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Abstract

A fully coupled finite element/finite volume code is used to model 3D hydraulically driven fractures
under the influence of strong vertical variations in closure stress interacting with natural fractures.
Previously-unknown 3D interaction mechanisms on fracture height growth are revealed. Slipping of a
natural fracture, triggered by elevated fluid pressure from an intersecting hydraulic fracture, can induce
both increases and decreases of normal stress in the minimum horizontal stress direction, toward the center
and tip of the natural fracture, respectively. Consequently, natural fractures are expected to be able to both
encourage and inhibit the progress of hydraulic fractures propagating through stress barriers, depending
upon the relative locations between the intersecting fractures. Once the hydraulic fracture propagates
above the stress barrier through the weaken segment near a favorably located natural fracture, a
configuration consisting of two opposing fractures cutting the stress barrier from above and below forms.
The fluid pressure required to break the stress barrier under such opposing-fracture configurations is
substantially lower than that required by a fracture penetrating the same barrier from one side. Sensitivity
studies of geologic conditions and operational parameters have also been performed to explore the
feasibility of controlled fracture height. The interactions between hydraulic fractures, natural fractures,
and geologic factors such as stress barriers in 3D are shown to be much more complex than in 2D.
Although it is impossible to exhaust all the possible configurations, the ability of a 3D, fully coupled
numerical model to naturally capture these processes is well demonstrated.

Introduction

Factors controlling hydraulic fracture height growth have been widely discussed in the literature (Naceur
and Touboul, 1990). Among them, in situ stress contrast between adjoining layers is recognized as one of
the principal mechanisms that contain fractures in most scenarios. This is attributed to the fact that source
rock reservoirs are heterogeneous at very fine scales as a consequence of depositional sequence and
subsequent compaction. The resultant heterogeneity in elastic properties can potentially induce large
variations in lateral in situ stress from one narrow vertical interval to the next within a pay zone because
the same tectonic strains could induce significantly different stress states within each layer (Eaton, 1969).
When a hydraulic fracture reaches a horizon where the stress contrast is high, it might not have the net
pressure necessary for propagating into the higher-stress layer (Simonson et al., 1978). For normal and
strike-slip stress environments, the hydraulic fracture opens against the minimum horizontal stress and
propagation is largely within a vertical plane with the minimum horizontal stress controlling vertical
propagation. This phenomenon has been confirmed both through modeling and laboratory experiment
(Jeffrey and Bunger, 2009). Consequently, hydraulic fracturing in source rocks can be strongly influenced
by narrow bands of closure stress contrast induced by heterogeneity.

On the other hand, many source rock plays have been also observed to contain dense networks of
natural fractures that are believed to alter the propagation pattern of hydraulic fractures (Gale et al., 2015).
Different from faults, natural fractures, including both tensile fractures (i.e. joints) and shear fractures, are
the cracks or surfaces of breakage along which there has been no observable movement (Engelder et al.,
2009). It is generally believed that natural fractures are ubiquitous in shale plays. From the perspective of
production mechanism in low-permeability shale reservoir, natural fractures are critical to production
since the formations are so tight that hydrocarbon can be produced only when extensive networks of
natural fractures exist (Carlson and Mercer, 1991). The natural fractures that are well filled with calcite or
other minerals (named as veins in structural geology) and potentially to be activated during the hydraulic
fracturing treatment could complicate the reservoir stimulation in unexpected ways. The simple but
efficient boundary element method has been extensively used to simulate the interaction between
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hydraulic and natural fractures under homogeneous linear elastic reservoir conditions (e.g., Weng et al.,
2011; McClure and Horne, 2013; Wu and Olson, 2016; Sesetty and Ghassemi, 2017). More advanced
numerical methods have also been extended with the capabilities to simulate the fracture interaction under
complex geological settings, including both continuum and discontinuum models (e.g., Fu et al., 2013;
Dahi-Taleghani and Olson, 2013; Zhou et al., 2015; Zhou et al., 2016; Chen et al., 2017; Zhang et al.,
2017). For instance, Fu et al. (2013) developed an explicitly integrated finite element/finite volume
approach with adaptive remeshing for simulating hydraulic fracturing in arbitrary fracture networks; Dahi-
Taleghani and Olson (2013) presented an extended finite element method (XFEM) that can simulate the
diversion of hydraulic fracture path along natural fractures; Zhou et al. (2017) developed a novel dual-
lattice discrete element model to significantly improve the understandings of discontinuous behaviors of
rocks that cannot be adequately modeled by continuum models.

Although numerous studies have investigated the effect of vertically oriented natural fractures upon
hydraulic fracture growth, the bulk of these studies have considered the special scenario where the vertical
extents of the hydraulic fracture, pay zone and natural fractures are identical (e.g., Renshaw and Pollard,
1995; Zhang and Jeffrey, 2008). By doing so, the dimensionality of the problem is reduced to 2D, making
both experiment and modeling simpler. Such studies have demonstrated conditions where a hydraulic
fracture is arrested at a natural fracture and a fracture crosses a natural fracture either through a direct
intersection or an indirect intersection with an “offset” (e.g., Gu et al., 2012; Guo et al., 2015; Taleghani
and Olson, 2013; Potluri et al., 2005). However, this rather limited set of interaction modes between
hydraulic fractures and natural fractures is a direct consequence of the 2D assumption. In contrast, natural
fractures in a real pay zone are quite likely to only span a fraction of the entire heights of the pay zone.
This makes possible many modes of interactions between fractures and the formation that are more
realistic and more complex.

An earlier study has demonstrated that a hydraulic fracture is able to bypass an uncemented natural
fracture (Fu et al., 2015), consistent with experimental observations (Bahorich et al., 2012; Fu et al., 2016).
In the current study, we aim to investigate hydraulic fracture height growth in source rocks under the
combined influence of narrow bands of closure stress contrast and vertically oriented natural fractures. In
particular, a mechanism through which the slipping of a natural fracture enables the hydraulic fracture to
break through a thin, high-stress layer that the hydraulic fracture could not break otherwise will be
investigated. An extensively validated 3D hydraulic fracturing simulator that can model arbitrary
geometries of fractures and arbitrary distributions of in situ stresses is used as the main tool of study.

