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Chengdu, China

The issue of inter-well fracture channeling in shale reservoirs is becoming
increasingly prominent, significantly impacting the production of nearby wells.
Therefore, it is crucial to accurately determine the location of fracture
channeling in order to effectively design anti-channeling measures and optimize
reservoir fracturing. In this paper, a data-driven fracture propagation model and
fracture channeling identification method are established. In the model, the
fracture morphology is fitted by the bottom-hole flowing pressure constraint.
The bottom-hole flowing pressure (p,,,) calculated by the construction pump
pressure and the fluid wellbore flow is mainly considered as the real solution. The
bottom-hole flowing pressure (p,,;) calculated by the construction displacement
and the fracture morphology is used as the constraint variable, and the fracture
parameters are changed using the SPSA optimization algorithm to realize the
dynamic fitting of the fracture morphology. In order to accurately describe the
position of fracture channeling, the seepage radius of the fracture boundary
is introduced to calculate the volume of fracture reconstruction. The volume
coefficient of repeated reconstruction is used as the quantitative evaluation
index of fracture channeling. This approach enables an accurate depiction
of the position of fracture channeling. Finally, the model method is applied
to the actual fracture channeling well. The study shows that the fracture
length of the well inversion is greater than the well spacing, and there is a
possibility of inter-well fracture channeling. The volume coefficient of repeated
reconstruction is 8%, similar to the critical fracture channeling index. There are
nine fracturing sections with fracture channeling, and the maximum fracture
channeling coefficient is 14.2%. This paper successfully explains the reason
for cross-well fracture channeling, and its conclusion aligns with the actual
monitoring results. The proposed method in this paper effectively identifies the
location of fracture channeling and offers guidance for optimizing channeling
prevention in subsequent designs.

shale reservoir, fracture propagation, data-driven, dynamic fitting, fracture channeling
identification, numerical simulation
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1 Introduction

Fracturing is a crucial technology for the commercial
development of shale reservoirs (Wang et al., 2012; Du et al., 2014;
Huang et al., 2022). However, the fracturing of infill wells in the
later stage can often result in fracture communication between new
and old wells, leading to fracture channeling. This communication
issue significantly impacts the production of parent or adjacent
wells, causing substantial economic losses (He et al., 2020). Hence,
there is an urgent need to implement new technologies that
enable the quantitative identification of reservoir inter-well fracture
channeling.

The current methods for identifying fracture channeling can be
categorized into three types: microseismic monitoring technology,
tracer monitoring technology, and the dynamic analysis method
(Zhang et al., 2019; Zhao B. etal., 2020; Fu and Dehghanpour,
2020; Escobar et al., 2021). Microseismic monitoring technology
is a crucial tool used in oilfield exploration and development
processes. It involves locating fractures by detecting induced
microseismic events that occur during fracturing. This method
is primarily used for dynamically imaging fracturing fractures in
low-permeability reservoirs, enabling the tracking of the fracturing
range and providing an objective evaluation of the location of
fracture channeling (Zhang et al., 2019). Aleksandrov et al. (2018)
and Wuetal. (2017) used this method for fracture analysis.
However, with the advancement of technology, it has been found
that the error of microseismic monitoring technology is large,
and the actual fractures are only between 30% and 70% of
the monitoring results (Huangetal, 2021a). The credibility of
evaluating fracture channeling using microseismic monitoring can
be greatly reduced. Tracer monitoring technology is a direct
method for determining reservoir communication (Meng et al.,
2022). This method reflects the flow of reservoir fluid and
inter-well communication information through the breakthrough
curve of tracer concentration monitored in the production well.
Brigham and Smith (1965) were the first to apply chemical
tracers to the evaluation of reservoir fracturing and achieved
positive results. Over time, the types of tracers have become
more diverse, allowing for the evaluation of various pieces of
information, such as fracture type, reservoir seepage capacity, and
fracture channeling (Geng et al., 2017). However, tracer monitoring
technology is time-consuming and requires a long cycle to draw
the tracer concentration curve. Additionally, the economic cost of
using tracers is high. As a result, this method is less commonly
used in the evaluation of inter-well fracture channeling. Instead,
the dynamic analysis method relies on the dynamic data of
production wells or fracturing wells to analyze the degree of fracture
channeling. This includes examining the changes in parent-well
productivity and child-well construction pressure (Puneet et al,
2021). Ajani and Kelkar (2012) used the productivity change of
the parent well to evaluate the influence of the well spacing and
the production time of the parent well on fracture channeling and
provided a reference for the well location deployment. King et al.
(2017) analyzed the influence of fracturing parameters on fracture
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channeling according to the change in child-well construction
pressure. With the advantages of low cost and simple operation,
the dynamic analysis method is widely used in the analysis of
inter-well fracture channeling. However, this method also has
the disadvantage of being time-consuming and being affected by
multi-well interference and external factors, resulting in a large
analysis error. Furthermore, all three methods mentioned above
are qualitative evaluations of fracture channeling, which cannot
accurately determine the location of fracture channeling or propose
specific solutions to address this phenomenon. The main cause
of inter-well fracture channeling is the dominant fracture channel
formed by child-well fracturing to connect with the fractures of the
parent well. Therefore, the most effective approach to determine
the position of pressure channeling is to accurately describe
the fracture morphology and quantitatively identify the fracture
communication position.

