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a b s t r a c t

Hydraulic fracturing is considered the main stimulation method to develop shale gas reservoirs. Due to
its strong heterogeneity, the shale gas formation is typically embedded with geological discontinuities
such as bedding planes and natural fractures. Many researchers realized that the interaction between
natural fractures and hydraulic fractures plays a crucial role in generating a complex fracture network. In
this paper, true tri-axial hydraulic fracturing tests were performed on polymethyl methacrylate (PMMA),
on which pre-existing fracture was pre-manufactured to simulate natural fracture. A cohesive model has
been developed to verify the results of the experimental tests. The key findings demonstrate that the
experimental results agreed well with the numerical simulation outcomes where three main interaction
modes were observed: crossing; being arrested by opening the pre-existing fracture; being arrested
without dilating the pre-existing fracture. Crossing behavior is more likely to occur with the approaching
angle, horizontal stress difference, and injection rate increase. Furthermore, the higher flow rate might
assist in reactivating the natural fractures where both sides of the pre-existing fractures were reactivated
as the injection rate increased from 5 to 20 mL/min. Additionally, hydraulic fractures show a tendency to
extend vertically rather than along the direction of maximum horizontal stress when they are first
terminated at the interface. This research may contribute to the field application of hydraulic fracturing
in shale gas formation.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/

4.0/).
1. Introduction

Shale gas, one of the major unconventional resources, is
particularly heterogeneous with low porosity and permeability.
There is a need to stimulate the shale gas reservoir in order to
enhance its recovery and develop economically (Zeng et al., 2015;
Zhang et al., 2015; Zhao et al., 2021). The hydraulic fracturing
technique has been utilized for decades which can create complex
fracture networks at the target zone by high-pressure water
injected (Cong et al., 2022). Shale gas formation was typically
embedded with geological discontinuities such as bedding planes,
joints, and natural fractures which are the vital storage place for the
oil and gas (Gale et al., 2014; Zhao et al., 2020b). However, many
field applications demonstrated that natural fractures have a sig-
nificant influence on the propagation of hydraulic fractures (Gale
g).

y Elsevier B.V. on behalf of KeAi Co
et al., 2007; Zou et al., 2016a; Li et al., 2020; Fu et al., 2021;
Zhang et al., 2021; Memon et al., 2022). According to the coring
samples of several typical shale reservoirs, it is found that there are
a large number of cemented natural fractures filled with minerals
such as quartz and calcite acting as weak planes (Zhao et al., 2020a).
Microseismic monitoring results have indicated that hydraulic
fractures could activate natural fractures forming complex fracture
networks under certain conditions. Other works from DTS/DAS
implied that partial penetration or even impeded fracture growth
would occur due to the thin natural fractures or laminations in the
reservoir (Xie et al., 2020). It is commonly agreed that the inter-
action between hydraulic fractures and pre-existing discontinuity
is the key to enhancing the permeability of shale gas reservoirs
(Hou et al., 2016; Zhou et al., 2016). However, there is still a lack of
understanding of the propagation of hydraulic fractures when it
interacts with pre-existing fractures due to limited monitoring
methods (Roshankhah et al., 2018, 2019; Xie et al., 2021).

Several researchers have studied the influence of pre-existing
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Fig. 1. Schematic of the true tri-axial hydraulic fracturing experimental set-up.
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fractures on hydraulic fracture propagation based on laboratory
tests (Zhou et al., 2007; Gu et al., 2012; Kolawole and Ispas, 2020). It
is widely believed that horizontal stress difference and approach-
ing angle are the two main factors affecting whether the hydraulic
fracture could cross the natural fractures or not (Zhang et al., 2020a;
Kolawole and Ispas, 2020). Many test results showed that hydraulic
fractures tend to be arrested by pre-existing fractures at low hori-
zontal stress differences and small approaching angles (Zhou et al.,
2010; Fatahi et al., 2017). Notably, the growth of fracture is also
restricted by properties of the natural fractures, including interface
shear strength, tensile strength, frictional strength, etc. Previous
experiments showed that mineral composition inside the natural
fractures affects the frictional properties of fracturing which hugely
impacts the interaction behaviors between the natural fractures
and hydraulic fractures. Artificial specimens with different strength
cemented natural fractures also had been investigated, the results
indicated that the hydraulic fractures would be arrested by weakly
bonded natural fractures (Fu et al., 2015). Whereas, the hydraulic
fracturewasmore prone to cross the natural fractures with strongly
bonded natural fractures, concluding that the mechanical property
of weak planes significantly influenced the propagation of hy-
draulic fracture (Wang et al., 2018; Liu et al., 2022a, b). Moreover,
some researchers found that the width of the natural fracture also
plays a vital role in affecting the fracture interaction mode. It is
observed that the larger size of the natural fracture, the less chance
for hydraulic fractures to cross the natural fractures (Dong et al.,
2018; Xie et al., 2022).

However, it is virtually impossible to observe the interactions
between hydraulic fractures and pre-existing fractures while frac-
turing the rock samples. Indirect methods, such as acoustic emis-
sions (AE), have been used to infer the geometry of hydraulic
fractures, but they could not clearly indicate the interactions be-
haviors between the hydraulic fractures and the pre-existing frac-
tures (Groenenboom et al., 1995; Frash, 2014). Moreover, the spatial
resolution of the AE signal is relativity low compared to the size of
fractures (Roshankhah et al., 2018). CT scanning is another way to
obtain the geometry of the fracture networks (Guo et al., 2014; Zou
et al., 2016b). Despite CT scanning showing a better spatial reso-
lution of the fracture geometry than AEmonitoring, it still has some
disadvantages. For instance, it is not able to present the process of
hydraulic fracture propagation and only capable of scanning rock
specimens less than 100 mm3 (Liu et al., 2019; Li and Zang, 2021).

