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Abstract: Special T-type fractures can be formed when coal is hydraulically fractured and there is
currently no relevant theoretical model to calculate and describe them. This paper first establishes
the height calculation model of vertical fractures in multi-layered formations and deduces the stress
intensity factor (SIF) at the upper and lower sides of the fracture in the process of vertical fracture
extension. Combined with the fracture tip stress analysis method of fracture mechanics theory,
the horizontal bedding is taken into account for tensile and shear failure, and the critical mechanical
conditions for the formation of horizontal fracture in coal are obtained. Finally, the model of T-type
fracture in coal fracturing is established, and it is verified by fracturing simulation experiments.
The model calculation result shows that the increase of vertical fracture height facilitates the increase
of horizontal fracture length. The fracture toughness of coal has a significant influence on the length
of horizontal fracture and there is a threshold. When the fracture toughness is less than the threshold,
the length of horizontal fracture remains unchanged, otherwise, the length of horizontal fracture
increases rapidly with the increase of fracture toughness. When the shear strength of the interface
between the coalbed and the interlayer increases, the length of the horizontal fracture of the T-type
fracture rapidly decreases.

Keywords: coal; T-type fracture; stress intensity factor; vertical fracture; horizontal fracture

1. Introduction

Hydraulic fracturing is an effective technique for the development of coalbed methane (CBM) [1-6],
and it plays a crucial role in the development and exploitation of this resource. After hydraulic fracturing,
various styles of hydraulic fractures can be formed in a coalbed. The mechanical mechanism of fracture
propagation is complex [7-10], and T-type fractures are one of the special types of fractures that can
form after the coal has been hydraulically fractured [11-13]. The lack of a relevant theoretical model
to accurately describe and evaluate the shape of T-type fractures in coal is a hot and difficult topic in
this field.

Many scholars have conducted a lot of studies on the hydraulic fracture propagation mechanism
of fractured reservoirs, taking into account that the distribution of natural fractures in reservoirs
and the changes of mechanical parameters have significant influences on the fracture propagation in
hydraulic fracturing processes [14-19]. Researchers have mainly studied and analyzed the influence
of natural fracture parameters on the hydraulic fracture propagation based on the changes of the
stress field during fracturing processes and established a lot of useful hydraulic fracture propagation
mechanical models. However, for the formation of special T-type fractures in coal fracturing processes,
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previous research results are not applicable any more, and a new theoretical model needs to be
established to calculate and describe the formation of T-type fractures. At present, in the research on
the coalbed fracturing model, scholars have tried to use the finite element method [20-22], to simulate
the initiation and propagation of hydraulic fractures with different types of coal reservoirs in different
blocks. However, this method is only aimed at specific reservoir types and parameters and is not
universally applicable. The researchers have also done some investigations using indoor experiment
methods [11,13]. Their simulation results confirm that T-type fractures can be formed after a coal
sample is fractured, and the factors influencing the formation of T-type fractures under experimental
conditions are analyzed, and the influence laws of various factors on the shape of T-type fracture
are qualitatively summarized. However, the conclusions obtained from the experimental methods
cannot be directly applied to the design of the actual formation fracturing, and they can only provide
qualitative theoretical guidance. Li et al. [13] studied the mechanics of the formation of T-type
fractures in coal. It was experimentally confirmed that coalbed fracturing can form special shaped
T-type fractures, and fracture mechanics theory was used to analyze the differences of in-situ stress,
coal bedding dip, and vertical fracture height and other factors on the formation of T-type fractures,
but their research assumes that there are already existing open horizontal fractures in the coal, which is
different from the actual situation, and their model cannot calculate the length of the horizontal
fracture in T-type fractures. In summary, a comprehensive theoretical model need to be established
to complete the relevant research on the hydraulic fracturing of T-type fractures in coal, and there is
no corresponding experimental simulation verification. This paper will establish a model of T-type
fractures and analyze the influencing factors of fracture morphology. Through the study of this paper,
it is possible to make up for the gaps in the modeling of T-type fractures in hydraulic fractured coalbeds.
The corresponding research results will provide a new theoretical method for the study of coalbed
hydraulic fracturing mechanism.

