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Understanding the formation mechanisms of complex fracture networks is vitally important for hydraulic fracturing operations in
shale formation. For this purpose, a hydraulic fracturing experiment under a core-plunger scale is conducted to investigate the
impact of the bedding plane angle, borehole size, and injection rate on fracture initiation behaviors of laminated shale rock.
The results on rock properties demonstrate that the anisotropic characteristics of shale rock are reflected not only in elastic
modulus but also in tensile strength. The results of fracturing experiments show that the bedding plane dip angle and borehole
size have significant effects on fracture initiation behaviors, in that fracture initiation pressure (FIP) decreases with the increase
of those two factors. The impact of injection rate, by contrast, has no obvious variety regulation. The above data is further
used to validate our previously proposed fully anisotropic FIP model, which shows better agreement with experimental results
than those using other models under various parameter combinations. Finally, a postfracturing analysis is performed to
identify the fracture growth patterns and the microstructures on the fracture surfaces. The results show that the hydraulic
fractures (HFs) always grow along mechanically favorable directions, and the potential interaction between HFs and bedding
planes mainly manifests as fracture arrest. Meanwhile, the roughness of fracture surfaces is physically different from each
other, which in turn results in the difficulties of fluid flow and proppant migration. The findings of this study can help for a
better understanding of the fracture initiation behavior of laminated shale rock and the corresponding fracture morphology.

1. Introduction

Horizontal drilling in combination with hydraulic fracturing
is now an efficient method for extracting oil and gas from
unconventional reservoirs due to its ultralow permeability.
Taking shale reservoirs as an example, large engineering
practices have proved that the complexity of 3D fracture net-
works (FNs) after fracturing plays a decisive role in ensuring
initial productivity and improving ultimate recovery. This
implies that understanding the formation mechanisms of
FNs is vitally important for hydraulic fracturing treatment
design and operation.

The formation process of FNs necessarily includes initia-
tion, propagation, and termination [1]. The pressure responses
and fracture trace angle at the initiation stage are generally
taken as the tool linking lab-scale fracturing with field-scale
application [2, 3] and forecasting the conditions of initiating
multiple HFs from a horizontal well [4]. In terms of shale for-
mations, the well-developed bedding planes, faults, natural frac-
tures (NFs), and foliation planes could lead to more complex
fracture growth patterns because the HFs emanating from the
wellbore or perforations may frequently interact with them
[5]. Beugelsdijk et al. [6], Zhou and Xue [7], and Abass and
Lamei [8] artificially introduced some NFs in cement blockfor
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HF to encounter by means of heating and air cooling treat-
ment and investigated the influence of NF conductivity,
stress regimes, and injection rate on fracture growth behav-
iors. Zhou et al. [9], Gu et al. [10], and Chuprakov et al.
[11] experimentally investigated the activation mechanisms
that a fluid-driven HF approaches to NFs. Results reveal four
typical interaction scenarios when HF encounters NFs, i.e.,
HF penetrating through NF plane, HF arrested by NF plane,
HF deflecting along NF plane, and fracture offset. Athavale
and Miskimins [12] examined the nature of HF interaction
with NF using laminated specimens, where the bonded inter-
face between layers was considered the filled NF. Olson et al.
[13] embedded a thin glass plate into cast hydrostone to act
as the cemented NFs and found that the oblique embedded
NFs prefer to deflect the fluid-driven HFs comparing with
NFs orthogonal to the created fracture trajectory. Similar
phenomena were also observed by Fan and Zhang [14].
Lin et al. [15] conducted fracturing experiment for Longmaxi
shale under the core-plunger scale to study the impacts of
rock anisotropy on breakdown pressure and fracture width
evolution. Besides, acoustic emission (AE) monitoring and
computerized tomography scanning techniques were intro-
duced to study the pressure responses and dynamic growth
process of FNs during fracturing [16–18]. Results showed
that shear events were detected in the vicinity of weak bed-
ding planes around the wellbore prior to HF initiation.

Analytical and numerical solutions were also the
commonly used ways to investigate the near-wellbore frac-
ture initiation and propagation behaviors. Recent studies
have shown that all laminated shale rocks display an obvious
anisotropy in mechanical properties, including elastic mod-
ulus, Poisson’s ratio, tensile strength, and fracture toughness
([19–21]. On account of this, two alternative solutions,
namely, the anisotropic tensile-strength-based (ATSB)
model [22, 23] and the fracture-mechanics-based (FMB)
model [24], were recommended to illustrate the fracture ini-
tiation features from the wellbore wall. On the other hand,
Zhang et al. [25, 26], Lecampion et al. [27], and Chen et al.
[28] numerically simulated the effect of geologic discontinu-
ities on the growth of fluid-driven HF. Results indicated that
the failure behaviors of NFs when HF approaches largely
depend on the stress distribution at the HF tip and the prop-
erties of NFs. Besides, for the case where wellbore contains
both NFs and HFs, Liu et al. [29] studied the near-wellbore
fracture propagation behaviors under various parameter
combinations. Results, depending on which fracture grows,
revealed four typical fracture growth geometries.