The present paper is composed of three main sections. The first section is devoted to the discussions
and verification of the fracturing criterion used in the numerical model. Analytical solutions along with
an energy-based numerical method are used to show its validity near stress barrier. In the second part of
the paper, we focus on a baseline simulation to demonstrate how a hydraulic fracture’s height growth into
a stress barrier is influenced by natural fractures. Following that, we illustrate the two main contributing
mechanisms that assist the breakthrough of stress barrier, through a series of sensitivity studies on the
geological conditions and operational parameters.

Modeling Approach

Hydraulic fracture propagation is a coupled multi-physics process involving the deformation of the rock
body, fluid flow along existing fractures and in the rock body, as well as the extension of fractures.
Therefore, a fully coupled hydraulic fracture simulation code GEOS, developed at the Lawrence
Livermore National Laboratory (Settgast et al., 2014, 2017), is employed as the primary tool for the current
study. To simulate hydraulic fracturing, GEOS couples a finite element method (FEM) for mechanical
response of the solid matrix, a finite volume method (FVM) based on lubrication theory for the fluid flow
along fractures, and the linear elastic fracture mechanics (LEFM) for the fracturing criterion. FVM is also
used in GEOS to model porous medium flow in the rock matrix, but that module is not invoked in the
current study as matrix flow does not play a significant role in the phenomena being studied. Arbitrary
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configurations of interacting fractures and geologic formations can be accommodated to the extent that
meshing permits. The FEM and FVM are naturally coupled: the fluid pressure from the flow module is
applied to the surface of the fracture in the solid mesh, while the solid deformation determines the aperture
(which in turn determines hydraulic impedance and storage) of the fracture. Fracture propagation is
modeled by mesh splitting, governed by energy-based fracturing criterion with the fracture energy release
rate computed using a modified version of the virtual crack closure technique (MVCCT: original
formulation in Krueger 2004 and modified formulation to consider confining stress in Settgast et al. 2017).
The MVCCT approach of modeling hydraulic fracturing yields a robust method that scales well to a large
number of processors, enabling the handling of large and complex problems ranging from near-wellbore
effects (Sherman et al., 2015) to full field-scale calculation involving well-to-well interactions (Izadi et
al., 2015). The formulation of GEOS’s hydraulic fracturing module as well as extensive verification and
validation studies have been reported in Fu et al. (2013) and Settgast et al. (2017), and thus not repeated
here. We focus on the method of modeling natural fractures in this section, which plays a central role in
the present work but has not been documented in detail previously, followed by the validity check of
MVCCT through a verification case directly relevant to the phenomenon being studied.

Modeling natural fractures

In GEOS, both natural fractures and hydraulic fractures are modeled as pairs of faces elements attached
to solid elements in opposing sides of the fracture. They are both created by duplicating the face element
connecting two adjacent solid elements and making appropriate adjustments to the topological maps
between nodes, edges, faces, and elements. The only difference between them is when the topological
changes are applied: natural fractures are generated in the initialization of a model whereas hydraulic
fractures are generated during the simulation.

In the initial state of a simulation, the natural fractures are usually “closed”, that is, the fluid pressure
in the fracture is lower than the closing stress on the fracture and therefore the two “walls” of the fracture
are in contact. We use a penalty-based contact model, which is an extension of the 2D contact model
presented in Fu et al. (2013), to calculate the contact stress, including normal and tangential components,
between the walls. Since the contact stresses and the fluid pressure in the fracture act jointly to balance
the stress in the solid elements next to the fracture, the normal contact stress is essentially the effective
stress on the fracture. The maximum allowed shear contact stress on each pair of contacting faces is
determined by the Coulomb criterion parameterized with a coefficient of friction and a cohesion.

A closed fracture has a negative geometrical aperture because the two opposing walls need to
geometrically “penetrate” into each other to invoke the penalty-based contact model. However, it is known
that closed fractures are hydraulically conductive due to mismatches of asperities (Cook, 1992). We relate
the aperture of closed fractures (w) to the normal contact stress (¢',,) through the Barton-Bandis model
(Bandis et al., 1983; Barton and Bandis, 1986) as

a

TR “’

Since the two parameters in the Barton-Bandis model, a and b, do not have straightforward physical
interpretations, we re-parameterize the model with a set of three parameters, the aperture at zero effective
stress wo, a reference effective stress of, and the aperture w,.s at this reference effective stress (Guo et
al., 2016). The relationship between these two sets of parameters are

Wo = Wrer

b=—
O refWref (2)

a = bw, 3)
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All the simulations in this work use wo= 0.1 mm, wyer = 0.2 mm and o’y,r=5 MPa. As the fluid pressure
in a closed fracture increases, the effective normal stress (i.e. the normal component of the contact stress)
reduces as a result of smaller geometrical penetration between the two walls. Eventually, the contact
vanishes and the fracture “opens”, resulting in the fluid pressure alone balances the stress in the rock body.

Verification of MVCCT near stress contrast

The original VCCT formulation assumes zero traction on the fracture surface (Kruger, 2014). Considering
that hydraulic fracturing is driven by high fluid pressure exerted on the fracture surface, a modified virtual
crack closure technique (MVCCT) is required to calculate the energy release rate under this condition.
The main modification is the inclusion of nodal forces resulting from the integration of the external
tractions (i.e, fluid pressure in this study) on the crack surface, besides the original volume integral on the
divergence of the stress tensor (Raju, 1987; Settgast et al., 2017). Both VCCT and MVCCT rely on a self-
similarity assumption, that is, the near-tip region deformation of a fracture does not substantially change
after a crack extension (by one element-length). When the tip of a fracture propagating perpendicularly to
the bedding plane direction is near or at the interface between two layers with distinct stresses, which is
the main condition investigated in the current work, this similarity assumption could become problematic.
A high-fidelity hydraulic fracture code based on MVCCT should be able to demonstrate accurate
prediction of fracture height under complex stress profile. Here we verify the applicability of MVCCT to
the concerned configuration through a comparison with an analytical solution and a method that computes
the energy release directly (termed “direct energy” method hereafter).

