressible fluid behavior with the fluid density determined by a
1 dρ f
.
constant fluid compressibility c f =
ρ f ap
We use the cohesive element approach to explicitly represent fractures in our
model. We calculate traction and slip on the fracture surfaces as they evolve during hydraulic stimulation. Detailed description of our fracture model is provided
elsewhere (Jha and Juanes, 2014; Aagaard et al., 2013). Here, we provide a brief overview. We use the finite element method to solve the mechanics equation (Eqn. (1)).
The weak form in presence of one single fracture is as follows (Jha and Juanes, 2014):
Ly

Lx

∫ ∫
0

0

∇ sη : (σ ′ − bp1 ) dΩ +

∫

Γf +

Lx

=

∫

0

η ⋅ l − p f n dΓ −

(

Ly

ησ 3 dx +

∫

0

)

∫

Γf −

η ⋅ l − p f n dΓ

(

)

(5)

ησ 1dy ,

where h is the suitably chosen vector test function, l = s¢n = sn + pfn is the effective traction vector on the fracture surface with a surface normal n, pf is the fracture
pressure, and Γf+ and Γf– are the positive and negative sides of the fracture surface.
We can decompose the traction vector into its initial value and the change from the
initial value as l = l0 + dl. We can rewrite the equation in terms of the initial stresses
on the right hand side and the change in stresses on the left hand side:
Ly

Lx

∫ ∫
0

0

∇ sη : δσ ′dΩ +

∫

η ⋅ δ ldΓ −

Γf +

Lx

=

∫

0

−

ησ 3 dx +

∫

Γf −

Ly

∫

0

η ⋅ l0 dΓ +

ησ 1dy −

∫
− ∫ η ⋅ l dΓ + ∫
Γf +

0

Γf −

η ⋅ δ ldΓ

∫

Γf +

Γf −

Ly

Lx

∫ ∫
0

0

η ⋅ p f 0 ndΓ +
η ⋅ pf 0

∇ sη : σ 0 dΩ +

∫
ndΓ + ∫

Γf +

Γf −

Ly

Lx

∫ ∫

η ⋅ δ p f ndΓ

0

0

η ⋅ ∇δ pdΩ
(6)

η ⋅ δ p f ndΓ

We use a one-way coupled approach where we assume no pressure change
(drained condition) outside the hydraulic fracture, i.e. dp = 0, and we use an analytical pressure solution (Carslaw and Jaeger, 1959) inside the hydraulic fracture to
compute the change in HF pressure, dpf. The displacement vector u and the change
in effective traction vector dl are the two unknowns in the mechanical problem.
Eqn. (6) is the displacement equation and the second equation is provided by the
definition of slip as the difference between the displacements on the positive and
negative sides of the fracture:

∫

η ⋅ u+ dΓ −

Γf +

∫

η ⋅ u− dΓ =

Γf −
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where d is the slip vector. We use the Mohr-Coulomb theory to model frictional slip on the fractures. The theory can be extended to the tensile stress
regime to model the Griffith failure (Brace, 1960). Here, we assume a sufficiently
large tensile strength such that the hydraulic fracture does not grow in the long
axis direction (x-direction), and the natural fractures are under a compressive
state of stress such that they fail only under compression. Following the MohrCoulomb theory, when the shear traction on the fracture exceeds the friction
stress tf = tc + mfs¢N, where tc is the intrinsic cohesion, mf is the coefficient of friction, and s¢N = l·n is the effective normal traction, the slip vector d is updated to
accommodate the change in traction required to honor t = tf. The shear traction
magnitude is computed as t = |l – s¢Nn|. Opening of HF is modeled with a positive change in HF pressure, dpf > 0, that corresponds to a tensile change in the
effective normal traction. In the current model, we neglect hydraulic fracture
propagation and fluid leak-off, and we focus on early-time interaction between
hydraulic and natural fractures. In particular, we quantify the evolution of
state of stress and slip on the natural fractures as a function of opening of the
hydraulic fracture. We use the standard finite element method with bi-linear
elements in the bulk and linear interface elements on the fractures to discretize
Eqns. (6)—(7).

4

Numerical Model

We solve the quasi-static mechanical equilibrium problem and the fracture contact
problem, Eqns. (6)—(7), using PyLith (Aagaard et al., 2013) to calculate displacements and stresses in the 2D domain and slip and tractions on the 1D fractures.
We use the finite element grid shown in Figure 1 with Lx = 200 m and Ly = 100 m
and a 100 m long hydraulic fracture. We use triangular elements in the matrix
and linear interface elements along the fractures. We consider a simulation with
the following values: s1 = sxx (Lx,y,0) = –40 MPa and s3 = syy (x,Ly,0) = –30 MPa
as the boundary tractions, and p0 = p(x,y,0) = 10 MPa as the initial pressure. We
assume E = 56.82 GPa and ν = 0.26. We use a static friction model with tc =0 and
mf = 0.1, which, for the values chosen above for s1 and s3, results in shear slip
on the natural fractures as soon as hydraulic fracturing begins. We assume that
water is injected in the center of HF at a constant bottomhole overpressure of
dpf(Lx/2,Ly/2,t) = 44 MPa. The other parameters are as follows: water compressibility of 1.45E-08 per Pa, water viscosity of 1 cP, HF permeability of 1 darcy, and
HF porosity of 0.5. We calculate the evolution of HF pressure dpf(x,Ly/2,t) along
the length of HF at discrete time steps (Figure 2).
A non-uniform time stepping is chosen with finer resolution in the beginning to
resolve the early time transient and coarser resolution later as the pressure reaches
a pseudo steady state value. We conduct the simulation for 0 < t < 121 sec. Initial
stresses balance boundary tractions ensuring zero initial displacements.
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Figure 2 Time evolution of overpressure along HF calculated using the analytical solution
of the fluid mass balance equation for a constant pressure injection in a porous medium.