The simulation methods of fracture propagation are mainly
divided into the finite element method (FEM), extended finite
element method (XFEM), boundary element method (BEM),
and unconventional fracture propagation model (UFM) (Li and
Wang, 2005; Olson, 2008; Zhou et al., 2020; Huang et al., 2021b).
Dali Taleghani (2010) used the XFEM to simulate the fracture
propagation of hydraulic fracturing vertical wells in shale reservoirs.
The BEM can transform the problem into a boundary integral
equation, and the approximate solution can be found discretely
on the boundary. The BEM is more suitable for cases with
a complex fracture network, but its applicability in simulating
fluid-solid coupling problems is poor (Olson, 2008). The UFM
adopts the 2D displacement discontinuity method to solve the
interaction between reservoir stress field and fractures. Meanwhile,
the fracture width and proppant concentration can be calculated
using a 3D fracture height equation and proppant sedimentation
equation (Weng et al., 2011; Kresse and Weng, 2018). However,
these types of fracture propagation simulation methods have
their own advantages in solving the calculation of fracture
parameters and reservoir stress parameters, but the fracture
morphology described is mostly a single fracture. The fractures
in the reservoir are mostly staggered branch fractures, and
fracture channeling is also formed by the intersection of fracture
branches. Therefore, a single fracture cannot effectively describe
the channeling fracture. Zhao etal. (2021), Zhao H. et al. (2020),
and Shengetal. (2023) proposed a reservoir fracturing model
based on lightning simulation, which can simulate the fracture
morphology of complex induced fractures. In this paper, the
method proposed by Zhao H. etal. (2020) is used to establish a
fracture channeling identification model based on the connection
element method. In the method, the fluid flow in the wellbore
and fracture is considered, and the fracture boundary seepage
radius is introduced to calculate the fracture reconstruction
volume. Taking the volume coeflicient of repeated stimulation
as the quantitative evaluation index of fracture channeling, the
accurate description of the location of fracture channeling is
realized, and it is analyzed and applied in the actual fracture
channeling wells.
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FIGURE 1
Reservoir and fracture node division of the connection element method.