For a crack in an elastic body subject to a load, the energy release rate is defined as the decrease in the
potential energy of the whole system associated with an extension of the crack by a unit area (Banks-Sills,
1991). The potential energy includes both elastic strain energy and the potential energy of the applied
loading. The direct energy method calculates the energy release rate directly based on this definition. We
consider two states of the system: The reference state is the current state, including the current fracture
configuration and the external loading. The virtual extension state is where we extend the fracture from
the tip on which we are evaluating the energy release rate, by one element-length. We calculate the total
potential energies at these two states by summations over all the finite elements. The ratio between the
difference (between the two states) in the potential energy and the difference in the area of the fracture
(i.e. the virtual extension area), is calculated as the energy release rate. This procedure is a straight
application of the definition, so it produces consistent and reliable solutions for benchmarking purposes.

A classic equilibrium-fracture-height model, i.e., a vertical fracture under the plane-strain condition
subjected to uniform internal pressure p and vertically-varying horizontal in-situ stresses, is used to
validate the applicability of MVCCT when the fracture is near and crosses a stress barrier. The conceptual
model is illustrated in Figure 1, where the fracture spans three horizontal layers. The stress contrast Ac
between the middle layer and the upper layer and that between the middle and lower layers is the same,
establishing symmetry against the mid-height horizontal plane. The analytical solution of the stress
intensity factor at each tip of fracture, when the fracture extends by length x into the upper and lower
layers, is given by Simonson (1977) as

h h
K, = (p — op)Vmh + 2A0 Esin‘l(f) (4)
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Figure 1— Configuration of a hydraulic fracture growing into higher-stress formations with uniform fluid pressure inside. Only the
upper half of the model is analyzed due to symmetry. A local 1D coordinate system is established with its origin placed at the stress
contrast interface. The fracture tip location x is the penetration depth into the higher-stress layer.

In the validation simulation, the formation toughness is Kz = 1.0 MPasm’, middle layer thickness is
2ho = 20 m, stress difference at the interfaces is Ao =2 MPa, and hydraulic fracture center is assumed to
be 10 m below the stress barrier. Figure 2 shows the comparison of net fracturing pressure (p-on) of a
fracture extending from the midpoint of a 20 m thick, lower-stress layer into an infinite-thickness, higher-
stress (by 2 MPa) layer. The same 1D coordinate system x, established in Figure 1with its origin placed at
the stress barrier interface, is used as the horizontal axis. Note that a negative x value means the fracture
is within the middle layer and its distance to the stress contrast interface is —x. The results based on the
MVCCT method are compared with both analytical solution and solutions from the direct energy method.
Note that neither of these numerical methods directly calculates the propagation depth or the fracture
length. We use an iterative procedure to derive the fluid pressure that yields K;= Kj. for the assumed
fracture length. The results show that the net pressure decreases with the increase of fracture length when
the fracture is within the middle layer but propagating toward the stress contrast interface. Once the
fracture propagates into the higher-stress layer, the fluid pressure first sharply increases and then the rate
of increase becomes rather modest. Even after the fracture is more than 100 m into the higher-stress layer,
which is 10 times the half-height of the middle layer, the required pressure to continue propagation is still
lower than the closure stress in this layer. The three methods provide nearly identical solutions to the
problem, confirming the applicability of MVCCT to the problem of interest in the current study.
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Figure 2—Comparison of net fracturing pressure of a fracture extending from the midpoint of a 20 m thick, lower-stress layer into an
infinite-thickness, higher-stress (by 2 MPa) layer. Red dashed line indicates the interface of the stress barrier. The coordinate
system x, established in Figure 1 with its origin placed at the stress barrier interface, is used as the horizontal axis.

Baseline Simulation: Hydraulic/Natural Fracture Interaction at Stress

Barrier

In the subsequent sections, we narrow our focus on the how a hydraulic fracture’s height growth into and
beyond a stress barrier is influenced by natural fractures. The mechanism discussed here is associated with
the alteration of in situ stress field caused by the shear activation of natural fractures.

We consider a vertical hydraulic fracture that is bounded by a hard barrier in its bottom and propagates
upward to a strong stress barrier, that is, a relatively thin layer with Suimin higher than the rest of the pay
zone. Two natural fractures vertically crossing through the stress barrier but not spanning the entire height
of the pay zone are considered. Figure 3 shows a plan view and a side view of the simulation model where
two natural fractures, named NF1 and NF2, intersect the trajectory plane of the hydraulic fracture at an
angle 8 = 45°. The coefficient of friction is assumed to be 0.65 in natural fractures while cohesion is
assumed to be zero. The two natural fractures are 200 m away from each other along the hydraulic fracture
plane. The hydraulic fracture, perforated in the lower pay zone and horizontally located in the middle
between the two natural fractures, is projected to intersect the middle length of NF1, and intersect NF2
near one of the tips. The stress barrier layer, highlighted in yellow in Figure 3 (b), is 13 m thick and located
within a pay zone of 90 m thickness that is assumed to be strictly bounded by the upper and lower
formations. The minimum in-situ stress Smmin 1S 11 MPa in the pay zones except that it is 2 MPa (290 psi)
greater in the stress barrier layer. The horizontal differential stress between SHmax and Simin is 3 MPa in all
layers. We consider injection of slickwater with 1 cP viscosity at a constant rate of 38 barrel per minute
(BPM) or, equivalently, 0.1 m%/s.
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Figure 3—The baseline model for hydraulic/natural fracture interaction near a stress barrier. (a) Plan view of a potential planar
hydraulic fracture intersecting two natural fractures at different positions. (b) Side view with highlighted location of the stress
barrier that natural fractures cross. The fracture trajectory plane is made semi-transparent to allow viewing the natural fractures on
the other side of the plane.