2. Derivation of the Model of T-Type Fracture

The T-type fracture consists of a vertical fracture and a horizontal fracture, as shown in Figure 1.
The study [13] shows that when coal is fractured, a vertical fracture is first formed, and after the
vertical fracture extends from the upper and lower tips to the horizontal bedding and other structural
weak surfaces, the bedding opens and propagates under the pressure of the fracturing fluid to form
a T-shape fracture. Therefore, we first establish a mechanical model of vertical fracture opening,
and then calculate the opening length of the horizontal fracture based on the vertical fracture opening,
and finally obtain a T-type fracture model.

well bore
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Figure 1. T-type fracture in coal: (a) Front view; (b) Side view [13].

The physical model of height of vertical fracture is shown in Figure 2 [23]. Figure 2 shows that the
fracture is extending from top to bottom in six different formations. This hypothesis has fully taken the
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phenomenon of delamination into account when the vertical fracture propagates to different lithologic
formations. This model only represented six layers for the sake of simplicity, but it is not limited to the
number of layers and can be extended to n layers.
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Figure 2. Physical model of vertical fracture extension.

Corresponding to the vertical fracture shown in Figure 2, the SIF at the upper and lower tips of
the fracture can be expressed as [23]:

1 (¢ C—x

Kie =) == [ Pua)y) e (1)
1 /€ C+x

Kiy = E/_cp"”(x) o )

where: C is half height of fracture, m; P;¢(x) is net pressure of fluid at any point in the fracture, MPa;
h; is the thickness of the i-th layer,i=1, 2, ... ., n, m; 0; is the horizontal minimum principal stress of the
i-th layer,i=1,2, ... ., n, MPa; K|¢; is the fracture toughness of the i-th layer,i=1,2,... ,n, MPa-m!/2.

Ppet(x) = pgx + bj = mx + b; 3)

b; = Pref +pg(dmid - dref) — Ui 4

where m = pg; p is fracturing fluid density, kg/m?3; dyef is true vertical depth (TVD) for perforation, m;
Pyris fracturing fluid pumping pressure at perforation, MPa; d,;;;; is TVD in the middle of the fracture,
m; P, is the pressure of fracturing fluid in the middle of the fracture, MPa.

Substituting (3) and (4) into (1) and (2), we can obtain:

/ c /C
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By integrating Equations (5) and (6), the SIF at the top and bottom of the fracture can be obtained.
The SIF at the lower end of the fracture corresponding to any position x on the fracture is:

2C\/C = x(2b; + mC) sin~1 (Vf) — (C = x)y/C F+ x[2b; + m(2C + x)]

Ki(m,b;,x) = 7
I+( i ) > 7TC(C—JC) @)
K]_;,_(Tﬂ, bi/ —C) =0, x=-C (8)
1
Ky (m,b;,C) = E(Zbi +mC)vnC, x=C )
Therefore, we can obtain that the SIF at the lower end of the fracture in the i-th layer is:
KI+,i = KI+(mr bil xd,i) - K1+(m/ bir xu,i) (10)
where x, ; and x,, ; are the bottom and top depth of the i-th layer respectively, m.
In this way, the total SIF at the lower end of fracture extending in a multi-layered stratum is:
n
KI+ = Z[K1+ (Ti’l, bi/ xd,i) _KI+(m/ bi/ xu,i)] (11)
i=1
With the same derivation method, we can get the total SIF at the upper end of the fracture as:
n
KI— == Z [KI— (_ml bi/ _xu,i> - KI— (_m/ bi/ _xd,i)] (12)

i=1

Whether the upper or lower fracture can extend in the stratum depends on the relative magnitudes
of the SIF at the upper and lower tips of the fracture and the fracture toughness of the coal at the
fracture tip. When Equation (13) is satisfied, the height of vertical fracture will increase, and the
formation will be ruptured, and fractures will continue to extend upwards or downwards to increase
the fracture height:

{ The condition of the upper fracture :  Kj_ > Kj¢; (13)
The condition of the lower fracture : Ky > Kj¢;

As shown in Figure 3, when the vertical fracture encounters the coal bedding, under the action
of stresses generated by the vertical fracture tip and the in-situ stresses, the bedding is stretched or
sheared to form a T-shape fracture.

