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Abstract Shales can form a complex fracture network
during hydraulic fracturing, which greatly increases the
stimulated reservoir volume (SRV) and thus significantly
increases oil or gas production. It is therefore important to
accurately predict the probability of formation of the
hydraulic fracture network for shale gas exploration and
exploitation. Conventional discriminant criteria are
presented as the relationship curves of stress difference vs.
intersection angle. However, these methods are inadequate
for application in the field. In this study, an effective and
quantitative prediction method relating to the probability of
complex fracture network formation is proposed. First, a
discriminant criterion of fracture network was derived.
Secondly, Monte Carlo simulation was applied to calculate
the probability of the formation of the complex fracture
network. Then, the method was validated by applying it to
individual wells of two active shale gas blocks in the
Sichuan Basin, China. Results show that the probabilities
of fracture network are 0.98 for well JY1 and 0.26 for well
W204, which is consistent with the micro-seismic
hydraulic fracturing monitoring and actual gas production.
Finally, the method was further extended to apply for the
regional scale of the Sichuan Basin, where the general
probabilities of fracture network formation are 0.32—1 and
0.74—1 for Weiyuan and Jiaoshiba blocks, respectively.
The Jiaoshiba block has, therefore, an overall higher
probability for formation of fracture network than the
Weiyuan block. The proposed method has the potential in
further application to evaluation and prediction of
hydraulic fracturing operations in shale reservoirs.
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1 Introduction

In recent years, the exploitation of shale gas has attracted
widespread interest among the international energy
community (Ross and Bustin, 2007; Curtis et al., 2012;
Gasparik et al., 2014; Zhao et al., 2018). Compared with
conventional gas reservoirs such as sandstones, shale
reservoirs have ultra-low permeability, and thus hydraulic
fracturing is necessary to make economic gas production
(Dahi-Taleghani and Olson., 2011; Xu et al., 2015; Yuan
etal., 2015; Zhao et al., 2016; Hou et al., 2018). Unlike
the bi-wing and symmetric fractures found in
conventional reservoirs, hydraulic fractures required in
shale reservoirs commonly form complex networks (i.e.,
connected fractures of irregular orientation and
distribution, see Fig. 1), with large stimulated reservoir
volumes (SRV). These networks can greatly increase the
matrix permeability and resulting gas production (Page
and Miskimins, 2009; Shapiro, 2009; Hou et al., 2019).
Therefore, it is important to understand how complex
hydraulic fracture networks form in shale gas reservoirs.
At present, it is widely accepted that the complex
hydraulic fracture network in the naturally fractured
formations is mainly caused by the interaction between
hydraulic and natural fractures (Renshaw and Pollard,
1995; Jeftrey et al., 2009; Weng et al., 2011; Gu et al.,
2012; Liu et al., 2018c). In other words, when a hydraulic
fracture approaches a pre-existing natural fracture, the
propagation of the hydraulic fracture is not always in the
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Fig. 1 Schematic diagram of (a) simple (bi-wing and symmetric)

hydraulic fracture and (b) complex hydraulic fracture network (the blue
rectangles in the figure represent hydraulic fractures and the green ones
represent natural fractures).

direction of the maximum principal stress, because of the
interference of natural fractures. If a hydraulic fracture
crosses a natural fracture, the hydraulic fracture may
simply continue to propagate along its original direction.
However, if a hydraulic fracture does not cross a natural
fracture but propagates along it, the natural fracture may
be reactivated and a complex fracture network may form.
There is considerable research on whether hydraulic
fractures cross, or propagate along natural fractures. For
example, Zhou et al. (2008, 2010) concluded that the
factors controlling hydraulic fractures propagating along
natural fractures are the horizontal stress difference, the
intersection angle between the hydraulic fracture and the
natural fracture, the internal friction coefficient of the
natural fracture, and the net pressure of the fracture.
Weng et al. (2011) suggested that for the same initial
natural fractures, the stress anisotropy can result in a
change in the induced-fracture geometry from a wing-
fracture to a complex-fracture network. Dehghan et al.
(2015) concluded that the dip and strike of pre-existing
fractures have a substantial influence on the hydraulic
fracture propagation behavior and geometry. Fatahi et al.
(2017) found that an increase in the angle between the
natural fracture plane and the direction of maximum
horizontal principal stress can improve the possibility of a
hydraulic fracture crossing a natural fracture. Liu et al.
(2018a) found that orthogonal intersection of natural
fractures is favorable for creating fracture networks.
These studies show that multiple factors influence the
interaction between hydraulic fractures and natural
fractures, which makes it difficult to understand the
formation of complex fracture networks in shale
reservoirs.

