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Fracability evaluation is the basis of reservoir fracturing and fracturing zone optimization. The tight sandstone reservoir is
characterized by low porosity and low permeability, which requires hydraulic fracturing to improve industrial productivity. In
this study, a systematic model was proposed for the fracability evaluation of tight sandstone reservoirs. The rock mechanics
tests and sonic tests demonstrated that tight sandstone reservoir is characterized by high brittleness, high fracture toughness,
and weak development of natural fractures. Numerical simulation was used to analyze the change of reservoir parameters
during hydraulic fracturing and the influence of in situ stress on fracture propagation. The results showed that when the
horizontal stress anisotropy coeflicient is small, natural fractures may lead hydraulic fractures to change direction, and complex
fracture networks are easily formed in the reservoir. The horizontal stress anisotropy coefficient ranges from 0.23 to 0.52, and
it is easy to produce fracture networks in the reservoir. A new fracability evaluation model was established based on the
analytic hierarchy process (AHP). The fracability of tight sandstone reservoir is characterized by the fracability index (FI) and
is divided into three levels. Based on the model, this study carried out fracability evaluation and fracturing zone optimization

in the study area, and the microseismic monitoring results verified the accuracy of the model.

1. Introduction

With the increasing demand for oil and gas resources, the
development of unconventional energy has gained more
and more attention [1-3]. The unconventional gas reservoir
is commonly defined as a reservoir with low permeability
(less than 0.1mD) [4]. Because of its low permeability,
hydraulic fracturing is needed [5, 6]. Chong et al. [7] defined
the reservoir fracability for the first time; that is, reservoir can
be effectively fractured to increase production in the process
of hydraulic fracturing. Fracability evaluation is the basis of
hydraulic fracturing and fracturing zone optimization.

In fracability evaluation, it is crucial to determine the
parameters affecting hydraulic fracturing. Rickman et al. [8]
found that rocks with higher brittleness have higher elastic

modulus and lower Poisson’s ratio. Some scholars [9, 10]
used brittleness index to characterize the fracability of shale
reservoir and found that the larger the brittleness index, the
better the fracturing effect. However, further research showed
that it is not comprehensive to characterize the reservoir frac-
ability only by brittleness index, and there are other factors.
Fracture toughness is another important parameter which
reflects the energy consumed in the process of rock fracture.
Sato and Hashida [11] considered the influence of fracture
toughness in hydraulic fracturing and found that the higher
the fracture toughness of reservoir, the more difficult it is to
be fractured. Huang et al. [12] investigated the effects of rock
inherent heterogeneity and grain size on hydraulic fracture
initiation and propagation for different propagation regimes
through two dimensional discrete element modelings.
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Scholars [13, 14] found that fracability is affected by
many factors, including not only the characteristics of rock
but also the geological characteristics of reservoir. Natural
fracture is a weak part of mechanics, which influences the
generation and extension of hydraulic fracture [15]. Barani
et al. [16] proposed a numerical model which can appropri-
ately simulate two possibilities of the interaction (opening
and crossing) of a hydraulic fracture with a natural fracture.
Sanchez et al. [17] predicted three main possibilities of frac-
ture interaction (arrest, opening, and crossing) and found
that the most important parameters affecting fracture inter-
action are in situ stresses and the angle of approach between
hydraulic fracture and natural fracture. Reservoir rocks and
fluids are jointly affected by in situ stress. In situ stress and
its anisotropy affect the generation and propagation of
hydraulic fractures [18]. Zhu et al. [19] conducted laboratory
experiments of hydraulic fracturing and found that as the
angle between the direction of wellbore axis and the maxi-
mum horizontal stress increases, the fracture roughness,
fracture continuity, and the number of secondary fractures
increase. Yan et al. [20] found that as the angle between
the direction of wellbore axis and the maximum horizontal
stress increases, the pressures of fracture initiation and prop-
agation grow. Rabbel et al. [21] found that the fracture open-
ing and propagation mode are related to the magnitude of
external stress anisotropy, and strongly anisotropic far-field
stresses lead to highly directional connectivity, which may
translate to anisotropic fracture permeability. Liu et al. [22]
developed a novel fracability evaluation model of hydrate-
bearing sediments integrating hydrate saturation, brittleness,
stress anisotropy, and mineral composition.