The primary concern of previous studies is the impact of
rock anisotropies on the growth of HFs and interactions
between the HFs and NFs or bedding planes. However, the
formation mechanisms and regulation strategies of FNs were
not entirely known, and the morphology of fracture surfaces
is almost completely neglected. In fact, the complex fracture
distribution and the characteristics of fractured surfaces play
a decisive role in the transport and settling of lost circulation
materials and proppant [30, 31]. More importantly, the con-
nections between the fracturing experiments and the rele-
vant theoretical models have not been established. On
account of this, we performed core-plunger scale hydraulic

fracturing experiment to investigate the fracture initiation
behaviors of laminated shale rock.

This paper is organized as follows. In Section 2, rock
specimens with various bedding dip angles were prepared
from the same shale outcrop. A scheme of orthogonal tests
which included three factors and three levels was designed
to study the combined impact of bedding dip angle, borehole
size, and injection rate. We next presented the experiment
results and gave an adequate explanation for the observed
experimental phenomena. The anisotropic characteristics
of shale rock in elastic modulus, Poisson’s ratio, tensile
strength, and fracture toughness were fully revealed through
fundamental rock mechanics experiments. The general fea-
tures of the fracturing experiment were analyzed. The peak
injection pressure or FIP data was adopted for validating
the proposed FIP model. The effects of the abovementioned
factors on FIP were also discussed. Finally, a postfracturing
analysis was performed for the fracture propagation pat-
terns, so as to identify the micromorphologies on the
fracture surfaces.

2. Experimental Methodology

2.1. Sample Preparation. Test materials used in this paper
were collected from the Silurian shale outcrops of the Long-
maxi formation in Changning County, Sichuan Province,
China. The Longmaxi shale displays a dull black color and
clear bedding planes, and it primarily consists of quartz, clay
minerals, dolomite, feldspar, and pyrite, with the relative
content of 51.05%, 17.76%, 14.06%, 13.54%, 1.97%, and
1.63%, respectively. To minimize the error resulting from
the sample difference, shale blocks with a size of 500mm ×
400mm × 300mm were selected to ensure that shale speci-
mens used for all kinds of tests at a given bedding dip angle
were taken from the same core column. This approach offers
the benefit of correlating the rock mechanics testing results
with the experimental fracture initiation pressures and
improving the comparability of data. The bedding dip angle
(β) was defined as the angle between the sample axis and the
normal direction of the bedding plane.

Three different bedding plane dip angles, i.e., 0°, 45°, and
90°, were selected to characterize the anisotropic properties
of shale, as shown in Figure 1(a). Uniaxial compressive
strength (UCS), elastic modulus, and Poisson’s ratio were
measured on a cylindrical rock sample with a nominal size
of Φ25mm × 50mm. Tensile strength was measured on a
Brazilian disc with a nominal diameter of 50mm and a
nominal thickness of 25mm, as shown in Figure 1(b). The
cracked chevron notched Brazilian disc (CCNBD) specimen
was used to measure fracture toughness, where the geometry
and nominal size of the CCNBD specimen were displayed in
Figure 1(c). The core-plunger scale hydraulic fracturing
experiments were conducted on a nonstandard cylindrical
rock sample, where a centered hole with a nominal depth
of 60mm was drilled from the top of the cylinder to simulate
the actual borehole, as illustrated in Figure 1(d). Each cen-
tered hole was drilled by using a new micro drill bit to avoid
boundary effect induced by bit wear. In addition, the upper
and lower surfaces of all cored samples were ground to
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obtain smooth parallel surfaces using a face grinder to make
force deployed evenly on the specimen.

2.2. Experimental Apparatus. The core-scale fracturing
experiments were conducted by using a self-designed triaxial
multifield coupling testing system, as shown in Figure 2(a).
The testing system is mainly composed of a servohydraulic
station, a triaxial pressure chamber, a loading rack, a confin-
ing pressure supercharger (CPS), a pore pressure super-
charger (PPS), and measurement and control system. The
triaxial pressure chamber covering the testing cell around
the specimen applies isostatic confining pressure on the
sample by compressing confining fluid. The specimen can
be heated indirectly by the thermal fluids within the pressure
chamber. The maximum injection pressure and the maxi-
mum confining pressure of the testing system could reach
80.0MPa.

The sample was connected to the top and bottom
squeeze heads by a rubber sleeve, as illustrated in
Figure 2(b). O-ring was installed on the top squeeze head
to prevent pressure communication between the borehole
and the pressure chamber, as shown in Figure 2(c). Fluid
was injected into the sample through the top squeeze head
at a given injection rate. The injection rate was measured
by the displacement control mode, and thus, the injection
rate can be estimated by the product of displacement per unit
time and the cross-sectional area of the piston. The diameter
gages installed on the middle position of the specimen, as

shown in Figure 2(b), were employed to monitor the evolu-
tion of specimen circumference. During the hydraulic frac-
turing experiment, all the experimental data, including axial
stress, confining pressure, injection pressure, and radial
deformation, were gathered with a frequency of 1Hz.