Many methods based on numerical models and
laboratory experiments have been proposed for predicting
whether a hydraulic fracture will propagate across a
natural fracture. For example, Blanton (1982, 1986)
proposed a method based on the criterion considering
stress difference and intersection angle. It was found that
hydraulic fractures tend to cross pre-existing fractures
when the intersection angle is 60—90 degrees and the
stress difference is high enough. Renshaw and Pollard
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(1995) proposed a criterion considering crossing stress
ratio and friction coefficient to determine whether a
hydraulic fracture will cross a pre-existing fracture
orthogonal to it, and they concluded that the crossing will
occur when the tip stress of the hydraulic fracture is
sufficiently high. However, natural fractures and
hydraulic fractures are not always orthogonal. Gu et al.
(2012) extended the criterion for non-orthogonal
intersection angles by theoretical derivation, and they
suggested that the hydraulic fracture is more likely to
propagate along the natural fracture as the intersection
angle between the hydraulic fracture and natural fracture
decreases from 90°. Sarmadivaleh and Rasouli (2014)
further expanded Renshaw and Pollard’s criterion to a
case for a non-cohesive interface with a non-orthogonal
intersection angle. In general, the above criteria were
derived by analyzing the forces in the fracture planes,
when several factors such as stress difference, intersec-
tion angle, and friction coefficient were considered. As
far as the application is concerned, these criteria or
methods are generally presented as a relationship between
two parameters such as stress difference and intersection
angle. This relationship can be used to judge whether
hydraulic fractures will propagate along natural fractures
to form fracture networks. However, due to the
complexity of the relationship, these criteria or methods
are hard to apply in the field. Thus, it is worthwhile to
explore an effective and applicable method for predicting
the probability of the formation of complex fracture
networks during hydraulic fracturing of shale reservoirs.
In this study, we propose an improved method to
predict the probability of formation of complex fracture
networks, which utilizes the development of a
discriminant criterion and Monte Carlo simulation. First,
the discriminant criterion was derived by introducing a
normal stress calculation formula into the derivation
process, where the triaxial principal stress, the natural
fracture plane strike and dip angle are considered.
Secondly, the Monte Carlo simulation is applied.
Through a large number of simulations, the probability of
formation of complex fracture networks could be
calculated, which makes it possible to apply the method
to actual wells and gas fields. Then, the method was
validated by applying it to individual wells of two active
shale gas blocks in China. Finally, the application of this
method was further extended to the Weiyuan and
Jiaoshiba Blocks in the Sichuan Basin, China to explore
the formation conditions of complex fracture networks.

2 Methodology

The methodology for predicting the probability of
formation of a complex hydraulic fracture network
consists of two main parts: 1) establishing the discrimi-
nant criterion for the formation of the complex fracture
network, and 2) conducting a Monte-Carlo simulation.
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2.1 Discriminant criterion for the formation of the fracture
network

The formation of the fracture network is mainly
controlled by geological and engineering factors. In this
study, we assume that all dynamic engineering
parameters, such as fluid viscosity, flow rate, number of
perforation clusters, and staged fracturing are the same.
Figure 2 shows the interaction between a hydraulic
fracture (HF) and a natural fracture (NF) viewed from
above. The whole process of interaction between the HF
and the NF can be divided into multiple modes, such as
approaching, slippage, being captured, crossing, and
deflecting (Gu et al., 2012). This study mainly focuses on
the behavior at the moment when the HF and NF meet,
and the results of the instantaneous interaction can be
divided into crossing and deflecting. In other words, the
HF is parallel to the maximum principal stress (g,,,,) and
perpendicular to the minimum principal stress (o,
before it encounters the NF, and when the HF encounters
the NF, the HF may cross the NF with its original
direction or deflect along the NF (Fig. 2). The effective
stress on the NF can be decomposed into the normal
stress (o,) perpendicular to the fracture plane and the
shear stress (z,) parallel to the fracture plane (Fig. 2).

