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Proactive stress interference
mechanism and its application in
the Mahu oil area, Junggar basin

Shuo Wang'*, Xiaoshan Li?%, Lihua Hao? Xiaogong Zhang?,
Lifeng Zhang?, Jungiang Song?, Rongjun Liu!, Hong Pan?,
Kaifang Gu*, Ting Li*, Guanxing Luo?, Xin Wang* and Shihong Li*

'Research Institute of Exploration and Development, PetroChina Xinjiang Oilfield, Karamay, XJ, China,
2Research Institute of Engineering Technology, PetroChina Xinjiang Qilfield, Karamay, XJ, China

There exists a large horizontal principal stress difference (11-38 MPa) in the tight
conglomerates in the Mahu oil area, China. It is difficult to form a complex
fracture network via hydraulic fracturing under these conditions. To improve
reservoir stimulation, the fracture formation mechanism of the complex
conglomerate fracture networks was explored. Based on the geomechanics
theory of fracture formation, the mechanism of the “stress wall” formed by
fracturing in horizontal wells was analyzed in this paper. The inhibitory effect of
the stress wall on the formation of tensile and shear fractures was studied. The
reason for the decrease in the stress difference coefficient caused by fracturing
fluid was analyzed through numerical simulation, which suggested that the
complexity of a fracturing network is mainly controlled by the interference of
externally applied stress and the reduction in the coefficient of internal stress
difference. In this paper, innovative technologies were developed by proactively
introducing stress interference in the application of the Mal31l small-well-
spacing pilot area. The core technologies include optimization of the 3-D
staggered small-well-spacing pattern, and synergetic optimization of
multiple elements and zipper fracturing. The positive effects of proactive
stress interference on improving fracturing volume, reserve utilization rate
and recovery were discussed. Based on the concept of proactive stress
interference, the “serial fracturing mode” of horizontal wells was proposed
to reduce drilling and fracturing interference and improve the development
effect.
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Mahu tight conglomerate, stress wall, proactive stress interference, complex fracture
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(A) Location of the Mahu; (B) stratigraphic column of the study area; (C) cross-section through the Mahu sag.

1 Introduction

An extremely large integrated conglomerate reservoir with
reserves up to a billion tons has been discovered in the Mahu Sag,
Junggar Basin, western China (Cao et al,, 2015; Feng et al., 2020;

Frontiers in Earth Science

Zhang et al,, 2020). Ten oil-bearing series have been found
longitudinally. The main oil-bearing strata are the Baikouquan
Formation and the overlying Wuerhe Formation (Figure 1). After
8years of continuous development since the exploration
breakthrough of the MI131 well in 2012, the main

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.948932

Wang et al.

development model of horizontal well fracturing was established,
which improves the efficiency of oil and gas exploration and
development in the Mahu area (Jia et al., 2016; Li et al., 2018;
Huang et al., 2019).

Due to unique sedimentary and accumulation conditions,
The Mahu tight conglomerate has a unique lithology. This
deposition is significantly different from the widespread
deposition in North American. Its efficient development has
the following difficulties. First, due to the strong heterogeneity of
the reservoir, the sweet spot was difficult to identify. The
conglomerate has a multimodal structure, which is similar to
concrete with a large difference in particle size and composition.
With the sudden lateral changes in the reservoir and relatively
dispersed vertical stacking of the hydrocarbon-rich layers, the
superior sweet spot is difficult to target. Second, the reservoir has
relatively poor quality, the horizontal well output decreases
rapidly, and it is difficult to maintain stable production. The
reservoir has a porosity of (7.6%-11.8%). The permeability under
overburden pressure is (0.02-0.45) x107> um (Cao et al.,, 2015).
The reservoir has a low abundance of (22.3-47.1) x 10* m*/km?.
A horizontal well targeting this reservoir has a risk of low primary
recovery and production. Third, it is difficult to form a complex
fracture network due to the large horizontal principal stress
The
principal stress difference of the Mahu tight conglomerate is

difference and lack of natural fractures. horizontal
11-38.2 MPa. Based on the experience of unconventional oil and
gas development in North America and the research results of
hydraulic the
characteristic of long bilateral wings under a large principal
stress difference (Adachi et al, 2007; Jin and Roy, 2017;
Lecampion et al, 2018; Gao and Ghassemi, 2020a). Fourth,
the reservoir is deeply buried, the conglomerate has poor

