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Determining reasonable fracturing stage spacing is the key to horizontal well fracturing. Different from
traditional stage spacing optimization methods based on the principle of maximum stimulated reservoir
volume, in this paper, by considering the integrity of the wellbore interface, a fracture propagation model
was established based on displacement discontinuity method and the competition mechanism of mul-
tifracture joint expansion, leading to the proposal of an unequal stage spacing optimization model. The
results show that in the first stage, the interfacial fractures spread symmetrically along the axis of the
central point during that stage, while in the second and subsequent stages, the interfacial fractures of
each cluster extend asymmetrically along the left and right sides. There are two kinds of interface
connectivity behaviour: in one, the existing fractures first extend and connect within the stage, and in
the other, the fractures first extend in the direction close to the previous stage, with the specific
behaviour depending on the combined effect of stress shadow and flow competition during hydraulic
fracture expansion. The stage spacing is positively correlated with the number of fractures and Young’s
modulus of the cement and formation and is negatively correlated with the cluster spacing and hori-
zontal principal stress difference. The sensitivity is the strongest when the Young’s modulus of the
cement sheath is 10—20 GPa, and the sensitivity of the horizontal principal stress difference is the
weakest.
© 2023 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This
is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/
4.0/).
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1. Introduction

Tight shale reservoirs are characterized by low porosity and low
permeability, such that hydraulic fracturing technology has become
an effective means to increase their production (Conrod et al., 2020;
Jia, 2017; Sun et al., 2021). After years of practice, research has
shown that it is important to maximize the volume of reservoir
stimulated by long horizontal completion and segmenting stage
spacing. As a part of the fracturing process, the design of stage
spacing plays a key role in improving the stimulation effect. At
present, the optimization of stage spacing is mainly based on two
optimization principles: one is to adjust the deflection angle of
hydraulic fractures (HFs) to obtain the maximum swept area of the
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fracture net (Li et al., 2017a; Luo et al., 2021; Xu et al., 2021; Yong
et al., 2017; Zhang et al., 2021); the second is to avoid the expan-
sion and mutual suppression of adjacent fractures under the action
of stress interference (Al-Rbeawi, 2019; Taleghani, 2011; Wang,
2016; Xu et al, 2011; Michael, 2021). Although the optimized
stage spacing has achieved a certain stimulation effect, nonetheless
it also destroys the wellbore integrity. In addition to producing
hydraulic fractures perpendicular to the wellbore, hydraulic frac-
turing leads to the debonding of cementing interfaces around the
perforation and thus produces fractures along the interface. At this
time, multiple HFs and interface fractures (IFs) typically expand
together under the condition of fracturing fluid injection. The high-
pressure fracturing fluid injected from the wellhead enters the
cracks and overcomes the interfacial stress, causing further sepa-
ration of the interface. As the fluid continues to be injected, the
length of the hydraulic fracture and interfacial fracture expand
together and continue to extend along their respective directions
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(Bois et al., 2012; Zhang and Bachu, 2011). As shown in Fig. 1, the
influence on well integrity of the interface failure zone formed
during synchronous propagation of HFs and IFs is always ignored.
Existing research has shown that 11-18 m and 5—8 m axial frac-
tures will occur at the casing—cement interface (CCI) and
cement—formation interface (CFI), respectively, during single-
cluster hydraulic fracture propagation (Jiang et al., 2020; Xu et al.,
2021; Zhu et al.,, 2013). In recent years, the multifracturing hori-
zontal well with tighter clusters has become a core technology that
is now widely used in North America to increase production and
efficiency (Jacobs, 2019). It also represents a new breakthrough in
the study and application of shale reservoir reconstruction tech-
nology in China. This technology not only increases the number of
clusters in a single stage but also shortens the cluster spacing to less
than 10 m, effectively improving resource production (Xu et al.,
2018a). However, some of the wells tested showed that even
though the cementing quality was good, sealing failure occurred
after subsequent stimulation, for example by additional fracturing.
This means that a cluster spacing that is too small is more likely to
cause interfacial fracture propagation and connect the whole hor-
izontal section, resulting in serious consequences such as fracturing
fluid leakage, channelling between stages, causing damage, and
reduced well life.

At present, scholars are more concerned about the expansion of
HFs and IFs during hydraulic fracturing, with only a few focused on
the integrity of the wellbore seal. Lecampion et al. (2011) combined
experiments with numerical simulations to investigate the axial
propagation length and circumferential propagation of the
cementing interface crack, with results showing that the IFs tended
to a constant value in the circumferential direction with fluid in-
jection and expanded along the axial direction of the wellbore.
Wang et al. (2021) simulated the changes in cementing interface
stress and fracture width during fracturing by characterizing the
stress intensity factor of the CFI but did not clarify the axial prop-
agation law of IFs. Li et al. (2017b) and Feng et al. (2017) studied the
axial expansion length and circumferential expansion direction of
the annulus at the cementing interface based on experiments,
mathematical models, and numerical simulations. Nevertheless, in
the above studies, fracturing fluid was directly injected into IFs,
which cannot reflect the flow distribution of multiple fractures
during an actual fracturing event, meaning that the calculated IF
length would be much higher than the real value. In this paper, the
displacement discontinuity method (DDM) was combined with the
fluid flow equation to study the fracture flow rate distribution
under fluid—structure coupling conditions. Considering the
coupling effect between pore fluid and rock deformation, Wang and
Taleghani (2017) used the finite element method (FEM) to simulate
the initiation and propagation process of IFs during fracturing and
analysed the potential failure possibility of the interface. A large
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Fig. 1. Propagation of interface fractures during hydraulic fracturing.
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number of studies have shown that HFs present different geometric
forms under different fracturing conditions. This means that the IFs
also change. In this paper, the results of the above study are
continued to further quantify the axial propagation length of the
IFs.

At present, there are many numerical methods to study the
fracture of the cementing interface. Tan et al. (2018) discussed the
influence of the cementation strength of bedding planes on HF
propagation based on the discrete element method (DEM). Zhong
et al. (2014), Xu et al. (2018b), and Chen et al. (2009) used the
finite element method (FEM) to calculate fracture propagation at
the CFI; Li et al. (2020) and Sheikhmali (2016) used the extended
finite element method (XFEM) to describe the propagation
behaviour of mixed mode fractures. The above methods have
unique advantages in the study of hydraulic fracturing, in which the
stress singularity of the fracture tip cannot be avoided. Gu and
Zhang (2020) successfully solved the fracture mechanics parame-
ters of bimaterial IFs by introducing the boundary element regu-
larization algorithm. The results showed that this method
significantly reduced the stress oscillation near the fracture tip. As
an indirect boundary element method (BEM), the displacement
discontinuity method (DDM) has the characteristics of node dis-
cretization and is also widely used in fluid structure coupling. Thus,
DDM is also the method chosen in this paper. Moreover, by intro-
ducing the fracture toughness of two-material interface fracture
propagation, the calculation conditions are more consistent with
the actual conditions.

In this paper, two models are established based on the
fluid—structure interaction theory, one is the synchronous propa-
gation model of planar 2D hydraulic fractures based on displace-
ment discontinuity theory, the other is the propagation model of
nonplanar 3D cementing interface fractures, and the equivalent
propagation lengths of the IFs in the stages are obtained by simu-
lating the fracture geometry, net pressure, and flow rate distribu-
tion. Finally, an unequal stage spacing optimization model is
proposed based on the principle of maintaining the integrity of the
wellbore. The results can provide a theoretical basis for the optimal
design of fracturing parameters.