The HF is the fracture of tensile nature and it always
develops in the direction perpendicular to the minimum
compressive stress. When the net pressure (p,.) in the
fracture at the time of interaction exceeds the minimum
principal stress (o,,;,) and the tensile strength (S,) of the
rock (Mokhtari et al., 2014), the HF will occur at the
direction perpendicular to the minimum principal stress
(0,in)> as given in Eq. (1):

Dret > Omin + St

(1

The NF is a weak plane and its S, is generally
considered to be 0. When the p,, in the fracture at the
time of interaction is greater than the o, acting on the NF,
the NF will be open and reactivate (Blanton, 1982;
Blanton, 1986), as given in Eq. (2):
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NF
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Fig.2 Interaction of the hydraulic fracture (HF) and natural fracture

(NF).
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2

If the HF encounters the NF, the criterion for choosing
the direction at the moment of contact is the principle of
least resistance (Wang, 2019). Therefore, when the o, on
the NF is less than the sum of the o, ;, and the S, the HF
deflects along the NF, and a complex fracture network is
formed, as given in Eq. (3):

Pnet > On.

O < Omin +St,

3)
where o, is the normal stress on the NF, MPa; ., is the
minimum principal stress, MPa; S, is the rock tensile
strength, MPa.

On the contrary, when the o, on the NF is greater than
the sum of the o,;,, and the S, the HF crosses the NF and
propagates perpendicular to the direction of g, ;.

For a natural fracture plane with a certain triaxial
principal stress, its o, can be calculated by Eq. (4) (Tong
etal., 2010):

o = o'Vsinzé’ + o-Hcoszé’cosza + O'hCOSZQSinza',

4)

where o, is the vertical principal stress; oy is the
maximum horizontal principal stress; o, is the minimum
horizontal principal stress; 6 is the angle between the NF
and the o,, that is, the residual angle of the dip angle ()
for the NF; o is the angle between the intersection line of
the NF on the oy—0,, plane and the g, which is the angle
between the strike of the NF and the g, (see Fig. 3).

It is worth noting that, since the direction of g is
constant, the angle a actually reflects the strike of the NF.
Therefore, a can be defined as the relative strike to ¢, of
the NF. To simplify the expression, a is referred to as the
strike of the NF hereafter.

As shown in Fig. 3, there is a relationship of 6 + § =
90°, then Eq. (4) can be changed to

NFE

Oy
Fig.3 Schematic diagram showing the strike and dip angle of the NF
and their relationship with principal stress directions (the gray plane
represents the NF; AOB is the strike line of the NF; OD is the inclined
line of the NF; OD’ is the horizontal projection of the inclined line for
the NF; a is the angle between the strike of the NF and the oy; f is the
dip angle of the NF; 6 is the angle between the NF and the o,.).
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o =o'vsin2(90 -B)+ o-Hcos2(90 —ﬂ)cosza

+ ahcos2(90 - ﬁ)sinzar.

)

Substituting Eq. (5) into Eq. (3), the discriminant
criterion for the complex fracture network can be
obtained as:

avcoszﬁ + o-Hsinz,Bcosza + o-hsinzﬁsinza —0min—35t <0. (6)

If Eq. (6) is true, a complex fracture network can be
formed. Once we obtain the values of the oy, 0., 7,,, S,, @,
and S in Eq. (6), then we can judge whether a complex
fracture network system can be formed, or not.

2.2 Monte—Carlo simulation

Monte-Carlo simulation is a broad class of computational
algorithms that rely on repeated random sampling and
statistical analysis to obtain numerical results. In princi-
ple, Monte—Carlo simulation can be used to solve any
problem having a probabilistic interpretation. The main
advantage of this method is that the error of the method is
not related to the scale of the problem, and problems with
statistical properties can be solved directly. In the field of
oil exploration, it is mainly applied to investment risk
analysis and reserves calculation (Stoltz et al., 1998; Nam
etal.,2013). In this study, we introduce Monte—Carlo
simulation for hydraulic fracture network prediction.

The use of Monte-Carlo simulation to predict the
probability of formation of a complex hydraulic fracture
network involves four main steps.

