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Abstract Shale gas has been discovered in the Upper
Triassic Yanchang Formation, Ordos Basin, China. Due to
the weak tectonic activities in the shale plays, core obser-
vations indicate abundant random non-tectonic micro-
fractures in the producing shales. The role of micro-frac-
tures in hydraulic fracturing for shale gas development is
currently poorly understood yet potentially critical. In a
series of scaled true triaxial laboratory experiments, we
investigate the interaction of propagating fracturing net-
work with natural fractures. The influence of dominating
factors was studied and analyzed, with an emphasis on non-
tectonic fracture density, injection rate, and stress ratio. A
new index of P-SRV is proposed to evaluate the fracturing
effectiveness. From the test results, three types of fractur-
ing network geometry of radial random net-fractures, partly
vertical fracture with random branches, and vertical main
fracture with multiple branches were observed. It is sug-
gested from qualitative and quantitative analysis that great
micro-fracture density and injection rate tend to maximum
the fracturing network; however, it tends to decrease the
fracturing network with the increase in horizontal stress
ratio. The function fitting results further proved that the
injection rate has the most obvious influence on fracturing
effectiveness.
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1 Introduction

In gas shale formations, the discontinuities such as natural
fractures (e.g., joints, bedding faces, faults) can have a
critical effect on the evolution of the fracturing network.
Many shale outcrops, cores, and image logs contain frac-
tures or fracture traces, and microseismic event patterns
associated with hydraulic fracture stimulation have also
been ascribed to natural fracture reactivation (Warpinski
et al. 2009; King 2010; Gale et al. 2014). The key to shale
gas production is the presence of natural fractures (Gale
and Holder 2008; Jeffrey et al. 2010; Nagel and Sanchez-
Nagel 2011; Kresse et al. 2013) and planes of weakness
that can result in complex fracture geometries during
stimulations. The degree of natural fracture development in
a low-matrix-permeability shale reservoir is a controlling
factor in gas producibility, since without fractures it is not
possible to recover hydrocarbons from these reservoirs.
The presence of natural discontinuities alters the way the
hydraulic fracture propagates through the rock.

Therefore, the study of the effect of natural fractures on
hydraulic fracturing interests many scholars. Many
researchers have conducted numerical simulations (Nagel
and Sanchez-Nagel 2011; Kresse et al. 2013; Wang et al.
2015a, b), laboratory experiments (Zhou et al. 2008;
Bahorich et al. 2012; Hou et al. 2014), and in situ experi-
ments (Tealdi et al. 2008; Suliman et al. 2013) to study the
interaction between hydraulic fractures and natural fractures.
For their studies, from the origin of natural fractures, the
natural fractures belong to a kind of tectonic fractures.
Tectonic fractures include shearing fractures, tension-
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shearing fractures, decollement fractures, bedding fractures,
and interbedded fractures (Gale et al. 2014). Tectonic frac-
tures are visible by the naked eye, and they display obvious
directivity and regularity in the region; they are usually long
extension, and the variation in width is large; the fracture
surface is relative smooth and straight; and it usually forms
into different fracture sets. However, in China, for typical
continental sedimentary shale, taking the Upper Triassic
Yanchang Formation of the Ordos Basin for example, the
tectonic activities are weak, and faults and folds are not
developed in the basin. The proportion of the tectonic frac-
ture is much less than the non-tectonic fractures (Ding et al.
2011; Zhu 2013; Tang et al. 2014). The non-tectonic micro-
fractures (e.g., the diagenetic shrinkage fracture, diagenetic
pressolution stitching fracture, overpressured fracture, and
thermal shrinkage fracture) are small, high-aspect-ratio
cracks in shale formations that result from low differential
stresses. This kind of fracture is always irregular, curved, and
discontinuous, and has no consistency in different distribu-
tion directions. Significant features of non-tectonic fractures
are randomly distributed, have a micro-aperture, are not
affected by the tectonic field, occur at a small scale, and are
present in the majority with micro-fractures (Ding et al.
2003, 2011). These planar or curviplanar openings can pro-
vide an opportunity for fluids and/or gases to enter the cre-
ated cavity. Cement deposits or crack closure may trap fluids
or gases, leaving mineral precipitates and a track of enclosed
fluids and gases.