2. Methods and models

After the completion of a horizontal well, perforation is carried
out in turn, and fracturing fluid is pumped in. The initial damage
around the cementing interface is caused by the perforation and
expands axially under the action of the high-pressure fluid. All
clusters of fractures in the stage crack simultaneously, which affects
the wellbore integrity. According to the above process, the
following assumptions are made for the model:

(1) The tip propagation of the HF and IF meets the linear fracture
mechanics;

(2) There are no natural fractures in the reservoir;

(3) The fracturing fluid is an incompressible Newtonian fluid
that filles the fractures;

(4) The cement sheath and formation are linear elastomers;

(5) Each perforation cluster produces only one fracture;

(6) The hydraulic fracture accords with the hypothesis of the
KGD model, in which the planar 3D fracture has a fixed
fracture height.

2.1. Judgement of the IF propagation position

It is generally believed that the stress on the cementing interface
during hydraulic fracturing arises from two factors: one is the fluid
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pressure in the wellbore (Adams et al., 2017), and the other is the
nonuniform in-situ stress (Deng et al., 2021; Huan et al., 2021). Yan
et al. (2020) noted that the degree of compaction of the CFI is
greater under the formation confining pressure and that the frac-
turing fluid more easily enters the CCl. Wang et al. (2021) showed
that when fractures exist at both cementing interfaces, the frac-
tures at the CFI are wider than those at the CCI. The difference in the
above conclusions is caused by different initial conditions. In fact, in
the case of non-creep formation, the in-situ stress around the
borehole is redistributed and stable after the rock is removed from
the borehole. After the cement slurry enters the hole and solidifies,
the formation has no initial force on the cement sheath (Shi et al.,
2015; Saint-Marc et al.,, 2008; Fan et al., 2019). Therefore, the
equilibrium state of casing—cement—formation before fracturing
fluid injection is regarded as the initial state, and the IF propagation
conditions should meet the following principles:

{

where pr; and py, are the fracture injection pressures at CCI and CF],
Pa; gcc and o are the radial stresses of CCI and CFI, Pa; and ¢y, and
gy are the bonding strengths of CCI and CFI, Pa.

According to the theory of thick-walled cylinders, the radial
stress on the interfaces during fracturing can be expressed by the
following formula (Chu et al., 2015):

p :fl (fo +f7)Pin + fafsTou
T fafs - -H)fs + )

5o —J2f5Pin +fs(f2 +f3)00u
T fafs — (5 + ) (s —f7)

where pjj is the fluid pressure in the wellbore, Pa; ooy is the in-situ
stress of the far field, Pa; and f;—fg are the functional expressions of
the radius, Young’s modulus, and Poisson's ratio of the casing,
cement sheath, and formation, respectively (see Appendix A for
details).

Df1 = Occ + 011
Py 2 Ocf + 012

(1)

(2)

2.2. Fracture propagation model under fluid—solid coupling

2.2.1. Rock deformation equation under staged fracturing

Assuming that all clusters of fractures in each stage expand
simultaneously, when fracturing Fracture 1 in Stage 1, the fracture
is divided into N; discontinuous displacement units, and the stress
and displacement distribution of element i between fractures can
be calculated by the following formula (Wu and Olson, 2015):

) N o N
0';1 = Z GUCgles + Z GUanDln
= =
. N N
og =Y GICIDy+ ) GICqD
= =

where ¢, is the normal stress, Pa; o5 is the tangential stress, Pa; Dy
is the normal displacement discontinuity, m; Ds is the tangential
displacement discontinuity, m; C, C2,, C&, and CY, are the elastic
coefficient matrices composed of elements i and j in the calculation
domain; Gj; is the seam height correction factor (Olson, 2004):

8
dij

Gio{--— v
62
[d2 + (h/e)’]

(4)
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where dj; is the distance between cells, m; h is the fracture height,
m; and « and § are empirical parameters (Li et al., 2020), taken as
a=1p0=23.

When fracturing n fractures in Section 1, Eq. (3) can be rewritten
as:

) Ni+Np+..4+Ny . Ni+No+..ANy
i i

o = Z GYCHsDk + Z GUClnD,

j=1 j=1

(5)

. Ni+No+..+Np | Ni+No+..+Np
0,15 = Z GUC;]SDIS + Z GUanD]n

J=1 j=1

Let M1 = N7 + N3 + ... + N, represent the total number of units
divided by each fracture in Stage 1; then, the displacement
discontinuity caused by each fracture in the M-th stage (M > 1) can
be expressed by the following formula:

i M1+M2+...+Mm o . M1+M2+...+Mm o )
1 Ulal’ Ulal
ol = cickpl+ Y cicl,D}
= =
(6)
. Mi+Mp+..+Mpm Mi+Ma+..+Mp
1 _ rall] ij U
d= Y S didipi+ Y Gidip,

j=1 J=1

2.2.2. Fluid flow equation

The Navier-Stokes equation is used to represent the flow of
fluid in rock fractures (Wu, 2014). Assuming that the Newtonian
fluid flows in two smooth plates without relative slip, the Navier—
Stokes equation can be simplified as follows:
Py (
0x

n'-1

1 ¢
w2+l H

(7)

1+ 2n’) ”'

n

i

where p is the fluid pressure, Pa; q is the fluid flow rate, m?/s; H is
the height of the fracture, m; w is the width of the fracture, m; x is
the distance along the fracture, m; n’ is the fluid power-law index;
and k' is the consistency coefficient, Pa-s".

Cheng (2016) compared the fracture propagation results with
and without fluid leakage terms based on the KGD model, finding
that the fracture length expanded faster when not considering fluid
loss. However, the presence of the fluid leakage term only affects
the propagation speed of the fracture. With a sufficiently long fluid
injection time, the final propagation length of the fracture is similar.
Since staged fracturing is mostly used in low permeability reser-
voirs and the hydraulic fracture propagation model in this paper is
also based on the assumptions of the KGD model, the fluid filtration
process is ignored in the fracturing process presented here (Hou
et al., 2015; Kumar and Ghassemi, 2016; Chen et al., 2019), and
the material balance equation meets the following requirements:

aq(x,t) dA(x, 1)

0x ot 0

(8)

where q(x,t) is the volume flow of liquid in the fracture at time ¢,
mi/s; and A(x,t) is the cross-sectional area of the fracture at time t,
m-.

Wu (2014) deduced the continuity equation of multiple fracture
pressures. The wellbore internal pressure is the sum of the fracture
inlet pressure, perforation friction pressure drops, and wellbore
friction pressure drop, given in the following formula as:

Pin =DPw,i + DPpfi + Dcf i (9)
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a”W 2"“k’<—1 ;2”> h"w-@rhoN (10)

0.2369p;
ppf‘i Q1 (11)

2 4 K3

3n' 42 —n'y/ 1+3n g —(3n'+1) i n
Pei=2" "k (———) D (S = 5j-1) Qu,j

=
(12)

where pj, is the total pressure at the wellbore heel, Pa; py; is the
pressure at the fracture entrance, Pa; ppy; is the perforation friction
pressure loss, Pa; pcf; is the pressure loss in the horizontal wellbore,
Pa; w is the fracture width, m; Q; is the flow rate in cracki , m3[s; p,
is the density of the slurry, kg/m>; np,i is the number of perforations
of HF; dp; is the diameter of perforation of HF, m; and D is the
diameter of the wellbore, m.