5

Simulation results

Opening of the hydraulic fracture with time leads to an evolution of the state of
stress and resulting deformation in the domain, which drives the time-dependent
response of the natural fractures. Overpressure causes opening of HF resulting in
uy > 0 above HF and uy < 0 below HF (Figures 3–4). Opening is asymmetric in the
y-direction because the top boundary is a compression boundary and the bottom
boundary is a fixed displacement boundary. Displacement in the x-direction, ux,
reflects the stress field generated by the balance of boundary tractions, fixed displacement boundaries, and pore pressure. The compressional boundaries on top
and right, with the principal stress ratio of s1/s3 = 1.5, and the fixed boundaries
on bottom and left cause ux > 0 on the left half of the fracture surface and ux < 0 on
the right half of the fracture surface.

6

Effect of Hydraulic Fracturing on Natural Fractures

The initial values of tractions on NF can be computed analytically using Cauchy’s
formula. We know that the effective normal and shear traction on the fracture surfaces are given as follows (Jaeger et al. 2007)

σ N′ =

1
1
σ xx + σ yy − σ xx − σ yy cos 2α + p f
2
2
1
τ = σ xx − σ yy sin 2α
2

(

) (

(

)

(8)

)

This results in the following initial values: s¢N(t = 0) = –20 MPa and t(t = 0) = 0
on HF, s¢N(t = 0) = –25 MPa and t(t = 0) = 5 MPa on NF1 and NF4, which have
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Figure 3 Displacement field at t = 121 sec resulting from a balance of boundary conditions
and hydraulic fracturing induced stress changes. The horizontal displacement, ux, changes
sign as we move from HF to the top and bottom boundaries of the domain. Its magnitude is
asymmetric along x due to asymmetry in the right and left boundary conditions. Magnitude
of the vertical displacement, uy, is asymmetric along y because of the asymmetry in the
top and bottom boundary conditions. For the ease of visualization, the mesh is distorted
with displacements magnified by a factor of 50, and the color scale is chosen to show the
variation in ux and uy and not the minimum and maximum values of these quantities, which
are –0.022 m and 0.026 m for and –0.018 m and 0.092 m for uy. The dash lines in the upper
figure indicate the location of the profile plots in Figure 4.

their normal vectors such that α = 135 degree, and s¢N(t = 0) = –25 MPa and t(t = 0)
= –5 MPa on NF2 and NF3, which have their normal vectors such that α = 45 degree.
The ratio of shear to effective normal traction of 0.2 at t = 0 is higher than the static
friction of mf = 0.1 resulting in slip on natural fractures. Traction and slip on the
natural fractures evolve dynamically as the hydraulic fracture opens under a
time-dependent pressure increase from injection. To understand the evolution of
tractions on the natural fracture surfaces, we analyze the evolution of stresses in
elements adjoining the midpoints of the natural fractures as shown in Figure 5.
Opening of the hydraulic fracture causes sliding of the natural fractures
(Figure 6a) even in absence of hydraulic communication. This is reported as
dry microseismic events in the literature (Nagel et al., 2013). The sliding direction depends on the relative angle α between a natural fracture and the maximum principal stress orientation. The shear traction magnitudes on NF1, NF2,
and NF3 decrease due to slip-induced relaxation (Figure 6c). The effective normal
compressions on NF1, NF2, and NF3 decrease because opening of HF leads to
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Figure 4 Profiles of displacements and stress changes orthogonal (upper row) and parallel
(lower row) to HF at t = 121 sec. Orthogonal profiles are at x = 70 m and parallel profiles are
at y = 25 m along dash lines shown in Figure 3a. (a) Displacement discontinuity across HF is
visible. ux changes sign above HF (y > 50 m) and similar to ds¢xx. uy is negative below HF and
positive above HF, as expected. (b) The vertical stress change, ds¢yy, is compressive due to
opening of HF. The horizontal stress change, ds¢xx, is also compressive in the immediate
vicinity of HF but becomes tensile as we approach the traction boundary on the top because
of upward displacement. The shear stress change, ds¢xy, due to HF opening is larger above HF
because of a larger upward displacement of the upper surface of HF. (c) Across the center of
HF, ux is asymmetric due to the asymmetry in the horizontal boundary conditions, and uy
is symmetric. Both displacements have discontinuities at x = 25 m and x = 175 m where we
cross NF2 and NF4, respectively. Stresses are piecewise continuous because we use linear
displacement elements.