commercial simulators, fractures have

drillability, and the drilling cycle is too long, which leads to a
high investment required to drill a single horizontal well and
increases the difficulty of economic development under the
scenario of a low oil price. The unique geological conditions
bring great challenges to the efficient development of the tight
conglomerate reservoir in Mahu. Due to the limited ability of
fluids to percolate through tight conglomerates, the concept of
“fracture-controlled development” has gradually formed. The
contact area between the fracture surface and the matrix can
be expanded by the method of large-scale pumping and high-
density fracturing. The difference in percolation pressure will
decrease, and the distance of fracturing fluid percolation will be
shortened, which can increase the estimated ultimate recovery
(EUR) of a horizontal well. In addition, optimizing the fracturing
sequence between wells and using the local high-stress field
formed by the earlier fracturing of wells to proactively
interfere with the fractures stimulated by subsequently
completed hydraulic fracturing wells aims at enhancing the
complexity of the fracture network, which is an effective
method to enhance the production of horizontal wells. The
process does not need to increase the cost of drilling and

Frontiers in Earth Science

03

10.3389/feart.2022.948932

completion and is easy to implement, so it is a significant
development strategy to improve economic efficiency. This
technique has gradually been considered more seriously by
reservoir engineers.

At present, a large number of studies and field tests have been
carried out to improve the complexity of fracture networks by
using stress interference (Jin and Roy, 2017). In the 1980s,
researchers found that earlier formed hydraulic fractures can
increase the stress of subsequent fractures, and that the geometry
of the hydraulic fractures and the elastic effect of the pores can
affect the growth of nearby hydraulic fractures (Adachi et al,
2007; Pan et al., 2014; Lecampion et al., 2018; Gao and Ghassemi,
2020a). Bunger et al. (2011) further verified this phenomenon in
their research of Barnet shale gas in 2010 and defined it as a stress
shadow (Zhou et al,, 2017; Ju et al., 2020; Wang et al., 2022;
Bunger et al, 2011). With the innovation and progress of
hydraulic fracturing methods, the stress shadow effect can be
used to improve the effect of reservoir stimulation through zipper
fracturing or simultaneous fracturing methods. However, the
technique is mainly applied to clusters of parallel fractures in
adjacent wells. With the transformation of the development
mode from conventional single-layer sequential fracturing to
three-dimensional development, the interference value of stress
should be further explored and fully applied to platforms or wells
to improve the effect of reservoir stimulation.

To solve the problem that a complex fracture network is
difficult to form under a large horizontal stress difference in the
Mahu tight the
mechanism of proactive stress interference between wells and

conglomerate  reservoir, geomechanics
its application in a pilot area with a small well spacing are
expounded, and the characterization method of increasing
complexity of the fracture network is analyzed. Second, based
on proactive stress interference, the serial fracturing mode of
horizontal wells is proposed to reduce drilling and fracturing

interference and improve the development effect.

2 Mechanism of proactive stress
interference

Due to the unique characteristics of the tight conglomerate
reservoir and a lack of development experience, the advanced
development theories applied in North America cannot be fully
applied to the Mahu Oilfield. In the early stage of the
development of the Mahu tight conglomerate reservoir, a
series of tests were carried out, such as advanced water
injection tests in vertical wells, depletion development tests in
vertical wells, water injection tests in vertical wells, conventional
development tests in horizontal wells and stereo development
tests with a small well spacing. Our exploration of efficient
development technologies has led to the following summary
of the related theories on the mechanical mechanism of the
formation of a complex fracture network.
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Based on the development process of horizontal wells and the
practice of small well spacing in the Mahu Oilfield, Guoxin Li (Li
et al,, 2020) innovatively proposed the “steered-by-edge” fracturing
mechanism (SBEFM) and the “proactive fracturing interference”
mechanism (PFIM). However, the theory of PFIM is not further
discussed. Based on previous studies, the concept of a stress wall (or
“pressure wall”) is innovatively proposed in this paper. The
mechanical mechanism of the formation of a complex fracture
network by proactive stress interference is expounded in detail, and
the proactive stress interference theory is enriched and developed.