2.2.3. Fluid volume conservation in fractures
The pump rate is the sum of the rate of each HF and IF, that is:

N M
x=30e+>0Q (13)
i=1 j=1

where Qr is the total injection rate, m?[s; Q; is the rate of IF j, m?/s.

Different from the conventional bimaterial plate IF, in this paper,
a cylindrical IF is considered, which spans an arc of angle 29 of a
cylinder with radius r. It is assumed that the axial propagation
length of the fracture is much larger than its arc length (I> 29r),
taking the CCI as an example (see Fig. 2) (Lecampion et al., 2013). In
this case, the cylinder with IF can be decomposed into plane strains
of multiple horizontal sections (Farris et al., 1989).

The Lamé solution shows a numerical method for solving the
interfacial crack of two materials (Toya, 1974; Piva, 1982; Lecampion
et al., 2013) with a circular tube in the case of local orientation
debonding (¢ > 7). The functional relationship between the radial
opening of the IF and the pressure in the fracture is established
using the continuity criterion of radial displacement at the
interface:

Wall of well

Interface

Innerwall of casing

.

w(o)

\ |/

N

(a) Vertical cross section (b) Horizontal cross section

Fig. 2. Diagram of the IF cross section.
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w(f) = [ u'“] 721912; e[ - ,0] (14)

where p is the net pressure in the fracture, Pa; x is a function of the
wellbore radius, Young’s modulus, and Poisson's ratio.
The CCl is expressed as follows:

1

12 +12(1-2u)
2G; (r% — r%)

r3(Gy — G3)(1 — 2up) + 12(Gy + G3(1 — 2u,))
2G,[r3(G3 — Gy) +12(G + G3(1 — 212))]

X

The CFI is expressed as follows:

121 BIRG -G - Bar](1 - 2im) — B[R - 34
X G3 Gy 2r2[r3(Gy — Gy) + ray] — 2r3 (r2ay + 12K)
G —E/2(1+v)

o = G] +Gz(l —21/1)
0y = G2 +G1(l 721/2)
K= 61(1 —2V2) — G2(1 — 2V1)

where subscripts 1, 2, and 3 represent the casing, cement sheath,
and formation, respectively. E is Young's modulus, Pa; and v is
Poisson's ratio.

Before fracture connection in the section, according to volume
conservation, the total volume of fluid pumped during the frac-
turing time is equal to the fluid volume in the HF and IF:

t N Li(t) Mt
JQT(t)dt:Z J thFds+ZJdet (15)
0 i=1 0 j=1 0
5 w2
Q= J J jridrdo (16)
20 _w(h)/2

where L;(t) is the total fracture length of HF i at time t, m; v is the
fluid velocity profile, m/s, which can be calculated according to
Poiseuille's law (Batchelor, 1967):

2
2 p

where s is the fluid viscosity, Pa-s.

After fracture connection in the stage, the length of the fracture
is equal to the length of the stage, and the HFs on both sides of the
stage and the IFs between them can be regarded as a domain.
Assuming that the IFs are regarded as having equal width, the total
fluid volume is the sum of the flow in the domain and the IF volume
on both sides of the domain. It can be regarded as a single HF, and
the IFs on both sides expand together. Then, Eq. (13) can be
rewritten as follows:

L(t)
0

where [(#) is the arc length corresponding to the circumferential
extension angle 6, m; Lg is the length of the total stage, m.

1
2u¢

w(h)

w81 = i

(17)

t

JQT(t)dt:

0

2
hWHFdS + Z
j=1

t
Jdet +UOWO)Ls, (18)
0
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2.2.4. Fracture propagation criterion

2.2.4.1. Propagation of HFs. According to linear fracture mechanics,
the expression of the stress field at any point near the tip of a mixed
type I and II fracture is as follows (Cong et al., 2022):

|

.0 . 39)
1 —sin-sin—-

COSE 2 P

4

cos=
2

Oxx K
o I
V2nr

yy

.0 . 36)
1+sm—sm7
Oxy

2

cos Q sin Q sin3—9
2772 2

-2 - cosgcos3—6)

sing
2 2 2
sin Q cos ﬁ cos 3—0
2 2 2

g

cos=
2

Kn

o= (19)

1—si 0 . 30
—sinzsin 7)
where K and Kj; are the type I and type II stress intensity factors,
respectively, Pa-m'?; g, oyy, and g, are the stress components of
the rock mass around HF in the rectangular coordinate system, Pa.
After coordinate transformation, the stress component near the
fracture tip in polar coordinates can be expressed as:

1 0 . o0 3, .

oy = ﬁcosz {Kl (1 + sin 5) + EKH sinf — 2Kjtand
1 0 g 3, .

g = \/Zt_rcosi {KI €os5 — —KHsmﬂ}
1 0 .

T = \/ﬁcosj [K; sinf + Ky (3cosd — 1) ]

The maximum circumferential stress criterion states that the
fracture propagates along the direction of the maximum circum-
ferential stress. The continuous function is adopted to obtain the
maximum value, and the direction # corresponding to ogmax
satisfies:

60'9 o 6209
E T

Wu (2014) derived the expression of the I-Il composite fracture
propagation direction when the fracture expands along the direc-
tion of maximum tensile stress:

0, <0

1K 1 (KI )2
2arctan | - —=+-— — +8], Ky#0
0 — (4 K4\ \Ky i (20)
0°, Ky=0

By transforming Eq. (18) into a polar coordinate system and
further derivation, the I-Il composite crack can be transformed into
a pure type-I crack, and the equivalent stress intensity factor K is
used to represent the composite stress intensity factor composed of
Ki and Ky (Kim and Paulino, 2007):

o

1
Ke = jcos 5

[KI(] + Cosao) - 3K[[Sil'1(90] (21)
When K. > Kic, the HF expands.
Olson and his co-workers calculated the shear and normal

displacement discontinuity functions at the fracture tip according
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to the DDM (Olson and Pollard, 1989; Olson, 2007), which can be
expressed as follows:

0.806E/7
4(1-v*)V2a

0.806E /T
4(1-*)V2a

1= n
(22)
Ky =

S

The stress of the fracture in Stage 1 is assumed to be the initial
in-situ stress field £g; then, the stress field of the fracture in Stage 2
is the superposition of the initial in-situ stress field and the stress
field after fracturing in Stage 1:

:| + 829
1

When fracturing Section m, the initial stress field of HF propagation
is the superposition of the stress field formed after fracturing in the

above Section m—1:
1 2 m—1

(24)

Oyy

Oxx

Q- [ (23)

(Tyx

Oxx Oxy
Oyy

Oxx Oxy
Oyy

Oxx Oxy

Om =80+ [ Oyy

ny ny ayx

2.2.4.2. Propagation of IFs. The fracture mode of an IF is different
from that of a single material, and oscillatory singularities are often
present. Rice (1988) proposed the relationship between the stress
field and displacement field near the IF tip and the complex stress
intensity factor based on the linear elastic hypothesis (Xu et al.,
2000):

. K" o ipie
(Jiny + ”'in.,xy)gzo = Er 1724 (25)
(uin,y + iuin,x)zy:,,r - (uin,y + iuin,x)g:,ﬁ
8 K* /i \12 .
_ . SO (N e 2
(1 + 2ie)cosh(me) Ej, (27:) r (26)

where ¢ is the interface oscillation factor; K* is the interface com-
plex stress intensity factor, Pa-m'?; and Ej, is the equivalent
Young’s modulus of the interface, Pa.

