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a b s t r a c t

Reservoir brittleness is a key index to evaluate the fracability and to predict the fracturing characteristics
in unconventional energy exploitation. Traditional brittleness indices could only be derived from labo-
ratory experiments, which are far from the field conditions and may lead to deviations. In this paper, a
fracturing-curve based in-situ brittleness evaluation method is proposed and the in-situ brittleness of
Woodford Shale is derived under field stress and temperature conditions. Based on the analysis of real-
time micro-seismic data, it is confirmed that the real-time fracturing characteristics can be known by
observing the fluctuations in the fracturing curves. Results showed that the in-situ brittleness is much
lower than that derived in laboratory experiments. About 78% of micro-seismic events happen at the
extreme value and the fastest fluctuation of the fracturing curve. These provide guidance for accurate
formulation and real-time optimization of exploitation scheme.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

Hydraulic fracturing (fracking) has been proved as an effective
technique to exploit and increase the production of unconventional
resources such as shale gas and shale oil [1,2]. In the process of
hydraulic fracturing, the formulation of drilling scheme (e.g., the
selection and pumping of fracturing fluid and proppant) usually
depends on the in-situ physical properties of reservoirs, in which
the fracability of reservoir is often associated with brittleness of
reservoir rocks [3,4]. The latter property directly reflects the ex-
pected complexity of fractures and the possible level of reservoir
stimulation, which are key factors evaluating production potential
of reservoirs [5]. There have been previous studies [6e11] that
established different indices to measure the brittleness of reservoir
rocks, which are based on theoretical [6e9], laboratory experi-
mental [8e10] and statistical [11] analysis, respectively. The related
reviews (see Zhang et al. [12] and Mews et al. [13], for example)
have systematically described the differences and suitable
linear Mechanics, Institute of
190, China.
conditions of these indices. However, both the parameters about
the components and the parameters about the physical properties
of reservoir rocks are usually derived from laboratory experiments,
which are quite different from that derived from in-situ conditions
[14,15]. Although there have been experimental studies [16e18]
that attempted to restore the in-situ conditions in laboratory, it is
still very hard to achieve the goal due to the complexity of multi-
scale structures and the heterogeneously in-situ mechanical, ther-
mal and electromagnetic reservoir conditions [19,20]. Theoretically,
the intricacy leads to a series of multi-scale scientific issues under
the new concept of “mechano-energetics” [21]. For example, the
challenge in the formulation of elastic problem with initial stress
field and the uniqueness of their solutions [22,23]. Therefore, it is of
particularly significance to obtain the in-situ properties of reservoir
rocks from the construction site to accurately guide the design of
the developing scheme.

At the same time, a lot of evidence [24,25] points to the
conclusion that hydraulic fracturing could induce the activity of
pre-existed natural faults and further lead to injection-induced
earthquakes. Therefore, estimations of reservoir fracture events
and hydraulic fracture propagation are essential to avoid the rele-
vant hazards. However, current methods to estimate the propaga-
tion of hydraulic fractures are mostly circumstantial evidence and
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Fig. 2. Stage I hydraulic fracturing curves of investigated Woodford Shale well
(modified after Neuhaus [35]). I, II, III and IV represent the fracturing sections. Pf , Pr
and Ps are breakdown pressure, refracture pressure and shut-in pressure, respectively.
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usually need post-fracturing analysis [59]. They are generally
combined with not only far field technologies such as micro-
seismic monitoring [26] and tiltmeter measurement [27] but also
near wellbore technologies such as radioactive tracer and temper-
ature log [28,29]. A real-time estimation of fracturing situation will
be of significant benefit to the evaluation and adjustment of drilling
scheme.

The above-mentioned engineering requirements put forward a
high demand for the acquisition of in-situ field data. In the process
of hydraulic fracturing, fracturing curves (also called pumping
curves) are the most direct and firsthand field data, whether it is in
the hydraulic test stage or the main hydraulic fracturing stage [1,4].
They provide abundant information [60] on not only the pumping
details but also the physical properties of reservoirs. Researchers
have carried out a series of theoretical and numerical studies on
featured points and featured segments of fracturing curves,
including analysis of breakouts pressure and closure pressure [3,4],
as well as declination trend analysis based on G-function [30,31]. A
lot of essential information, such as in-situ crustal stress value and
post-fracking fracture network evaluations, is extracted from the
fracturing curves [32,33]. Nevertheless, there is still lots of infor-
mation hidden in the curves and needs to be revealed, for instance,
in-situ brittleness and real-time fracture situations during the
fracking process.