Since the angle between bedding and horizontal plane is small, there is almost no difference in the
difficulty of opening the right and left sides of the horizontal fracture [13]. The morphology of fracture
is more likely to be a T-type. Considering the actual bedding dip is nearly to zero, the bedding in this
model can be simplified to be parallel to the horizontal plane and perpendicular to the vertical fracture.

The normal stress and shear stress generated by the in-situ stress on the horizontal bedding plane

are [24]:
0 O.‘U + Uh UU - 071
T T T T

cos 2w (14)

T = _ g"h sin 2a (15)

where « is the angle between horizontal bedding and vertical stress, (°).
When the vertical fracture encounters the horizontal bedding, the distance from the vertical
fracture tip to the horizontal bedding plane is 7, and the stresses induced by the vertical fracture are:

K 0 0 3
F I . .
o, = cos = | 1—sin = sin =60 16
Y 2w 2( 22 ) (16)



Energies 2018, 11, 1196 50f 13

K 0 0 3
F 1 . .
o, = cos = |1+ sin = sin =0 17
y \/ 27tr 2( 2 2) ( )
K 0 0 3
F _ I 7 cin — et
Ty = oo cos 5 sin 5 cos 29 (18)

where: 0 is the polar angle of any point in the polar coordinate system of the fracture tip deviating
from the direction of the fracture extension line, (°); K; indicates the SIF factor at the vertical fracture
tip, when it corresponds to the lower end of the fracture, it is the result of Equation (11), and when it
corresponds to the upper end of the fracture, it is the result of Equation (12).

Figure 3. Physical model of T-type fracture.

The normal stress and shear stress applied to the fracture surface by converting the stress induced
by the vertical fracture are [25]:

of = ofsin? g+ (7;E cos® B+ 2T£y cos Bsin (19)

= (UyF - a,f) cos Bsin B + Tfy (c032 B — sin? ﬁ) (20)

where B is the angle between the horizontal bedding polar coordinate system and vertical fracture
rectangular coordinate system, (°).

As for the horizontal bedding, the corresponding a = B = § = 90°, it can be obtained that the
horizontal bedding stresses under the action of the vertical fracture and the in-situ stresses are

as follows:
Ky

4\/mtr
K
0 F 1
T=T1 T =
+ 4./mr

Therefore, for horizontal bedding, if Equation (23) is satisfied, tensile failure will occur to form
horizontal fracture, and if Equation (24) is satisfied, shear failure will occur and horizontal fracture
will be formed. According to Equations (23) and (24), the length of the horizontal fracture can be
determined in terms of the critical conditions of failure, and then the morphology of the T-type fracture
can be determined.

On = 05 + 0y = 0o+ (21)

(22)

0y > 0y (23)
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> 1, (24)

where 07 is the tensile strength of the bedding plane, MPa; T; is the cohesion of the bedding plane, MPa.

3. Model Validation

Due to the lack of field fracturing application data and microseismic data for fracture monitoring,
the verification of the model is relatively difficult. For this reason, a hydraulic fracturing simulation
experiment on a large-size coal sample was carried out in this paper. It was hoped that the correctness
of the model could be verified by experimental simulation. The size of the fracturing coal sample
is 300 x 300 x 300 mm, the internal coal rock size is 250 x 250 x 250 mm, and the thickness of the
externally wrapped cement sample is 25 mm. T-type fractures were formed after the coal sample
was fractured, vertical fractures were formed in the middle of the coal, and horizontal fractures were
formed at the interface between the coalbed and the cement sample, as shown in the right picture
in Figure 4. In fact, horizontal fractures can be formed in any structurally weak plane. In this paper,
we only discuss the situation where the horizontal fracture occurs in the interface. The parameters and
fracture parameters involved in the fracturing process are shown in Table 1.

Vertical :

e

fracture ~

Horizontal
fracture

(a) (b)

Figure 4. Morphology of hydraulic fracturing fractures in large-size coal sample. (a) A schematic
diagram of loading direction and coal sample; (b) A schematic of vertical fracture and horizontal
fracture after hydraulic fracturing.

Table 1. Coal fracturing test parameters and statistics of fracture parameters.