Based on the calculation method of the interface stress intensity
factor proposed by Nagashima et al. (2003), combined with Egs.
(23) and (24), the displacement discontinuity form of the stress

intensity factor at the IF tip can be obtained:

_0n [sin(elnr™) — 2ecos(elnr™)] + ds[cos(elnr™) 4 2esin(elnr™)]
: (1+ 432) ¢

ds[cos(elnr™) + 2esin(elnr™) ] — dp[sin(elnr™) + 2ecos(elnr™)]
(1+ 42 > ¢

K=

8’12

E, (1 +482) (27)2cosh(me)

(27)

where K" and Kj are the stress intensity factors of type I and type II,
Pa~m1/2; 0n is the normal displacement discontinuity of the IF, m; ds
is the shear displacement discontinuity of the IF, m.

Yuuki et al. (1993, 1994) proposed that the stress intensity factor
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presents an elliptical distribution during IF propagation, which can

be described as:
)2 (K{l’ - Kﬁ) 2
+|l——] =1
Ky

P C
- (5
IC
where KI*C and Kl*lc are the type-I and type-II fracture toughnesses of
the interface; I(l” and Kl’l’ are the type-I and type-II stress intensity
factors under stress P; and K{ and K{; are the type-I and type-II
stress intensity factors under the cohesion force (including
normal stress and shear stress).
Since type I cracks are mainly subject to normal stress and type
II cracks are mainly subject to shear stress, the above formula can
be rewritten as:
2
) p

(K{’ - 1<;7> 2 .\ <1<{; K
I<HC

K

where K{ and Kj; are the type-I stress intensity factors under the
action of normal stress in interfacial cohesion, and K is the type-II
stress intensity factor under the action of shear stress in interfacial
cohesion.

K| indicates the ability of the interface to resist debonding, and
Kjic indicates the ability of the interface to resist shear force. When
the interface stress intensity factor falls out of the ellipse, the IF
expands along the interface.

(28)

(29)

2.3. Stage spacing of the fracturing section

Gu (1987) established the corresponding relationship between
the stress intensity factor and propagation length when multiple
fractures propagate together:

i f— .
M-ALi(t—At), Ki(t)>Kic
ALi(t): Kemax(t)leC
0, Ki(t)<Kic
(30)
o K .
M-Nj(t—m), K(t)>Kic
Ali(t) = ¢ Kilax(t) —Kic

0, K(t)<Kc

where Kl .. (t) is the maximum stress intensity factor at the HF tip
at time t; Ki(t) is the stress intensity factor at the HF tip at time t;
K;{ax (t) is the maximum stress intensity factor at the IF tip at time t;
K" (t) is the stress intensity factor at the IF tip at time t; AL;(t) and
AL;(t) are the HF and IF propagation steps at time ¢; and At is the
time step.

The reasonable spacing should be less than the connectivity
distance of IFs between the stages, that is, the sum length of the IF,
I, on the left of Stage 1 and the length of the IF, I3 on the right of
Stage 2. The spacing between the second stage and the first stage
should be set as Uj, and so on, such that the spacing Uy, between
Stage m+1 and Stage m can be obtained as follows:

Um=Dbm + bm1 (31)
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2.4. Model solution

For the coupling problem of rock deformation and fluid flow, the
linear equations composed of rock deformation equations and the
nonlinear equations composed of fluid flow equations should be
solved simultaneously. The Newton-Raphson iterative method is
adopted in this paper, which is also the most common method for
solving nonlinear equations. This method has a fast convergence
rate, and the solution of the equations can be obtained by iterating
more than ten steps.

Fractures are subject to the joint action of far-field stress and
fluid pressure, such that the corresponding vector-valued function
is constructed according to the element stress balance equation as
follows:

N B
fl = Uln - Z GUC;]SD]S - ZGUC;]nDln
j=1 j=1
N N (32)
fiv=0y =Y GIChDL > GIChD;
j=1 j=1

The corresponding vector-valued function is constructed as
follows according to the pressure drop equilibrium equation:

)
The corresponding vector-valued function is constructed as

follows according to the material balance equation for an incom-
pressible fluid:

q"
W_2n’+1
i

1421’

n/

_a_p_ n'+1p,
fmfax 2k (33)

f _9q(x,t)  DA(x, 1)
V=" ot
The wellbore fluid flow model is introduced in multifracture

propagation, and the vector-valued function is constructed as
follows:

(34)

~=po— (ij + Dpf j +pcf,j> (35)
The vector-valued function matrix and its corresponding solu-
tion vector can be formed by Egs. (32)—(35):

F] = [fy. fur, fun, fiv s ol T (36)

[%] = [Ds, Dn, p;, dt, po]" (37)

According to the rock deformation equation, the stress in the
tangent and normal directions of the fracture surface meets the
following boundary conditions:

For the fluid flow equation, the fluid velocity at the fracture inlet
should be the rate at which the wellbore enters the fracture, and
the fluid velocity at the fracture tip is zero, that is:

n
On=p—0¢

0s = —0%

(38)

9(0,0) = Qc, q(Lr,t) =0 (39)

The displacement discontinuity of the fracture element can be
obtained by the stress field, and then the stress intensity factors at
the HF and IF tips are obtained to judge whether the fracture ex-
pands and to determine the direction of expansion. By iterating the
process, the stress field and fracture propagation shape after
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Fig. 3. Flow chart of the model solution.
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fracturing each section can be obtained.

The Newton-Raphson method is used to calculate the nonlinear
equations with a fully coupled iterative approach. Fig. 3 shows the
specific solution process. Firstly, the initial conditions such as the
formation conditions, fracturing parameters (pressure and
displacement) and wellbore radius were set, the time step and
units of Stage 1 were added. The displacement, pressure, and flow
distribution of each fracture element are calculated using the rock
deformation equation and fluid flow equation. If the difference
between the new pressure and the initial value is less than the
convergence accuracy ¢ = 0.005 MPa (Cong et al., 2021), perform
the next calculation step; otherwise, update the initial value. The
position of the IF (CCI or CFI) is judged according to the obtained
pressure in the fracture. The stress intensity factors of the HF and IF
are calculated, and whether the fracture expands is judged. If it
extends, enter the next time step; if it does not expand, further
judge whether the IF is connected in the stage, and calculate the
length of the IFs on both sides of the fracturing section. When the
time at which each fracture stops expanding reaches the pre-set
fracturing construction time, the calculations for Stage 1 have
been completed. Judge whether the number of stages meets the
construction requirements. If not, carry out the fracturing calcula-
tions for the next stage. At this time, it should be noted that when
calculating the shape of the HF and IF, the initial stress field should
be superimposed with the stress shadow obtained during the last
fracturing event. When the calculation reaches the number of
stages required by the construction, output the IF length of each
stage, and end the calculation.

2.5. Model validation

Since there have been few studies of the synchronous propa-
gation of hydraulic fractures and interfacial fractures in the process
of hydraulic fracturing, to verify the accuracy of the established
models used in this work, the stress shadow during the propaga-
tion of multiple fractures, the propagation processes of main frac-
tures and interfacial fractures are verified separately in this section.