2.1 Proactive stress interference

Laboratory experiments on tight conglomerate cores show
that the difference in horizontal stress has an essential effect on
the propagation of hydraulic fractures (Meng et al., 2013; Zhang
et al,, 2018; Zhao et al., 2018). Due to the large horizontal stress
difference of the tight conglomerate in the Mahu Oilfield, it is
difficult to form a complex hydraulic fracture network with the
conventional fracturing method there. The fracturing scale of the
Mahu tight conglomerate horizontal well is very large. The initial
formation pressure and in-situ stress are increased by injecting a
large amount of fracturing fluid into the formation. In this paper,
we define the stress wall as the reservoir pressure, which is higher
than the initial formation pressure after fracturing. Affected by
the stress wall of the fracturing well, it is difficult for the
fracturing fluid in the hydraulic fractures of adjacent wells to
penetrate the high-pressure area, which leads to the resistance of
the fracture propagation. The backflow of fracturing fluid results
in increasing pressure, which reduces the effective stress, and
promotes the Mohr stress circle to move toward the failure
envelope and enter the shear failure state, causing hydraulic
fracture diversion. The method of promoting the diversion of
hydraulic fractures by setting up a stress wall between horizontal
wells is called proactive stress interference.

2.2 Geo-mechanical mechanism of
proactive stress interference

Hydraulic fracture propagation is a very complex process that is
affected by the heterogeneity of rocks and the uncertainty of in-situ
stress. In addition, complex physical processes are involved. The
conglomerate has a multimodal structure, which consists of gravel,
matrix, and planes of weakness are also present. Hydraulic fractures
have complex propagation mechanisms, such as SBEFM,
conglomerate-piercing mechanism, and conglomerate-ending
mechanism. The classical theory of two-dimensional fracture
propagation cannot meet the requirement of hydraulic fracturing
of tight conglomerate reservoirs. The mechanism of fracture
propagation needs to be further studied to provide theoretical

guidance for the design of complex fracture networks.
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2.2.1 The relationship between pore pressure
and in-situ stress

In the process of oilfield development, the pore pressure of
the formation decreases due to production. The fractures will
asymmetrically propagate in the direction of the adjacent older
wells. This phenomenon is widely observed in unconventional
reservoirs during hydraulic fracturing. The change in pore
pressure during hydraulic fracturing is regarded as the inverse
of that during production.

During hydraulic fracturing, the pore pressure of the rock
increases because a large amount of fluid is injected into the
formation, which changes the state of the in-situ stress
(Thiercelin and Plumb, 1994; Yi et al,, 2018). It is assumed that
the mechanical parameters (Young’s modulus E, Poisson’ ratio y)
and structural stress coefficients (ey,, &) remain constant during
fracturing (0 < p < 0.5), and that the maximum and minimum
horizontal principal stresses increase with increasing pore pressure,
which is the mechanical basis for the formation of a stress wall (Liu
et al., 2017; Liu et al., 2021; Liu et al., 2022a; Liu et al., 2022b)

E E 1-2
oy = ¢ oy + >€H + ¢ 7€h + l’loch
l—p 1-p -y 1-u
U E uE 1-2u
= £ £ P,
Oy 1_[40’v+1_#2h+1_‘qu+1_‘u0¢P (1)

H

ov = pygHo + JH pgdh

In these equations, 0, is the stress of the overlying strata; oy and
0y, are the maximum and minimum horizontal principal stresses,
respectively; ¢ and E are Poisson’s ratio and Young’s modulus,
respectively; P, is the pore pressure; « is the Biot coefficient; p,
and p are the average formation density determined without
density logging and the formation density from density logging,
respectively; and Hy and H are the starting and reference depths
of density logging, respectively.

The pore pressure plays an important role in forming tensile
and shear fractures during hydraulic fracturing. We discuss the
mechanism of the stress wall, which inhibits fracture propagation
and promotes fracture diversion, in detail.

2.2.2 Inhibition mechanism of tensile fracture
A tensile fracture in rock is formed when the normal stress
acting on the fracture surfaces and the tensile strength of the
rock are overcome (Tong and Yin, 2011; Sone and Zoback,
2013; Tong et al, 2014; Tong et al., 2021). During the
fracturing process, the pore pressure at the fracture tip is
increased by pumping fracturing fluid into the formation.
When the pore pressure at the fracture tip is greater than the
sum of the normal stress on the fracture and the tensile
strength of the rock, tensile fractures form in the rock. Due
to the high pore pressure formed at the end of the secondary
fractures generated around the earlier fractured horizontal
wells, the fracture has to overcome the additional pore
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FIGURE 2

Mohr-Coulomb plot of the stress state change during
fracturing liquid injection. ;" and o3’ are the initial effective
stresses, 0," and 03" are the effective stresses changed by pore
pressure, and D; and D, are the failure margin distances.

pressure difference during the propagation process. The
maximum tensile stress criterion is used as the basis for
judging the tensile fracture of rock, and the tensile fracture
factor oy is introduced, whose expression is as follows:

or =P—-AP -0y, - T, (2)

where P is the pressure transmitted by the fracturing fluid to the
fracture surface; AP is the difference between the pore pressure
outside the fracture and the original formation pressure inside the
fracture; and Ty, is the tensile strength of the rock.