The first step is to construct a mathematical probability
model (Y) whose numerical solution is the probability
distribution of the actual problem. Y is defined as

Y=F(X]’XZ,"',Xi,"'7XVl)’ (7)

where X, X,, ..., X,, ..., X, represents n independent
random variables whose probability distributions are
0,(X)), O,(Xy),..., OQ(X),..., O,(X,), respectively.

In Eq. (7), X; is randomly sampled according to the
probability distribution O, (X)), and a series of target
values can be obtained. When the sampling numbers are
large enough, the probability distribution of system
values can be obtained. The values reflect the numerical
solution characteristics of the problem to be solved.

In actual shales, the oy, 0, 0, S;, @, and f in Eq. (6)
have random characteristics within a certain range. As a
result, the prediction results are governed by statistical
rules with a certain probability significance. Therefore,
the Monte-Carlo method can be used, and the left side of
Eq. (6) can be used for a mathematical probability model
as follows:

Y= o-vcoszﬁ + o'Hsinz,Bcosza/ + O'hsinzﬂsinza/ — O min — St.
(®)

In Eq. (8), o, oy, 01, S,, @, and B are independent
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random variables.

The second step is to set the value range and
mathematical distribution type of each variable. The
value ranges of variables can be chosen according to the
actual data in the study area. There are three commonly-
used distribution types, i.e., the normal, uniform, and
BetaPERT distributions. The BetaPERT distribution
describes a situation where the minimum, maximum, and
most likely values are known, and it is similar to the
triangular distribution, except the curve of probability vs
random variable is smoothed to reduce the peak.

To determine the most appropriate distribution type for
each variable, a Chi-square test is performed. The Chi-
square test is a widely-used function that tests the
deviation degree between the actual observed values and
the theoretical inferred values of a sample (Bryant and
Satorra, 2012). The Chi-square test statistic formula can
be expressed by Eq. (9):

2 K (for=foi)

X Zi:l S ’ ©)
where y? is Chi-square test value; f;; is the observation
frequency of the ith group; f;; is the expected frequency of
the ith group; k is the number of data groups. In the chi-
square test, smaller y> means smaller fitting error and
better fitting result.

The third step is to generate random values of the
variables based on the distribution types, and to calculate
the Y value in Eq. (8). Then, the sampling and calculation
steps are repeated until the number of samplings is
sufficient. Generally speaking, = 6000 samplings are
needed to achieve a statistically valid outcome.

The fourth step is to read the probability that it is less
than 0 from the generated cumulative probability
distribution curve of the Y value, which is the probability
of the fracture network formation.

Based on the above four steps of Monte-Carlo simula-
tion, a prediction method for formation probability of
fracture network can be obtained and then applied in the
field.

3 Case studies for the Lower Longmaxi
Formation in individual wells in the Sichuan
Basin

Wells W204 in the Weiyuan block and JY1 in the
Jiaoshiba block were selected as the study locations to
validate the proposed method.

3.1 Geological background
The Sichuan Basin is located in the northwest of the

Upper Yangtze Craton in southwest China (Fig. 4), with
an area of about 16 x 10° km? (Zheng et al., 2019). As
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Fig. 4 Map showing the study area in the Sichuan Basin (modified from Chen et al. 2014).

shown in Fig. 4, the Sichuan Basin extends from Micang
Mountain (fold belt) and Daba Mountain (thrust belt) in
the north to Emei-Leshan (fold belt) in the south, and
from Longmen Mountain (orogenic belt) in the west to
the Hubei-Hunan-Guizhou fold belt in the east.
Tectonically, the Sichuan Basin is divided into three
tectonic regions by the Longquan Mountain and Huaying
Mountain, and it is further subdivided geographically into
six sublevel structural domains: west, north, central,
south-east, east, and south (Fig. 4). The study areas were
the Weiyuan block in the south-west domain of the
Sichuan Basin, and the Jiaoshiba block in the east domain
of the Sichuan Basin (Fig.4). Two individual wells
studied, JY1 and W204, are located in the northern
Jiaoshiba block, and the central Weiyuan block,
respectively (Fig. 4).