During hydraulic fracturing, the stimulation of this type
of non-tectonic fractures is also critical to gas producibility
(King 2010; Tang et al. 2014). The non-tectonic fractures
provide the storage space and flow conduit for oil and gas,
and they play a significant role in the fracturing treatment,
migration, accumulation, occurrence, and amount of gas in
the shale reservoirs. Currently, various studies have been
performed on the adsorption, storage capacity, leak-off
characteristics, and gas storage capacity of non-tectonic
fractures, but the interaction between hydraulic fractures
and non-tectonic fractures, and the associated hydraulic
fracturing effectiveness has not yet been deeply studied.
This paper investigates the effect of non-tectonic fractures
on the interaction between hydraulic fractures and micro-
fractures. The influence of dominating factors was studied
and analyzed, with an emphasis on non-tectonic fracture
density, injection rate, and stress ratio. The study is con-
ducted on sulfoaluminate cement blocks with non-tectonic
fracture using laboratory hydraulic fracturing experiments
under true triaxial stress conditions.
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2 Laboratory Experiment Design
2.1 Scaling of Experiments

Scaling laws are applied to scale hydraulic fracturing
parameters in the laboratory to perform a representative
field experiment. Scaling laws ensure that the hydraulic
fracture is contained within the sample boundaries, and the
propagation can be monitored without being affected by
the boundary conditions. In the past, scaling laws for per-
forming proper hydraulic fracture experiments were
derived (de Pater et al. 1994; Berchenko et al. 2004). These
laws scale the experiments in terms of energy rates asso-
ciated with fluid flow, fracture opening, and rock separa-
tion. To have ample time for all measurements, the
timescale of fracture propagation is chosen to be approxi-
mately 1000 s. In view of the low injection rate in the
laboratory, it is necessary to use highly viscous fluids;
when using low viscous fluids, we should set high injection
rate. Also, we use a material with low fracture toughness
for our experiments. When the block has conductive pre-
existing fractures, another scale factor for the stresses
appears, since the fracture aperture depends on the average
stress level. For given fracture stiffness, the conductivity
will be strongly influenced by the stress level. For instance,
in the Barton—-Bandis joint model the aperture is given by:

1
U, = o

— (1)
Ko (1 _|_KZ#)

where o, is the confining stress, U,’;q is the maximum
allowable joint closure at the first load cycle, and K, is the
initial normal stiffness of the discontinuity (Bandis et al.
1985). From this relation, we derive a characteristic stress
o,,p that can be used for scaling of the stresses:

On
KU},

OnD (2)
In the absence of preexisting fracture, we perform tests at
in situ stresses, but when we introduce a joint, the stress
level should also scale with the preexisting fracture stiff-
ness. We chose the applied stress level to ensure open
discontinuity in the model block so that we will have the
possibility of fluid flow into the preexisting fracture
(Bunger 2005; Casas et al. 2006; Sarmadivaleh and Rasouli
2015). Now, we use stresses that are much lower compared
with fracture pressure. Therefore, one should be careful in
extrapolating the test results to field conditions.
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2.2 Model Block Preparation

The cement blocks were prepared in the Rock Mechanics
Laboratory at the Institute of Geology and Geophysics,
Chinese Academy of Sciences. To represent the physical
and mechanical properties of reservoir rock and easy
available to prepare the model blocks (Fan and Zhang
2014; Dehghan et al. 2015), artificial cement blocks were
generally selected to conduct the experiments. To prepare
the testing blocks, cement and quartz sand were mixed in a
1:2 mass ratio. The cement used in this experiment was a
kind of quick setting and rapid hardening sulfoaluminate
cement no. 425, and the quartz sand corresponds to a 20—40
mesh. The ratio of material to water was 50 %. After
uniformly mixed of the cement, sand, and water, the
mixture was placed into a 150 mm x 150 mm x 150 mm
mold. After the model blocks cured in molds for 2 weeks,
they were slowly heated in an oven. They remained in the
oven for 2, 4, and 6 h at 200 °C and then were subjected to
natural air cooling. Different heating times for the model
blocks were used to generate random fractures with dif-
ferent densities. Due to dehydration, shrinkage cracks
form, which represents natural non-tectonic random frac-
tures in our model blocks. We drilled the wellbore after the
heat treatment to avoid a stress concentration that could
influence the shrinkage crack formation. A vertical bore-
hole of 8 mm in diameter was drilled 9 mm deep and
parallel to the vertical stress. A metal perforation casing
with an inside diameter of 6 mm and spirally distributed
perforation holes with a 1 cm height difference and 90° of
angular difference between adjacent holes was inserted into
the wellbores. The length of the perforation interval was set
to 5 cm. Before the heating process, a rock mechanical test
and permeability test were also carried out in order to
investigate the physical and mechanical parameters of
cement blocks (Table 1). After heat treatment of 2, 4, and
6 h for typical blocks, a cylinder-shaped sample with a
diameter of 50 mm diameter and a height of 100 mm was
drilled from the blocks to measure the mechanical prop-
erties. The mechanical properties gradually deteriorated,
and the compressive strength decreased with the increasing
heat time. When it reached peak stress, the axial strain