Polymethyl methacrylate (PMMA) is a transparent thermo-
plastic often used as a substitute for natural rocks because of its
optical transparency, allowing visual assessment of the process of
hydraulic fracturingwithout using sophisticated techniques such as
AE and CT (Roshankhah et al., 2018; Li and Zhou, 2022). Another
advantage of using PMMA as the specimen is its proximity to the
mechanical properties of the shale gas formation. Although the
tensile strength of the PMMA is rather high, the fracture toughness
which is the dominant factor that influenced the cracking behaviors
exhibits relatively similar values between the PMMA and shale.
Additionally, the PMMA material presents a strong brittleness
behavior showing a similar failure pattern with shale. Therefore,
several researchers have conducted hydraulic fracturing experi-
mental tests of PMMA to study fracture propagation behaviors (Wu
et al., 2008; Zhou et al., 2018; Dong et al., 2021). The effect of
confining stress, temperature, and borehole diameter on hydraulic
fracturing was investigated using PMMA samples. In addition,
water-less fracturing such as liquid nitrogen fracturing and super-
critical CO2 fracturing was tested on PMMA samples, allowing to
observe of the pattern of the fracture network without opening up
the specimens (Zhou et al., 2018; Hong et al., 2020).

So far, the previous research was primarily focused on whether
the hydraulic fracture could be arrested by the natural fracture or
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not (Kolawole and Ispas, 2020). To our knowledge, few experiments
have been conducted to visually present the process of hydraulic
fractures interacting with pre-existing fractures. Therefore, in this
paper, we conducted true triaxial hydraulic fracturing tests on
PMMA specimens with pre-existing fractures. The propagation of
hydraulic fractures was analyzed and the interactions behaviors
between hydraulic fractures and pre-existing fractures were
investigated. Main factors including in-situ stress difference,
approaching angle, and injection rate were quantitatively investi-
gated to figure out their effect on fracture interaction behaviors.
Moreover, the propagation process of hydraulic fracture encounters
with pre-existing fractures was captured by a high-speed video
camera. A hydro-mechanical model was developed by the cohesive
zone method and the experimental results agreed well with the
numerical simulations. The key findings give us a better under-
standing of fracture interaction behaviors and provide theoretical
guidance for the hydraulic fracturing of shale gas reservoirs.

The remainder of this paper is organized as follows. Section 2
describes the experimental procedure and sample preparation.
Section 3 elucidates the results of the experimental tests. Section 4
presents the numerical simulation cases developed by the cohesive
zone model. Section 5 gives a discussion about fracture interaction
modes and the reasons why the experimental results show some
degree of discrepancy with the theory. Lastly, the summaries and
conclusions were presented in Section 6.
2. Experimental set-up and sample preparation

2.1. Experimental set-up

The tests were performed on a self-developed true triaxial
pressure loading system. The experimental setup is shown in Fig. 1
which mainly consists of a water injection system, a true triaxial
loading system, and a computer control system. Thewater injection
system is capable of pressurizing water (up to 60 MPa) in the
borehole by a servo-hydraulic pumpwith a constant flow rate of up
to 50 mL/min. The true triaxial loading system was developed to
simulate in-situ stress by exerting pressure in three directions. It
mainly consists of two parts: a cubic loading chamber and hand
piston pumps used for manually adjusting the pressure loaded on
the confining plates. The cubic chamber can place specimens
within the size of 200 mm cubes. The maximum confining stress is
able to reach up to 20 MPa depending on the size of the specimen.
The top platen of the chamber was centrally opened with a 20 mm
diameter hole to make sure the water injection line is able to
connect with the borehole. The computer control system is
composed of data acquisition software and pressure sensors. The
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computer control system can control and monitor the water in-
jection system, and the pressure data and the pumping rate will be
automatically recorded into the computer during the fracturing
process.

The experimental procedure is as follows:

(1) Install the testing specimen in the loading chamber and
check the pipelines are connected correctly.

(2) Open the valves between the chamber and the hand piston
pump, then load the specimen gradually until it reaches the
target pressure.

(3) Open the valve mounted on the injection pipeline. Set a
certain value of water injection rate on the computer control
system and start the syringe pump. During the test, the
loading value, injection pressure, and pumping rate are
automatically recorded.

(4) After successfully fracturing the specimen, stop injecting
water, save the data, and release the confining pressure
loaded on the specimen. Take the specimen out of the
chamber and close all valves.