Pre-Sinian metamorphic rocks and magmatic rocks
form the basement in the Sichuan Basin, and a series of
Sinian - Cretaceous strata are developed from bottom to
top. The Upper Ordovician Wufeng Formation and the
Lower Silurian Longmaxi Formation are two major
marine sedimentary strata. The depositional settings of
the Wufeng and Longmaxi Formations in the two blocks
were mainly deep-water shelf to shallow-water shelf (Xu
etal.,2020). The Wufeng Formation underlies the
Longmaxi Formation, and comprises a set of thin
siliceous shales. The Longmaxi Formation, characterized
by black shale and abundant graptolites, is widely

distributed in the study area. The Lower Member of the
Longmaxi Formation with has high contents of organic
matter and graptolites is the focus of this article, and it is
the target unit for shale gas development in the Weiyuan
and Jiaoshiba blocks (Chen et al., 2015).

3.2 Data acquisition

To quantify the probability of formation of a complex
fracture network for the Lower Longmaxi Formation in
wells W204 and JY1, the variables in Eq. (8) need to be
determined. In this study, the oy, 0,, and g, of well W204
were obtained by logging interpretation in the ranges of
85—88.3 MPa, 83—85.2 MPa, and 69.6—70 MPa (Zhang,
2015; Ma et al., 2020); those of well JY1 were obtained
from the Kaiser rock mechanics experiments, and they
were 52.19-55.52 MPa, 49.25-53.68 MPa, and 48.63—
49.92 MPa (Guo, 2014). The strike and dip angles of NF
were obtained by image logging interpretations. The
strike of NF in Well W204 is 40°-150° and that in well
JY1 is 50°-130°; the dip angles of NF are 20°—65° and
15°=75° for wells W204 and JY 1, respectively (Li, 2014).
Note that the strike mentioned here is the true strike of the
natural fracture, which needs to be converted to the
relative strike (a) to the g, for application. In this study,
we failed to collect the data for S, for wells W204 and
JY1 due to the lack of systematic study of the tensile
failure of shale formations in the Weiyuan and Jiaoshiba



684

blocks, so as an alternative we used ranges of values of S,
for different cores from the Sichuan Basin (see Table 1)
for simulation. All the results of the S, were obtained
from Brazilian tests on shale samples.

3.3 Simulation and results

3.3.1 Determination of the mathematical probability model

The three-direction principal stress of Lower Longmaxi
Formation in the two wells W204 and JY1 satisfies the
relationship of oy > 0, > 0;, belonging to the strike-slip
stress regime (Guo, 2014; Zhang, 2015). According to
Eq. (6), the o, equals g;, thus, the fracture network

discriminant criterion can be further modified as
2 ) 2 P
o yC0s“ B+ ogsin“Beos”a + opsin“Bsin“a — o — S < 0. (10)

The mathematical probability model of fracture net-
work formation (Eq. (8)) can be further modified as

Y= O'VCOSZﬂ + O'Hsinzﬁcoszar + O'hsinzﬂsinza —oh =S¢ (11)

3.3.2 Determination of the variables in the probability
model

The range of values and mathematical distribution type of
each variable in the probability model are presented in
this section. The range of values was determined from the
original data in Section 3.2, and the distribution type was

Table 1 Shale tensile strength data of the Lower Longmaxi
Formation in the Sichuan Basin

Area Core number S/MPa Reference
Sichuan Basin 48-06 3.26 Yang et al. (2012)
51-05 2.70
54-08 2.86
0-1 2.87 Yao et al. (2015)
0-2 6.32
15-1 6.56
15-2 8.16
30-1 7.16
30-2 9.74
45-1 10.23
45-2 7.76
60-1 11.13
60-2 10.49
75-1 6.46
75-2 6.40
90-1 7.57
90-2 6.83
/ 12.17 Xu et al. (2016)
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determined by the Chi-square test. Chi-square tests were
carried out for S, oy, 6y, 0,, a, and f, using actual values
of each variable for the Lower Longmaxi Formation in
the two wells, or the Sichuan Basin for S, using data in
Table 1. Table 2 shows an example for a Chi-square test
of the values for S,. The results show that a uniform
distribution has the smallest y2 of 13.78 among the
various distribution types, and therefore this was selected
to represent the distribution type for S,.