Table 1 Physical and mechanical properties of cement blocks before
heat treatment

Parameter Symbol Value Units
Uniaxial compressive strength Oc 15.37 MPa
Tensile strength oy 1.68 MPa
Elastic modulus Ey 10.34 MPa
Poisson’s ratio v 0.28 -
Permeability K 0.12 mD
Porosity 10} 1.64 %

decreased with the increase in heat time, and this result
indicates that the brittleness of the samples increases
gradually.

2.3 Experimental Setup

The hydraulic fracturing experiments here were conducted
using a true triaxial hydraulic fracturing test system. The
test frame of the system has the capacity to apply triaxial
stress condition on a 150 mm x 150 mm x 150 mm
cubic model block. All of the in situ stress conditions (the
vertical, maximum horizontal, and minimum horizontal
stresses) are supplied using a hydraulic jack, and the
injection pressure is supplied using a servo controlled
hydraulic pump of the TAW 2000. The pressure platens are
equipped with spherical sheets to ensure equal pressure
distribution. Between the model block and the pressure
plates, we inserted a thin Teflon sheet covered on both
sides with Vaseline to prevent shear stress.

2.4 Experiment Design

During the test, three factors including heat time, injection
rate, and stress ratio are considered to investigate the
interaction between hydraulic fractures, micro-fractures,
and the fracturing network effectiveness. All the experi-
ments were stimulated in a normal-fault region. In this
case, the maximum stress was the vertical stress o, of
4 MPa, and its value was kept constant for each experi-
ment. The horizontal well was drilled along the direction of
vertical stress of gy, and its value was 1 MPa. In order to
consider a hydraulic fracture field test being simulated in
laboratory scale, scaling laws are to be applied to scale the
fracturing parameters (de pater et al. 1994; Adachi 2001;
Casas et al. 2006). The stress ratio (defined as the ratio of
maximum horizontal stress oy to minimum horizontal
stress o) was 1, 2, and 3, respectively. Therefore, the
maximum horizontal stress oy equaled to 1, 2, and 3 MPa,
respectively. Three injection rates (i.e., 10, 20, and 30 ml/
min) were used during the tests. For each experiment, red-
dyed water was injected at a constant flow rate (see
Table 2). The dye is on-penetrating and therefore high-
lights the fracture surface generated by the experiment.
This can help us observe the fracturing network evolution
process easily.

Several indices have been proposed to evaluate the
hydraulic fracturing effectiveness, such as the stimulated
reservoir area (Hou et al. 2014), leak-off ratio (Wang et al.
2015a), and stimulated DFN length (Wang et al. 2015b).
However, the interaction between hydraulic fractures and
natural fractures is in three-dimensional space. A concept
of the stimulated reservoir volume (SRV) has been pro-
posed to reflect the fracturing effectiveness (Mayerhofer
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Table 2 The experimental conditions and results for the hydraulic
fracturing tests on random fractured cement blocks

Test Heat time (H) Stress ratio Injection rate P-SRV
(ml/min)
1 2 1 20 0.0683
2 2 3 20 0.0975
3 2 2 10 0.0937
4 2 2 20 0.1091
5 4 1 30 0.1319
6 4 1 10 0.1733
7 4 2 20 0.1443
8 4 1 20 0.1148
9 4 3 10 0.1144
10 6 1 10 0.1547
11 6 2 10 0.1212
12 6 2 20 0.1801
13 6 3 10 0.1054

et al. 2008). Therefore, a better description for the inter-
action between the random natural fractures and hydraulic
fractures, an index of “P-SRV (probability of Stimulated
Reservoir Volume),” is proposed to reflect the fracturing
effectiveness. The index P-SRV index is defined as the
ratio of the total area of fractures per unit volume of model
block; it is an index of volumetric intensity. The expression
is as follows:

P - SRV = Ai/ Viioek (3)

i=1

where A; is the area of fracture surface and Vi, is the
volume of model bocks. Figure 1 shows an example of
determining the index of P-SRV index.