2.3. Experimental Scheme.The axial stress imposed on the sur-
face of the top squeeze head was set as 25.0MPa to get a good
seal and prevent injected fluids from leaking from the bore-
hole. The confining pressure was actually negligible for all of
the hydraulic fracturing tests. All experiments were con-
ducted at the temperature of 20.0°C, which can be controlled
by the thermal fluids within the pressure chamber. Datamon-
itoring found that thermal fluids could bring about approxi-
mately 0.24MPa confining pressure. Thus, the confining
pressure is specified as 0.24MPa for subsequence analysis.

For core-scale hydraulic fracturing tests, the bedding dip
angle, borehole size, and injection rate may have various
degrees of effects on FIP and fracture growth patterns. For
this purpose, an orthogonal consideration with three-factor
and three-level choices was adopted to study the interplay
of these factors, as shown in Table 1. Three different borehole
sizes were selected to analyze its influence on FIP, in which
the experimental studies on the core-scale hydraulic fractur-
ing behavior of various rocks provide a reference for this
parameter value [15, 32]. The injection rates were chosen
referring to the previous studies that used similarly sized
specimens [8, 33].
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Figure 1: Preparation of shale samples with different bedding angles used for (a) tensile strength test (b), fracture toughness test (c), and
core-scale hydraulic fracturing test (d).
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3. Results and Analysis

3.1. Anisotropic Characteristics of Shale Rock. Figure 3 shows
the testing results of partial rock mechanics parameters of
shale rock under various bedding dip angles. The experi-
ment needs to be stressed that the experiment numbers of
each type of test are corresponding to each other and the
required specimens are taken from the same core column
(e.g., specimens used for EM-1, PR-1, BTS-1, KIC-1, and
HF-1 tests are obtained from a longer core column). It is
clearly observed that the elastic modulus and tensile strength
could be significantly impacted by the bedding dip angle,
and these two parameters generally decrease with the
increasing of the bedding dip angle. This illustrates that
shale rock exhibits strong elastic and strength (compressive
and tensile strength) anisotropy. Since the UCS is beyond
the scope of this study, it will not be covered in as much
detail as other parameters. By contrast, the changes in Pois-
son’s ratio and fracture toughness are not apparent with the
bedding dip angle. These results are consistent with the tests
conducted by Sayers [21] and Jin et al. [34], which confirms
that the anisotropic degree of elastic modulus and tensile

strength in shale rock is stronger than Poisson’s ratio and
fracture toughness.

3.2. General Features of the Hydraulic Fracturing Experiments.
According to the above experimental scheme, the evolution of
injection pressure and radial displacement with respect to the
injection time during hydraulic fracturing are displayed in
Figure 4. Since the fracturing fluid injecting the borehole is
progressive, the injection pressure and the radial displacement
will have no significant change until the borehole is filled
with fluid. Thus, partial data in this stage are removed from
the figure.

From Figure 4(a), we can find out that the injection pres-
sure increases dramatically during the fracturing stage and
the pressurized rate is directly proportional to the injection
rate. Generally, fracture initiation takes place at the first
inflection point where the injection pressure curve deviates
from linearity before formation breakdown. In other words,
the FIP is less than or equal to the peak injection pressure
(also known as formation breakdown pressure). However,
for the present experiment, there is no obvious initiation
point observed in the pump pressure curve; thus, the peak
injection pressure is defined as FIP in this paper. Obviously,
the FIP shows significant differentiation for these nine group
experiments. This phenomenon may be driven in large part
by tensile strength anisotropy, and other factors of course
play a part, which will be analyzed in the following section.
The peak is followed by a sudden drop in the injection pres-
sure. This is because the created fracture propagates imme-
diately to the outer surface of the specimen, which could
result in pressure communication between borehole and
pressure chamber.

From Figure 4(b), we can observe that the radial displace-
ment increases sharply and gets the maximum immediately
after the injection pressure reaches FIP. Simplistically, half
of the maximum circumferences can be roughly treated as
the width of hydraulic fracture [35]. The fracture widths thus
determined are, respectively, 0.668mm, 0.551mm, 0.114mm,
0.131mm, 0.187mm, 0.094mm, 0.122mm, 0.121mm, and
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Figure 2: Photograph of experimental devices: (a) core-scale hydraulic fracturing testing system; (b) details of specimen installed; (c) details
around the specimen.

Table 1: The three-factor and three-level orthogonal experimental
design.

No. β (°) Rw (mm) q (mL/s)

HF-1 0 4 0.75

HF-2 0 5 0.35

HF-3 0 6 0.15

HF-4 45 4 0.35

HF-5 45 5 0.15

HF-6 45 6 0.75

HF-7 90 4 0.15

HF-8 90 5 0.75

HF-9 90 6 0.35
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0.122mm for each of the tests. One thing to note is that the
average fracture width generally displays a decreasing trend
as the bedding dip angle increases, and the average fracture
width that corresponds to β = 0° appears to be approximately
four times that of β = 90°. This implies that the anisotropic
characteristics of shale rock have a remarkable impact on frac-
ture width distribution. In addition, the fracture trajectory
and fracture growth pattern also play certain role in fracture
width evolution.