In this passage, we focus on the combination of the newly
proposed brittleness index [34] and the fracturing curve and aim to
propose a fracturing-curve based in-situ brittleness index. With the
analysis of fracturing curves data, the Ashby plot is used to show
the differences between the in-situ brittleness and the laboratory
derived brittleness of reservoir rocks. Fig. 1 shows the basic idea of
reservoir evaluation through fracturing curves. Furthermore, with
the collaborative study of fracturing curve and micro-seismic data,
we intend to reveal the relationship between the fluctuation of
fracturing curves before pumping proppants and the fracture
behavior of reservoir rocks, as well as seek for a fracturing-curve
based way to timely evaluate the fracture propagation. These will
provide a guidance on real-time evaluation of fracturing situation
and a more accurate design of fracturing scheme before the frac-
turing process.
Fig. 1. Schematic of the “diagnosis” of rese
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2. Materials and methods

2.1. Fracturing curves and micro-seismic data

The analysis of this research is based on the fracturing curve
data and micro-seismic data derived from a shale well located in
the Woodford Shale in Hughes County, Oklahoma [35]. This hori-
zontal well was fractured with multistage technology, with 5
approximately horizontal stages varying from a depth of
2400 me2240 m. During the fracturing processes, the fracturing
curves of stage I to stage V as well as the surface and downhole
micro-seismic data of stage II to stage V were recorded.

The fracturing curves consist of four curves, which are the
tubing pressure, the slurry rate, the slurry proppant concentration
and the proppant pumped for stage, respectively. As shown in
Fig. 2, the fracturing-curves plot of stage I can be divided into 4
main sections: the test section (section I), the non-proppant
rvoir situations with fracturing curve.
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fracturing section (section II), the proppant fracturing section
(section III) and the shut-in section (section IV). Section II and
section III are the main sections where fractures propagate and
micro-seismic events occur. The two sections directly determine
the fracture complexity of reservoirs after fracturing. However, in
section III, the injection of proppants brings more artificial fluctu-
ations to the tubing curve and makes the real-time calculation of
downhole pressure more difficult [36]. Therefore, in this study,
section II where the reservoirs are fractured by water is mainly
considered. The meaningful key points in the tubing pressure curve
are pointed out in Fig. 2, which are breakdown pressure Pf ,
refracture pressure Pr and shut-in pressure Ps, respectively.
2.2. Ashby plot

Based on the analysis on the typical pressures, we aim at
deriving in-situ brittleness of reservoir rocks, which is related to the
toughness and strength of rocks (see Section 3 for details). Here we
use the Ashby plot as an expression form to clearly express and
evaluate the in-situ brittleness of reservoir rocks. Ashby plots were
first proposed by Ashby [37] and quickly became efficient standards
to select engineering materials (e.g., metals, polymers, ceramics
and glasses) for specific applications [38,39]. Recently, the Ashby
plots were applied to the evaluation of geomaterials such as rocks
for the first time [34]. They are plotted in two or three dimensions
that are fundamental properties of materials. Usually there is an
additional axis in Ashby plots, which have definite physical
meaning (such as deformation and size of an area) and is usually an
operational combination of the basic dimensional parameters, to
describe the concerned value in specific engineering applications.
In this work, we use fracture toughness and tensile strength of
rocks as the vertical and horizontal axes, respectively, and the in-
situ brittleness is represented as the inclined contour, which is
the third and physically meaningful axis.
3. Theory

As stated in Section 1, the samples used in laboratory experi-
ments are out of in-situ conditions (e.g., mechanical and thermal
conditions), which are impossible to completely restore in labora-
tory conditions due to the complexity and the heterogeneity of the
in-situ situations. Therefore, we aim at extracting parameters
through in-situ data, especially the fracturing curve data. Here we
take the brittleness index derived from the size of the process zone
[34].