(5) Repeat the procedure above to finish all the tests.
2.2. Sample preparation

To visually observe the initiation and propagation of hydraulic
fracture, we conducted hydraulic fracturing tests on PMMA cubes
with the size of 100 mm3. A simulated borehole with a diameter of
16 mm is drilled to 60 mm in depth at the center of the surface. An
inner diameter of 12 mm stainless steel tube was cemented with
epoxy into the model borehole leaving a 20 mm open hole at the
bottom for fracturing. Additionally, the upper 40 mm of the bore-
hole was processed with screw threads to increase the contact area
between epoxy and borehole, improving the sealing quality of the
wellbore. As mentioned before, the tensile strength of the PMMA is
relatively high, and there is almost no leak-off during the fracturing
process, resulting in the breakdown pressure being relatively high
(up to 35MPa). The lower the breakdownpressure, the lower risk of
seal leakage. Thus, two 10 mm high, 2 mm deep V-shape notches
were induced symmetrically at the bottom of the borehole to
decrease the breakdown pressure promoting the initiation of the
hydraulic fractures, as shown in Fig. 2(a). Additionally, the preset
notches are all along the direction of maximum principle stress, by
doing so, the direction of hydraulic fractures initiation would be
notch-originated propagating along with the direction of the
maximum principle stress, and then the approaching angle would
be close to what we have assumed. The mechanical properties of
the sample are summarized in Table 1.

One of the main reasons for using PMMA as test samples is the
flexibility of producing natural fractures inside the rock. In contrast,
the properties of natural fractures in the natural rock present strong
anisotropy which make it difficult to compare one to another. We
first simulated three different kinds of analogue natural fractures
by altering the glued area between the bonded interfaces (fully
glued interface, partially glued interface, grooved glued interface)
in the pre-tests (the test results were not presented in this work).
The pre-tests result stated that PMMA samples with the fully glued
interface produced highly repeatable outcomes where crossing and
arresting behaviors were able to occur (Xie et al., 2021). Whereas,
the predefined glued areas were not well controlled for partially
glued interfaces and grooved glued interfaces, the final fracture
geometries exhibited multiple outcomes under the same condi-
tions. Natural fractures simulated in this way result in too much
uncertainty when studying the influences of different factors on
hydraulic fractures, as samples vary greatly from each case.
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Therefore, we simulated the natural fractures with desired and
repeatable geometry by fully gluing PMMA plates together for the
rest of the tests.

Thus, we applied the same method in this experimental test to
pre-fracture the specimen. Three PMMA plates with certain thick-
nesses were stacked together at different angles according to the
direction of initiation of hydraulic fracture. Three different angles
(30�, 60�, 90�) were set to investigate the influence of the
approaching angle on fracture propagation. The interfaces between
PMMA plates were glued with fast-drying high-strength PMMA
glue acting as the pre-existing fractures inside the specimen.
Fig. 2(bed) showed a sketch of the pre-fractured PMMA with
different bounding angles. We defined approaching angles (a) as
the angle between the direction of the pre-fractured interface and
the direction of maximum horizontal stress.
2.3. Experimental scheme and procedure

Nine groups of tests were conducted to investigate the effect of
horizontal stress difference, approaching angle, and injection rate
on fracture interaction behavior, respectively. The direction of
minimum horizontal stress is perpendicular to the direction of the
initial crack in order to facilitate the hydraulic fracture initiated
from the notch. As mentioned above, an initial set of pre-tests were
conducted on the PMMA sample to investigate the feasibility of the
experiments and the results indicated that ourmethod for testing is
reliable and repeatable, which were not shown in the table below.
The horizontal stress difference coefficient is defined in Eq. (1)

Κh ¼
sH � sh

sh
(1)

In which Kh is the horizontal stress difference coefficient, sH
[MPa] is the maximum horizontal in-situ stress, and sh [MPa] is the
minimum horizontal in-situ stress. The magnitude of the applied
confining stress and injection rate was chosen based on our pre-
vious experimental tests. A summary of the test parameters is
shown in Table 2.
3. Experimental results analysis

3.1. Fracture morphology of hydraulic fracture interacting with pre-
existing fracture

After fracturing the specimens, we observed PMMA specimens
under green laser irradiation to clearly identify the fracture ge-
ometry and took photos from the bottom side of the view. Fig. 3
shows the fracture morphology of PMMA specimens at different
approaching angles. It clearly showed that three types of fracture
interaction behaviors were observed: i. Hydraulic fracture crossed
pre-existing fractures (#1); ii. Pre-existing fractures impeded hy-
draulic fracture without being reactivated (#2); iii. The arrest of
hydraulic fracture by reactivating the pre-existing fractures (#3). As
shown in Fig. 3, the hydraulic fracture was initiated from the initial
notch perpendicular to the direction of minimum horizontal stress
(sh), and then propagated along the maximum horizontal stress
(sH) until encountered the pre-existing fracture. In the case of #1
(Fig. 3(a)), a bi-wing fracture was formed penetrating both sides of
pre-existing fracture with the approaching angle of q ¼ 90�. After
intersecting with the interface, hydraulic fractures continued to
extend along the direction of maximum horizontal stress until they
reached the exterior of the specimen and did not activate any of the
pre-existing fractures. When the approaching angle between hy-
draulic fracture and natural fracture decreased to q¼ 60� (Fig. 3(b)),
only one side of pre-existing fracturewas crossed and another wing



Fig. 2. Schematic of different bonding angles of PMMA specimens (a) Intact PMMA; (b) a ¼ 30�; (c) a ¼ 60�; (d) a ¼ 90� .

Table 1
PMMA mechanical properties.