3.3. FIP Analysis: Theoretical vs. Experimental Results. As we
all know, the FIP is mainly determined by analytical solu-

tions in actual engineering besides the usually adopted mini-
frac tests. Hence, it is extremely vitally significant for both
drilling and hydraulic fracturing to analyze the adaptability
of FIP models and improve their prediction accuracy by
experimental methods. With this intent, several commonly
used FIP models are reviewed, and the detailed background
and derivation are given in Appendices A–C. To evaluate the
precision of the predicted results of each model, the experi-
mental FIP (EFIP) and theoretical FIP (TFIP) are drawn into
a cross-plot, as displayed in Figure 5. The divergence indica-
tor (K = TFIP/EFIP) is defined to characterize the degree of
discrepancy. It can be noticed that the divergence indicator
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belongs to 0.8 to 2.0 and most of them range between 0.8
and 1.4.

For the model derived from the anisotropic fracture
toughness criterion, the predicted FIPs have a comparatively
larger deviation from the experimental results, as shown in
Figure 5. Though the prediction accuracy can be improved
to some extent by increasing the preexisting fracture length
moderately, the predictions have not shown the desired fluc-
tuations with the bedding dip angle. The reason is that the
stress intensity factor (SIF) model proposed by Rummel
[36] is developed under the isotropic hypothesis. On the

other hand, the anisotropy of fracture toughness of Long-
maxi shale is relatively weak such that the calculated FIP
fluctuates slightly with the bedding dip angle. In terms of
the other three models, such as the TWHC model, tensile
strength anisotropy model [23], and full anisotropy model
[22], they are established for intact borehole and rely on
tensile strength to characterize the formation resistance to
fracture initiation. Though a small discrepancy is observed
between the predicted and the experiment results, the pre-
dicted FIP using the full anisotropy model may have a slight
advantage over other models. In fact, the superiority of the
full anisotropy model is not displayed very well, mainly
because uniform horizontal stress is imposed on the speci-
men and it is almost negligible. Conversely, if there is a sig-
nificant difference in horizontal stress, both the modulus and
strength anisotropy should be accounted for in the predic-
tion of FIP [22].

3.4. Factors Influencing FIP

3.4.1. Significance Analysis. According to the results shown
in Figure 4, it is found that the bedding dip angle, borehole
size, and injection rate have different levels of effects on
the FIP. However, the significance of the effects of each
factor on the FIP cannot be estimated directly from the
acquirable information, which must be recurred to mathe-
matics methods, such as variance analysis, to examine. The
multiway analysis of variance (ANOVA) is performed using
anovan function in MATLAB, and the specific calculation
method has been described by Metcalfe et al. [37]. Generally,
a larger significant difference means larger F-statistic and
lower P value. It should be noted that the interactive effects
of various factors are not taken into account here. As illus-
trated in Table 2, we can note that the bedding dip angle
has the most significant impact on the FIP, next is borehole
size, and the injection rate has the least effect. Meanwhile, we
perform statistical analysis on the 9 groups of experiment
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data, in hopes of gaining the effecting rules of each factor.
The specific analysis process is described in the following
subsection.

3.4.2. Effect of Borehole Size on EFIP. Figure 6 displays the
effect of borehole size on the EFIPs of shale specimens with
bedding dip angle β = 0°, 45°, and 90°, where the last column
represents the average EFIP at the given borehole size. It
should be noted especially that the impact of the injection
rate is ignored for the time being. We can clearly see that
the EFIP of the shale specimen decreases with the increase
of borehole size no matter what bedding dip angle is. For
shale specimens with β = 0°, the EFIPs are 19.06MPa,
13.64MPa, and 12.72MPa for Rw = 4mm, 5mm, and
6mm, respectively. The maximum reduction ratio is about
33.26%. Analogously, the biggest drop reaches 15.77% and
44.82% for β = 45° and β = 90°, respectively. Besides, the
average EFIP of each borehole size also shows significantly
lower trends with the increase of Rw, and the maximum
reduction ratio is 30.35%. This experimental conclusion
has somewhat consistency with the numerical findings of
Lecampion [38], though it is performed for homogeneous
materials. In particular, Lecampion [38] sheds new light on
the mechanism of fracture initiation from a wellbore and
indicates that the size effect on FIP is controlled by a dimen-
sionless parameter R (R = K2

IC/RwT
2ðβÞ). By definition, the

tensile fracture initiation from a wellbore is dominated by
strength when R < 0:1, while it is governed by fracture
energy when R > 10.

According to the parameters displayed in Figure 3, we
can find that the calculated R’s are always in the intermedi-
ate situation, i.e., 1:22 <R < 5:41. At this point, the tensile
failure of the wellbore is governed by strength as well as frac-
ture energy. Hence, some certain errors exist if we rely only
on the tensile strength criterion, as shown in Figure 5. Of
course, experimental error would also be the possible factor
contributing to the deviation between theoretical analysis
and experimental results.