We kept pumping at a constant flow rate, monitoring as
the pressure increased to a maximum value before sud-
denly decreasing. A sudden decrease in the pressure usu-
ally indicates fracture breakdown. We then estimated the
fracture volume from the injection rate and pressure to
ensure that the fracture was fully developed and still fully
contained within the specimen, before ending the experi-
ment by shutting down the pump. Finally, we depressurized
the borehole and unloaded the triaxial equipment. After a
test, the block was opened with a hammer and chisel, to
estimate the total fracture area.

3 Experimental Observations and Results
A sensitivity analysis was conducted over three parame-

ters: the heat time (H), stress ratio (SR), and injection rate
(IR).
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3.1 General Observations

Figure 2a plots the relationship between pump pressure and
injection time. The injection pressure decreases with the
increase in heat time; however, the injection time increases
with increasing heat time. These results indicate that with
short heat time, the brittleness of the model blocks is
greater than for blocks with long heat time. Simple bi-
planner hydraulic fractures form in this case (specimen No.
4); also, the phenomenon of leak off is the most serious for
random fracture developed block (specimen No. 12), and
interaction between hydraulic fractures and natural frac-
tures is most obvious for specimen No. 12.

After the test, three types of fracturing network mor-
phology were observed from the studied simulations. They
are the radial random net-fractures, the partly vertical
fracture with random branches, and the vertical main fac-
ture with multiple branches, as shown in Fig. 2b—d. The
injected fluid leaks off to the surface of the specimens. For
the reservoir volume reformation, the more complex the
fracture morphology, the better the fracturing effectiveness
is. Therefore, the radial random net-fractures represent a
promising fracturing network.

3.2 Effect of Heat Time on Fracturing Network
Evolution

The density of natural fractures is crucial to the overall
response (e.g., microseismicity activities, SRV, well pro-
duction). Currently, after the literature review, almost all of
the work is focused on the influence of tectonic natural
fractures on hydraulic fracturing.

The duration of heat time here can reflect the density of
non-tectonic fractures in model blocks. Generally, the
longer the heat time, the much more intense of the random
fractures are. For specimens with a long heat time, the
model block is seriously damaged, and the mechanical
strength of the material is relatively low. The initiation and
propagation of hydraulic fracturing is easier than speci-
mens with a short heat time. In addition, non-tectonic
fractures are much more evenly distributed on specimens
with a long heat time, and the interaction between
hydraulic fracture and non-tectonic natural fracture is
stronger. In this case, the fracturing network effectiveness
is better. Taking the specimens Nos. 2 (2 h), 7 (4 h), and 12
(6 h) for example, the fracturing effectiveness gets better
with the increase in heat time, as shown in Fig. 3. Two
types of fracturing network morphology of partly vertical
fracture with random branches and radial random net-
fractures were observed. The number of fractures on the
main fracture plane increases with the increasing heating
time; it is 3, 4, and 13, respectively. These results indicate
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-

Fig. 1 Determination of the index P-SRV index for specimen Nos. 12 (a) and 8 (b). P-SRV is equal to the ratio of the total fracture surface area
to the volume of the model blocks
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Fig. 2 Observed three typical kinds of network morphology. a is the No. 12; ¢ is the partly vertical fracture with random branches for
relationship between pump pressure and injection rate for specimen specimen No. 7; and d is the vertical main facture with multiple
Nos. 12, 7, and 4; b is the radial random net-fractures for specimen branches for specimen No. 4
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Fig. 3 Geometry of fracturing network for experimental models with
different heat times, P-SRV is strongly related to heat time. The
relationship between fracturing network effectiveness and heat time,
for example, specimen Nos. 4 (2 h), 7 (4 h), and 12 (6 h) for example

that the density of non-tectonic fractures in gas shale for-
mations has a significant effect on the fracturing network
effectiveness. The key to shale gas production is the
presence of natural fractures (King 2010; Palmer and
Moschovidis 2010) and planes of weakness that can result
in complex fracture geometries during stimulations. Taking
the specimen Nos. 4, 7, and 12 for example, the injection
rate is 20 ml/min, stress ratio is 2, and the relationship
between index P-SRV and heating time is shown in Fig. 4.
The relationship follows a linear function, and the corre-
lation coefficients are both greater than 95 %. The frac-
turing effectiveness increases with the increase in natural
fractures.