2.5.1. Stress shadow
Sneddon and Elliot (1946) established the induced stress field
model around a single fracture in one stage based on the calculation

Petroleum Science 20 (2023) 2165—-2186

superimposed induced stress model for the expansion of three
clusters of fractures in the stage can be obtained (take the direction
of wellbore along the direction of minimum horizontal principal
stress as an example), as shown in Fig. 4(b):

The hole size was set as 215.9 mm, the fracture half-seam length
was set as 50 m, the pressure in the fracture was set as constant
1 MPa, the horizontal principal stress difference was set as 4 MPa,
the rock Young’s modulus was set as 30 GPa, and the Poisson's ratio
was set as 0.2. The changes of the induced stress along the shaft in
the x and y directions of wellbore are calculated, respectively, the
results are shown in Fig. 5.

As shown in Fig. 5, when a single fracture expands, the closer to
the fracture, the greater the induced stress, which is approximately
equal to the net pressure. With the increase in the distance, the
induced stress in the x and y directions decreases rapidly, and
slowly decreases to 0 when the distance from the fracture is 1.5
times the fracture length. When three fractures spread together, the
induced stress is about 3 times that of a single fracture expansion
where the distance from the fracture is less than 0.5 times the
length of the fracture. The ground stress distribution of the well-
bore attachment will be affected, which will affect the fracture
propagation of the next stage. The numerical solutions and
analytical solutions of the induced stress in the x and y directions of
single fracture and three fractures are all in good agreement, which
proves that the DDM method can successfully calculate the induced
stress field.

2.5.2. Validation of hydraulic fracture propagation

Detournay (2004) analysed the propagation of a KGD fracture
and introduced a viscosity scaling appropriate for “small” tough-
ness and a toughness scaling for “large” toughness. When the
injected flow viscosity is dominant, assuming that the material
toughness is 0, the hydraulic fracture propagation length is as
follows:

1/6
103 +4
L= E'Q->t

12u

(40)

model of 2D elasticity theory (see Fig. 4(a)). On the basis, the with
A 4
OH
A
o S
b=L/2 b=L/2
r;
| > o,
I '
b=L/2 b=L/2
L GX
r T 7
o, | 2
) ‘ ,
0, 0, 0

(a) Propagation of single-cluster fracture

(b) Propagation of three-cluster fractures

Fig. 4. Geometric model of stress field induced by hydraulic fracture.
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When the material toughness is dominant, assuming that the fluid
viscosity is 0, the hydraulic fracture propagation length is as
follows:

EQr\ 2/3
he={&

The dominant conditions of hydraulic fractures can be deter-
mined using the following formula:

(41)

K’
<12E/3;LQ)]/4

(42)

where K' = 4(%)1/ %Kc: if k <1, the propagation of hydraulic frac-
tures is dominated by fluid viscosity (Garagash and Detournay,
2005); if k >4, the propagation of hydraulic fractures is domi-
nated by toughness (Garagash, 2000).

The analytical solutions of fracture length under viscosity
dominance and toughness dominance were used to verify the
model. The calculated parameters are shown in Table 1, and the
results are shown in Fig. 6.

The red solid and dotted lines represent the comparison results
between the analytical and numerical solutions under viscosity
dominance, and the final fracture length error is approximately
8.5%. The blue solid and dotted lines represent the comparison
results between the analytical and numerical solutions under
toughness dominance, and the error is approximately 13%. The
overall trend is in good agreement. It is shown that the numerical
model established in this paper has good applicability in simulating
hydraulic fractures dominated by viscosity or toughness.

— Viscosity dominated
80 4 -ooeeeee Numerical solution
Toughness dominated
-------- Numerical solution
60
=
=
b=
D
S 40
-
20
0 T T T T

Injection time, s

Fig. 6. Fracture length varies with time.

2.5.3. Validation of interface fracture propagation

The model is verified by the IF propagation experiment of
Lecampion et al. (2013). Aluminium tubes, epoxy resin, and poly-
methylmethacrylate were used to simulate the casing, cement
sheath, and formation. Water was pumped into the pre-set gap, and
then the interface expansion process was recorded. The relevant
basic parameters used in the simulation are shown in Table 2. Fig. 7
shows a comparison between the calculated results and the
experimental results.

As shown in Fig. 7(a), the expansion of the IF increases syn-
chronously along its circumference and slows with the passage of

Table 1

Parameters used in calculation.
E, GPa Q m?s Kic, MPa-m'/? u, Pa-s v K Dominant mechanism
30 0.001 1 0.01 0.25 0.403 Viscosity
6 0.001 5 0.001 0.15 12.367 Toughness
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Table 2
Basic data for verification.
Parameter Value Parameter Value
Casing thickness, mm 3 Inlet pressure, MPa 14
Inner casing radius, mm 14 Inner bore pressure, MPa 4
Outer casing radius, mm 22 Initial IF length, mm 3
Young's modulus of casing, GPa 69 Poisson's ratio of casing 0.33
Young's modulus of cement, GPa 2.5 Poisson's ratio of cement 0.35
Young's modulus of formation, GPa 33 Poisson's ratio of formation 0.35
Viscosity, Pa-s 11.9 Kic, MPa-m'/? 0.28
X, GPa 2
400
300; ==m=ms Lecampion et al., 2013 ss g Lecampion et al., 2013
This paper ~ __.------all < 350 4 Thispaper .
250 A
€ 300 A
€
X
€ 3]
200 & 250 A
g G
< 0]
(2] =
=200
E 150 5
w =
x 2 150 ~
< 5]
100 =
£ 10 A
50 -
50 A
0 0 T T T T T

Circumferential extension angle, radians

(a) Circumferential extension

15 20 25
Time, s

(b) Crack length

Fig. 7. Comparison of the fracture propagation morphology varying with time from the work of Lecampion et al. (2013) and the results of this paper.

time. The simulation results show that with the axial expansion of
the IF, the circumferential expansion range does not cover the
whole annulus but tends to a constant value. This is also consistent
with the research results of Yan et al. (2020) because the friction of
the fluid along the axis is much less than that along the circum-
ferential flow of the wellbore, and the interfacial micro annular gap
tends to expand in the vertical direction rather than in the
circumferential direction. Fig. 7(b) shows that the average error and
final relative error of the IF propagation length are 3.82% and 6.9%,
respectively. The IF propagation trajectory matches well with the
experimental results, which shows that the model established in
this paper can successfully describe the propagation process of the
IF. Compared with the experimental results, the simulation results
are slightly smaller in the later stages of liquid injection, which are
due to the limitation of liquid injection conditions and heteroge-
neity in the laboratory experiment. The fractures are not
completely symmetrical, such that the maximum axial expansion
length will be different when the injected fluid volume is the same.
The discontinuities of the fracture tip displacement of the model in
this paper are obtained by means of the stress field. The flow of
fluid into the fracture and the increase in the fluid pressure inside
the fracture are the premise of fracture propagation. To determine
whether the fracture is expanding, the fluid—structure coupling
process always meets the conservation of mass and energy, which
means that the fluid always fills the fractures. Therefore, the fluid
front curve was used as the verification object in the process of
model verification. The experimental results show that the gap
between the fluid front and the fracture front in the interface is
small (less than 0.05 m). Although the experimental time scale is
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small, the growth of the fluid front and that of the fracture front are
synchronous. Therefore, in the design of stage spacing, the fracture
length gap due to the fluid hysteresis effect can be ignored.