B¼ st
.
KIC � r�1=2

p ; (1)

where st is the tensile strength, KIC is the fracture toughness. The
brittleness index B is inversely proportional to

ffiffiffiffiffi
rp

p
, where rp is the

radius of the process zone [40] ahead of the fracture tip.
The key problem in applying this index to the field is deriving

the in-situ tensile strength and fracture toughness. Hence, the
calculation of the in-situ tensile strength of rocks is based on the
tubing pressures

st ¼ Pf � Pr; (2)

which supposes that the reservoir rocks near wellbore are intact
without pre-existing cracks before reaching the breakdown pres-
sure. Equation (2) indicates the breakdownprocess has released the
strength constraint of the reservoir rocks. After that, due to the pre-
existence of cracks caused by breakdown pressure, the hydraulic
fractures propagate in a toughness dominate regime after the
3

refracture process [41,42], overcoming crustal stress and fracture
resistance. Thus, the in-situ fracture toughness can be derived from
the refracture process or steady propagation process, which can be
calculated by the theory of linear elastic fracture mechanics [43,44].

KIC ¼ðP0 �sdÞ
ffiffiffiffiffi
pl

p
; (3)

where l is the half-length of hydraulic fracture, sd is the confining
stress, P0 is the downhole pressure. The downhole pressure can be
calculated based on the tubing pressure by taking the liquid gravity
and flow friction induced pressure drop [36]. Here we take the
results of the calculation by Neuhaus [35]. In the calculation of the
confining stress, crack length must be taken into consideration
because the confining stresses that resist fracture propagation are
different near the circular wellbore and far from wellbore. That is,
under the assumption that the horizontal wellbore is along the
direction of the minimum crustal stress sh, crack initiates
perpendicular to the minimum confining stress sd ¼ 3sH � sV,
where sH and sV are the maximum horizontal principal stress and
the vertical principal stress, respectively. In addition, when it is far
from thewellbore, crack propagates perpendicular to theminimum
horizontal crustal stress sd ¼ sh [3,32], When considering the sit-
uation that the crack initiates near the wellbore, the crack half-
length can be taken as l ¼ r þ a [43], where r is the wellbore
radius and a is the perforation length.

Therefore, in the initiation stage of the refracture process, Eq. (1)
can be expressed as

B¼ st
KIC

¼ Pf � Pr�
P0r � 3sH þ sV

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pðr þ aÞp ; (4)

in which P0r is the downhole refracture pressure and the main pa-
rameters are all derived from the in-situ situations. Thus, the
brittleness derived through Eq. (4) is an in-situ brittleness index.
Particularly, Eqs. (2) and (3) are widely used in in-situ stress mea-
surement and all the parameters can be derived through a hy-
draulic fracturing test, which indicates that the in-situ brittleness
can also be derived in a hydraulic fracturing experiment for in-situ
stress measurement. Though a recent study [45] showed that the
toughness calculated by Eq. (3) may be not accurate when the
viscosity of fracturing fluid is high, because it ignores the compli-
ance in the flow of fracturing fluid, it is still effective for low vis-
cosity fluids such as water.

4. Results and discussion

4.1. In-situ brittleness derived from the fracturing curve

The in-situ brittleness of the Woodford Shale well is calculated
through Eq. (4) with the following approximations: 1), the initial
crack half-length is calculated by the radius of wellbore, where the
perforation length is assumed to be small as compared to the
wellbore radius; 2), by assuming the variation between the
maximum and theminimumhorizontal stress is not large, meaning
the reservoir is under a biaxial state of stress, the value of sH is
taken by the value of sh, which equals to the shut-in downhole
pressure [32]; 3), the vertical principal stress is then calculated by
the gravity of overlying rocks by taking the density as 2500 kg/m3

[46].
Fig. 3 plots the fracture toughness against the tensile strength of

rocks, in which the inclined dashed lines are the contour of brit-
tleness index. Rocks towards the top left corner are more ductile
while rocks towards the bottom right corner are more brittle. The
in-situ brittleness of the Woodford Shale well is compared with
those derived from laboratory experiments in Ashby plot [34]. As