As discussed above, the reservoir fracability is related to
many factors, including elastic parameters, brittleness, frac-
ture toughness, natural fractures, and external stress anisot-
ropy. It is difficult to establish a fracability evaluation model
considering all factors. On the other hand, in situ stress
characteristics have a great influence on hydraulic fractur-
ing, but the fracability study considering external stress
anisotropy is very rare. Therefore, this study analyzed the
influencing factors of fracability of tight sandstone reservoir
based on logging data and laboratory tests and further stud-
ied the influence of in situ stress characteristics on hydraulic
fracturing through numerical simulation. Finally, we pro-
posed a new systematic model for the fracability evaluation
of tight sandstone reservoirs.

2. Fracability Parameters

The parameters that affect the fracability were analyzed
based on logging data and laboratory tests in this section,
which provides the basis for subsequent hydraulic fracturing
modeling and fracability evaluation.

2.1. Geological Settings. Block 4 of Junggar Basin is located in
the Xinjiang Uygur Autonomous Region of China. The
strata in this area are well developed and generally gentle,
showing the characteristics of thick in the south and thin
in the north, thick in the west, and thin in the east. The study
area is located in the center of oil source and favorable direc-
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tion of oil and gas migration, with high oil and gas abun-
dance. The structure of the study area is shown in Figure 1.

The genesis of tight sandstone reservoir is complex, with
low porosity, low permeability, complex pore structure, and
secondary pore development. The exploration report shows
that the average porosity of tight sandstone in the study area
is 4.1%, and the permeability is 0.132~0.839 mD. Although
the study area is rich in oil and gas reserves, trial production
is not ideal. Conventional exploitation means cannot meet
production requirements; so, hydraulic fracturing is needed.

2.2. Rock Mechanic Parameters

2.2.1. Elastic Modulus and Poisson’s Ratio. This work used
the sonic logging-based method to calculate the rock
mechanic parameters of continuous formation, and the
dynamic elastic parameters can be calculated using the tran-
sit time of P- and S-waves [23, 24]. Therefore, we carried out
triaxial compression tests and sonic tests on 15 rock samples
(D25 x 50 mm) in the study area. In order to obtain accurate
dynamic and static parameter conversion formula, the con-
fining pressure change range is 0-70 MPa. The purpose of
the experiment is to measure the acoustic wave velocity cor-
responding to the elastic parameters of rock under different
confining pressure. The comparison of some cores before
and after the experiment is shown in Figure 2. It can be seen
that the rocks have undergone shear failure. The elastic
modulus, Poisson’s ratio, and wave velocity under different
confining pressures were measured. The results are shown
in Table 1, and the stress-strain curves are shown in
Figure 3.

It can be seen that with the increase in confining pres-
sure, elastic modulus increases, Poisson’s ratio decreases,
and wave velocity increases. The dynamic elastic modulus
and dynamic Poisson’s ratio are calculated using the transit
time of P- and S-waves, as shown in Egs. (1) and (2):

p(34t — 4At?)

=Y P/ %9299x10% 1
A2 (A2 - AL M)

2_ A2
= O.SAES Az;p ’ @)
At? - At,
where E; is the dynamic elastic modulus, GPa, y; is the
dynamic Poisson ratio, At, and At, are the P-wave transit
time and S-wave transit time, us/ft, and p is the rock density,
3
g/cm”.
Fit the dynamic and static mechanical parameters and
determine the fitting equation:

(3)

E, =0.680E, — 5.321,
p,=0.611p, +0.046,

where E is the static elastic modulus, GPa, and y is the
static Poisson ratio.

Based on sonic logging data (P- and S-wave transit time
in Figure 4), Eqs. (1)-(3) can be used to calculate the elastic
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FIGURE 1: Structure of the study area.