3.4.3. Effect of Bedding Dip Angle on EFIP. Figure 7 illus-
trates the variation of EFIP with different bedding dip angles
for the borehole radius of 4mm, 5mm, and 6mm, where the
last column represents the average EFIP for each bedding
dip angle. Likewise, the influence of the injection rate is
neglected due to its insignificant features. The result indi-
cates that EFIP has a tendency of obvious dropping with
the increase of the bedding dip angle. Take the shale samples
of Rw = 4mm as an example, the EFIPs are 19.06MPa,
11.98MPa, and 8.30MPa for β = 0°, β = 45°, andβ = 90°,

respectively. The biggest drop has reached 56.45%. Analo-
gously, the biggest drop reaches 54.69% and 63.99% for
Rw = 5mm and Rw = 6mm, respectively. Compared with
borehole size, increasing the bedding dip angle can result
in a much more significant decrease in EFIP. Besides, the
average EFIP of each bedding dip angle also exhibits
decreasing trend, and the maximum reduction ratio is
42.32%. The main reason for the occurrence of this phe-
nomenon is that the tensile strength declines with the
increase of the bedding dip angle. This implies that accu-
rately testing tensile strength and selecting appropriate
strength criteria are the most important aspects for the
prediction of FIP during drilling and completion.

3.4.4. Effect of Injection Rate on EFIP. Figure 8 shows the
EFIP with respect to various bedding dip angles under the
injection rate of 0.15mL/s, 0.35mL/s, and 0.75mL/s, in
which the last column represents the average EFIP at a given
injection rate. According to multivariate analysis, here, the
size effect is ignored to discuss the interplay between injec-
tion rate and bedding dip angle. It is not difficult to see that
the EFIP has no obvious variety regulation following the
increase of the injection rate. The causes of this phenome-
non may be an integrated result of various actions. On the
one hand, the influence of borehole size on EFIP is greater
than that of the injection rate. More importantly, there exists
a threshold for the injection rate [32], which decides the
actual fracture initiation behavior, but this critical value
is still unknown. Actually, due to the sample differences
and the heterogeneity of rock material, the relationship
between injection rate and FIP has not been clearly under-
stood so far through experiments. Experimental findings
presented by Lin et al. [15] and Ranjith et al. [39] show
that the EFIP increases accordingly with the injection rate,
while Al-Nakhli et al. [40] point to the opposite conclu-
sion. There are even those who claim that the injection
rate affects EFIP depending on the permeability of rock
[41, 42]. This does not, however, mean that the injection
rate makes no difference to EFIP. It remains to be seen
in further experiments.

4. Postfracturing Analysis

4.1. Macroscopic Fracture Morphology. The wellbore
fracture-initiation patterns are vitally important to the
design and operation of drilling and completion. For drilling
engineering, rational and timely plugging the induced HFs
around the wellbore can effectively prevent and control the
occurrence of lost circulation. For hydraulic fracturing

Table 2: ANOVA table.

Source of variation Sums of squares (SS) Degrees of freedom (df) Mean squares (MS) F-statistic P value

Bedding dip angle 115.92 2 57.9601 50.22 0.0195

Borehole size 25.379 2 12.6893 10.99 0.0834

Injection rate 4.552 2 2.2762 1.97 0.3364

Error 2.308 2 1.54

Total 148.159 8
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treatments, the formation of field-scale FNs is a progressive
growth process from local to full domain, where the fracture
initiation path under the core-plunger scale plays a decisive
role. On account of this, the macroscopic morphology of
HFs near-wellbore and its interaction with bedding planes
are discussed. Figure 9 displays the ultimate macroscopic
fracture morphology created by injection fluid, where the
green lines denote the bedding planes and the red-dashed
lines denote the fracture traces. The cleaved fracture planes
are represented by capital letters, such as ABCD and A′B′
C′D′. Here, it needs to mention that the size of the triaxial
pressure chamber of the experimental devices limits the
dimension of the shale sample so that the initiated HFs

can propagate rapidly to its outside surface. In this case,
the interplay between initiated fractures and bedding planes
is impaired to some extent, but we can still capture several
meaningful outcomes.