Sample material properties PMMA Shale

Tensile strength, MPa 51.53 7.72
Uniaxial compressive strength, MPa 141.33 52.32
Elastic modulus, GPa 8.14 5.31
Toughness, MPa$m�1/2 1.52 1.15
Poisson's ratio 0.41 0.29
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of hydraulic fracture was stopped at the interface. Minor deflecting
of hydraulic fracture was observed right after it penetrated the
interface and gradually propagated parallel to the direction of
maximum principal horizontal stresses. As the approaching angle
down to q¼ 30� (Fig. 3(c)), the hydraulic fracture was terminated at
the pre-existing fracture and propagated along the interface by
activating the pre-existing fracture. The finding implies that the
pre-existing fracture is prone to be penetrated under high angles of
approach. The test results were in great agreement with the
3726
conclusion presented by former scholars where the hydraulic
fracture was prone to be arrested by natural fractures or to activate
the natural fractures under a low approaching angle.

3.2. Effect of in-suit horizontal stress difference on the interaction
behaviors

To investigate the effect of horizontal stress difference on frac-
ture interaction behaviors, the injection rate (Q ¼ 5 mL/min) and
approaching angle (q ¼ 60�) remain constant while the value of kh
(from 1 to 2.3) is variable. The fracture geometry of PMMA speci-
mens was shown in Fig. 4. Three different behaviors of fracture
interaction were observed in this group of tests, all the specimens
generated a bi-wing hydraulic fracture from the bottom of the open
hole and propagated perpendicular to the direction of minimum
horizontal stress. It was noted that all the hydraulic fractures
intersected the pre-existing fracture at the approximately same
angle (q¼ 60�). When the value of kh was equal to 2.3, the hydraulic
fracture crossed both sides of pre-existing fractures and continued



Table 2
The hydraulic fracturing experimental tests scheme.

Specimen number # Approaching angle sH, MPa sh, MPa sv, MPa In-situ stress difference Injection rate, mL/min

1 90� 10 4 15 1.5 30
2 60� 10 4 15 1.5 30
3 30� 10 4 15 1.5 30
4 60� 10 5 15 1 5
5 60� 10 4 15 1.5 5
6 60� 10 3 15 2.3 5
7 60� 10 4 15 1.5 20
8 90� 10 10 0 0 5
9 90� 10 0 15 e 5

We defined a as the angle between the direction of the pre-fractured interface and the direction of maximum horizontal stress.

Fig. 3. The geometry of hydraulic fractures at different interaction angles (a) q ¼ 90�; (b) q ¼ 60�; (c) q ¼ 30� .

Fig. 4. Geometry of hydraulic fractures at different horizontal stress differences (a) kh ¼ 2.3; (b) kh ¼ 1.5; (c) kh ¼ 1.
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to propagate along the direction of sH as was expected, and none of
the pre-existing fractures was reactivated by hydraulic fracture, as
shown in Fig. 4(a). With the value of kh decreased to 1.5, only one
wing hydraulic fracture was formed and impeded at the pre-
existing fracture, then the hydraulic fracture propagated along
the pre-existing fracture by opening the interface. For kh equals 1,
the bi-wing hydraulic fracture was initiated from the notch and
extended to the pre-existing fracture parallel to the direction of the
maximum horizontal stress. As the hydraulic fracture terminated at
the pre-existing fracture, it started to open and dilate both sides of
the pre-existing fracture and grew along the interface until one of
the fracture tips reached the surface of the specimen. The blue line
represented the area where the pre-existing fracture was reac-
tivated. The test results revealed that the interaction behavior be-
tween hydraulic fracture and the pre-existing fracture was
impacted by the ratio of horizontal stress difference. Under a
greater value of kh, the hydraulic fracture tends to penetrate over
3727
the interface. In contrast, the hydraulic fracture is more likely to be
arrested by natural fracture under a lower value of kh. Moreover, we
observed that both sides of the natural fractures were reactivated
when the kh was equal to 1, and as the kh increased to 1.5 only one
side of the natural fractures was dilated presenting a smaller
reactivated area than sample 4#. Post-test observation of sample
6# shows that only direct crossing behavior was presented without
activating any of the natural fractures. The reason might be
attributed to the smaller horizontal stress difference would induce
higher pressure water propagating inside the samples, which
promotes activating the natural fractures.
3.3. Effect of injection rate on fracture propagation

The injection rate is an important controllable factor in the
reservoir stimulations, while the confining stress and rock me-
chanical properties are uncontrollable variables. Adjusting the
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injection rate of the fracturing fluid is the primary method to
optimize the effect of fracturing. A group of tests was conducted to
investigate the effect of pumping rate on the interaction behaviors
between hydraulic fracture and pre-existing fracture. In this group
of tests, the ratio of horizontal stress difference and approaching
angle are fixed to the value of 1.5 and 60�, respectively. Injection
rates were set with the value of 5, 20, and 30 mL/min, respectively.
It is clear from the test results that with the increase in the pumping
rate, the hydraulic fracture has the inclination to cross the pre-
existing fracture, as shown in Fig. 5. This is because the injection
rate has a positive correlation with the fracture aperture and the
stress intensity factor. With the increase of injection rate, the stress
intensity factor increases accordingly. As the stress intensity factor
exceeds the fracture toughness of the rock, a new fracture is ex-
pected to form at the interface. Thus, the hydraulic fracture tended
to penetrate over the interface under a higher injection rate. An
important fact to emphasize is that only one side of the pre-existing
fracture was dilated with the flow rate of 5 mL/min and both sides
of the pre-existing fractures were reactivated when the injection
rate increased to 20 mL/min. Whereas, the hydraulic fracture
directly crossed the interface without opening or dilating the pre-
existing fracture under the injection rate of 30 mL/min. A higher
flow rate might assist in reactivating the natural fractures but the
reactivated area tends to reduce when the flow rate is high enough
to cross over the pre-existing interface.
3.4. The process of hydraulic fracture dynamic propagation