After Chi-square tests for all variables, the final
simulation input parameters for wells W204 and JY1 are
summarized in Table 3.

3.3.3 Simulation results

In this study, we conducted 6000 simulations for each
variable using the Crystal Ball software. The simulation
process in the software consists of generating random
numbers and calculating the Y value in Eq. (11). The
simulation results are shown in Fig. 5. We can read the
probability of ¥ < 0 from Fig. 5, which is the probability
of formation of a complex fracture network.

As shown in Fig. 5, the probability of ¥ < 0 is 0.26 for
well W204, while it is 0.98 for Well JY 1. This means that
the probability of complex fracture network formation for
the Lower Longmaxi Formation in well JY1 is signifi-
cantly higher than that in Well W204. We compared our

Table 2 Chi-square test results of S, for different mathematical
distribution types of variables for the Lower Longmaxi Formation in
the Sichuan Basin

Well name Variable Alternative 7 Ultimate
distribution types distribution type
W204/1Y1 S, Uniform 13.78 Uniform
Normal 55.43
BetaPERT 265.22
Table 3 Input parameters for Monte-Carlo simulation of Well W204
and Well JY1
Block Well Variable Distribution Minimum Maximum Most
name type likely
Weiyuan  W204 S, Uniform 2.70 12.17 /
oy Uniform 85 88.3 /
a, Uniform 83 85.2 /
oy Uniform 69.6 70 /
BetaPERT 30 90 60
B BetaPERT 20 65 27.5
Jiaoshiba JY1 S, Uniform 2.70 12.17 /
oy Uniform 52.19 55.52 /
o, Uniform 49.25 53.68 /
oy Uniform 48.63 49.92 /
a BetaPERT 50 90 70
p BetaPERT 15 75 32.25
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simulated results with the hydro-fracturing results that
were obtained by 3D micro-seismic monitoring. As
shown in Fig. 6, well W204 has a simple hydraulic
fracture morphology, which propagates along the
direction perpendicular to the o, while Well JY1 has
complex hydraulic fracture morphology and network.
Moreover, the initial gas production from W204 (16.5 x
10* m3/d) was less than that of JY1 (20.3 x 10* m3/d) (Jin

et al. 2018). Thus, the simulation results for the two wells
were validated by both the micro-seismic monitoring
results and gas production rates.

3.4 Sensitivity analysis

Figure 7 shows the effect of varying different parameters
on the probability of complex fracture network formation.
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Fig. 6 Directions of hydraulic fractures in (a) well W204 and (b) well JY'1 by micro-seismic monitoring.
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Contribution rate
0% 20% 40% 60% 80% 100%
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Fig. 7 Contribution rate of each variable to the probability of complex fracture network formation in (a) well W204 and (b) well

JY1.

For wells W204 and JY1, changes in S, have the greatest
impact on the probability values, and reach 76.7% and
95.3%, respectively. The effect of varying triaxial
principal stress (o}, 0,, and o) to the results of complex
fracture network formation are 0.7% and 2.2% for W204
and JY1, respectively. The impact of varying § and a for
well W204 (12.1% and 10.5%, respectively) is one order
of magnitude higher than those for Well JY (1.2% and
0.3%, respectively).

These results indicate that varying S, is the main control
on the simulation results. As a possible reason, the S, is a
critical parameter affecting the formation of the fracture
network, which controls the initiation and propagation of
hydraulic fractures (Gale et al., 2007; Li et al., 2017). The
impact of varying f and a is higher for W204 than for
JY1 (Fig. 7). In the next section, the effect of changing
both f and a on the fracture network formation
probability is investigated through application of the
method to the blocks as a whole.

4 Application at the regional scale

The method was also applied to the regional evaluation of
the Weiyuan and Jiaoshiba blocks. The values of a and f
can vary in different wells in the same region. In this
study, since it is difficult to obtain o and S values for all
wells in the entire region, we assumed that both a and S
values are uniformly distributed in the range of 0°-90° in
steps of 10°. In this case, for a and £ in each block, there
are in total 100 groups of values, such as (a = 0, § = 0),
(a=0,5=10), (a=0, =20), ....., (¢ =90, £ ="70), (o =
90, g = 80), (a = 90, B = 90). For oy, o,, 03, and S,, the
values are taken as random variables in a certain range.
The ranges and distribution types of these random
variables were determined in the same way as mentioned
in the section 3.3.2 and not discussed in detail here. The
input data for Monte-Carlo simulation, including the oy,
o,, oy, and S, are summarized in Table 4.