No. Parameters Symbol Unit Value
1 maximum horizontal principal stress OH MPa 6
2 minimum horizontal principal stress o MPa 4
3 vertical stress oy MPa 10
4 length of vertical fracture 2C m 0.25
5 length of horizontal fracture ly m 0.05-0.15
6 fracture propagation pressure P, MPa 5.5
7 fracturing fluid density o kg/m3 1050

Using the data in Table 1, the length of horizontal fracture that may be generated is calculated
by trial calculation according to the T-type fracture model established in Section 2, and the calculated
results are recorded in Table 2. As a result of trial calculation, it is proved that the tensile stress caused
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by vertical fracture is much smaller than the vertical stress imposed by the simulation, therefore tensile
failure cannot occur and only shear failure can occur. Therefore, in Table 2, only the fracture toughness
and coal-cement interface shear strength values corresponding to the three different levels of fracture
lengths are listed.

Table 2. T-type fracture model trial results.

No. 1 No. 2 No. 3
Symbol Unit Value Symbol Unit Value Symbol Unit Value
Kic MPa-m!/2 0.94 Kic MPa-m!/2 0.94 Kic MPa-m!/2 0.94
T MPa 0.84 T MPa 0.59 Ts MPa 0.48
Iy m 0.05 ly m 0.10 Iy m 0.15

According to the results shown in Table 2, when the horizontal fracture length of the T-type
fracture is 0.05-0.15 m, the shear strength value of the bedding plane of coal and roof is 0.48-0.84 MPa,
and the corresponding fracture toughness is 0.94 MPa-m'/2. The result accords with the actual
mechanical parameters of coal rock, which shows that the calculation result of this model is correct.

4. Analysis of Influence Factors of T-Type Fracture

In order to analyze the factors affecting the shape of the T-type fracture in the case approaching
a true formation, the calculation parameters are assumed to be as shown in Table 3. In the case
where the formation contains three layers, the upper and lower layers are interlayers, and the middle
layer is a coal layer. The in-situ stress, fracture toughness, and tensile and shear strength at the
top of each layer are different, and the perforation location is 960 m in the middle of the coalbed.
Through calculations, the height of vertical fracture variation in coalbed is shown in Figure 5. When the
injection pressure reaches 17.20 MPa, the fracture starts to grow quickly and extends to the top and
bottom interfaces of the coalbed, and with the injection pressure in the perforation hole increases,
fracture will extend up and down through the layers into the interlayers. Before a fracture passes
through the interface, the T-shape fracture profile formed at the top interface of the coalbed is shown
in Figure 6. The calculations show that under the stress conditions in this paper, the tensile stress
induced by the vertical fracture is much smaller than the vertical stress acting on the bedding plane,
and the interface at the top of the coalbed can only undergo shear failure and form a T-type fracture.

92 Interlayer

depth [m]
o
o |
L
o
@D .
o

080

Interlayer

1000

1020
175 18 185 18 195 20
Pressure [MPa]

Figure 5. The changes of fracture height with injection pressure at the perforation.
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Table 3. Assumptions for the analysis of the influence of T-type fracture.

No. of Top Thickness Minimum Vertical Fracture Tensile Shear
La‘ er Depth (m) Horizontal Principal Stress Toughness Strength  Strength
y (m) Stress (MPa) (MPa) (MPa-m1/2) (MPa) (MPa)
1 900 50 20.70 21.60 1.42 0.91 3.49
2 950 20 16.40 22.80 0.71 0.32 0.85
3 970 50 22.30 23.30 1.42 0.93 3.62
Interlayer
1.44m
f—
Coalbed ZPm
Interlayer

Figure 6. Vertical fracture morphology with injection pressure value of 17.30 MPa at perforation.

For the analysis of each influencing factor, a single factor analysis method is used to ensure that
other parameters remain unchanged (as shown in Table 3) and only the analyzed parameter is changed
to calculate the influence of this parameter on the shape of T-type fracture. In order to be able to
evaluate the influence of various factors on the shape of T-shaped fracture in a unified manner, the ratio
of the length of horizontal fracture and the length of vertical fracture is defined as:

2C

Thv:?

(25)

Equation (25) can be used to apparently reflect the changes of the morphology of T-type fracture,
and to analyze the proportional relationship between horizontal fracture and vertical fracture of T-type
fracture under different factors.