2 Mathematical model of shale
reservoir channeling identification
based on the connection element
method

2.1 Fracture propagation model based on
the connection element method

In order to simulate accurately and quickly, we simplify the
reservoir and use the connection element method to characterize the
reservoir model. In the model, the reservoir and rock are discretized
into continuous connection nodes, and the communication
relationship between the nodes and the adjacent nodes is established
by a connection, as shown in Figure 1. In the acquisition of
connection unit data, the reservoir is first divided into unevenly
distributed grids according to the geological model, and the center of
each grid is considered the initial node. The initial node parameters
are obtained from the actual geological model obtained using the
interpolation algorithm. In the simulation process, the nodes can
be increased or decreased. Second, when the special medium (such
as natural fractures) is distributed into the reservoir, a new node
is added to describe the special lithology medium. On the basis of
the node connection system, flexible meshless nodes can be used to
replace the traditional mesh topology. Figure 1 shows that the blue
to green nodes represent reservoir nodes of different parameters,
and the red nodes represent fracture nodes.

2.1.1 Mechanical model of fractures

In the model, considering that the rock is a porous elastic
medium, the principal stress parameters of the rock can be obtained
by combining the logging data, which are expressed as

v v E vE
[y —0,— — &, P+, Pyt ——&+ ——
h 1-v " 11—y vert' p hort p 1- (V)z fh 1- (V)z £H
v v E vE ’
oy=——0,— —a,,.,P,+a,, P+ +
H Ty ¥ 1y vet'p hor™ p 1- (V)2 H 1- (V)Z Eh
(1)

where 0, represents the minimum horizontal principal stress, MPa;
oy represents the maximum horizontal principal stress, MPa; a,,,,,
and ay,, represent the vertical and horizontal Biot coefficient; &y

and &, represent the strain coefficient of the maximum principal
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stress and the minimum principal stress, respectively; v represents
Poisson's ratio; E represents the elastic modulus, GPa; and P,
represents the pore pressure, MPa. In this paper, it is considered
that rock fracturing is affected by opening and shearing, which
is I-II composite fractures (Feng and Kang, 2013). Rock failure
is affected by the combined action of horizontal principal stress
01, 0pp> and fluid pressure in the fracture, as shown in Figure 2A.
According to the superposition principle, the composite model can
be decomposed into two independent models. Figure 2B shows that
the fracture is subjected to far-field stress; Figure 2C shows that the
fracture is affected by the fluid pressure in the fracture.

For model (b), the stress intensity factor at the crack tip is
expressed as

Ky, = 0,Vna = Vra- (aysin’  + 0, cos® B)
Ky = 7, Vra = Vna - (0, — ;) sin 8 cos '

For model (c), the stress intensity factor at the fracture tip is

(2

expressed as

K. =pVma
Kl'[c =0 .

3)

After superposition, the final stress intensity factor at the
fracture tip can be obtained. Since the pressure in the fracture
and the far-field stress have opposite effects on the fracture, it is
necessary to pay attention to the direction of the force, which is
finally expressed as

Ky = Vma- (p - oysin® B - g;,cos® )

s 4
Ky = 1,,Vna = —Vna- (o - ;) sin 8 cos @

where Ky, represents the type I stress intensity factor of the b model,
MPa m®?; K, represents the type II stress intensity factor of the b
model, MPa m®?; 0, represents the y-axis principal stress, MPa; Ty
represents the shear stress, MPa; a represents the half length of the
fracture, m; 5 represents the angle between the fracture and x-axis;
and p represents the net fracture pressure, MPa.

The critical initiation stress of fracture is related to the fracture
toughness of rock. Combined with Eq. 1-Eq. 4, the fracture
propagation conditions are expressed as (Weng et al., 2011)

)

0
cos =
2

(K1 coszg -

3 .
5 EKz sin 6) -0, 20,

1
O =
fr V2nr
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FIGURE 2

Fracture stress decomposition.
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1 —> Not reconstruction area

FIGURE 3
Fracture repeated reconstruction area.

where op represents the residual initiation stress, MPa; o,

represents the critical initiation stress, MPa.