In essence, whether the fracture can expand is determined by a
comparison of P — AP and o, + Tp: @ when P — AP > g, + T,
fracture extension occurs, and @ when P — AP < g;, + T,, the
fracture is in the critical or inhibited state of propagation. As the
secondary fracture expands in the direction of the rock where the
stress wall has been formed in the earlier stage of hydraulic
fracturing, AP gradually increases, and P - AP gradually
decreases, resulting in a weaker ability to overcome the normal
stress at the fracture and the tensile strength of the rock. Therefore,
the tensile extension of the artificially formed fractures to the zone
with high pore pressure is inhibited.

2.2.3 Inhibition mechanism of shear fracture

Porous elastic theory is used to predict the stress changes
with reservoir depletion (Zoback, 2007). In isotropic, linear
elastic, and porous media, the change in horizontal stress
relative to pore pressure may be written as:

I—Zﬂ_ASHor
1-u APy’

3)

where y is the theoretical change in horizontal stress with
depletion, generally in the range of 0.5-0.7.

In this paper, the classical Mohr—Coulomb criterion is used
to describe rock failure, expressed as: (Hubbert and Rubey, 1959)

4

7 = otan(¢) +¢,

where ¢ is the friction angle, and ¢ is the cohesion of the rock.

Frontiers in Earth Science

05

10.3389/feart.2022.948932

To better understand the effect of pore pressure on shear
fracture, the Mohr stress circle is introduced (Figure 2). The
vertical and horizontal principal stresses are defined as 0y, 05 and
03. According to the core experimental results of in-situ stress, the
true stress state in the Mahu Oilfield is 03 < 0, < 0.

Assuming that the formation pore pressure changes by AP
during hydraulic fracturing, the gravity of the overlying rock is
constant. The new maximum effective stress is given as:

0'”1 :U,I—AP. (5)
The new minimum effective stress is given as:
03,’203,—AP+XAP. (6)

Before and after the change in pore pressure, the distance between
the Mohr-Coulomb circle and the failure envelope is given as:

1 1
D, :ESingo(a’l +0’3)—5(0'1 -0'3)+Cycos g, 7)

®)

1 P W 1, .
D, = zsingo(a1 +0,) - 3 (0, = 0;) + Cy cos ¢.

Combining Eqs 5-8, the difference between the two failure

_%C)

According to Eqs 3, 9, to calculate the difference between D; and

margin distances is given as:

D, -D, = AP(sin(p(l - %‘) )

D,, the Poisson’s ratio, internal frictional angle, and Biot
coefficient of the rock in the Mahu Oilfield need to be
determined. Therefore, three cores from the Mal31 oilfield are
selected to carry out the triaxial rock mechanical experiment. The
samples are machined into a cylindrical shape with a diameter of
25 mm and a height of 50 mm. The average Young’s modulus of
the conglomerate in the Mal31 oilfield is 27.0 GPa, the average
Poisson’s ratio is 0.18, and the average internal frictional angle is
31.5° (Table 1).

According to the conglomerate test results (Table 2), the Biot
coefficient is 0.89, and the increasing coefficient x is 0.69. The
difference between the two failure margin distances is calculated
as —0.0066AP, which is consistent with the literature published by
Dohmen (Dohmen et al., 2014; Wang et al., 2019), Norbeck and
Horne (Norbeck and Horne, 2016).

3 Results and discussion

3.1 Formation mechanism of a complex
fracture network by proactive stress
interference

3.1.1 External factor: Proactive stress
interference

Under the effects of diagenesis, hydrocarbon expulsion and
the mechanical property differences between the gravel and
matrix, a large number of gravel margin fractures are
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TABLE 1 Triaxial mechanical experimental data of Mal31.