vertical expansion of the domain and tensile changes around the natural fractures
(Figure 6d). NF4 behaves differently from the other three natural fractures due to
its position in the domain close to the maximum principal stress boundary and the
fixed bottom boundary. The shear traction on NF4 drops from 5 MPa to 2.48 MPa
at the first time step and remains constant as it slips. As explained in Figure 5
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Figure 5 Time evolution of the effective stresses with opening of the hydraulic fracture.
The evolution is plotted for elements near the midpoints of the four natural fractures. All
natural fractures experience a decrease in compression and an increase in shear magnitude
due to opening of HF. NF4 experiences a relatively smaller decrease in compression and
largest increase in shear, which results in a compressive change in its normal traction
compared to tensile changes observed on the other three natural fractures (Figure 6).
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Figure 6 Time evolution of slip (top row) and traction (bottom row) at the midpoints of
the four natural fractures during hydraulic fracturing. (a) Positive shear values on NF1 and
NF4 indicate left-lateral shear and negative shear values on NF2 and NF3 indicate rightlateral shear. (b) Normal slip values are zero indicating no opening or closing of the natural
fractures. (c) Shear traction magnitude decreases for all natural fractures as they slip. This
decrease continues longer for NF1, NF2, and NF3 than for NF4. (d) Normal compression
decreases on NF1, NF2, and NF3 thereby destabilizing them. It increases on NF4, which has
a stabilizing effect. Positive values indicate opening or tension and negative values indicate
closing or compression of the fractures.
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Figure 7 Evolution of traction and slip on natural fractures due to opening and pressurization
of the hydraulic fracture. (a) Stress paths of tractions at the midpoints of the four natural
fractures showing that NF1 and NF4 start sliding under positive (left-lateral) shear tractions
whereas NF2 and NF3 start sliding under negative (right-lateral) shear tractions. The dash
lines are the failure lines at mf = 0.1. The initial stress state (s¢N,t)t = 0 = (–25,±5) MPa falls outside
the chosen scales of the plot. (b) Shear slips of natural fractures increase monotonically
with the opening at the center of HF. (c) Shear tractions on the natural fractures decrease
monotonically with the HF tip pressure. (d) Effective normal compressions decrease on
NF1, NF2, and NF3 and increase on NF4 with increasing HF tip pressure.

c aption, the effective compression on NF4 increases causing a frictional stabilization away from the failure line in the stress space (Figure 7a).
The stimulated reservoir volume (SRV) can be quantified in terms of the
energy that is transferred from the hydraulic fracture to natural fractures
(Figure 8a). We observe in our simulation that opening of HF transfers elastic
energy to NF1, NF2, NF3, and NF4, where the energy per unit fracture surface area is calculated as l·d. The fastest rate of energy transfer is observed for
NF4 that experiences highest amount of slip and compression during hydraulic
fracturing. Microseismicity of natural fractures can also be related quantitatively to hydraulic fracturing (Figure 8b). We calculate the moment magnitude
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Figure 8 (a) Energy transfer from the hydraulic fracture to the natural fractures is
monotonic. Growth in NF2 and NF4 strain energy are larger due to larger shear traction
and slip near the fixed bottom boundary. (b) The seismic moment magnitudes of natural
fracture slip events evolve with the opening of hydraulic fracture. Natural fractures are
grouped based on their position with respect to the traction boundary in the minimum
principal stress direction.

2
log10 M0 − 6.07 , where M0 = G |d|dΓ is the seismic moment, G is
Γf
3
the shear modulus, and |d| is the slip magnitude (Hanks and Kanamori, 1979).
We find that natural fractures are grouped by their proximity to the traction
boundary in the minimum principal stress direction i.e. NF2 and NF4, which
are farther from the top boundary, are in a group with a faster increase in the
moment magnitude compared to NF1 and NF3, which are closer to the top
boundary.
as Mw =

7

∫

Conclusion

We investigated the effect of hydraulic fracturing on pre-existing natural fractures by analyzing the time-evolution of tractions and slips of natural fractures
with opening of the hydraulic fracture. We observe that the profiles of normal
and shear slip along the natural fractures depend on the relative position of the
natural fracture with respect to the hydraulic fracture, the fixed displacement
boundaries, and the minimum and maximum principal stress orientations. We
explain the heterogeneity in slip response of the natural fractures in terms of the
displacement and stress profiles parallel and orthogonal to the hydraulic fracture. The energy transfer approach in our hydraulic fracture–-natural fracture
interaction model can be used to capture slip-induced permeability enhancement
and microseismic response of natural fractures during field scale simulations of
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hydraulic fracturing. We are enhancing our framework to allow for two-way coupling among the processes of fluid flow, deformation, and seismicity. We are also
implementing the capability to allow fracture propagation. The proposed model
allows for improved prediction of stimulated reservoir volume and induced seismicity during hydraulic stimulation.
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