From Figure 9, we can clearly observe that the induced
HFs mostly focus on one side rather than a symmetric distri-
bution with regard to the wellbore, and the fracture initia-
tion direction is not completely perpendicular to the
borehole wall. The primary causes of these phenomena are
that the shale specimen has obvious characteristics of het-
erogeneousness and anisotropy, and the borehole may not
be exactly in the center of the specimen. More specifically,
Figures 9(a)–9(c) display the macroscopic fracture morphol-
ogy of samples at β = 0°, where the fracture surfaces are
nearly perpendicular to the bedding planes. It should be
mentioned again that the axial stress is loaded to 25.0MPa
and the confining pressure is set as 0MPa in the process of
the experiment. The higher axial stress inhibits the opening
of bedding planes to a certain extent. Even so, Figure 9(b)
shows that the crack arrest occurs when the propagated
HFs intersect with the bedding plane, and ultimately, the
induced fractures grow thoroughly along the bedding planes;
Figures 9(d)–9(f) show the macroscopic fracture morphol-
ogy of samples at β = 45°. We find that the HFs always grow
along mechanically favorable directions, i.e., the HFs initially
emanate from the borehole wall and then extend to a plane
that is stressed relatively small. Even in this situation, some
cases also present a weaker trend of growth along the bed-
ding planes. The most probable cause of this phenomenon
is the impact of axial stress, and on the other hand, the bed-
ding planes have high consolidation strength. The previous
study has also proved this viewpoint, where the HFs prefer
to extend along the inclined bedding planes under the com-
bined action of axial pressure and confining pressure [15];
Figures 9(h)–9(j) show the macroscopic fracture morphol-
ogy of samples at β = 90°, where the fracture surfaces are
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basically parallel with the bedding planes. The differences
are that the initiation direction of specimens shown in
Figure 9(h) intersects at a certain angle with the bedding
plane and then deflects rapidly to the direction of the bed-
ding plane, while Figure 9(i) shows the right-wing HF that
initiates from the borehole and is arrested by a weak plane.
These results indicate that bedding planes have great influ-
ences on FN formation. And predictably, the effects of rock
anisotropy and bedding planes will be more apparent under
the actual subsurface environment.

4.2. Microscopic Fracture Morphology. The microtopography
of crack mainly refers to the fluctuation of the fracture sur-
face created after the fracturing experiment. Using a 3D laser
scanner, the point cloud data of the real fracture surfaces is
acquired, and then, the 3D models of fracture surfaces can
be reconstructed, as depicted in Figure 10.

According to the complementary relationship between
fracture surfaces, Figure 10 just provides the processing
results on one side. We can clearly observe that hydraulic
fracturing results in an uneven finish with peaks and valleys
in the depth of the fracture surface. Meanwhile, the geomet-
ric size and distribution density of asperities on the fracture
surface are physically different from each other. This illus-
trates that the contact problem on the fracture surfaces
becomes more complex under the impact of rock heteroge-

neity, anisotropy, and weak structural plane. On the other
hand, the fracture surfaces of part of the samples are rela-
tively smooth or grainy, as shown in Figures 10(b), 10(d),
and 10(i). In addition, it is important to emphasize that
the excessive rugged fracture surfaces will not only increase
the frictional pressure of fluid flow but also bring difficulties
for the migration and placement of proppant.

5. Conclusions

(1) Anisotropy properties of Longmaxi formation shale,
including elastic modulus, Poisson’s ratio, tensile
strength, and fracture toughness, are thoroughly
investigated based on fundamental rock mechanics
experiments. Results show that shale rock exhibits
strong elastic and strength anisotropy. The elastic
modulus appears a significant upward trend with
the increase of the bedding dip angle, while the ten-
sile strength shows an opposite character. The
anisotropies of Poisson’s ratio and fracture tough-
ness in different bedding dip angles are compara-
tively weak

(2) The hydraulic fracturing experiments under the
core-plunger scale show that the bedding dip angle
reflected by rock anisotropy has the most significant
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Figure 9: Macroscopic fracture morphology of HFs created on the shale specimens.

9Lithosphere

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/doi/10.2113/2021/4152918/5455874/4152918.pdf
by guest
on 24 July 2023



impact on the EFIP, next is borehole size, and injec-
tion rate has the least effect. The EFIP of the shale
specimen decreases as the borehole size and bedding
dip angle increase. It is also found that the increase
of the bedding dip angle may result in a decline of
the equivalent fracture opening. According to a
dimensionless parameter defined by Lecampion
[38], we infer that the mechanism of crack initiation
from a wellbore is governed by strength as well as
fracture energy, but strength-driven is prevailing

(3) The data of EFIP is adopted for examining the
adaptability of several commonly used FIP models
in laminated shale formations. The results of the full
anisotropy model have a certain advantage com-
pared with the TWHC model, TBS model, and

FMB model. This illustrates that it is necessary to
take into account both anisotropic modulus and
tensile strength during predicting the FIP of shale
formations. The FMB model may take effect for for-
mation with strong fracture toughness anisotropy,
but it remains to be confirmed

(4) Postfracturing analysis displays that the macroscopic
fracture morphologies mostly focus on one side
rather than a symmetric distribution with regard to
the wellbore, and the fracture initiation direction is
not completely perpendicular to the borehole wall.
Three different interaction scenarios are observed
when the initiated HF encounters the weak bedding
plane. Microscopic scanning shows that hydraulic
fracturing results in an uneven finish with peaks

0
10

20
30

40
Axia

l d
ire

cti
on

 (m
m

)

Axia
l d

ire
cti

on
 (m

m
)

Axia
l d

ire
cti

on
 (m

m
)

Axia
l d

ire
cti

on
 (m

m)

Axia
l d

ire
cti

on
 (m

m
)

Axia
l d

ire
cti

on
 (m

m
)

Axia
l d

ire
cti

on
 (m

m
)