Figure 4 shows the evolution of injection pressure near the injection point with pumping time. The 3D
fracture propagation model clearly captures several important stages of the stimulation: the initially high
pressure before significant fracture growth (point a), the pressure buildup as the fracture propagates
(around point b), the peak pressure associated with the breakthrough of the stress barrier (at point ¢), and
the subsequent pressure decay (after point d). At early time, the hydraulic fracture extends laterally within
the lower part of the pay zone. The corresponding injection pressure increases gradually with the extension
of fracture length, resembling a classical Perkins-Kern-Nordgren (PKN) model. With pressure buildup,
the hydraulic fracture eventually breaks through the stress barrier and starts propagating in the upper half
of pay zone. As a result of the greater overall fracture height, the pressure significantly decreases after the
breakthrough.
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Figure 4— Evolution of injection pressure near injection point with pumping time. Times (a) through (d) correspond to the
snapshots rendered in Figure 5.

Figure 5 shows the status of the system at four representative times marked in Figure 4, with fracture
pressure and aperture distributions displayed from different views, respectively, on all the fractures. The
hydraulic fracture is observed to first break through the stress barrier where it intersects NF2 near one of
the tips of NF2. Subsequently, the fracture starts to propagate primarily in the upper pay zone, along with
the continuous opening of the remainder of the stress barrier.

Front View Side View
Aperture Fracture Pressure
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Figure 5—Configuration of intersection between hydraulic fracture and natural fractures with fracture aperture and pressure
distributions at different times (a) through (d) corresponding to those referred to in Figure 4.

Figure 6 shows the time evolution of the hydraulic fracture and its interaction with the stress barrier
and natural fractures. The color on the hydraulic fracture surface denotes the time when the fracture
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reached that location, which we refer to as the time of fracturing (TOF). A combined analysis of Figures
5 and 6 shows that at early times, the hydraulic fracture is vertically contained by the stress barrier. Later,
the fracture propagates into the upper half of the pay zone through the passage created by the early
breakthrough on the left side of NF2 (see Figure 6 (a)). One interesting phenomenon can be observed from
the close-up view in Figure 6 (b) is the breakthrough location near natural fractures. There are two sides
for each natural fracture and hydraulic fracture intersects NF1 from NF1’s right side and NF2 from NF2’s
left side. However, the hydraulic fracture only breaks through the stress barrier from the left side of NF2.
In contrast, the other three sides (both sides of NF1 and right side of NF2) cannot be broken within the
simulation time (i.e., white holes in Figure 6 (b)), even after other parts of the stress barrier have been
broken. It is evident that natural fracture alters the propagation pattern of the hydraulic fracture. To
compare breakthrough time along the stress barrier, we choose five vertical lines that are 10 m, 30 m, 60
m, 100 m and 130 m away from the left side of NF2. Figure 6 (¢) plots the time of fracturing along each
line, with the correspondence between Figure (b) and (c) established by the colors of the lines in (b) and
those of the curves in (c). It is observed that only along the blue line, the one closes to the fracture
intersection, the fracturing time increases monotonically, which means fracturing takes place in the order
of the lower pay zone, the stress barrier, and the upper pay zone. In other locations marked by the other
four lines, the fracture propagates into the upper pay zone first and then breaks the stress barrier. It means,
the fracture goes upward through a small segment of the broken barrier near the intersection with NF2 and
then extends laterally, which “drags” the breakthrough of stress barrier below it. These mechanisms are
further explored in subsequent sections.

Time of Fracturing (s)

delayed early 1500
(a) breakthrough breaktl]rough -

___________________

N
m i
-,

(b)

(c)

=l

200 400 600 800 1000
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Figure 6— Distribution of time of fracturing along the hydraulic fracture, indicating the time at which that portion of the fracture was
opened. Two horizontal black dashed lines in the zoomed-in view (b) mark the location of stress barrier. The colored dash lines
mark vertical lines with different distance to NF2. The time of fracturing along these vertical lines is shown in (c), with
correspondence between the lines in (b) and the curves in (c) established by colors.
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Contributing Mechanism I: Stress Barrier Weakened by Fracture Slipping
Stress perturbation on natural fractures can be induced by both approaching hydraulic fractures and
slipping natural fractures as a result of pressure interference after their intersection. Both mechanisms are
naturally reflected by our fully coupled models. In this section, we focus on how the slipping along a
natural fracture oblique to the principal stress direction alters the surrounding stress field after fracture
intersection and thereby weakens or strengthens the stress barrier at different locations along the natural
fracture. We also investigate how various factors affect such weakening and strengthening.

Our focus is the deformation and stress perturbation associated with the shear activation of a single
natural fracture oriented at a certain angle with respect to the maximum in-situ stress direction. Figure 7
shows the influence of a single fracture’s slip upon the displacements field of the surrounding rock. This
vertical fracture is 300 m long, 50 m high, and oriented at 45° to the horizontal principal stress directions.
The two horizontal principal stress components are Spmin = 11 MPa and Sumax = 14 MPa, respectively. The
coefficient of friction is assumed to be 0.65 in the natural fractures while cohesion is assumed to be zero,
the same as those in the baseline simulation in the previous section. To demonstrate how the elevated pore
pressure initiates the slip on the natural fracture plane, we apply a constant internal pressure p = 12.5 MPa
along the lower half of the vertical line in the middle (laterally) of the fracture to mimic the intersection
of a hydraulic fracture from which fracturing fluid flows into natural fracture. Along a fracture, when the
shear stress exceeds the product of normal contact stress and the coefficient of friction, the shear slip takes
place. When the system reaches an equilibrium, in which the entire fracture reaches the applied pressure
(i.e., 12.5 MPa), the fracture has nearly zero normal contact stress and therefore slipping occurs over the
full length. The displacement field on a horizontal plane cutting the natural fracture at the mid-height is
shown in Figure 7. The solid body moves in opposite directions at the two sides of the fracture, expected
to result in a significant alteration to the in-situ stress field.