Fig. 3. Brittleness of rocks. The in-situ values of fracture toughness KIC , tensile
strength st , and brittleness B ¼ st=KIC of investigated Woodford Shale are respectively
plotted with contrast to the laboratory experimental results of Sandstone [47e49],
Granite [47e49], Marble [48e50], Gabbro [48], Limestone [47,48,51], Basalt [48],
Mancos Shale [52] and Anvil Points Oil Shale [48].
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shown in Fig. 3, when compared with the laboratory-derived data
from Mancos Shale, both the in-situ toughness and the in-situ
tensile strength is higher in the field situation of Woodford Shale,
while the variation in toughness is more significant. The in-situ
toughness is also higher than the toughness of other recorded
Woodford Shale samples tested in laboratory conditions, which is
0.38e0.76 MPa m1/2 [53]. Note that in the calculation of the in-situ
toughness, the above approximations make the calculated tough-
ness a little smaller than the actual value, which indicates that the
difference of brittleness could be even larger. The large difference
between the in-situ and the laboratory derived brittleness would
make it inaccurate to formulate fracturing schemes based on lab-
oratory experimental brittleness. That is, the in-situ value of brit-
tleness will significantly promote the accuracy of the fracturing
scheme formulation.

Reservoir rocks are in an extreme field environment where the
temperature and the confining stress is much higher than that on
earth's surface, which is difficult to reproduce in laboratory [16].
This also leads to the large difference between the in-situ values
and the laboratory derived values of physical quantities in Fig. 3.
Previous studies also support this point of view. For example, a
20 MPa confining stress can lead to a maximum of 6 times variation
in fracture toughness of rocks according to experimental facts (see
Gehne et al. [54], for example). A 100 �C temperature increase can
make the maximum toughness of rocks two times of its original
value [55]. In general, confining stress and temperature is propor-
tional to the depth of the reservoir. This also gives reason to the
phenomenon that the complex fracture network is difficult to form
with the increase of reservoir depth.

4.2. Scaling of the declining curve in the non-proppant fracturing
section

In the non-proppant fracturing section, as shown in Fig. 2, the
tubing pressure curve first experiences a continuous rise and then
declines rapidly after reaching the maximum value, during which
the declination of the pressure reflects the propagation of hydraulic
fractures. As an important signal in the study of hydraulic frac-
turing, the scaling law of the pressure curve indicates the energy
4

dissipation mechanism during the initiation and propagation of
hydraulic fractures [41]. In this study, we investigated the scaling
law between downhole net pressure and time of stage I, III, IV and
V, in which the downhole net pressure is defined as the difference
between the downhole pressure and the shut-in pressure (the
minimum in-situ principal stress). The data of stage II is not taken
into consideration in this subsection and the subsection 4.3 because
of the two obvious leak-off segments. The method to measure the
scaling law of pressure is the linear regression of log-log formed
pressure-time curve. In this method, the scaling law is derived by
the slope of the fitted pressure, with a confidence level presented
by the coefficient of determination. The least squares method [56]
is used for linear regression.

As shown in Fig. 4, the non-proppant sections in all 4 stages
behave strongly linear declinations in log-log graphs, in which the
scaling laws are between �1/6 and �1/2. The range of the scaling
law is a little wider than the theoretical scaling laws predicted by
modeling solids and fluids by linear elastic fracture mechanics and
lubrication theory, respectively, which is between �1/5 (in
toughness-dominated regime) and �1/3 (in viscosity-dominated
regime). See Detournay [41] and Garagash [40] for the details of
theoretical derivation, for example.

The difference between the results derived from theoretical
models and that from field data is mainly due to the assumptions
and simplifications in the modeling process. On the one hand, in
the theoretical models, only single straightly propagating hydraulic
fractures are considered, while there are multiple fractures prop-
agate concurrently [57] andmay experience deflections [58] in field
conditions. On the other hand, the field reservoir rocks are not
totally isotropic and homogeneous, and usually have unpredictable
natural fractures and faults. The latter will not only lead to the
variation of scaling laws, but also bring in fluctuations on tubing
curves. These can significantly affect the propagating situation of
the hydraulic fractures. From another point of view, the in-situ
fracture propagating situation in reservoirs, which determines the
level of reservoir stimulation, can also be inferred from the analysis
on fracturing curve fluctuations.