To visualize the interaction characteristics of arresting and
crossing, the high-speed camera was applied during the last two
tests to record the hydraulic fracture initiation and propagation
process. Fig. 6 shows the progression of the hydraulic fracture
growth at different time. For sample 8#, the upper confining plate
was removed, so that the fracture growth was able to be captured
from the top view of the specimens, meaning that no vertical stress
(sz) would be applied during the fracturing tests. As shown in
Fig. 6(a), the hydraulic fracture was initiated from the bottom hole
forming a transverse fracture (perpendicular to the wellbore) as we
expected. This is because no vertical stress was applied, so hy-
draulic fracture would propagate along the least resistance direc-
tion (horizontal plane). It is obvious that the hydraulic fracture was
impeded by the interface as it first reached the pre-existing frac-
ture. Since the PMMA sample was not subject to vertical stress
resulting the fluid pressure in the hydraulic fracture being lower
than the normal stress acting on the interface, hence, the hydraulic
fracture is unable to penetrate through the interface and tends to be
arrested. As presented in Fig. 6(b) and (c), with the fracturing fluid
continuing to pump in, the hydraulic fracture only extended
Fig. 5. Geometry of hydraulic fractures under different injection rat
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laterally within the area of two interfaces until it reached the
boundary of the specimen.

The strong brittleness of the PMMA leads to the propagation
speed rather fast, a vacuum zone behind a leading edge of the
fracture was clearly captured by the high-speed camera, as shown
in Fig. 6(b), the yellow line represents the tip of the fracture and the
dark dash line represents the fluid front tip. This phenomenon
might cause a strong pressure gradient along the fracture meaning
that high fluid pressure unable to reach the tip of a propagating
hydraulic fracture. As a consequence, the hydraulic fracture is
preferentially arrested rather than activating the pre-existing nat-
ural fractures.

It is unlikely to form a vertical hydraulic fracture under the
strike-slip faulting stress regime (sH > sv > sh). In such cases, the
direction of hydraulic fracture growth was not controlled by hori-
zontal stress difference indicating that the pre-existing fracture
could not be easily crossed by the hydraulic fracture. To improve the
understanding of fracture crossing behaviors, we removed one of
the side confining plates for recording by the high-speed camera. It
was worth mentioning that the minimum horizontal stress was
zero due to the lack of placing one of the side plates (sample 9#).
Moreover, the vertical stress and maximum horizontal stress were
set to 15 and 10 MPa, respectively. The fracture patterns were
shown in Fig. 7, it is clear that as the right-wing of the fracture first
arrived at the interface, it showed a strong tendency to be stopped
at the interface and started to extend vertically forming a bi-wing
fracture. Different from sample 8#, the right-wing of the hydrau-
lic fracture was reinitiated at the intersection point penetrating
over the pre-existing interface after the hydraulic fracture vertically
grow to some extent as seen in Fig. 7(c). This is because as the
hydraulic fracture started to extend vertically, the net pressure
increases accordingly and eventually exceeds the pressure neces-
sary to initiate a fracture at the intersection point. However, the
left-wing of the hydraulic fracture was impeded by the bounded
interface and only extended vertically. One of the possible reasons
is that since one wing of the fracture has already crossed the
interface, it needed less energy to extend along this direction rather
than penetrating over another pre-existing interface.

We could observe from Figs. 6 and 7 that as the hydraulic frac-
ture reached the interface, it showed a tendency to stop propa-
gating along the original direction and started to grow laterally or
vertically. The possible reason for this phenomenon could be the
fully glued interface presents rather high mechanical strength
impeding the hydraulic fracture penetrated through it.
3.5. Injection pressure evolution

The pressure curve can be used to evaluate the interaction
es (a) Q ¼ 5 mL/min; (b) Q ¼ 20 mL/min; (c) Q ¼ 30 mL/min.



Fig. 6. The process of hydraulic fracture being arrested by pre-existing fracture at different times (a) 0 s; (b) 0.034 s; (c) 0.084 s.

Fig. 7. The process of hydraulic fracture crossing the pre-existing fractures at different time (a) 0 s; (b) 0.031 s; (c) 0.078 s.
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behaviors and morphology of the fracture network (Dehghan,
2020). Typically, when hydraulic fractures reach the natural frac-
tures, the injection pressure exhibits different behaviors such as the
pressure could decrease or increase with some fluctuations. Even
though PMMA shows similar mechanical properties as shale, no
such behaviors appeared in the pressure curve of PMMA samples,
as shown in Fig. 8. It can be found that all the curves could be
divided into four stages: a moderate increase, a sharp increase, a
sudden drop, and a stable zone. The sharp decrease of the pressure
curve indicated that PMMA samples exhibit a highly brittle
behavior due to their impermeable and mechanical properties.
Besides, according to the images captured by the high-speed
camera in the previous section, the propagation speed of
Fig. 8. Injection pressure versus time. (a) Injection curves at different approaching angles
different injection rates.

3729
hydraulic fractures was extremely rapid due to the strong brittle-
ness of the specimens and the scale of the test samples. That may
explain why there are no obvious changes on the pressure curve
when hydraulic fractures intersectedwith the pre-existing fracture.