Well Depth/  Confining Compressive
m pressure/MPa strength/MPa
X723 2,670-2,742 10 103.6
20 140.0
30 164.1
Mal39  3262-3,310 10 1234
20 163.0
30 186.6
Mal54  3,003-3,061 10 153.4
20 193.1
30 243.1
Average  2,670-3,310 10 126.8
20 165.4
30 198.0

10.3389/feart.2022.948932

Young’s Poisson’s Cohesion/ Internal frictional
modulu/GPa ratio MPa angle()
20.1 0.18 222 30.1

24.1 0.18

26.0 0.18

242 0.16 27.9 30.1

25.5 0.19

26.2 0.17

27.6 0.14 31.8 345

28.0 0.15

28.9 0.19

23.9 0.16 27.3 315

25.8 0.17

27.0 0.18

TABLE 2 Published geomechanical data and Mal31 oilfield data related to the failure margin coefficient (Dohmen et al., 2017).

Reference Increasing coefficient y

Cohesion (°) Failure margin coefficient

Dohmen (2014) 0.62 26.56 —0.0016AP
Norbeck and Horne (2016) 0.49 16.70 —0.026AP
Mal31 oilfield 0.69 315 —0.0066AP
A AT
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FIGURE 3

The stress mechanism controlling the formation of multiple types of fractures in tight conglomerates.

the
conglomerate rock.

observed in microscopic  thin  sections of this

Influenced by the natural weak surface of the conglomerate,
three types of fractures are mainly developed in the process of
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artificial fracture propagation: extensional fractures, shear
fractures, and gravel margin fractures. According to the
relationship between the fluid pressure, the in-situ stress, and

the tensile strength of the rock, the stress mechanism controlling
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FIGURE 4

Diagram of the formation mechanism of proactive stress interference in a complex fracture network.

the formation of fractures with different properties is established,
and the corresponding stress chart is formulated (Figure 3). @ If
the fluid pressure is greater than the sum of the normal stress and
the tensile strength of the rock surface, a tensile fracture will
form. @ If the fluid pressure is smaller than the sum of the
normal stress and the tensile strength of the rock surface, and the
shear stress is greater than the rock cohesion, a tensile fracture
will be form.® If the fluid pressure is smaller than the sum of the
normal stress and the tensile strength of the rock surface, and the
shear stress is smaller than the rock cohesion, a gravel margin
fracture will be form.

According to the research above, the stress wall can inhibit
the propagation of tensile and shear fractures during hydraulic
fracturing. During hydraulic fracturing, the pore pressure in the
fracture is increased, and the effective stress on the fracture
surface is reduced. At this time, the interior of the fracture during
fracturing is an open space that will not be affected by the elastic
effect of the pore; however, when the effective stress decreases,
the Mohr stress circle shifts to the left and enters the shear state,
promoting the formation of a large number of shear fractures
around the main fracture. In the process of the branched
fractures extending forward, as the energy decreases but does
not decrease enough to form new shear fractures, the fractures
will propagate along gravel edges, forming gravel margin
fractures (Figure 4).

Through proactive stress interference, the propagation of
tensile fractures is inhibited, and shear fractures and gravel
margin fractures are promoted. Finally, high-density fracture
networks are formed, including tensile fractures, shear fractures,
and gravel margin fractures.
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3.1.2 Internal factor: Stress difference coefficient

To form complex fractures, unique in-situ stress
conditions need to be satisfied. The lower the degree of the
in-situ stress anisotropy is, the higher the complexity of the
hydraulic fractures. The influence of the in-situ stress on the
fracture is quantitatively evaluated by the horizontal stress
difference coefficient (Eq. 10). It is difficult to form complex
branched fractures under a large horizontal stress difference
coefficient. Compared with those in homogeneous reservoirs,
the hydraulic fracture propagation paths in this conglomerate
reservoir are more tortuous, and the hydraulic fracture
morphology is more complex. According to the test results
of the conglomerate cores, if the coefficient of the horizontal
stress difference is larger than 0.2, the hydraulic fracture
morphology tends to be simple; if the coefficient of the
horizontal stress difference is less than 0.2, it is difficult to

form complex fracture networks (Figure 5A).

_Su-Si

K
h S,

(10)
where Kj, is the horizontal stress difference coefficient, Sy is the
maximum principal stress and S, is the minimum principal
stress.

_ (S +8u) = (Su +S'n) Ao - Ao’
- Sp + Slh - Sp + S/h

K’ <Ky (11)
If the pore pressure increases during the fracturing process, the
original horizontal principal stress changes due to the
interference of induced stress, and the horizontal stress

difference coefficient gradually decreases (Eq. 11).