%Shmin

/
I Intersection
with HF, apply
p=12.5MPa

ﬂhmin

Figure 7—Influence of a single fracture’s slip upon displacements of the surrounding rock when the fracture is oriented at 45° to the
principal in-situ stress. The arrows depict the displacement field of the medium on a horizontal plane cutting through the fracture at
mid-height. The location of the hypothetical intersection with a hydraulic fracture is marked on the plane, where a pressure
boundary of p = 12.5 MPa is applied. The dark red line on this plane at 2.5 m from the fracture is the path of interest along which the
stresses and other quantities are queried as shown in Figures 10--14.
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Figure 8 displays a side view of the pressure propagation process within the natural fracture from its
center to the two tips, as well as the resultant perturbation to the stress component in the direction of the
original minimum horizontal stress (ASwmin) On a horizontal plane that cuts the natural fracture at its mid-
height (i.e., only the upper half is shown). Although strictly speaking, the principal stresses have rotated
near the fracture plane as a result of the slipping, we refer to the change of “stress component in the
direction of the original minimum horizontal stress” as the change of Snmin for the sake of conciseness in
the subsequent text. Note that the fracture field on the lower half of the natural fracture is blocked by the
horizontal plane. Figure 9 shows the plan view of the influence of slip upon the stress perturbation. As the
in-situ stress is the single most important factor affecting the trajectory of a hydraulic fracture, these plots
indicate the impact of the natural fracture upon an intersected hydraulic fracture’s ability to continue
propagating. Regions with increased compression (blue in Figure 9) will tend to inhibit fracture
propagation, while regions of increased tension (red in Figure 9) is easier for a hydraulic fracture to
propagate through. As shown in Figure 9, the induced stress distribution is antisymmetric with respect to
the fracture center. Along the majority of the fracture’s length, slipping causes additional compression to
Shmin (or more strictly, the stress component in the direction of original Spmin). These results indicate that
a hydraulic fracture intersecting the natural fracture at its center will experience increased compression.
This explains the forming the three “holes” in Figure 6 (b), i.e. induced compression preventing fracture
from developing there. On the other hand, on one side near the tips of activated/slipped portion of fracture,
tensile stress is induced, which indicates a chance that a hydraulic fracture intersecting a natural fracture
at the tip could experience a weakened stress barrier at the tensile side and thus more readily have the
potential to break through a stress barrier, if present. This stress distribution shown in Figure 9 explains
why the breakthrough only occurs at one of the four intersections, i.e, both sides of NF1 and NF2 in Figure
3 (a). Consequently, we expect that natural fractures can both encourage and inhibit the progress of
hydraulic fractures propagating through stress barriers, depending upon the relative locations between the
intersecting fractures.
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p v
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Figure 8—Side view of pressure propagation within natural fracture from its center to two tips and the induced stress perturbation.
A constant pressure source along the lower central line of the fracture is assumed to mimic hydraulic fracture intersection. The
stress perturbation (ASnmin) plotted is on a horizontal plane cutting the fracture at its mid-height.
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Figure 9— Plan view of the influence of slip on the minimum in-situ stress component in the surrounding rock as a result of

pressure propagation along the natural fracture. The color represents the induced stress on a horizontal plane cutting through the
fracture at mid-height. Blue indicates an increase in compression and red indicates an increase in tension.
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To quantitatively study the slipping fracture’s alteration of the surrounding stress, Figure 10 plots the
evolution of pressure within the natural fracture, the resultant shear displacement (which is half of the
relative slipping due to symmetry), and Shmin increment along a path that is 2.5 m from the natural fracture
plane, as denoted by the dark red query line in Figure 7. A simple analytical calculation on the same
phenomenon is performed by Zoback et al. (2012). In Figure 10, six colored curves corresponding to
various times illustrate the time evolution. As time goes on and pressure spreads out from mid-point of
the fracture to the tips, the slippage front moves accordingly, accompanied by the increase of shear
displacement and Smmin perturbation. A modest amount of tensile increment develops around one slip front
of the fracture, whereas only compression develops around the other slip front. Two observations are
worth noting. First, the fluid pressure at the slip front is lower than that based on an average calculation
for the fracture as a whole. The theoretical value of pressure required for the fracture to slip as a whole is
12.5-1.5/0.65 = 10.2 MPa, where 12.5 MPa is the average total normal stress on the fracture, 1.5 MPa is
the original shear stress on the fracture plane, and 0.65 is the coefficient of friction. The three vertical dash
lines mark the location of the 10.2 MPa at three times and slipping at the corresponding times is ahead of
these marked locations. This is because the slipping in the middle portion of the fracture causes stress
redistribution and thereby increases the shear stress on the rest of the fracture. The second observation is
that significant stress perturbation occurs near the ends of the fracture before the arrival of the slip front,
due to tip-region singularity. After the slip front arrives at the fracture tip (t > 450 s), the tensile stress near
the tip continues to increase as a larger portion of the fracture experiences higher fluid pressure and
undergoes more slipping.

It is worth noting that small oscillations of Swmin increment are observed near the ends of the
fracture before the arrival of the slip front. This oscillation is induced by the low-order penalty-
based contact model we adopt for closed natural fractures, that is, only the mid-point on each
element face is used to calculate the penetration depth (Fu et al,, 2013). In this contact model, the
normal contact stress is proportional to the penetration depth between the two opposing faces (or
edges in 2D) at their centers. The resultant oscillating contact stress is analogous to the hourglass
modes in under-integrated finite elements (Belytschko et al., 1984 ). However, the magnitude of this
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oscillation is trivial compared with the induced stress when the slip front arrives at the fracture tip
and thus not overwhelming the main process that we investigate in the current study.

10.2 MPa

Fracture Pressure, MPa

Shear Displacement along Natural Fracture, mm

Shmin InCrement, MPa

T T T T T
-150 -100 -50 0 50 100 150
Distance along Natural Frature, m

Figure 10— Evolution of pressure along the natural fracture and the resultant shear displacement and Simin increment along a path
2.5 m from the natural fracture (i.e., red query line in Figure 7).

Having identified the mechanisms of natural fracture slipping and the effect it can have upon stress
perturbation, we investigate the sensitivity of the alteration of Swmin to variations in the fluid pressure at
the hydraulic-natural fracture intersection, the magnitude of horizontal stress difference, the orientation of
the natural fracture, as well as injection fluid viscosity.