In the hydraulic fracturing tests, the breakdown pressure is used
to evaluate the level of fracturing difficulty. According to Fig. 8(b),
the lower value of kh, the higher the breakdown pressure. This is
because as the kh decreases, the confining stress increases
accordingly, requiring higher fluid pressure to break down the rock
and generate fractures. Besides, it can be seen from Fig. 8(c) that
with the decrease of the injection rate, the breakdown pressure
increases from 12.68 to 15.42MPa, indicating that the injection rate
has a negative correlation with the breakdown pressure of PMMA
; (b) Injection curves at different horizontal stress differences; (c) Injection curves at



Z.-X. Xie, X.-G. Wu, T.-D. Long et al. Petroleum Science 20 (2023) 3723e3735
specimens. However, the results of the tests were not consistent
with that of the natural rock (shale, sandstone) subject to hydraulic
fracturing, where injection pressure exhibits a positive correlation
with the pumping rate. The possible reason could be more frac-
turing fluid leaking off to the porousmedium around the open hole,
decreasing the breakdown pressure for the natural rock. Whereas,
it is nearly impermeable for PMMA material.
Fig. 10. Schematic diagram of fluid flow within the cohesive element (Abaqus, 2011).

4. Numerical simulation of hydraulic fracture interacting
with pre-existing fracture

4.1. Basic theory

The cohesive zonemethodwas first introduced in 1959, which is
capable of simulating the initiation and propagation of hydraulic
fractures by defining the mechanical strength of the fracture and
the rock (Barenblatt,1962; Li et al., 2017; Baykin and Golovin, 2018).
The process of fracture growth, fluid flow, rock deformation, and
fluid leak-off were fully coupled through the cohesive elements,
and some researchers have successfully applied this method to
investigate the interaction behaviors between hydraulic fracture
and natural fracture. The law of material damage to the cohesive
element followed the bilinear model where two damage stages
were defined as shown in Fig. 9. The cohesive element presents
reversible linear elastic until it reaches the material's maximum
strength. Once the traction exceeds the strength limit, the strength
of the cohesive element decreases linearly until the damage occurs.

The fracturing fluid within cohesive elements was assumed to
be incompressible Newtonian fluid, and it was divided into the
tangential flow which indicated the propagation of the fracture,
and the normal flow representing the fluid leak-off into the nearby
material, as indicated in Fig. 10.

The tangential flow within the fracture is governed by Eq. (2):

q¼ t3

12m
Vr (2)

where q [m3] is the fluid flux velocity vector, m [Pa$s] is the viscosity
of the fracturing fluid, Vr [Pa] is the pore pressure gradient, and t
[m] is the opening of the fracture. The normal flow is presented as

�
qt ¼ CtðPi � PtÞ
qb ¼ CbðPi � PbÞ (3)

where qt [m/s] and qb [m/s] represent the fluid flux velocity infil-
trating the top and bottom cohesive elements, Ct and Cb are the top
and bottom leak-off coefficients of the cohesive element surfaces, Pt
[Pa] and Pb [Pa] are pore pressure of the top and bottom surface of
the cohesive elements, and Pi represents the pore pressure inside
the cohesive elements.
Fig. 9. Quadratic nominal stress traction-separation law (Abaqus, 2011).
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4.2. Model implementation

In this work, a hydro-mechanical model was implemented by
Abaqus, the hydraulic fracture and pre-existing fractures were
represented by zero-thickness cohesive elements so that the frac-
tures could initiate and propagate along the predefined path, which
was represented by the yellow line in Fig. 11. To simplify the
computing process and decrease simulation time, only one hy-
draulic fracture and a single natural fracture were embedded in the
model. The injection point was placed at the beginning of the hy-
draulic fracture and the fracturing fluid was pumped at a constant
injection rate. The approaching angles between hydraulic fracture
and natural fracture were set at 30�, 60�, and 90�, which were lined
up with experimental tests. According to the size of PMMA speci-
mens, the numerical model was defined as 50 mm � 50 mm to
better verify the results of hydraulic fracturing experimental tests.
The model was discretized into a number of 15100 elements
(CPE4P) and the intersection node of the cohesive element was able
to transfer the fluid pressure from the hydraulic fracture to the
natural fracture so that the hydraulic fracture would either prop-
agate across the natural fracture or deflect into the natural fracture.
The schematic models of the discretized domain are shown in
Fig. 11.
4.3. Input data

In ourmodel, the natural fractureswere considered as cemented
natural fractures presenting a lower value of tensile and shear
strength. Compare to the frictional natural fractures, shear slippage
of cemented natural fractures is not likely to occur, as a result, the
shear stress of natural fractures is higher than that of the tensile
stress (Zhang et al., 2020b). Based on our previous mechanical tests
of the shale samples containing cemented natural fractures, the
mechanical strength of rock mass is roughly two times higher than
that of the cemented natural fracture. The other input parameters
are in accordance with the properties of the PMMA and the data
from the numerical simulations presented by other scholars (Guo
et al., 2017; Li et al., 2019; Wang, 2019; Sun et al., 2022), the
input data are summarized in Table 3.
4.4. Simulation results and analysis

Three models with different approaching angles (30�, 60�, 90�)
were introduced to investigate the effect of the approaching angle
between the natural fracture and hydraulic fracture. To be noted
that the confining stress in the simulation models was aligned with
the in-situ stress set by the experimental tests to verify the results
of the hydraulic fracturing laboratory tests. For better visualization,
the degree of element deformationwas zoomed out 50 times larger
than its actual damage. A summary of numerical simulation pa-
rameters was shown in Table 4. The simulation results were shown
in Figs. 12e14.