3.3 Effect of Stress Ratio on Fracturing Network
Evolution

The in situ stress contrasts obviously have the most sig-
nificant effect on fracture height growth. The importance of
in situ field stress was recognized early in 1961 (Perkins
and Kern 1961) and has been extensively studied in mod-
eling (e.g., Simonson et al. 1978; Voegele et al. 1983; Zhou
et al. 2010), mineback tests (Warpinski et al. 1982), and
numerous laboratory experiments. But few reports about
how the stress contrast affects the shear stimulation were
reported. Stress ratio also plays an important role in the
generation of the fracturing network. Therefore, the pri-
mary interest in simulating the sensitivity of the stress ratio
is to obtain a better understanding of how output is affected
by it. Taking the specimen Nos. 10 (SR = 1), 11 (SR = 2),
and 13 (SR = 3) for example, Fig. 5 shows the results of

@ Springer

Heating time (H)
Fig. 4 Plot of index P-SRV against heating time, relationship of them

follows linear equation with good correlation. For the studied cases,
the stress ratio is 2, and the injection rate is 20 ml/min
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» Fracturing network effectiveness
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all
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Fig. 5 Geometry of the fracturing network for experimental models
with different stress ratios. The morphology of hydraulic fractures is
strongly related to the stress ratio. In this case, taking specimen Nos.
10, 11, and 13 (6 h) for example, the stress ratio of them is 1, 2, and 3,
respectively

fracture stimulated morphology with a stress ratio of 1, 2,
and 3, respectively. With different stress ratios, the mor-
phology of the fracturing network is different. Two types of
fracturing network geometries were observed. At a low
stress ratio, the radial random net-fractures dominated the
geometry of the hydraulic fracture; at stress ratios equal to
2 and 3, a vertical main fracture with multiple branches
were observed. In addition, the number of fractures on the
main fracture surface decreases with the increase in stress
ratio; there are 15, 7, and 6, respectively. The relationship
between P-SVR and stress ratio is shown in Fig. 6, and
they follow a linear fitting function with good correlation.
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Fig. 6 Plot of index P-SRV against stress ratio, relationship of them
follows linear function with good correlation. For the studied cases,
the heating time is 6 h, and the injection rate is 10 ml/min

3.4 Effect of Injection Rate on Fracturing Network
Evolution

The injection rate and injection pressure along with the
viscosity of the injected fluid are the operational parameters
that can be used to effectively design hydraulic fracturing.
The slick-water fluid with minimum viscosity has evolved to
increase the formation-face contact of the fracture system in
a very small area of reservoirs by opening the natural frac-
tures (King 2010; Kresse et al. 2013). Therefore, the water-
frac fluid is used to stimulate the random natural fractures.
Figure 7 shows the geometry morphology of specimen Nos.
6 (Fig. 7a), 5 (Fig. 7b), and 8 (Fig. 7c), respectively. As
shown, the number of fractures on the main fracture surface
increases with increasing injection rate, and the number is 5,
7, and 11, respectively. From the result of relationship
between P-SRV and injection rate, they follow an expo-
nential function with good correlation, as shown in Fig. 8.
Three types of fracturing network geometries were
observed, with an increasing injection rate: the changes of
geometry are from the vertical main fracture with multiple
branches, the partly vertical fracture with random branches,
to radial random net-fractures. These results indicate that
the higher the injection rate, a higher injection pressure is
applied, and the better hydraulic fracturing effectiveness
can be obtained. The quantitative analysis results further
prove that a high injection rate is good to form a complex
fracturing network. This conclusion is consistent with the
results of King (2010) and Nagel and Sanchez-Nagel
(2011). At a low injection rate, the fracturing fluid usually
flows along non-tectonic random fractures and bedding
faces. With an increased injection rate, free deviation of the
injected fluid from the maximum horizontal direction
becomes very easy for hydraulic fractures. The hydraulic