4.1. Effect of Vertical Fracture Height on the Shape of T-Type Fracture

Increasing the thickness of coalbed from 10 m to 50 m by the interval of 10 m, we calculate
and analyze the fracture morphology caused by the change of vertical fracture height in the coalbed,
as shown in Figure 7.

According to the results of Figure 7, it can be seen that as the vertical fracture height increases, the
horizontal fracture length increases, and when the vertical fracture height is 10 m, a horizontal fracture
with 1.24 m long can be generated. When the vertical fracture height increases to 50 m, it can produce
a 2.76 m long horizontal fracture. However, through the change of Tj,, it can be seen that the value of
T}, decreases at first and tends to be stable as the vertical fracture height increases. This shows that
when the vertical fracture height increases to a certain value, the horizontal fracture length is no longer
obviously affected by the vertical fracture height.
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Figure 7. The length of horizontal fracture and the shape of T-type fracture change with the height of
vertical fracture.

4.2. Influence of Coalbed Fracture Toughness on T-Type Fracture

Increase the fracture toughness of coalbed from 0.21 to 2.21 MPa-m!/? by the interval of
0.5 MPa-m'/2, and keep the other parameters unchanged. The influence of the fracture toughness of
the coalbed on the fracture morphology is analyzed and the calculation results are plotted as shown in

Figure 8.
10 1 - 0.6
—e—1f —e—Thv
- - 0.5
- 0.4
6 -
G
= 0. 323
~ 4 i
- 0.2
27 L 0.1
O '] '] '] '] O
0 0.5 1 1.5 2 2.5

K (MPa-m/2)

Figure 8. The length of horizontal fracture and the morphology of T-type fracture change with fracture
toughness of coal.

From the curve in Figure §, it can be concluded that as the fracture toughness of coal increases,
the length of the horizontal fracture remains constant. When the fracture toughness reaches a certain
value, the length of the horizontal fracture increases rapidly with the fracture toughness. This shows
that there is a certain threshold value. When the fracture toughness is smaller than the threshold,
the length of horizontal fracture will not be affected with the fracture toughness increasing. Above this
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threshold, the fracture toughness will have a significant effect on the length of horizontal fracture.
Threshold in this example is 0.71 MPa-m'/2. The variation law of T}, is exactly the same as that of
horizontal fracture length. When the fracture toughness of coal increases from 0.21 to 2.21 MPa-m!/2
the T}, increases from 0.07 to 0.457 MPa-m!/2.

7

4.3. Influence of Bedding Shear Strength on the Morphology of T-Type Fracture

The calculation example in this paper shows that the horizontal fracture formed with the stress of
overlying formation is caused by shear failure. Therefore, only the effects of bedding shear strength on
the morphology of T-type fracture need to be analyzed. Decrease the shear strength from 0.85 MPa to
0.05 MPa, the interval is 0.2 MPa, and analyze the T-type fracture morphology changes.

From the curve results in Figure 9, we can see that as the shear strength of the interface between
the coalbed and the interlayer increases, the length of the horizontal fracture rapidly decreases.
The horizontal fracture length is 400 m when the shear strength is 0.05 MPa. When the shear strength
increases to 0.85 MPa, only a horizontal fracture of 1.4 m can be formed. Since there is no change in the
vertical fracture height, the change law of T}, is consistent with that of horizontal fracture length.

1000 —e—1f —e—Thv r 100

- 10

][' (Hl)

0.1

0.1 4 4 4 0.01
0.05 0.25 0.45 0. 65 0.85

7 . (MPa)

Figure 9. Changes of the length of horizontal fracture and the shape of T-type fracture with the shear
strength of coalbed interface.