Axia
l d

ire
cti

on
 (m

m
)

Axia
l d

ire
cti

on
 (m

m
)

50

0
10

20
30

40
50

60
70

80
90

100

00
10

20
30

40
50

10
20

30
40

50
60

70
80

90
100

0

10
20

30
40

50
60

70
80

90
100

0

10
20

30
40

50
60

70
80

90
100

0

10
20

30
40

50
60

70
80

90
100

0
10

20
30

40
50

60
70

80
90

100

0

10
20

30
40

50
60

70

0

10
20

30
40

50
60

70 80
90
100

Radial direction (mm)

10
0

20
30

40
50

60

Radial direction (mm)

10
0

20
30

40
50

60
Radial direction (mm)

10
0

20
30

40
50

60
Radial direction (mm)

10
0

20
30

40
50

60
Radial direction (mm)

10
0

20
30

40
50Radial direction (mm)

10
0

20
30

40
50

60
Radial direction (mm)

10
0

20
30

40
50

60
Radial direction (mm)

10
0

20
30

40
50

60

Radial direction (mm)

28 10 26
30
34
38
42
46
50
54
58

14

18

22

26

30

34

38

FST (mm)

(a) (b) (c)

(d) (e) (f)

(g) (h) (i)

FST (mm) FST (mm)

20

24

28

32

36

40

44

FST (mm)

28
26

23 26
15

20

25

30

35

40

45

50

30

34

38

42

46

50

25

27

29

31

33

35

30
34
38
42
46
50
54
58

32

36

40

44

48

FST (mm)FST (mm)

FST (mm) FST (mm) FST (mm)

30

32

34

36

38

40

Figure 10: 3D morphological map of fracture surface for different specimens; here, FST represents the fracture surface topography.

10 Lithosphere

Downloaded from http://pubs.geoscienceworld.org/gsa/lithosphere/article-pdf/doi/10.2113/2021/4152918/5455874/4152918.pdf
by guest
on 24 July 2023



and valleys in the depth of the fracture surface. The
geometric size and distribution density of asperities
on the fracture surface are physically different from
each other

Appendix

A. FIP Estimate for Formations with
Anisotropic Rock Strengths

The physical model for the fracturing experiment of the
specimen, as illustrated in Figure 1(d), can be constructed
in terms of thick-walled hollow cylinder (TWHC) theory if
the material anisotropy is not considered. The radial (σr)
and hoop (σθ) stress components acting on the borehole wall
in polar coordinates satisfy the plane-strain equilibrium
equation ([43]):

dσr

dr
+
σr − σθ

r
= 0: ðA:1Þ

In addition, the compatibility equation is given by

dσθ

dr
− ν

dσr
dr

=
1 + ν

r
σr − σθð Þ: ðA:2Þ

Consider a hollow cylinder defined by Rw < r < R, the
boundary conditions at the inner and outer wall surfaces
satisfy

σr Rwð Þ = Pw,

σr Rð Þ = P0,
ðA:3Þ

where P0 is the confining pressure, Pw is the wellbore pres-
sure, Rw is the radius of hole, and R is the diameter of the
cylinder.

Substituting Equation (A.1) into Equation (A.2) and
imposing the boundary condition Equation (A.3), the
tangential stress around the borehole wall can be expressed as

σθ =
R2P0 − Rw

2Pw

� �
R2 − Rw

2� � −
Rw

2R2 Pw − P0ð Þ
R2 − Rw

2� �
r2

: ðA:4Þ

Ma et al. [23] compare four typical anisotropic tensile
failure criteria based on the laboratory data and indicate that
the Novae-Zaninetti (N-Z) criterion can describe the ATS of
shale rock more accurately. Hence, the N-Z criterion is
employed to predict the FIP of shale rock, which is expressed
as [44]

T βbð Þ = TmTb

Tb sin2βb + Tm cos2βb

, ðA:5Þ

where T ðβbÞ is the anisotropic tensile strength at a given
angle βb, βb is the angle between the tensile stress and bed-
ding normal, Tb is the tensile strength of bedding planes,
and Tm is the tensile strength of the rock matrix.

Wellbore tensile failure occurs when the tangential stress
around the borehole wall exceeds the tensile strength T ðβbÞ.
Namely [45],

σθjr=Rw
+ T βbð Þ = 0: ðA:6Þ

Substituting Equations (A.4) and (A.5) into Equation
(A.6) and solving for the wellbore pressure, it leads to

PFIP =
2R2P0 + T βbð Þ R2 − Rw

2� �
Rw

2 + R2 : ðA:7Þ

B. FIP Estimate for Transversely
Isotropic Formations

For vertical wells in transversely isotropic formations, the
closed-form solution of stress distribution around the well-
bore is given by Amadei [46]. It is regarded as a superposi-
tion of far-field stresses and the induced stresses by
excavation and wellbore pressure. Namely,

σx = σx,0 + σx,i + σx,b,

σy = σy,0 + σy,i + σy,b,

τxy = τxy,0 + τxy,i + τxy,b,

τxz = τxz,0 + τxz,i + τxz,b,

τyz = τyz,0 + τyz,i + τyz,b,

σz = σz,0 + σz,i + σz,b,

8>>>>>>>>>>><
>>>>>>>>>>>:

ðB:1Þ

where σx,0, σy,0, σz,0, τxy,0, τyz,0, and τxz,0, respectively, repre-
sent the far-field stress components; σx,i, σy,i, σz,i, τxy,i, τyz,i,
and τxz,i, respectively, represent the stress components
induced by excavation; and σx,b, σy,b, σz,b, τxy,b, τyz,b, and
τxz,b, respectively, represent the stress components induced
by wellbore pressure. The detailed expressions of these stress
components are defined in Ma et al. [22].