2.1.2 Data-driven fitting calculation of fluid
parameters in fractures

The purpose of this section is to calculate the appropriate
fracture morphology according to the determined construction
displacement data at a certain time step and to calculate the
flow pressure in the fracture, so as to fit the actual construction
pump pressure. The model mainly includes two operation processes.
The positive calculation process considers the actual construction
pressure, fracturing fluid viscosity, and related friction factors to
calculate the bottom-hole flow pressure. The reverse calculation
process is the fitting stage. Considering the fracture morphology,
construction displacement, fracturing fluid filtration, and friction
effect, the bottom-hole flow pressure is fitted by an iterative
calculation of the fracture control range.

(a) Bottom-hole flow pressure calculation based on pump pressure

According to the principle of force balance, when the pump
pressure is known, combined with the net liquid column pressure
and tubing friction, the bottom-hole flow pressure can be obtained,
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which is expressed as

Pup =Ps T Pu=Ppp (6)

where p,,, represents the bottom-hole flow pressure calculated
based on pump pressure, MPa; p, represents the pump pressure of
fracturing construction, MPa; p;; represents the net liquid column
pressure, MPa; and p,,, represents the tubing friction, MPa.

The pump pressure in Eq. 6 is the actual construction data,
which can be obtained directly. Assuming that the wellbore is
fully filled with fluid, the net liquid column pressure is calculated
according to the fluid density and wellbore depth. The friction in
the tubing is calculated according to the empirical formula and is
expressed as

5.1x107°L,7* fp,

7 , @)

bpr=

where [, represents the length of the fracturing string, m; v
represents the flow velocity of the fracturing fluid in the tubing, m/s;
p; represents the density of the fracturing fluid, kg/m?; d represents
the inner diameter of the fracturing string, m; and f represents the
dimensionless friction coefficient.

(b) Bottom-hole
displacement

flowing pressure calculation based on

The reverse calculation of bottom-hole flowing pressure from
the fracture structure is expressed as

Pwr=PstPctPpp ®)

where p,,. represents the bottom-hole flowing pressure calculated
based on the displacement, MPa; p, represents the net pressure of the
fracture, MPa; p, represents the closure pressure of rock, MPa, which
can be measured by a compressibility experiment; and pj; represents
the friction generated by the fluid in the rock, MPa.

Using the construction displacement data in the actual
fracturing construction process and then according to the fracture
morphology under time ¢, the fluid pressure in the fracture can be
calculated. Taking into account the fluid loss on the rock, the actual
flow rate of the fluid injected into the fracture is expressed as

C

Q(t)=Q2< HL(t-t"), ©)

tfmc
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FIGURE 4
Inter-well fracture channeling identification calculation process.

where ¢q(t) represents the injection flow rate of the fracturing
fluid under reduced conditions, m*/min; Q represents the injection
flow of the fracturing fluid under actual conditions, m*/min; C

represents the filter loss coeflicient, m/min®>;

t represents the
current time, min; ¢ * represents the time under the previous time
step, min; H represents the height of the fracture, m; and L(t—t")
represents the total length of fractures generated at the current
time step, m.

According to the reduced flow g at the current time step, the

2n+l

fracture pressure of the fracture is calculated and expressed as
L
L T\ 22 2n+1 242
R 2 KE
psD) ( > ) [ ]
. >
o)

where p; represents the fracture pressure of the fracture at

q"(t)

H'L*(t) (10)
202n+1)

n

time ¢, MPa; K represents the consistency coefficient, MPa/min;
n represents the rheological index; and E represents Young's
modulus, MPa.

Taking into account the flow friction generated by the fluid
contacting the fracture surface in the fracture and assuming that
the fluid friction in the fracture does not change with the fracture
position, the friction p is expressed as

Py =aL(t") +bL(t—t*) )
LAt =L(t*) + L(t—1*)

where pﬁ(t) represents the flow resistance at time f, MPa; a
and b represent the friction coefficients in different states, MPa,
respectively; and Lf(t) represents the total length of the fracture, m.
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TABLE 1 Basic parameters of the model.