3. Results

A schematic diagram of the model is shown in Fig. 8. The axis of
the horizontal section extends along the direction of the minimum
horizontal principal stress of the formation. The horizontal section
is successively fractured in stages from right to left, assuming that
the cement sheath remains intact in the subsequent sections during
the first fracturing operation. The basic parameters are set with
reference to the parameters of conventional fracturing wells. The
geometric parameters and some fracturing parameters are fixed,
the fracturing fluid flow rate varies with the number of clusters in
the stage, and the flow rate of a single cluster is 2 m3-min"’. Then,
the parameter values of one or two variables are different from the
basic parameters used to analyse the interface connectivity under
the conditions of various influencing factors (Table 3) and calculate
the reasonable spacing of fracturing sections, where the values of
Kic and Kjc are taken with reference to the study of Yang et al.
(2009).

3.1. IF connectivity

In this section, the joint propagation process of HFs and IFs in
the first four stages are analysed when three clusters of fractures
exist in a given stage, as well as the propagation of IFs when four to
six clusters of fractures are present in the same stage.
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Fig. 8. Diagram of the geometric computational model.

Table 3
Fracture properties and material parameters.

Fixed parameter Value Fixed parameter Value Variable parameter Value
Fracturing fluid rate, m>-min™’' 6/8/10/12 Minimum horizontal in-situ stress, MPa 40.5 Cement Young’s modulus, GPa 10
Well depth, m 3200 Fracturing fluid density, g-cm™ 1.1 Cluster spacing, m 15
Casing outer diameter, mm 139.7 Bore inner diameter, mm 2159 Maximum horizontal in-situ stress, MPa 44.5
Bonding strength of CCI, MPa 1 Bonding strength of CFI, MPa 1 Rock Young’s modulus, GPa 25
Cement Poisson’s ratio 0.2 Rock Poisson’s ratio 0.25 Number of clusters 3/4/5/6
Fluid power-law index 0.7 Consistency coefficient, Pa-s" 1.1
Initial stage spacing, m 10 Initial stage length, m 30
Initial HF length, m 5 Initial IF length, m 0.003
Kic, Pa-m'/? 025 x 10°  Kjc, Pa-m'/? 0.38 x 10°
Kic, Pa-m'? 1 x 10°
Width, mm
70 5.0
60 \ \ 1 ] 45
4.0
50 \
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Fig. 9. Propagation path and morphology of HF in sequence.

3.1.1. Three clusters of fractures in the stage

According to the fluid—structure coupling calculation, the geo-
metric morphology of HF propagation is shown in Fig. 9 after the
first four stages have been successively fractured from right to left.
After first fracturing, the shear stress fields generated by the HF tips
on both sides are large due to the "stress shadow" effect, and the
fracture propagation path presents an "exclusion" shape with the
main fracture in the middle being the symmetry axis. The middle
fracture suffered interference due to the stress of equal size and
opposite direction, almost no shear stress was generated, and no
deflection occurred. This is consistent with the conclusion of Zeng
and Yao (2016). According to the flow distribution of HFs in each
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stage (Fig. 10), since the flow of the middle fracture is inhibited by
the HFs on both sides, its length and width are smaller. Moreover,
the width of the middle fracture gradually decreases from the heel
of the fracture to the tip. The fracture length decreases from left to
right in turn by comparing the fracture morphology in Stages 2 to 4.
By comparing the fracture morphology at the corresponding posi-
tions of each stage, it is found that the fracture length decreases and
the width increases, and the deflection angle increases on a step-
wise basis. The HF on the left side of the stage always distributes
the maximum flow, and the deflection direction of the middle HF
changes from right to left. The HF on the right side in these stages
has a poor propagation effect due to the presence of a stress
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Fig. 10. Flow rate of three clusters in a stage during fracturing (the red, blue, and black curves show the hydraulic fracture flow rate from left to right).
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Fig. 12. IF propagation during the second stage of fracturing (the curves of IFs 1—6 show the interface fracture flow rate from left to right).
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The IF propagation phenomena on both sides of the three
clusters of HFs in the first four stages are shown in Figs. 11—14. In
Stage 1, the IFs take the middle HF as the axis and expand sym-
metrically (see Fig. 11(a)). With increasing fracturing time, the IFs
on both sides of the first HF gradually show a trend of being short
on the left and long on the right, while the third HF exhibits
different behaviour. This shows that the IF is also affected by the
"stress shadow." Due to the superposition of the propagation stress
field, the IF between the HFs is easier to expand, and the length and
width of the first and third HFs are greater than that of the second
HF. This is because the flow of the middle HF is restrained by the
HFs on both sides. Under the same conditions, the flow of the IFs
near the middle HFs is less than that near the IFs on both sides. The
propagation time of IFs is basically the same, and the propagation
stops at approximately 5.8 min (see Fig. 11(b)).

As shown in Fig. 12(a), in Stage 2, the IF propagation presents
different shapes relative to that in Stage 1 under the influence of the
stress shadow, manifesting as the propagation length and width of
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the first IFs being the smallest while those of the middle IFs are the
longest. With increasing fracturing time, the IFs of Cluster 2 and
Cluster 3 are longer on the left and shorter on the right, which is
caused by the superposition of the stress field and the competition
of fracture fluid flow. Combined with the results of the flow dis-
tribution (Fig. 12(b)), more fluid flow is allocated to IF 2 and IF 3,
which can be observed in the interface connectivity between the
hydraulic fractures of Cluster 1 and Cluster 2. More fluid flow was
distributed to the IFs in Stage 2 than in Stage 1, indicating that a
larger interval is required to prevent IFs from connecting to the
previous stage.

As shown in Fig. 13(a), the IFs between Cluster 1 and Cluster 2
are preferentially connected, and with the increase in stages, the
connection speed also increases, indicating that the superposition
of the stress field more easily promotes the expansion of IFs and
that the expansion is connected to the side of the previous frac-
turing. Combined with the results of the flow distribution
(Fig. 13(b)), additional fluid flow was always distributed to the IFs
during the stage. With the injection of fracturing fluid, IF 2 and IF 3
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Fig. 14. IF propagation during the fourth stage of fracturing (the curves of IFs 1-6 show the interface fracture flow rate from left to right).

extend longer and gradually converge into a connected long IF at
approximately 5.1 min.

The shape of the IFs in Fig. 14(a) is similar to that in Fig. 13(a),
and the connection speed is further accelerated, with connection
appearing at approximately 4.4 min. When IF 2 and IF 3 are con-
nected, the fracture expands to both sides. In the same way, more
fluid is distributed to the IFs and are more likely to be connected
(Fig. 14(b)). The distribution of the fluid flow rate in all IFs is
affected by the location and stage number, which presents
nonlinear changes. Therefore, the required stage spacing between
each stage is also nonuniform.

Fig. 15 shows the distribution of net pressure in the IFs on both
sides of the stage during sequential fracturing. The net pressure and
length of the IFs on both sides of the stage are basically the same as
that in the first stage; with the sequential fracturing process, the
net pressure at the fracture mouth on the left side increases slightly,
while the net pressure on the right interface remains similar when
the fracture length is shorter than 4.7 m and gradually increases
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when the fracture length surpasses 4.7 m. The fracture length on
the left side of the stage is almost the same, while the fracture
length on the right side of the stage gradually increases in the
fracturing process, indicating that each stage requires greater
spacing than the previous stage when considering the integrity of
the wellbore.