4.3. Fluctuation analysis of the fracturing curve declination

Based on the scaling law analysis in subsection 4.2, we com-
bined fluctuation analysis with the surface and downhole micro-
seismic records, which indicate the happening of fracture events,
to find out the relationship between the fluctuation of tubing
curves and the in-situ fracture events. In the analysis, stages III, IV
and V are taken into consideration, because the lack of the micro-
seismic data at stage I. The pressure data used in the analysis are
residual pressure (the difference between real downhole pressure
and fitted pressure) and the 1st derivative of the residual pressure.
By considering the fitted pressure as the ideal fracturing curve
where the hydraulic fractures propagate uniformly and steadily
without any crosses with natural fractures, the residual pressure
represents the deviation between ideal conditions and field con-
ditions. The deviation is expressed as the fluctuation of residual
pressure and its first derivative.

There are multiple natural and artificial factors that can lead to
the fluctuation. One obvious factor is the heterogeneity of the
reservoir such as the anisotropy of rocks and the effect of natural
fractures. For example, the occurrence of weak face may lead to
sudden fracture events and the consequent fluid filling beyond
normal fracture propagation. This is reflected in the fracturing
treatment curves as the instantaneous pressure drops in Figs. 4 and
5. Likewise, when the tips of hydraulic fractures meet the hard-to-
propagate areas caused by the heterogeneity of reservoir rocks, the
sudden increase in fracture toughness may cause crack propagation



Fig. 4. Scaling of the downhole pressure in non-proppant section. Data belonging to (a) stage I, (b) stage III, (c) stage IV and (d) stage V is plotted in a log-log form. D is the slope of
the fitted pressure and R2 is the coefficient of determination.

Fig. 5. Relationship between fracturing curve fluctuation and micro-seismic events. Micro-seismic data is in conjunction with the (i) residual pressure and its (ii) 1st derivative of a)
stage III, b) stage IV and c) stage V, where M refers to the magnitude of the micro-seismic events.
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Fig. 6. Statistics at the points of the micro-seismic events. Pictures show the statistics of the magnitude (M) of the micro-seismic events versus (a) the 1st derivative and (b) the 2nd
derivative of the residual pressure curves. (c) shows a total distribution of the micro-seismic events.
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to stop. At the same time, fluid injection will lead to a continuous
rise in pressure until the pressure reaching a critical value to drive
the hydraulic fractures to repropagate, which is usually followed by
another drop on the fracturing curve.

The alternation of trough and peak pressures greatly reflects the
fracturing process of the reservoir. This fact was ignored in previous
studies, in which the micro-seismic data could only be used for an
overall evaluation of reservoir stimulation level. Here, the real-time
micro-seismic data helps us reproduce the details of the hydraulic
fracturing process. As shown in Fig. 5, both surface and downhole
micro-seismic events are more likely to occur at peaks and troughs.
However, there are no direct associations between the absolute
value of residual pressure and the degree of micro-seismic event,
especially in some huge troughs, where the degrees of micro-
seismic events are not higher than that at other points. We hold
the opinion that this phenomenon occurs when propagating hy-
draulic fractures meet large natural fractures, which leads to the
rapid drop in pressure. The fractures will further propagate when
the natural fractures are filled up and the pressure reaches a critical
value. This view is also supported by the micro-seismic events at
the post-trough climbing stage and the subsequent peaks of the
pressure residual curve in Fig. 5a(i) and 5b(i). This further leads to
the fact that fracture events not only occur at the points where the
1st derivative of residual pressure is zero (corresponding to the
extreme points of the residual pressure), but also occur at the
extreme points of the 1st derivative of the residual pressure (cor-
responding to where the residuals change the fastest), as shown in
Fig. 5a(ii), 5b(ii) and 5c(ii).
Fig. 7. Fluctuation of fracturing curves reflects the fracture events in reservoir. (a) The tota
pressure curve. The frequency of the micro-seismic events is positively related to the varia
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It is important to note that the magnitude of either surface or
downhole micro-seismic data is not directly resulting in the fluc-
tuation range of the fracturing curve. In other words, the amount of
energy released during a hydraulic fracturing induced micro-
seismic does not directly results in the change in pressure of the
injected fluid.