Parameter/unit ~ Value  Parameter/unit
Maximum principal 67 Injection 12
stress/MPa value/m® min!
Minimum principal 50.6 Maximum pump 70
stress/MPa pressure/MPa
Formation 32-42 Rock density/g/cm® 2.3
pressure/MPa
Young’s modulus/GPa 427 Porosity/% 5.3
Poisson’s ratio 0.2 Permeability/nD 15-28

2.2 Inter-well fracture channeling
identification method

2.2.1 Methodology

The inter-well fracture channeling is related to the fracture
distribution and the seepage intersection area between the fractures.
Therefore, based on the fracture distribution pattern between
wells obtained by fracture propagation simulation, the irregular
fracture reconstruction volume is calculated. Considering the
intersection between the fractures of the child and parent wells,
the repeated reconstruction volume coefficient is used to evaluate
the degree of fracture channeling, and the identification method
of fracture channeling in shale gas reservoirs is formed, as shown
in Figure 3.
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The reconstruction area of X1 The reconstruction area of X2
FIGURE 5
Fracture morphology and reconstruction area.

FIGURE 6
Fracturing channeling area between two wells.

In the case of known fracture morphology and fracture
permeability, the seepage radius of the fracture facing the reservoir
can be obtained, which is expressed as

r=1—, (12)

where r represents the flow radius, m; k represents the permeability
of the fracture, mD; f represents time, s; and y represents the
viscosity of the fluid, MPa.

Through the seepage radius of the fracture, the volume of the
fracture can be calculated, and the volume coefficient of the repeated
reconstruction between the fractures is expressed as

— VC
R=—+—, (13)
2Vi
i=1
where R represents the volume coeflicient of repeated

reconstruction; N represents the number of fracture sections;V .
represents the repeated reconstruction volume, m? and
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V.

; represents the reconstruction volume of the fracture

section, m>.

2.2.2 Fracture channeling identification
simulation process

The calculation process of the identification method of fracture
channeling is shown in Figure 4. The specific calculation steps
are as follows: a) According to the actual reservoir size, the
connection nodes are divided, and the connection nodes are used
for subsequent calculation. b) Combined with geological data, the
value of the connection node can be obtained by the interpolation
of the existing geological model, including physical parameters
and mechanical parameters. ¢) According to the actual fracturing
scale, the perforation data and initial fracture parameters are set. d)
The bottom-hole flow pressure at the next time step is calculated
according to the construction pump pressure parameters (Eq. 6
and Eq. 7). e) Comparing the bottom-hole flow pressure values
of forward calculation and reverse calculation, if not equal, new
fracture connection nodes are added (Eq. 8-Eq. 11). f) Steps d
~ e are repeated until the fitting error is less than the specified
error value, and the fracture morphology is output. g) The fracture
seepage radius is calculated. h) The repeated reconstruction volume
of the parent well is calculated. i) The volume coefficient of repeated
reconstruction (fracture channeling coefficient) is calculated, and
the quantitative identification of inter-well fracture channeling
position is finally realized.

3 ldentification and application of
fracture channeling in shale reservoirs

3.1 Conceptual model of fracture
channeling identification

Based on the identification method of inter-well fracture
channeling, a two-well opposite staggered perforation fracturing
model is established to quantitatively analyze the location of fracture
channeling. The model sets the distance between two wells to
be 200 m, and nine clusters of perforations are performed. The
cluster spacing is 10 m. The relevant calculated parameters are
shown in Table 1.
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Fracture sections

Figure 5 shows the fracture morphology of the two
wells after fracturing. The simulation results show that the
fracture length of the XI well is approximately 290 m, and
the reconstruction area is 47962 m?. The fracture length of
the X2 well is approximately 300 m, and the reconstruction
area is 52686 m?. The repeated reconstruction area of the two
wells is 8469 m%, and the fracture channeling coefficient of the
child well is 16.1%. Figure 6 shows that the fracture channeling
area of the two wells occupies nearly half of the seepage
intersection area between the two wells, and there is a great risk of
fracture channeling.