3.1.2. Four clusters of fractures in the stage

Fig. 16 shows the IF propagation phenomenon caused by four
clusters of HFs in the stage. Similar to the results in Fig. 11, in Stage
1, the IF also presents as axisymmetric expansion, and the expan-
sion between clusters is easier to expand. The flow of the two
clusters of HFs in the middle is restrained by the HFs on both sides,
resulting in the extended length and increased width of the IFs on
both sides relative to those of the middle fractures. During frac-
turing after Stage 2, as shown in Fig. 16(b), the IF near the previous
stage is restrained by the stress shadow, the width is smaller than
that of other fractures, and it gradually connects with the IF of its
adjacent cluster. Fig. 16(c)—(d) shows that with increasing frac-
turing time, the IF begins to expand to both sides after it is fully
connected in the stage and finally presents as being long on the left
and short on the right. This asymmetric propagation effect leads to
the need for an unequal stage spacing design to prevent channel-
ling between fracture segments.

3.1.3. Five clusters of fractures in the stage

Fig. 17 shows the IF propagation phenomenon caused by five
clusters of HFs in the stage. In Stage 1, the IF propagation forms a
symmetrical propagation form with the third cluster of fractures as
the axis. Similarly, the expansion trend of the HF can also be re-
flected by the width of the IF; that is, the HFs in Cluster 2 and
Cluster 4 have the smallest flow and the shortest propagation
length, which is consistent with the results of Cheng (2016).
Therefore, the length and width of IFs on both sides are less than
those of other fractures. With the increase in the stage number, the
speed of interface connection gradually increases, and the IF close
to the previous fracturing section is preferentially connected.

3.14. Six clusters of fractures in the stage

Fig. 18 shows the IF propagation phenomenon caused by six
clusters of HFs in the stage. With the increase in fracturing time and
the number of stages, the expansion trend is similar to that
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Fig. 16. Diagram of IF propagation with four clusters in a stage.

mentioned above. However, after the IFs are connected, the
extension length to both sides of the stage gradually increases,
which also shows that the increase in the number of fracturing
clusters leads to the need for a larger spacing in each fracturing
section than that in the previous stage.

3.2. Influencing factors of minimum stage spacing required (MSSR)
of fracturing

The calculation results in the previous sections show that all IFs
occur at the CFI. Consistent with the conclusion of Yin et al. (2019),
this is because the Young’s modulus of the casing is much larger
than that of the formation, resulting in greater radial compressive
stress at the CCI during loading, which hinders the system’s ability
to form a fluid migration channel. All fractures in this section are
located at the CFL.

3.2.1. Number of fracturing clusters

The length of the stage is fixed, and the number of fracturing
clusters is set to 3, 4, 5, and 6 to obtain the MSSR to prevent
channelling. The simulation results are shown in Fig. 19. With a
certain number of fracturing clusters, the MSSR between each stage
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and the previous stage gradually increases with the increase in
stages. For example, when there are three clusters of fractures in a
stage, the MSSR for Stage 2 is approximately 10.39 m and that for
Stage 20 is 12.6 m. With the increase in the number of fracturing
clusters, the MSSR and the increased range become more apparent,
increasing slightly exponentially. When there are six clusters of
fractures, the MSSR for Stage 2 fracturing is approximately 11.74 m,
and the minimum interval required for Stage 20 is 28.29 m. This is
because with the increase in stage, the superposition of the pre-
vious fractures and the initial stress field has a significant impact on
the IF propagation. Under the condition of tighter cluster fracturing,
increasing the number of HFs increases the propagation length of
IFs and gradually aggravates the risk of channelling between stages.
Therefore, with the progress of fracturing construction, a longer
fracturing interval is required than the previous fracturing events.
In addition, an escalation point is observed for the MSSR for Stage 2
and Stage 3 because in the first fracturing, the HFs and IFs spread
symmetrically with the middle fracture as the axis, and the prop-
agation length of the unilateral IF in the direction of Stage 1 (the
MSSR between Stage 1 and Stage 2) is only affected by the number
of HF clusters in the current stage (or the elastic modulus of the
cement sheath and formation, etc.) in regard to the competitive
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Fig. 17. Diagram of IF propagation with five clusters in a stage.

process of fracture propagation. In Stage 2, the stress shadow
generated by the previous HFs in the process of competitive frac-
ture propagation causes a large difference in the length of IF
propagation; as a result, the MSSR for Stage 3 (the kick point) in-
creases significantly. In the subsequent stages, the IF propagation is
affected by the superimposed stress field formed by the previous
HFs, so the fracture propagation length increases successively.
Similarly, there are corresponding escalation points in the analysis
of other influencing factors, the reasons for which are not
reiterated.

3.2.2. Cluster spacing in the fracturing section

The number of fracturing clusters is fixed as three, and the
cluster spacing is set as 5—25 m. The simulation results of the MSSR
are shown in Fig. 20. With the increase in cluster spacing, the MSSR
of each stage and the previous stage decreases significantly and
tends to a constant value. When the cluster spacing increases from
5 to 15 m, the IF propagation length is significantly affected by the
cluster spacing because the IF is easier to expand after being sub-
jected to the obvious stress shadow effect. When the cluster
spacing exceeds 15 m, due to the reduction in the stress shadow
effect, the propagation length of IFs on both sides of the stage no
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longer shows a nonuniform trend but tends to expand symmetri-
cally. At this time, the MSSR between fracturing sections also tends
to a constant value, with an average value of approximately
10.67 m.

3.2.3. Young’s modulus of cement sheath

The Young's modulus of the formation was fixed, and the
Young's modulus of the cement sheath was set to 5—30 GPa. The
simulation results of the MSSR are shown in Fig. 21. The MSSR for
each stage increases with increasing Young's modulus of the
cement sheath. When the Young’s modulus of the cement sheath
varies from 10 to 20 GPa, the increase in the MSSR is significantly
greater than that in other intervals. The interface with a cement
sheath with a low Young’s modulus (<10 GPa) bears less radial
pressure, which helps to protect the integrity of the interface,
reduce the propagation length of IFs, and alleviate the super-
position effect of the stress shadow after multistage fracturing. A
cement sheath with a high Young’s modulus (>20 GPa) leads to a
large interface radial pressure, aggravates IF propagation, and
significantly increases the minimum interval required for frac-
turing. However, due to the flow competition between the HFs and
the IFs, the length of the IF is much smaller than that of the HF, and
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Fig. 19. Influence of fracturing cluster number on minimum required stage spacing.
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its propagation length tends to a constant value. After several
stages of fracturing, the increase in the MSSR decreased. Therefore,
controlling the lower Young's modulus of the cement sheath is
conducive to inhibiting the propagation of IFs and reducing the
MSSR.

3.2.4. Young’s modulus of formation

Fixing the Young’s modulus of the cement sheath and setting
that of the formation to 15—40 GPa, the simulation results of the
MSSR to prevent channelling between segments are shown in
Fig. 22. With the increase in the formation Young’s modulus, the
MSSR for fracturing at all stages increases, and the amplification
increases significantly when the formation Young’s modulus ex-
ceeds 25 GPa.

3.2.5. Horizontal principal stress difference
The minimum horizontal principal stress value is fixed, and the
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Fig. 22. Influence of the Young's modulus of formation on the MSSR.
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maximum horizontal principal stress is set to 42.5—50.5 MPa to
correspond to the horizontal principal stress difference of
2—10 MPa. The simulation results of the MSSR are shown in Fig. 23.
When Stage 20 is fracturing, the MSSR corresponding to different
horizontal principal stress differences varies between 10.6 and
13.58 m, which shows that the horizontal principal stress differ-
ence has less effect on the MSSR than the factors mentioned above.
With the increase in the horizontal principal stress difference, the
MSSR for stage decreases, and the decrease gradually grows gentler
under the same amplitude of stress difference. This is because the
larger the horizontal principal stress difference is, the more
conducive it is for HFs to overcome the stress shadow and expand
along the direction of the maximum horizontal principal stress.
Under the same stress field conditions, it becomes gradually more
difficult for IFs on both sides of the stage to expand, so the corre-
sponding stage spacing can be reduced.