Further statistical results of the data in Fig. 5 indicates that in the
non-proppant fracturing section of the investigated Woodford
Shale well, most micro-seismic events happen at the zero points of
the 1st and the 2nd derivatives of residual pressure (where the
residual pressure reaches its extreme values and where residual
pressure changes the fastest, respectively), as shown in Fig. 6(a) and
(b). Specifically, the micro-seismic events happen at the extreme
points of the residual pressure (where the 1st derivates are zero)
and the 1st derivate of the residual pressure (where the 2nd deri-
vates are zero) are of 39% and 39%, respectively. In other words,
most (78%) of the fracture events can be predicted in real time, at
the extreme points of the residual pressure and the 1st derivative
points. Therefore, the fluctuation of tubing curve can be an evalu-
ation criterion of the fracture probability and reservoir stimulation
level.

The statistical results indicate that the fluctuation of fracturing
curve is closely related to the fracture behavior of reservoir rocks in
the investigated shale well. Based on this phenomenon, we suggest
an evaluation method on reservoir fractures, in which the fracture
events are expressed by the amount and the frequency of micro-
seismic record. The fluctuation of the curve is expressed by the
variance S2 and the standard deviation S after fitting, which can be
l amount of micro-seismic events is positively related to the standard deviation of the
nce of the pressure curve.
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expressed as

S¼
ffiffiffiffiffi
S2

p
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1

n� 1

Xn

i¼1

�
Pi � Pifit

�vuut ; i¼1;2;/n (5)

where n is the number of the recorded pressure data, and Pfit is the
fitted pressure. In probability theory and statistics, the variance and
the standard deviation are usually used to measure the dispersion,
which represents how far a set of numbers is spread out from their
average value. Here we use these two quantities to measure the
fluctuation degree of the fracturing curve. As shown in Fig. 7(a) and
(b), the fluctuation of fracturing curve is strongly corelated with the
fracture events, in which standard deviation is positively related to
the amount of the fracture event [Fig. 7(a)] and the variance is
positively related to the frequency of the fracture events [Fig. 7(b)].
Therefore, the reservoir stimulation efficiency can be inferred by
the fluctuation of fracturing curve, especially the variance. This can
provide a quick and effective way to evaluate the stimulation sit-
uation in the real-time field treatments of hydraulic fracturing.

5. Conclusions

We have established a field method to evaluate the in-situ
brittleness and real-time fracturing characteristics of reservoirs.
Different from traditional methods that are based on laboratory
experiments, all the data in this method is from the field reservoirs
under real triaxial stress and temperature conditions. An entirely
field-data-based brittleness is proposed to make an accurate eval-
uation of reservoir fracability. The fracturing curve and the real-
time micro-seismic data are combined, for the first time, to make
a real-time analysis of the reservoir fracturing characteristics. We
show that the in-situ brittleness of reservoir rocks under field
conditions is lower than traditional laboratory derived values. This
gives a scientific explanation of the fact that fracture network is
hard to form in deep reservoirs. It is shown that in the investigated
Woodford Shale well, 78% of the micro-seismic events can be
predicted in real time through the fluctuation of fracturing curves.

Finally, it is pointed out that this work provides an accurate
evaluation method of the in-situ brittleness for the energy field to
make precise formulation of fracturing scheme. Fracturing curve
fluctuation analysis can be further used in the exploitation field to
give a real-time recognition of fracturing characteristics and a guide
for optimization of scheme during construction. Furthermore, the
scaling law of fracturing curve is found to have a wider range than
current theoretical prediction. This provides a direction for more
accurate theoretical models to better understand the mechanism of
hydraulic fracturing.
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