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2022.948932

Wang et al.

10.3389/feart.2022.948932

Kn>0.3 0.2<Kx<0.3

0.1<Kn<0.2 0<Kn<0.1

1]
» :
(@ E(

FIGURE 5

f

Vg
|‘&l|r JRC BN B
= :

i

(A) The relationship between the stress difference coefficient and the complex fracture network; (B) numerical simulation result in the
difference of horizontal stress; (C) minimum principal stress before hydraulic fracturing; (D) minimum principal stress after hydraulic fracturing.

| s

| L&
' e 19 18 19 )8 ‘l
i ¥

C(Su+Su) -~ (Su+Sh)  Ac—Ad’

KI
4 Sh + S’h Sh + S’h

<Ky, (12)

where K'}, is the coefficient of stress difference; S';; and §';, are
the induced stresses of the pore elasticity effect in the direction
of maximum and minimum principal stress, respectively, and
Ao and Ac' are the initial horizontal stress difference and the
horizontal stress difference after pore pressurization,
respectively.

The test results of Mal31 cores show that, the horizontal
stress difference is approximately 17 MPa, the minimum
horizontal principal stress is 55 MPa, and the horizontal
stress difference coefficient is 0.31. According to the
relationship between the horizontal stress difference
coefficient and the complexity of fracture networks, it is
difficult to form a complex fracture network. The
numerical simulation results show that the horizontal

stress difference decreases during fracturing (Figure 5B),
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which can be reduce by 2-10 MPa in the range of 150 m.
The reduction decreases with increasing distance from the
wellbore (Figure 5C). With an increased pore pressure, the
shut-in pressure in wells after fracturing increases
significantly, and the minimum horizontal principal stress
can increase by 5-10 MPa (Figure 5D). Therefore, the high
pore-pressure will change the in-situ stress of later fracturing
wells, and the horizontal stress difference coefficient will
decrease to 0.16-0.3 (Eq. 10), which benefits the formation of
complex fracture networks.

In conclusion, the complexity of hydraulic fractures is
affected by multiple factors. The proactive stress interference
inhibits the extension of the main fractures by changing the
initial in-situ stress, and improves the complexity of the
in the

horizontal stress coefficient. In this paper, the formation

fracture network by reducing the difference

mechanism of a complex fracture network is described in
detail.
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3.2 Application of proactive stress
interference in the Mal31 small-well-
spacing pilot area

Further improvements are highly desirable, such as those in
the reserve utilization rate, recovery rate, drilling and completion
efficiency, and investment requirements. To explore a new
efficient development mode of tight conglomerates, the
development test of long lateral length, tight well spacing, big
well clusters, fine perforation clustering, and factory operation is
carried out in the Mal3l pilot area under the guidance of
proactive stress interference theory.

3.2.1 Design and implementation of proactive
stress interference for a small well spacing
3.2.1.1 General situation of the pilot area and the
designation of hydraulic fracture parameters

The pilot area is 1.2 km (Cao et al., 2015), with proven
geological reserves of approximately 100.0 x 10* t. Two sets of
oil reservoirs (T;bs and T;b,) were developed with a span of
35-40 m in the longitudinal direction, and developed
mudstone intercalations of 13-20m in the middle
8.6%-10.1%,
permeability is 1.1 x 107 pum (Cao et al, 2015), oil
saturation is 50.3%-59.4%, and brittleness is 70-80. A total
of 12 horizontal wells were developed, including seven wells in

direction. The reservoir porosity is

the T;b; layer and five wells in the T, b, layer. The horizontal
section length is 1,200-2000 m, the sanding rates are
0.9-1.6 m*/m, and the cluster spacing is 20 m (Table 3).
The fracturing mode of drilling plugs, current-limiting
fracturing, and temporary plugging fracturing were
adopted. Twelve wells were designed with three factory-
type platforms, and four wells were drilled by one rig.
Three rigs operated at the same time to improve the efficiency.

3.2.1.2 Active stress interference technique

First, a 3-D staggered well pattern is adopted in the pilot area.
The W-type stereo staggered mode, in which the vertical
horizontal well space is designed 50 m apart, can strengthen
the positive vertical interference between wells. During the
fracturing progress, based on the regularity of extension, the
vertical operation procedure is determined to enhance vertical
interference, which is favorable (Figure 6A).