3.3. Application examples

The reservoir depth of a shale oil fracturing block is approxi-
mately 3170 m in Xinjiang, China, and the horizontal principal
stress difference is approximately 13.5 MPa. The length of the
horizontal section of well X1 is designed to be 482 m, 14 stages are
designed for fracturing, the length of the average stage spacing is
28 m, and there is 3—6 clusters of single section perforations. The
specific fracturing scheme and relevant parameters are shown in
Figs. 24 and 25 and Table 4, and the rheological parameters of the
fracturing fluid and fracture toughness are the same as those in
Table 3.

The MSSR for the well is calculated and compared with the
actual interval. The results are shown in Fig. 26. It shows the length
of IFs on the left and right sides of each stage in the fracturing
process of 14 stages, and the sum of the length of the left crack in
the previous stage and the length of the right crack in the next stage
is the MSSR. The difference in the number and displacement of
fracturing clusters in each stage leads to the different propagation
lengths of IFs between each stage, which vary between 10.36 and
14.46 m. The actual stage spacing fluctuates between 7 and 11 m,
with an average of 7.38 m. The actual intervals are less than the
theoretical calculation value, so its interface will be completely
connected. If the length of the horizontal fracturing section can be
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extended and the spacing can be adjusted, the risk of channelling
caused by interface connection can be effectively prevented.

4. Discussion

In previous studies, almost all the optimization principles of
stage spacing are to adjust the deflection angle of hydraulic frac-
tures to obtain the maximum sweep area of fracture network, or to
avoid the effect of adjacent fractures on stress interference. In this
paper, starting from wellbore integrity, we continue the research
idea of DDM, combine the fracture mechanics theory of dual-
material interface, and use the flow—solid coupling model to
realize the numerical simulation of co-extension of planar 2D hy-
draulic fracture and non-planar 3D solid interface fracture, the
length of IF that fits the actual situation is obtained, the non-
uniform stage spacing is optimized on this basis.

Due to the study perspective and the model established in this
paper are relatively new, there are inevitably some problems that
are different from the actual working conditions while idealization.
Most of the existing models for hydraulic fracture propagation
consider the fluid filtration condition. With the fracturing fluid
filtration and subsequent fracturing, the HFs and IFs will be closed.
However, this research does not consider this process, which
mainly lies in two aspects: (1) Different from synchronous parallel
propagation of HFs (without considering stress shadow), IFs will
expand along the cementing interface, this may cause the closed IF
to reopen, but the model established in this paper cannot simulate
this situation temporarily, only the equivalent IF length can be
calculated. (2) The research object of this paper is low permeability
reservoir, ignoring fluid filtration (that is, the fluid will always exist
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Fig. 26. The original and optimized design results of the stage spacing.

in the fracture), the premise of this research is that the fractures
won't be closed. The model established in this paper is the joint
expansion of mutually vertical fractures, which is more complex
than the solution of multiple hydraulic fractures, and the interface
fractures are equivalent to nonplanar 3D fractures of circular arc
shape, which will bring more difficulties when considering the
fluid filtration. Therefore, this paper neglects the fluid leak-off
during fracture propagation based on the principle of risk maxi-
mization, and further research still needs to be improved on frac-
ture closure conditions.

In addition, increasing the cementing strength or reducing the
inlet pressure in fractures can prevent the IFs from expanding on
the basis of the established fracture propagation model of the
cementing interface. However, there are some limitations in opti-
mizing fracturing parameters. For example, there is a lack of
quantitative data to support the research on the correlation be-
tween the fracture toughness of the cement sheath interface and its
bonding strength; fracture toughness of IF is far less than that of HF.
Reducing the inlet pressure will greatly affect the expansion of HF.
Therefore, the current research in this paper cannot perfectly solve
the above problems and is only applicable to the optimization of
stage spacing under fixed parameters. How to judge the advantages
and disadvantages of each fracturing operation parameter on the
joint expansion of IFs and HFs, and form a parameter matching
scheme to maximize benefits is the next problem to be improved.

Table 4

Parameters of wellbore and fracturing.
Fixed parameter Value Fixed parameter Value
Fracturing fluid rate, m®-min™’ 12-14 Fracturing fluid density, g-cm™ 1.1
Casing outer diameter, mm 139.7 Bore inner diameter, mm 2159
Bonding strength of CCI, MPa 14 Bonding strength of CFl, MPa 0.78
Cement Poisson’s ratio 0.2 Rock Poisson’s ratio 0.25
Cement Young’s modulus, GPa 14.5 Rock Young’s modulus, GPa 27.6
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5. Conclusions and suggestions

Based on bimaterial IF propagation theory and the multiple
fracture propagation competition mechanism, a calculation model
of the IF length is established, and an unequal stage spacing opti-
mization model is proposed that considers the integrity of the
wellbore interface after fracturing. The conclusions are as follows:

(1) When each HF in Stage 1 expands, the IFs expand symmet-
rically with the central point in the stage taken as the axis.
The IFs are connected in the stage first and then expand
along both sides.

(2) In Stage 2 fracturing and subsequent, the IFs of each cluster
expand asymmetrically left and right, and two types of
expansion behaviour are present: one is expansion and
connection in the stage first, and the other is expansion in
the direction close to the previous stage first, which depends
on the joint effect of stress shadow and flow competition in
the process of HF expansion.

(3) In Stage 2 fracturing and subsequent, after the interface is
connected, the IFs on both sides of the stage expand towards
the side of the previous stage, and the difference in the
expansion length of the interface on both sides increases
with the increase in the stage number.

(4) The MSSR for fracturing is positively correlated with the
number of fractures in a stage, and the Young’s moduli of the
cement sheath and formation are negatively correlated with
the cluster spacing and horizontal principal stress difference.
The influence of the horizontal principal stress difference on
the MSSR is less than that of the other factors.

(5) The sensitivity of IF propagation is the strongest when the
Young’s modulus of the cement sheath is 10—20 GPa. Under
the condition that other factors cannot be changed,
restricting the Young’s modulus of the cement sheath to less
than 10 GPa can effectively shorten the MSSR.

Since the purpose of hydraulic fracturing is to form a complex
fracture net in the reservoir and improve the production of oil and
gas wells, a stage spacing that is too large reduces the utilization
rate of horizontal well sections, and the existing fracturing interval
optimization methods are based on the principle of maximum
reconstruction volume. From the perspective of wellbore integrity,
this paper delivers a minimum stage spacing optimization method
to prevent channelling risk. Combining this paper with the existing
methods to further determine the appropriate stage spacing and
maintain the wellbore integrity without reducing the effective
development rate of the reservoir is of great significance for the
later production of oil and gas resources and the maintenance of
wellbore life. This also is constituting the direction of the author's
future research.
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Appendix A
This appendix shows the expressions of Eq. (2)
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where Ej, Ez, and E3 are the Young’s moduli of the casing, cement
sheath, and formation, respectively, Pa; vy, v3, and vs are the Pois-
son's ratios of casing, cement sheath, and formation, respectively;
and ry, 13, 13, and r,, are the radii of the inner casing wall, CCI, CFI,
and outer formation, m.
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