Frontiers in Earth Science 07

3.2 Fracture morphology simulation and
channeling analysis in actual blocks

The fractured channeling well in the Weiyuan area is selected
as the research object. The reservoir porosity, permeability, and
formation pressure coefficient of this well group are low, and
the energy supply is insufficient. After fracturing, the reservoir’s
physical properties have been improved, but the inter-well fracture
channeling is more serious, resulting in great economic losses.
According to the existing production dynamic data, the source of
fracture channeling in this typical well group has been qualitatively
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analyzed. At present, it is preliminarily determined that W1, W2,
and W3 wells are affected by W4 well fracture channeling, and the
specific location is not clear.

According to the method in this paper, the fracturing model of
the typical well group is constructed. The actual geological model
parameters are the same as those in Table I, and the simulated
fracture morphology is shown in Figures 7B-F.

The fracture morphology of W1 ~ W4 wells is shown in
Figures 7C-F; Figure 7B shows the reconstruction area after
fracturing of the whole well group. A total of 108 sections
and 347 clusters of fractures are inverted in the model. The
fracture length is between 353 m and 380 m, and the average
fracture length exceeds the well spacing (360 m). The simulated
fracture length is 87% of the fracture length interpreted
by microseismic monitoring. The simulation results are in
good agreement with the microseismic monitoring results
(Figure 7A).

From the simulation results shown in Figure 7B, there is a certain
fracture channeling between wells. In order to further quantify
the fracture channeling position, Figure 8 shows the channeling
coefficient between each well section. When the channeling
coeflicient is 8%, it is used as the critical fracturing channeling index,
which can be given according to the actual situation. The location of
fracture channeling between W1 and W2 wells is mainly distributed
in the 8-9, 15, and 29-31 sections. The fracture channeling positions
between W2 and W3 wells are mainly distributed in 13, 17, and 25
sections. The location of fracture channeling between wells W3 and
W4 is mainly distributed in 11 and 18 sections. It can be analyzed
that the W4 well is channeled to the W3 well through 11 and 18
sections and the W3 well is channeled to W2 through 13 and 17
sections and then channeled to W1 through 8 and 15 sections of
W2, thus affecting the whole well group, which is consistent with
the actual results.

It is worth noting that in this paper, the actual fracturing
data fitting method is used to constrain the fracture morphology,
which depends on the accuracy of the pressure calculation in the
fracture. However, the calculation of fracture pressure and fracture
filtration used in this paper does not take into account the fluid-solid
coupling effect of the reservoir. Therefore, in the follow-up study, the
influence of fluid-solid coupling on fracture morphology needs to be
further considered.

4 Conclusion

In this paper, a fracture inversion model based on the connection
element method is established, which takes into account the
fitting of actual fracturing parameters and fracture parameters.
In addition, the pressure channeling index is established to
quantitatively describe the location of fracture channeling. At
the same time, conceptual cases and actual cases are established
to verify the accuracy of the model. The main conclusions are
as follows:

(1) In the model, the bottom-hole flowing pressure (pwp)
calculated by considering the construction pump pressure and
the wellbore flow is used to constrain the bottom-hole flowing

pressure (p,,;) calculated by the construction displacement
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and fracture morphology, so as to realize the dynamic fitting

of the fracture morphology.
(2) Based on the fracture inversion model, the seepage radius
of the fracture is considered, and the volume coefficient of
repeated reconstruction is used as the quantitative evaluation
index of fracture channeling, so as to establish the quantitative
identification model of fracture channeling. Through the
calculation of the conceptual model, the model can accurately
identify the location of channeling.
The actual fracture channeling well group was used for
the quantitative analysis of fracture channeling. A total of
108 fractures were simulated. The fracture channeling well
section was quantitatively identified by combining the fracture
repeated reconstruction volume, and the reason of cross-well
fracture channeling is analyzed. The conclusion is consistent
with the actual result.
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