In addition, an intermittent fracturing project is designed.
According to the fracture sequence of platform 1, platform 2 and
platform 3, the stress wall of platform 1 and platform 3 is formed
to promote the formation of a complex fracture network in the
fracturing process of platform 2, which enhances the plane
favorable interference (Figure 6B).

Finally, zipper fracturing is adopted. The two sets of
reservoirs are targeted with the staggered well pattern. The
staggered fracture spacing in the longitudinal direction is
10 m. The fracture network is more complicated due to the
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(A) The well pattern of small well spacing in the Ma131 oilfield; (B) lithofacies and design of the platform; (C) zipper fracturing sequence of the

adoption of the asynchronous fracturing method, which creates
cluster-to-cluster stress interference (Figure 6C).

3.2.2 Evaluation of the fracture network
characteristics of proactive stress interference
3.2.2.1 Shut-in pressure characteristics

Due to the large amount of fracturing fluid injected into the
formation, the pore pressure of the formation initially increases,
and the pump-off pressure of the subsequently completed
fracturing wells increases. More completion energy is spent on
generating fractures, which leads to complex fracture networks
during subsequent completions. The shut-in pressure of platform
2 is increased by 8 MPa compared to that of platform 1, which
fractured earlier (Figure 7A), indicating that platform 2 has a
higher energy for fracture formation.

3.2.2.2 Production diagnosis

Production diagnosis is a reliable method of measuring the
complexity of fracture networks. During the early linear flow of the
horizontal well, the slope of the flow curve is equal to the reciprocal
of the product of the contacted surface area of the reservoir and the
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square root of permeability (Eq. 12). A shallower slope equates to a
greater surface area, which is indicative of more complex fracture
networks. The production diagnostic result (Figure 7B) illustrates
the relationship between the productivity index (Ap/q) and the
square root of time. The shallower slope of the small-well-spacing
data indicates that the proactive interference of stress creates a more
complex fracture network than the typical hydraulic fracture
technique does in the Mal31 oilfield (Figure 7C).

1

T=—r, 13
henexe Vi (13)

where T is the slope of the unit pressure drop with the square root
of time, h¢is the fracture height, x¢is the fracture half-length, n¢is
the fracture number, and k is the fracture permeability.

3.2.2.3 Initial production characteristics

The production law in the Mahu Oilfield shows that the
horizontal wells mainly have two periods of flow: an early
linear flow and a late pseudo flow. The duration of the early
linear flow is generally 3 months. To reduce the influence of
the single-well-controlled reserves of the single well on
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(A) Shut-in pressure of different platform plots; (B) reciprocal productivity index plot of the average of Mal31 small-well-spacing pilot wells
compared to a typical well; (C) shut-in pressure and stimulated reservoir volume in Mal31 small-well-spacing pilot wells; (D) daily oil output of

Mal31 small-well-spacing pilot wells compared to typical wells.

production, the average daily oil production and oil pressure
in the first 3 months of the small-well-spacing pilot are
selected as the parameters of the complex fracture network
characteristics. In terms of initial production, the average
daily oil output of the small-well-spacing pilot wells in the
first 3 months is higher than that of other horizontal wells in
the Mal31 oilfield (Figure 7D). The daily output of platform
2 is higher than those of platform 1 and platform 3. This shows
that under proactive stress interference, the complexity of the
fracture network near the well zone is improved, the
conductivity of the formation is improved, and the initial
production is significantly increased.

3.2.2.4 Microseismic monitoring characteristics

At present, microseismic monitoring is an effective method to
evaluate the effect of reservoir stimulation in oilfield development.
The microseismic monitoring results in the small-well-spacing pilot
area show that compared with the 400m spacing hydraulic
fracturing well, the small-well-spacing pilot wells have a denser
microseismic response (Figure 8A), larger stimulated reservoir
volume and more complexity of the fracture network (Figure 8B).
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4 Discussion