Sensitivity to intersecting pressure

Figure 4 shows that the pressure at injection has a narrow range between 11.8 MPa and 12 MPa after
hydraulic fracture intersects the natural fracture. Generally, pressure loss from injection point to near the
fracture tips along an open fracture is relatively small. Therefore, on the isolated natural fracture model
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used for the sensitivity study, we vary the value of the pressure boundary condition applied at the
hypothetical intersection line with the hydraulic fracture (referred to as the intersecting /source pressure)
and examine how this pressure affects the development of the induced stress around natural fracture. Note
that the original average normal stress and shear stress exerted on the natural fracture are 12.5 MPa and
1.5 MPa (as Simin = 11 MPa, Sumax = 14 MPa, 45° NF, friction p = 0.65 for baseline case), respectively.
Figure 11 compares the results of simulations with three levels of source pressure at an intermediate time
step £ = 350s and a late time step ¢ = 750s when fracture is fully activated. Higher source pressure causes
faster propagation of the pressure front and also forces more shear stress relaxation. Therefore, higher
source pressure is associated with a larger Simin increment in both in magnitude and extent, and in both
the tensile and compressive sides.
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Figure 11— Sensitivity to fluid pressure in the intersection on Snmin increment at different times

Sensitivity to horizontal differential stress

In the baseline model presented above, the maximum horizontal stress was Ac = 3 MPa (435 psi) over the
minimum horizontal stress. One might expect that as this stress difference is reduced, the influence of the
natural fractures would be lessened. Figure 12 compares Smmin increment covering a range of differential
stress from 1 MPa (145 psi) to 5 MPa (725 psi). It is clear that horizontal differential stress has little effect
on the pressure propagation within the natural fracture as shear dilation is not considered in the model. It
should be noted that under the current intersecting pressure, the natural fracture is still closed and
aforementioned Barton-Bandis model is applied to update the aperture. The horizontal differential stress
would impact the normal stress exerted on the natural fracture and therefore its aperture, but this impact
on closed fracture is very small and not discernable in the figure. The induced stress decreases when the
stress difference is reduced, as expected. Moreover, the extent of slipped fracture is larger under large
stress difference, which indicates an earlier full activation of natural fracture.
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Figure 12— Sensitivity to differential stress on Shmin increment at different times.

Sensitivity to natural fracture orientation

The orientations of natural fracture are often unrelated to that of the present-day stresses in a rock mass
for the reasons such as regional stress regimes change through time, or the influence of paleo stresses
(ancient stresses) may no longer prevail (Engelder, 1993). Thus, we examine three representative
orientations to study its influence on slip-induced stress alteration. Figure 13 compares the results of
simulations with varying angles between hydraulic fracture and natural fracture increasing from 30° to
60°. Similar to the effects of horizontal differential stress, the orientation of natural fracture has little effect
on the pressure diffusion within the natural fracture. In this scenario, the closure stress varies with the
fracture orientation. When the intersecting pressure becomes larger than closure stress, the fracture would
slip rapidly. To clearly see the comparison during the intermediate time, we reduce the intersecting
pressure from 12.5 MPa to 11.8 MPa in this particular sensitivity study. Therefore, from the figure we
observe that smaller angle (i.e., natural fracture is more parallel to hydraulic fracture and perpendicular to
minimum in-situ stress) is much easier for fracture slip as the closured stress is smaller. In contrast, natural
fracture with larger angle is harder to slip if the same intersecting pressure is assumed.
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Figure 13— Sensitivity to natural fracture orientation (angle between natural fracture and hydraulic fracture) on Simin increment at
different times

Sensitivity to fluid viscosity

All previous models assumed a 1 cP fracturing fluid viscosity. Previous work has confirmed for 2D
geometries that hydraulic fractures are less easily diverted by natural fractures as fluid viscosity is
increased (Zhang and Jeffrey, 2008; Chuprakov, 2013). Similarly, it might be expected that the slipped
portion of natural fracture might be smaller with increasing fluid viscosity under the same injection
volume. Figure 14 compares the results of simulations with viscosity from 1 cP to 50 cP. We observe that
increasing viscosity from 1 cP to 10 cP significantly limits the pressure diffusion speed and reduces the
extent of stress perturbation zone. However, the further increase from 10 cP to 50 cP results in a less
impact.
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Figure 14— Sensitivity to fracturing fluid viscosity on Snmin increment at different times

Contributing Mechanism Il: Tip Interference between Opposing Fractures

In Figure 6, we have observed that once the hydraulic fracture breaks through the stress barrier at some
weakened spots and starts to propagate in upper pay zone, the remaining unbroken stress barrier seems to
become easier for hydraulic fracture to open. We hypothesize that when two fracture tips attempt to break
into a stress barrier from opposing sides, the required pressure is significantly lower than the pressure
required if a single fracture tip attempts to break the stress barrier. This hypothetical mechanism plays an
important role in the complete opening of the remaining stress barrier, because the contributing
mechanism I alone can only affect a small segment of the stress barrier. Note that our model does not
consider the potential fracture offset mechanism at the intersection, which has been observed in both the
field and laboratory experiments (Warpinski and Teufel, 1987; Jeffery and Settari, 1995; Fu et al., 2016).
In our model, fractures propagate along inter-element faces, which does not allow the offset process, even
though we do not generally pre-define fracture planes. However, this limitation does not affect the main
conclusions of the current study. In the scenario where there is offset between the top and bottom parts of
the fracture, it is unlikely that the two parts develop into separate hydraulic fractures that continue to
propagate in parallel to each other. The most likely scenario is that the offset is relatively small that the
top and bottom parts eventually converge due to the imposed shear stress upon each other when the
echelon fracture segments interact mechanically (as speculated in Pollard and Aydin, 1984 based on the
laboratory and field observations). In that case, the offset may affect the near-intersection configuration
of the fractures but not the overall configuration in a larger length scale.