Since the above stress tensor is presented for the bore-
hole Cartesian coordinate system, it needs to be transformed
into the borehole cylindrical coordinate system before calcu-
lating the stress distributions. According to transformation
formulas, the general solutions for the stress distributions
around the borehole wall can be written as [47]

σr = Pw,

σθ = σx sin2θ + σy cos2θ − τxy sin 2θ,

σz = σz ,

τrθ = −0:5σx sin 2θ + 0:5σy sin 2θ + τxy cos 2θ,

τθz = τyz cos θ − τxz sin θ,

τrz = τyz sin θ + τxz cos θ:

8>>>>>>>>>>><
>>>>>>>>>>>:

ðB:2Þ
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Substituting Equation (B.2) into Equation (A.6), the crit-
ical wellbore pressure that satisfies the wellbore tensile fail-
ure condition can be expressed as

PFIP = min Pwc θð Þf g = T βbð Þ + Aσh + BσH
C

, ðB:3Þ

where the coefficients of A, B, andC in Equation (B.3) have
been given by Ma et al. [22], and here, we will not repeat
the detailed derivation process; σH is the maximum horizon-
tal far-field stress; σh is the minimum horizontal far-field
stress.

Particularly, if the effect of the anisotropic modulus is
ignored, the FIP for a vertical well can be calculated by the
following simplified model ([23]):

PFIP = 3σh − σH + T βbð Þ: ðB:4Þ

C. FIP Estimate for Formations with
Anisotropic Fracture Toughness

To analyze the problem of preexisting biwing fracture ema-
nating from a wellbore, Rummel [36] derived a closed-form
solution for the stress intensity factors (SIFs) at the crack tip,
which were induced by in situ stress (σH , σh), wellbore pres-
sure (Pw), and fracture internal pressure (Pf ) and can be for-
mulated as

KI σH , σh, Pw, Pf

� �
= KI σHð Þ + KI σhð Þ + KI Pwð Þ + KI Pf

� �
= −σH

ffiffiffiffiffiffi
Rw

p
f bð Þ − σh

ffiffiffiffiffiffi
Rw

p
g bð Þ

+ Pw

ffiffiffiffiffiffi
Rw

p
h0 bð Þ + Pf

ffiffiffiffiffiffi
Rw

p
ha bð Þ,

ðC:1Þ

where KI is the total SIF for mode I fracture growth, b is the
dimensionless length parameter and b = 1 + L/Rw, and L is
the length of preexisting fracture. f ðbÞ, gðbÞ, h0ðbÞ, and haðbÞ
are dimensionless SIF created by σH , σh, Pw, andPf , respec-
tively, which are defined as follows:

f bð Þ = −2
b2 − 1
πb7

" #1/2

, ðC:2Þ

g bð Þ = πbð Þ1/2 1 −
2
π
sin−1

1
b

� �
+ 2 b2 + 1

� � b2 − 1
πb7

" #1/2

,

ðC:3Þ

h0 bð Þ = 1:3 b − 1ð Þ
1 + b1:5

+ 7:8
sin b − 1ð Þ/2½ �
2b2:5 − 1:7

, ðC:4Þ

ha bð Þ = λ πbð Þ1/2 1 −
2
π
sin−1

1
b

� �
, ðC:5Þ

where λ denotes the degree of fluid invasion and λ = 0 rep-
resents the preexisting fractures which are uninvaded and
Pf = 0, while λ = 1 means the preexisting fractures are fully
invaded and Pf = Pw.

For laminated materials, the variation of fracture tough-
ness usually displays directional dependence, which can be
written as [48]

KIC β0ð Þ = KIC,1 cos2β0 + KIC,2 sin2β0, ðC:6Þ

where KIC,1 andKIC,2, respectively, represent the critical SIF
at β0 = 0° andβ0 = 90° and β0 represents the angle between
the direction of preexisting fracture and bedding plane.

Fracture initiation occurs once the SIF at the fracture
tip reaches the fracture toughness of the formation rock
½KI = KICðβ0Þ�. Therefore, the FIP for laminated formations
with anisotropic fracture toughness can be determined by

PFIP =
1

h0 bð Þ + ha bð Þ +
KIC β0ð Þffiffiffiffiffiffi

Rw
p + σH f bð Þ + σhg bð Þ

� �
:

ðC:7Þ
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