Fig. 11. Schematic model of the hydraulic fracture approaching the natural fracture at different angles (a) a ¼ 90�; (b) a ¼ 60�; (c) a ¼ 30� .

Table 3
Mechanical and hydraulic properties of the numerical model.

Categories Variables Values

Rock matrix Young's modulus, GPa 8
Poisson's ratio 0.4
Hydraulic conductivity, m$s�1 1 � 10�13

Porosity 0.05
Tensile stress, MPa 50
Shear stress, MPa 80

Natural fracture Tensile stress, MPa 25
Shear stress, MPa 40

Fracturing fluid Fluid viscosity, Pa$s 1 � 10�3

Specific weight, kN$m�3 9.8
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Fig. 12 presented the fracture geometry under different
approaching angles (30�, 60�, 90�). The results revealed that the
approaching angle determines the interaction behaviors between
the hydraulic fracture and natural fracture. The hydraulic fracture
was stopped and arrested by the natural fracture within the
approaching angle between 30� and 60�. As the fracturing fluid
continued to pump in, the hydraulic fracture diverted into the pre-
existing fracture as shown in Fig. 12(a) and (b). When the a in-
creases to 90�, the natural fracture was crossed under the same
confining stress. The results demonstrated that the larger the
approaching angle, the easier the hydraulic fracture is to propagate
through the natural fracture.

In order to study the influence of horizontal in-situ stress dif-
ference on the interaction behaviors, the injection rate and
approaching angle were fixed at 5 mL/min and 60� respectively. As
shown in Fig.13, the hydraulic fracturewas initiated at the injection
point and propagated perpendicular to the direction of minimum
horizontal stress. The natural fracture tended to impede the growth
of hydraulic fracture when the horizontal stress difference is less
than 1, which agrees well with the experimental results.

In the cases where larger horizontal stress differences and
Table 4
Experimental and numerical simulation results.

Simulation case # Approaching angle In-situ stress difference

1 90� 1.5
2 60� 1.5
3 30� 1.5
4 60� 1
5 60� 1.5
6 60� 2.3
7 60� 1.5
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approaching angles are simulated, higher normal stress could be
applied to the natural fracture. Therefore, large tensile stress or
shear stress is required to overcome the bonding force and open up
the natural fracture, resulting in the crossing behavior being more
likely to occur as shown in Fig. 13(b) and (c).

Fig. 14 showed the simulation results under different injection
rates, and it demonstrated that the injection rate is also an
important factor in affecting the pattern of fracture networks. In
this group of simulations, the in-situ stress difference and the
approaching angle are fixed at the value of 1.5 and 60�, respectively.
As expected, the hydraulic fracture is prone to cross the natural
fractures at a higher injection rate. As shown in Fig. 14(a), under the
injection rate of 30 mL/min, the hydraulic fracture crossed the
natural fracture and propagated orthogonal to the direction of
minimum horizontal stress. As the injection rate decreased to 5mL/
min, the hydraulic fracture tended to turn into the natural fracture,
deviating from the preferential propagation direction (Fig. 14(c)).

In general, the 2D cohesivemodel was able to simulate hydraulic
fracturing based on the finite method, and the simulation results
showed a great agreement with that of the hydraulic fracturing
experimental tests, which were concluded in Table 4.

5. Discussions

Ture tri-axial hydraulic fracturing experimental tests and nu-
merical simulations were carried out to investigate the interaction
behavior between pre-existing fracture and hydraulic fracture. The
experimental outcomes are consistent well with the numerical
results simulated by the cohesive zone method. According to the
results, three different interaction modes were observed: hydraulic
fracture crossed natural fracture; hydraulic fracture was arrested by
activating the interface; hydraulic fracture was arrested without
activating the interface.

Based on the previous study of hydraulic fracturing on natural
rocks, the hydraulic fracture could cross and dilate the natural
Injection rate, mL/min Simulation results Experimental results

30 Crossed Crossed
30 Arrested Arrested
30 Arrested Arrested
5 Arrested Arrested
5 Arrested Arrested
5 Crossed Crossed
20 Crossed Crossed



Fig. 12. The simulation results of hydraulic fracture interacting with the natural fracture at different approaching angles (a) a ¼ 90�; (b) a ¼ 60�; (c) a ¼ 30� .

Fig. 13. The simulation results of hydraulic fracture interacting with natural fracture at different horizontal stress differences (a) kh ¼ 1, (b) kh ¼ 1.5, (c) kh ¼ 2.3.

Fig. 14. The simulation results of hydraulic fracture interacting with the natural fracture at different injection rates (a) Q ¼ 30 mL/min; (b) Q ¼ 20 mL/min; (c) Q ¼ 5 mL/min.

Z.-X. Xie, X.-G. Wu, T.-D. Long et al. Petroleum Science 20 (2023) 3723e3735
fractures simultaneously, as shown in Fig. 15(b). Whereas, such
behavior did not exist in our study. Previous research showed that
the properties of the natural fractures (the mechanical strength of
the natural fractures, the fracture frictional properties, etc.) have a
huge influence on the fracture interaction behaviors as well
(Kolawole and Ispas, 2020; Tang et al., 2023). The reason for the
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discrepancy might be that the pre-existing interface in our tests
was simulated by gluing plates together, presenting the high
cemented strength with extremely low permeability within the
interface, meaning that the pre-manufactured natural fractures
tend not to be dilated when the fluid approach the intersection
point.