To quantitatively demonstrate this hypothesis, the classic fracture height growth model in the earlier
verification section is revisited to compare the net pressure required for fracture breakthrough, under the
interference between the two fracture tips taken into consideration. Figure 15 (a) shows a representative
configuration extracted from the baseline model, where the fracture tip from top and bottom sides of the
stress barrier interfere each other. Figure 15 (b) is a 2D modified model (based on the classic fracture
height growth model) we use in this section to study the fracture tip interference that conceptually
represents the cross-section indicated by the black dash line in Figure 15 (a). The color in Figure 15 (b)
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represents the relative magnitude of horizontal stress, deeper blue meaning stronger compression. The
induced tensile stress near fracture tip can alleviate the confining stress in barrier zone and promote the
propagation of each other. Two values of the stress barrier thickness /4, =2 m and 4 m are considered. We
assume that below the stress barrier a fracture already extends throughout a relatively low-stress zone with
a thickness of 249 = 20 m, and the same applied to the material above the barrier. The two fractures are
perfectly symmetric with respect to the central line of stress barrier zone, and they propagate in the same
speed to each other.

(a) .

(b)

Figure 15— Configuration of fracture tip interference near a finite thickness stress barrier. (a) A 3D view of the scenario where
fracture tip interference occurs. The color denotes aperture with red representing a larger aperture. At the location marked by the
black dashed line, the hydraulic fracture is trying to penetrate into the stress barrier layer from above and below. (b) A modified 2D
model to study the fracture tip interference at the cross-section indicated by the black dash line in (a). The color represents the

relative stress magnitude (G - on) in the minimum in-situ stress direction. Positive value indicates tensile stress.

In this reduced model, an analytical solution is not available when fractures inference and stress barrier
coexist, although the analytical solution of SIF for a simple two fractures inference (tip to tip) can be
found in the literature (Tada et al., 2000). Therefore, the direct energy method is used, along with MVCCT,
in this analysis. Verifying the applicability of MVCCT in such scenarios is important as we use MVCCT
in modeling the actual propagation of hydraulic fractures as in the baseline model and in the sensitivity
analyses in next section. Figure 16 shows the same plot as Figure 2 but considers two-tip interference in
a finite thickness stress barrier. The analytical solution for a single fracture propagation from Figure 2 is
also plotted as a reference to illustrate the effect of fracture tip interference on the fluid pressure required
to propagate the fracture into/through the barrier. Note that in the opposing-tip scenario, each fracture only
needs to break half of the height of the stress barrier to result in a complete breakthrough. The results
show that the required fluid pressure for fracture growth is significantly lower than the reference solution
and the difference increases drastically when two tips get closer. The maximum required pressure occurs
approximately when each fracture penetrates into “ of the total barrier thickness. If we define the “net
pressure” in this case to be the difference between the mean fluid pressure and the compressive stress in
the lower and upper regions, namely the bases of the two opposing fractures, the tip interference causes a
very significant reduction in the required net pressure, 73% and 64% for h, = 2 m and 4 m, respectively.
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This result validates the hypothesized mechanism II and also re-confirms the applicability of MVCCT for
this class of problems.
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Figure 16—Variation of minimum net pressure for fracture to propagate versus fracture tip location in a finite thickness stress
barrier. Red dashed line indicates the interface of stress barrier. Two thickness of stress barrier are compared. Analytical solution
for a single fracture without inference is referenced.

Combined Effects of Barrier Conditions and Stimulation Parameters

The sensitivity analysis performed on a single natural fracture in the previous section has shown that the
magnitude of the stress alteration caused by slipping of an oblique fracture increases with greater
horizontal differential stress and greater fluid viscosity. Additionally, more viscous fluid causes higher net
pressure in the original fracture zone (i.e. before breaking through the barrier), making barrier
breakthrough more likely. On the other hand, stress barriers are recognized to have a significant impact
on hydraulic fracture height growth (Warpinski et al., 1982a; Warpinski et al., 1982b; Nolte and Smith,
1981). It is intuitive to expect that thicker stress barriers and greater stress jump at the barrier reduce the
likelihood of breakthrough. In this section, we simulate eight additional systems similar to the baseline
hydraulic-natural fracture model but with different parameters, as specified by Table 1, to study the
interactions between these factors. The approximate breakthrough time of each case is also listed in the
table.

Case No. Barrier Magnitude Barrier Thickness Differential Stress Fluid Viscosity ~Time of Breakthrough

(MPa) (m) (MPa) (cP) (s)
Baseline 2 13 3 1 730
Case 1 3 13 3 1 N/A
Case 2 3 13 5 1 712
Case 3 3 13 3 10 950
Case 4 3 13 5 10 619
Case 5 2 26 3 1 N/A
Case 6 2 26 5 1 N/A
Case 7 2 26 3 10 1055
Case 8 2 26 5 10 690

Table 1—Details of eight cases modified from baseline model. “N/A” (not applicable) here means the stress barrier was not broken
through at the end of the simulation.
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Figure 17 plots the maps of time of fracturing for four cases with increased stress barrier magnitude (3
MPa), where the time of fracturing for the baseline case (2 MPa) is also plotted for comparison. By
increasing stress barrier from 2 MPa to 3 MPa (Case 1), the hydraulic fracture is no longer able to break
through the barrier. However, if a larger horizontal differential stress exists, e.g., from 3 MPa to 5 MPa
(Case 2), hydraulic fracture can break through the barrier, but less fluid goes into upper pay zone compared
with baseline model. The alternative way to break an increased stress barrier is to increase the viscosity
of injection fluid, e.g., from 1cP to 10 cP (Case 3). Again, larger differential stress makes it easier to break
through and is able to divert more injection fluid into upper pay zone, as observed from the developed
fracture length in this region, as shown in Case 4.