For each given group of a and S, the other four
variables are randomly sampled 6000 times to calculate

Table 4 Input parameters for M-C simulation in Weiyuan and

Jiaoshiba blocks

Block Variable  Distribution type ~ Minimum  Maximum

Weiyuan S, Uniform 2.70 12.17
oy Uniform 40 88.3
a, Uniform 38 85.2
oy Uniform 25 70

Jiaoshiba S, Uniform 2.70 12.17
oy Uniform 52.19 55.52
o, Uniform 50.17 53.68
oy Uniform 48.63 49.92

the Y value. Figure 8 shows an example for the simulation
result of o = f = 0° in Weiyuan block. As a result, the
probability of fracture network formation (¥ < 0) is 0.32
in Weiyuan block (Fig. 8).

Other situations where a and f range from 0° to 90°
with a step-length of 10° were also simulated, and in total
100 cumulative probability curves were obtained by the
simulation software, and these results for the Weiyuan
and Jiaoshiba blocks are summarized in Table 5. As
shown in Table 5, the probability of complex fracture
network formation in Weiyuan block is 0.28—1, and that
in Jiaoshiba block is 0.74—1. The probability of complex
fracture network formation in Jiaoshiba block is
obviously higher than that in Weiyuan block.

Note that the conditions to be met for a and § when the
probability is greater than 0.9 of two blocks are exhibited
in Fig. 9. It is clearly seen that in Weiyuan block, only
when a is between 70° and 90°, and £ is between 60° and
90°, it is possible to form a complex fracture network
(Fig. 9(a)). However, complex fracture networks may be
formed in the range of 0°-90° for both a and S in
Jiaoshiba block (Fig. 9(b)). This implies that fracture
networks can be formed more easily in Jiaoshiba than in
Weiyuan during hydraulic fracturing. The gas production
in Jiaoshiba block is higher than that in Weiyuan block
(Jinetal., 2018), which also supports the simulated
results.
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Fig. 8 Cumulative probability curve of ¥ value when both a and  are 0° in Weiyuan block.

Table 5 Comparison of the probabilities of complex fracture network formation between Weiyuan and Jiaoshiba blocks, with respect to different

values of a and

al/(°) pA°)  Probability  a/°)pA°)  Probability  a/(°)p/A°)  Probability a/(°)p/A°)  Probability  a/(°)pA°)  Probability
Weiyuan Jiaoshiba Weiyuan Jiaoshiba Weiyuan Jiaoshiba Weiyuan Jiaoshiba Weiyuan Jiaoshiba

0 0 0.32 096 20 0 0.32 096 40 0 0.32 095 60 0 0.32 096 80 0 0.32 0.96
10 032 0.95 10 032 0.95 10 032 0.96 10 033 0.96 10 033 0.96
20 031 0.94 20 031 0.94 20 032 0.95 20 034 0.97 20 035 0.98
30 029 0.92 30 030 0.93 30 033 0.95 30 037 0.98 30 039 0.99
40 028 0.88 40 030 0.90 40 034 0.95 40 041 0.99 40 047 1
50 0.28 0.84 50  0.29 0.87 50 036 0.94 50 049 1 50  0.61 1
60  0.27 0.80 60 030 0.84 60 039 0.94 60 059 1 60  0.80 1
70 027 0.77 70 029 0.81 70 040 0.93 70 0.70 1 70 094 1
80 027 0.74 80  0.30 0.80 80 042 0.92 80 0.76 1 80 1 1
90 0.27 0.74 90 030 0.79 90 043 0.92 90  0.79 1 90 1 1