Fig. 15. Interaction mode between hydraulic fracture and natural fracture. (a) Arresting; (b) Crossing with dilation; (c) Crossing without dilation.
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It should also be aware that as we were conducting hydraulic
fracturing experimental tests, there were a few tests inconsistent
with the results of the others. According to the studies, we
concluded that hydraulic fractures are prone to cross the natural
fracture at a higher approaching angle and horizontal stress dif-
ference, which was also confirmed by the other researchers. In the
case of sample 6, the crossing behavior was observed under the
approaching angle of 60�. We expected identical interaction
behavior to occur as the approaching angle increased from 60� to
90� while other conditions remained the same. However, the hy-
draulic fracture was arrested by pre-existing fracture even under a
higher approaching angle than that of sample 6, as shown in Fig. 16.
One possible reason is that the distance between the wellbore and
the natural fracture could influence the interaction mode. Some
scholars found that with the long distance between the injection
point and the natural fractures, the hydraulic fracture is more likely
to be stopped and impeded. Another possible reason could be that
as the hydraulic fracture reached the interface, the stress of the
fracture tip is not high enough to penetrate over the interface, so it
would be not able to propagate along the original direction,
resulting in extension vertically until it grew to the up or bottom
surface of the specimens, which was similar with the fracture
propagation process in samples 8# and 9#.

Weak planes such as natural fractures and bedding planes
commonly exist in shale gas formation. The hydraulic fracturing
mechanism is a complex problem, especially when interacting with
natural fractures. How to fracture the target zone effectively and
create a complex fracture network still remains challenging. Pump
displacement is one of the controllable parameters which could be
modified by field engineers in field applications. It is believed that
there could be a certain displacement rate that enables the
Fig. 16. Geometry of hydraulic fracture being arrested by pre-existing fracture.

3733
hydraulic fracture to cross the natural fracture and activate it
simultaneously. In other words, finding the proper injection rate of
the shale gas reservoir is the key to generating a complex fracture
network. Consequently, morework needs to be done to build a solid
connection between the field application and the laboratory
experiments.

In addition, there are still other parameters we did not take into
account when hydraulic fracture interacts with the natural fracture
beside the factors (horizontal stress difference, approaching angle,
injection rate) we have studied. For instance, only one single pre-
existing fracture was simulated in our tests, whereas, it may exist
a complex natural fracture system underground due to different
multi-stage tectonic movements. Moreover, it is believed that the
mechanical property of the natural fracture also has a substantial
effect on the behavior of the fracture interaction. There are two
types of natural fractures in the shale reservoir, which are frictional
natural fractures and cemented natural fractures. According to the
field research of shale reservoirs, most of the closed natural frac-
tures are not entirely separated, but with cementation strength.
Therefore, in our work, the prefabricated natural fractures were
fully cementedwith high-strength glue at a certain thickness which
would hugely influence the frictional properties of prefabricated
natural fractures. However, the frictional coefficient between the
cement and the PMMA interface is hardly controllable and
measurable which was neglected in our work. Despite the pro-
duced natural fractures within the samples did not consider the
frictional properties, it still allows us to present the interaction
process between cemented natural fractures and hydraulic frac-
tures. Nonetheless, the frictional behavior of the cemented natural
fractures should be considered and needs to do further research on
how to produce natural fractures with controllable and adjustable
interface properties in the future.
6. Conclusions

In this paper, we conducted true tri-axial hydraulic fracturing
laboratory tests on PMMA specimens, and a 2D fracture interaction
model was developed based on the cohesive zone method to study
the interaction behaviors between hydraulic fracture and natural
fracture. Bonding interfaces were pre-set in the PMMA specimens
to simulate the natural fractures. Direct observations from the
specimens and stress contour of the simulation results give us
insight into the interaction behaviors between hydraulic fracture
and pre-existing fracture. The geometry of the fracture network
was analyzed and the main factors influencing the fracture inter-
action behaviors were studied. Moreover, the real-time injection
pressure and the fracture dynamic propagation process were also
discussed. The conclusions are drawn as follows:
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(1) The hydraulic fractures were initiated at the notch and
propagated along the direction of the maximum horizontal
stress. Threemain interaction behaviors were obtainedwhen
the hydraulic fracture intersected with the pre-existing
fracture: crossing, being arrested by reactivating the pre-
existing fracture, and being arrested without dilating the
pre-existing fracture.

(2) Crossing behavior is more likely to occur with the increase of
approaching angle, horizontal stress difference, and injection
rate.

(3) Higher flow rate might assist in reactivating the natural
fractures where both sides of the pre-existing fractures were
reactivated as the injection rate increased from 5 to 20 mL/
min. However, the reactivated area tends to reduce when the
flow rate is high enough to cross over the pre-existing
interface.

(4) The evolution of hydraulic fracture recorded by high-speed
camera showed that hydraulic fractures show a tendency
to extend vertically rather than along the direction of
maximum horizontal stress when they are first terminated at
the interface.

(5) When the hydraulic fracture penetrated over the pre-
existing interface, the dilation of the interface is not likely
to occur due to the interface presenting high cemented
strength.
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