4.1 Application prospect of proactive
stress interference in preventing WOB
interference

Considering the particularity of tight conglomerate
reservoirs, the mature horizontal well development model of
shale oil and tight oil reservoirs in the North American Permian
basin cannot be used for reference in the Mahu Oilfield. To
further improve oilfield development, conventional fracturing
(Figure 9A), group fracturing (Figure 9B), and well factory
fracturing modes have been explored (Ajani and Kelkar, 2012;
Kurtoglu and Salman, 2015; Bommer et al,, 2017; Jacobs,
2018a). However, there are still two urgent problems that
need to be solved in the development process: 1) Affected by
the strong heterogeneity of conglomerates, hydraulic fracture
propagation is asymmetrical, resulting in fracture hits. Mahu
Oilfield data show that the longest distance of fracture hits is
2 km. Fracture hits cause serious production interference,
which not only affects the reservoir fracture network
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(A) Conventional single-layer fracturing model; (B) group fracturing model; (C) serial fracturing model; (D) step-by-step implementation of the
serial fracturing model.

construction quality, but also affects the production of the density drilling muds cause irreversible damage to the
adjacent well (Hao et al, 2017; Kumar et al, 2018; artificially formed fracture of the adjacent well, resulting in a
Thompson et al.,, 2018). 2) In the process of fracturing, high- significant EUR reduction of the adjacent well.
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(D) the relationships between NPV and recovery with well space.

According to the theory of proactive stress interference, this paper
uses the stress wall formed by an earlier fractured well to suppress
hydraulic fracture propagation and promote fracture diversion in
subsequently completed wells, and the serial fracturing mode is
innovatively proposed, which can reduce drilling and fracturing hits
(Figures 9C,D). The advantages are as follows: 1) The stress barrier
formed by the fractured well, which is not produced, can reduce the
interference of the subsequently completed fracturing well to the
producing well. 2) The established drilling completion buffer zone
can reduce the interference of drilling hits to the fracturing well. The
development efficiency of the oilfield is improved through the six steps:
production, soaking, fracturing, buffering, drilling and preparation.

4.2 Influence of proactive stress
interference in the Mal31 well area on well
spacing design

In the process of horizontal well fracturing, the effect of reservoir
fracture network construction can be improved by reducing the well
spacing and using proactive stress interference. However, in the
design process of well spacing in tight conglomerate reservoirs, we
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should not only pursue the complexity of fracture networks but also
ignore the potential negative impact of a well spacing that is too
small. The production practice of horizontal well spacing in
Mal31 shows that (Figure 10A), large well spacing is conducive
to improving the production of single wells, but the recovery is
relatively low. However, if the well spacing is too small, the geological
reserves and EUR controlled by the single well decrease, which
increases the benefit risk. Compared with the result of conventional
horizontal wells in the same block, in less than 400 days, the
Mal31 small-well-spacing pilot wells show higher production
and decline rates. In more than 400 days, the production of the
small-well-spacing wells is less than that of conventional horizontal
wells (Figure 10B). By using the Arps decreasing method, the EUR of
the small-well -spacing horizontal wells is determined to be less than
20,000 tons (Figure 10C), which is far below its economic
production limit.

The net present value (NPV) is the factor used to optimize the
well spacing in this work. With the investment data of horizontal
wells in the Mal31 oilfield, a chart of the relationship between well
spacing and NPV of different oil prices is developed. Figure 10D
indicates that when the oil price is $60 BBL, the limit for economic
well spacing is 200 m. Therefore, in the process of developing and
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designing horizontal wells in tight conglomerate reservoirs, it is
important to optimize the economic well spacing.

5 Conclusion

(1) In this paper, we put forward proactive stress interference
theory in a tight conglomerate oilfield and reveal its geo-
mechanical mechanism. The mechanism of the stress wall
and its inhibitory effect on tensile and shear fracture
propagation in  subsequently completed hydraulic

fracturing wells are analyzed in detail. It is proposed that

the formation of complex fracture networks with a small well
spacing is the result of proactive stress interference and the
in the horizontal stress

reduction in the difference

coefficient.
(2) Based on the application of proactive stress interference of
staggered cube pads with a small well spacing at Mal31, the
technical method and steps required to implement proactive
and the

characterization method of judging fracture complexity by

stress interference are introduced in detail,
means of shut-in pressure, linear flow characteristics, initial
production characteristics and microseismic monitoring is
proposed.
(3) A sequence development mode based on proactive stress
interference is proposed. In view of the contradiction
between drilling and fracturing interference and efficient
production in the Mahu Oilfield, the stress wall formed by
previously completed fracturing wells is used to reduce the
interference of later fracturing wells. At the same time, the
drilling buffer zone is designed to reduce the interference
between the fracturing well and the production well. The
development sequence is as follows: production, closing in,
fracturing, buffering, drilling, and preparation.
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