Time of Fracturing (s)

.LSOO

i
i

Baseline model

Case 1:
Barrier= 3 MPa

Case 2:
Barrier= 3 MPa
Differential tress =5 MPa

Case 3:
Barrier= 3 MPa
Viscosity= 10 cP

Case 4:

Barrier= 3 Mpa
Viscosity= 10 cP
Differential tress =5 MPa

Figure 17—Variation of time of fracturing map for increased stress barrier magnitude from 2 MPa in baseline model to 3 MPa

Figure 18 plots the same map but with increased stress barrier thickness. When it increases from 13 m
in baseline model to 26 m (Case 5), the fracture is fully confined within the lower pay zone, even with
larger differential stress (Case 6). In contrast, increasing viscosity enables the fracture to penetrate into
stress barrier zone and eventually break through the stress barrier with the help of NF2 (Case 7). Similarly,
a larger differential stress reduces the barrier effect and enables more fluid into upper pay zone (Case 8).
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Figure 18— Variation of time of fracturing map for increased stress barrier thickness from 13 m in baseline model to 26 m

To better quantify the breakthrough time and lateral extension of hydraulic fracture in upper pay zone,
Figure 19 plots the comparison of time of fracturing in the row of elements immediately above the stress
barrier versus its horizontal position for these cases where breakthrough occurs. In this plot, we put origin
at the center so NF1 and NF2 are at x =-100 m and x = 100 m, respectively. The baseline model shows a
breakthrough time around 730s at left side of NF2 (x < 100 m) followed by monotonic increase of
fracturing time towards both tips. Higher viscosity shows a late breakthrough of the barrier, as implied in
Case 3 and Case 7. In contrast, larger differential stress results in a little bit earlier breakthrough, as implied
in Case 2, Case 4 and Case 8. One interesting observation is on the right side of NF2 (x > 100 m) the
increase is not monotonic for these cases with a larger stress barrier contrast. This indicates that fracture
front is not directly propagating to the right side. Instead, it bypasses this compressed area from the above
region of NF2 and then propagate back into the right side of NF2. This bypass mechanism has been
detailed analyzed in (Fu et al., 2015). Another observation worthy to point out is that although it takes a
longer time, a higher viscosity can directly break through the stress barrier near the injection area without
the help of natural fracture, as demonstrated by a second local bottom at x = 0 m for Case 7. Comparison
of Case 7 and Case 8 provides another insight that if the breakthrough at NF2 occurs at an earlier time,
the second direct breakthrough would not happen as there is no enough time for pressure buildup near the
injection area.
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Figure 19— Plot of time of fracturing in the line of computational cells immediately above the stress barrier (red dash line in Figure
17) for variable barrier magnitude and thickness.

Conclusions

A fully coupled, 3D hydraulic fracture simulation code is utilized to investigate the combined interaction
of a hydraulic fracture with natural fractures and stress barriers. A new process, through which a hydraulic
fracture, with the aid of a natural fracture, can break through a stress barrier layer that would otherwise
contains the hydraulic fracture’s height growth, is investigated. Two significant mechanisms contribute to
this process. The first mechanism is the stress perturbation due to slip of a favorably placed and oriented
natural fracture. It is well known that a natural fracture oblique to principal stress directions experiences
slipping when it is pressurized by the fluid from an intersecting hydraulic fracture. Such slipping can
induce both increases and decreases of normal stress in the original minimum horizontal stress direction,
toward the center and tip of the natural fracture, respectively. If the intersection happens to be near one of
the tips of the natural fracture, the slip-induced stress alteration can weaken the stress barrier locally and
allow the hydraulic fracture to propagate through. Although its occurrence seems to depend on the chance
that the hydraulic fracture happens to intersect the natural fracture at a specific location, in a real
stimulation this is in fact very likely to take place, given the numerous natural fractures in typical shale
formations. The second mechanism is related to the interference between fractures opposing each other
from the top and bottom sides of the stress barrier. A quantitative analysis finds that the fluid pressure
required by such an opposing-fracture configuration to completely penetrate a stress barrier (from above
and below simultaneously) is much lower than that required by a fracture penetrating from one side (from
below only). The first mechanism facilitates barrier breakthrough over a small segment of the barrier
layer. However, this limited breakthrough initiates an opposing-fracture configuration that “unzips” the
barrier layer in a progressive fashion over the full lateral extent of the hydraulic fracture.

Together with a previous work (Fu et al., 2015), we show that the interactions between hydraulic
fractures, natural fractures, and geologic factors such as stress barriers in 3D are much more complex than
in 2D. Although it is impossible for a specific study to exhaust all the possible configurations, we
demonstrate the ability of a 3D, fully coupled numerical model to naturally capture such processes,
including previously unknown and unstudied processes. Particularly, we verified that the modified virtual
crack close technique (MVCCT) accurately quantifies energy release rates for the complex configurations
evaluated, further establishing the credibility of the numerical models.

The main objective of the current work is to demonstrate a previously unappreciated process that
contributes to the understanding of the complex relationship between rock fabrics as well as the associated
stress heterogeneity, natural fractures, and the containment of hydraulic fractures. The study does not
intend to cover all factors that affect hydraulic fracture height growth. For instance, the interfaces between
layers can slip and blunt hydraulic fracture’s vertical growth (as speculated in Warpinski et al., 1998).
This mechanism could further strengthen the stress barrier although usually bedding planes are under
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much higher confining stress than natural fractures are and therefore are less susceptible to slipping.
Although no proppants are explicitly considered in the simulations, proppants are carried by the fracturing
fluid during stimulation as a largely passive component. The sensitivity analysis on fluid viscosity to some
extent has addressed proppants’ effects through increased apparent viscosity of the fracturing fluid.
Nevertheless, hydraulic fracture’s vertical growth is a very complex matter; the current study demonstrates
there are still a great deal of unknowns to be explored on this subject.

Nomenclature
h = fracture height, m
K; = stress intensity factor of Mode I, MPasm®>
Kie = critical stress intensity factor of Mode I, MPasm’-
Shmin = minimum horizontal in situ stress, Pa
SHmax = maximum horizontal in situ stress, Pa
p = fracture pressure, Pa
wo = aperture of fracture at zero effective stress, m
wret = aperture of fracture at reference effective stress, m
o', = normal contact stress, Pa
Ao = stress difference, Pa
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