(c) Radial random net-fracutres

Vertical main fracture
with multiple branches

Partly vertical fracture
with random branches

Fracturing network effectiveness

IR=20ml/s |IR=30ml/s

IR=10ml/s_

Injection rate

Fig. 7 Geometry of the fracturing network for experimental models
with different injection rates, the morphology of hydraulic fractures is
strongly related to the injection rate. In this case, taking specimen
Nos. 6, 5 and 8 for example, the injection rate for each is 10, 20, and
30 ml/s, respectively

0.18
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017} ™ P-SRV
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0.16 |-
y=exp(-2.167-0.006x+6.704E-4x?)
= 015 R=0.999
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& 014}
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Fig. 8 Plot of index P-SRV against injection rate, relationship of
them follows exponential function with good correlation. For the
studied cases, the heating time is 4 h, and the stress ratio is 1

fractures can communicate natural fractures and greatly
increases the simulated reservoir volume. At a high injec-
tion rate, radial random net-fractures are easy to form, and
the associate fracturing network is the most complicated,
when using the water-frac treatment in this work.

4 Discussions
Various scholars have conducted a series of experiments to

study the interaction between natural fractures and
hydraulic fractures. Zhou et al. (2010) performed
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laboratory experiment to investigate the influence of a
random natural fracture system on geometry and propa-
gation behaviors of hydraulic fractures. The hydraulic
fracture tended to be a dominating fracture with random
multiple branches with a high difference of horizontal
stresses. Our test result is consistent with the results of
Zhou et al. (2010). It should be mentioned that they have
only considered the effect of the stress ratio on the inter-
action between natural fractures and induced fractures. By
numerical simulation, some authors also found that the
density of natural fractures, and also the injection rate is
important to well production (Nagel and Sanchez-Nagel
2011; Wang et al. 2015b). However, the study on multi-
factor analysis that affects the fracturing effectiveness is
discussed here. For the studied three factors, laboratory
experiments indicated that three types of fracture network
are observed. In this work, using the water-frac treatment,
the specimens with a low stress ratio, a high non-tectonic
fracture density, and a high injection rate are prone to form
radial random net-fracture; the fracturing effectiveness is
the best in this case.

As for non-tectonic natural fractures, due to randomly
distributed, irregular, and discontinuous, the morphology
of the fracturing network is different from that of tectonic
natural fractures. It was observed that with the increase in
stress ratio, hydraulic fractures propagate along and across
the natural fracture; it is different to turn direction at the
tips of natural fracture. For a tectonic natural fracture that
developed a rock block, experimental results indicated
three interaction modes of fractures at interaction points
with pre-fractures: crossing, opening, and shear slippage of
the preexisting fracture (Dehghan et al. 2015). However,
for the non-tectonic fracture developed model blocks, in
some cases, the hydraulic fracture was either propagated
from the fracture tip along the direction of maximum
horizontal stress or propagated across the preexisting
fracture in the normal stress regime after interaction and
opening of the pre-fracture.

5 Conclusions

Laboratory experiments on synthetic model blocks with
non-tectonic fractures were conducted to investigate the
influence of fracture density, stress ratio, and injection rate
on fracturing network evolution.

The results of this research study indicated that
hydraulic fracture geometry was a simple, bi-wing, plane
fracture before interaction with natural fractures, but after
interaction with non-tectonic fractures, its geometry was
affected by the stress ratio, injection rate, and fracture
density. Three types of complex fracturing network
geometry are observed during hydraulic fracturing, and

@ Springer

they are the radial random net-fractures, the partly vertical
fracture with random branches, and the vertical main
fracture with multiple branches. It was also clear that the
applied stress had distinctly different effects on the frac-
turing network geometry.

The stress ratio was shown to alter both the extent and
morphology of the sheared natural fractures. A smaller
volume of formation experiences stimulation along the
natural fractures with an increase in stress ratio. The
morphology of fracturing is strongly affected by the stress
ratio. Experimental results demonstrated that the fracturing
network was complex at low in situ stress regions with a
high operational injection rate. With increasing injection
rate, the morphology of the fracturing network is different.
At high injection rate, the radial random net-fractures are
observed around the wellbore, and the fracturing effec-
tiveness is better than the results from low injection rate.
From the curve fitting results, a linear negative correlation
and positive correlation between stress ratio and heating
time are obtained, respectively. However, an exponential
correlation is obtained from the link between injection rate
and fracturing effectiveness. These results further indicate
that the injection rate plays a critical role in distributing the
fluid between the hydraulic fractures and the natural
fractures.
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