10 0 0.32 096 30 0 0.32 096 50 0 0.32 096 70 0 0.32 096 9 0 0.32 0.96
10 032 0.95 10 032 0.96 10 033 0.96 10 033 0.96 10 033 0.96
20 031 0.94 20 032 0.95 20 033 0.96 20 035 0.97 20 035 0.97
30 029 0.92 30 031 0.94 30 035 0.97 30 038 0.98 30 040 0.99
40 028 0.89 40 032 0.93 40 038 0.97 40 045 1 40 0438 1
50 0.28 0.85 50  0.32 0.91 50 042 0.98 50 056 1 50  0.63 1
60  0.28 0.81 60 032 0.88 60 048 0.99 60 0.71 1 60 082 1
70 0.28 0.78 70 0.33 0.86 70 053 0.99 70 085 1 70 1 1
80 0.28 0.76 80 034 0.85 80  0.57 0.99 80 094 1 80 1 1
90  0.28 0.75 90 034 0.85 90  0.58 0.99 90  0.96 1 90 1 1

It should be emphasized that with an increase in o and
P, it is easier to form fracture networks in both blocks
(Fig. 9). In other words, the hydraulic fracture networks
are concentrated in the areas with larger a and p.
Therefore, when natural fractures with high dip angles
that are almost parallel to the oy; develop in the study
area, they are more likely to be reactivated and connected
to form a complex hydraulic fracture network.

Figure 10 shows discriminant curves proposed by
different researchers (Blanton,1986; Gu et al., 2012; Liu

etal., 2014; Tan et al., 2017; Dou et al., 2019). As shown
in Fig. 10, the HF is more likely to propagate along the
NF to form fracture networks in the case of small
intersection angles (< 60°) or small horizontal principal
stress differences (Ao < 6 MPa). This is consistent with
the research results obtained by our method. In the
Jiaoshiba block, the horizontal principal stress difference
is small (Ao = 2.98—6.89 MPa; data from Guo, 2014), and
the HF can deflect along the NF in all directions
(Fig. 9(b)); in the Weiyuan block, the principal stress
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Fig. 10 Conventional criteria methods for judging the behaviors
between HF and NF (The intersection angle in the figure refers to the
angle between HF and NF, which is complementary to a).

difference is relatively large (Ao = 11-19.4 MPa; data
from Zhang, 2015), only when a > 60° (intersection angle
< 30°) can a fracture network be formed (Fig. 9(a)). This
further confirms the reliability of our simulation results.
As discussed, conventional methods use the discrimi-
nant curves that are presented as a function of stress
difference vs. intersection angle in order to judge whether
a fracture work can be formed (as shown in Fig. 10). The
only advantage of these conventional methods lies in their
simplicity. For an ideal case with a certain horizontal
principal stress difference and intersection angle, it is
easy to judge from Fig. 10 whether hydraulic fractures
can deflect along natural fractures to form fracture
networks. However, the relationships in actual wells and
blocks are usually complicated, making these methods
hard to apply in the field. Moreover, the conventional
methods only consider the factors of stress difference and
intersection angle, but not other factors such as S, and g
(Dehghan et al., 2015; Fatahi et al., 2017; Lietal., 2017;

Liu et al., 2018b), which may bring uncertainty to the
prediction. In contrast, the method proposed here
introduces Monte-Carlo simulation to transform the
fracture network prediction into a probability outcome,
making it possible for application in actual wells and
fields. Most importantly, the proposed method considers
several additional aspects such as oy, o, g, S;, , and S.
In other words, the conventional methods can be
recognized as special cases in our method. Meanwhile,
the new method has great potential for application in
hydraulic fracturing efficiency evaluation by combining
with the stimulated reservoir volume (Mayerhofer et al.,
2010) and fracture complexity index (Cipolla et al., 2008)
obtained through micro-seismic monitoring. This will be
investigated in future research.

5 Conclusions

A method for the prediction of the probability of
formation of complex fracture networks in shale
reservoirs is proposed based on derivation of the
discriminant criterion and Monte-Carlo simulation.

The method has been applied to individual wells (JY1
and W204) and two active shale gas blocks (Jiaoshiba
and Weiyuan) of the Sichuan Basin in China. The
predictions are in good agreement with data from micro-
seismic fracture monitoring and the actual gas production.

The factors oy, 0,, 0y, S, @, and f are considered in this
method. A complex fracture network can be formed more
easily when «a is closer to the direction of the oy and f is
closer to the vertical direction.

Compared with conventional methods, the proposed
method can be directly applied to actual oil/gas wells and
fields, which can provide guidance for the design and
implementation of hydraulic fracturing protocols.
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