5. Discussion

5.1. Principal Insights

This paper has established the calculation model of T-type fracture of coal hydraulic fracturing.
The model has taken into account the extension characteristics of vertical fracture in multi-layered
formations and calculated the stress of horizontal fractures according to the SIF at the vertical fracture
tip. According to the tensile and shear failures, the horizontal fracture length was determined.
The results of this study show that under the action of the overlying rock stress on the horizontal
bedding plane, it is hard for tensile failure to occur, and shear fracture occurs mainly to form horizontal
fractures. The increase of vertical fracture height and fracture toughness of coal is beneficial to the
increase of horizontal fracture length. The shear strength of coalbed and interlayer has great influence
on the length of horizontal fracture, and the fracture length decreases rapidly with the increase of
shear strength.
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5.2. Model Limitations

There are still many areas need to be continually studied in the future. For example, the model
did not consider the change of the stress field caused by the change of pore pressure, which is caused
by the loss of fracturing fluid. This may cause a certain deviation from the actual situation. In addition,
the model mainly focused on the mechanical conditions for forming horizontal fractures at the interface
between the coalbed and the interlayer and did not consider the mechanics issue of further fracture
propagation by the sequential injection of fracturing fluids after the formation of horizontal fractures.
This also requires a follow-up study to give a better explanation of the problem.

6. Conclusions

A calculation model of T-type fracture in coal was established based on the physical phenomena
of formation of horizontal fracture along the interface of coalbed after vertical fracture was formed by
hydraulic fracturing in coalbed, which formed a special T-type fracture. This model provided a good
theoretical reference for fracturing design of complex fracture in coalbed. The following systematic
insights were obtained by applying the model to a synthetic case study, expanded with a sensitivity
analysis to various key parameters:

(1) T-type fractures in coal fracturing are mainly caused by vertical fractures extending to the
bedding plane and causing horizontal fractures to form on the bedding plane after stretching or
shear failure.

(2) The increase of the vertical fracture height can increase the length of the horizontal fracture,
but when the vertical fracture height increases to a certain value, the effect of increasing the
horizontal fracture length by increasing the vertical fracture height is no longer obvious.

(3) The fracture toughness has certain influence on the length of horizontal fracture, but there is
a threshold. When the fracture toughness is less than the threshold, the length of horizontal
fracture remains unchanged, otherwise, the length of horizontal fracture increases rapidly with
the increase of fracture toughness.

(4) When the shear strength of the interface between the coalbed and the interlayer is enhanced,
the length of the horizontal part of T-type fracture is rapidly reduced. It shows that the greater
the stratification strength is, the more stable it is and the less favorable it is to the formation of
T-type fracture.

Author Contributions: Y.L. developed the model. Y.L. and D.J. designed and analyzed the synthetic cases.
Y.L, K.Z. and W.L. wrote the manuscript. All authors reviewed the manuscript.

Acknowledgments: This research was supported by the Natural Science Foundation for Youth of China
(No. 51504068), Northeast Petroleum University Scientific Research Start Funds Subsidization Project,
National Science and Technology Major Project of China (20162X05046004-004), and National Natural Science
Foundation of China (No. 51490650).

Conflicts of Interest: The authors declare no conflict of interest.

Nomenclature

oy maximum horizontal principal stress, MPa;
oy minimum horizontal principal stress, MPa;
Oy vertical stress, MPa;

lf length of horizontal fracture, m;

p, fracture propagation pressure, MPa;

C the half height of the vertical fracture, m;

Pret(x) the net pressure of the fluid at any point in the fracture, MPa;
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h; the thickness of the i-th layer, I=1,2,... ., n, m;

or the horizontal minimum principal stress of the i-th layer, I=1,2, ... ., n, MPa;

Kici the fracture toughness of the i-th layer rock, I=1,2,... ., n, MPa-ml/2;

TVD the true vertical depth, m;

0 the fracturing fluid density, kg/m3;

m the density gradient, kg/m?-s%;

d,ef the vertical depth of perforation, m;

Py the fracturing fluid pumping pressure at the perforation location, MPa;

dpid the vertical depth of the middle of the fracture, m;

Pia the fracturing fluid pressure in the middle of the fracture, MPa;

Xd,1r Xu,I the bottom and top depth of the i-th layer respectively, m;

o the angle between horizontal bedding and vertical stress, (°);

0 the polar angle of any point in the polar coordinate system of the fracture tip

deviating from the direction of the fracture extension line, (°);
the angle between the horizontal bedding polar coordinate system and vertical

p fracture rectangular coordinate system, (°);

ot the tensile strength of the bedding plane, MPa;

Ts the cohesion of the bedding plane, MPa.
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