(a)

(®)

FI1GURE 2: Tight sandstone cores. (a) Initial state. (b) After failure.

TABLE 1: Results of triaxial compression tests and sonic tests.

Core Confining pressure/  Peak strength/  Static Poisson’s  Static elastic modulus/ P-wave velocity/  S-wave velocity/
number MPa MPa ratio GPa ms™ m-s™
1 0 54.6 0.258 8.26 3632 1994
2 10 106.9 0.256 11.74 3735 2052
3 10 140.8 0.219 16.28 4122 2400
4 20 136.0 0.185 15.26 3965 2442
5 20 142.9 0.174 14.48 3919 2427
6 30 164.9 0.168 18.90 4180 2630
7 30 1724 0.188 17.84 4025 2447
8 40 173.4 0.203 16.72 4155 2470
9 40 179.8 0.205 17.33 4054 2428
10 50 194.6 0.217 18.80 4283 2521
11 50 186.3 0.216 17.84 4232 2503
12 60 206.4 0.188 19.84 4225 2547
13 60 210.5 0.198 19.53 4203 2524
14 70 237.3 0.197 22.16 4293 2604
15 70 242.4 0.202 23.53 4322 2634

modulus and Poisson’s ratio of continuous formation, as
shown in Figure 4.

2.2.2. Brittleness. Rock brittleness is an important parameter
that affects the reservoir fracability. Obert and Duvall [25]
described brittleness as a property of materials that fracture
with a little or no plastic flow. In rock mechanics, brittleness
is defined as the absence of a plastic deformation before final
failure [26]. Brittleness index can be defined by the stress-
strain data obtained from uniaxial or triaxial compression
tests, that is, the ratio of elastic strain energy to total strain

energy at rock failure [9, 27]. According to the results of
the triaxial compression tests, Eq. (4) is used to calculate
the brittleness index of 15 cores.

o

oede

1= %, (4)
Io 0.€,de

where B, is the brittleness index, g, is the strain at rock

failure, o, and ¢, are the stress and linear elastic strain
of linear segment of stress-strain curve, respectively, and
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FIGURE 3: Stress-strain curves of 15 cores.

o0; and ¢ are the stress and strain before rock completely
failure, respectively.

The sonic logging-based method is also used to calculate
the brittleness index of continuous formation. The specific
process will not be repeated. The results are shown in
Figure 4. The brittleness index ranges from 0.50 to 0.83; so,
the rock brittleness is high.

2.2.3. Fracture Toughness. The failure behavior of reservoir
rock is essentially a macroscopic manifestation of energy
dissipation and release. Fracture energy, especially postpeak
fracture energy, reflects the energy consumed by fracture
propagation and is an important factor in determining
whether a rock fracture occurs. In this study, a triaxial com-
pression test-based method Wang [28] was used to calculate
the postpeak fracture energy and postpeak fracture energy
density of 15 cores. The elastic modulus is an important fac-
tor affecting the fracture energy. So, we established the fitting
formula of elastic modulus and postpeak fracture energy
density and found that the fitting result (Figure 5) was good.
Therefore, this study used postpeak fracture energy density
to characterize the fracture toughness. The fitting equation
is shown in Eq. (5).

W o = 0.249E* + 3.155E, (5)

post

where W, is the postpeak fracture energy density,
N-mm-mm, and E is the elastic modulus, GPa.

Based on the calculation result of elastic modulus in Sec-
tion 2.2.1, Egs. (5) can be used to calculate the fracture
toughness of continuous formation, as shown in Figure 4.
The fracture energy density is mostly between 83.5 and
275.4N-mm-mm; so, the energy required for fracture prop-
agation is large.

2.3. In Situ Stress Characteristics

2.3.1. In Situ Stress. The in situ stress was calculated based
on logging data and the analysis results above, as shown in
Eq. (6).
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h
0, =phyg+ Jh pgdh,

Th= % (0, —aP,) + B, (0, - aP,) + aP,, (6)
on= T f[/l (0,—aP,) + By (0, —aP,) +aP,,

where o, is the vertical stress, MPa, p is the average den-
sity of overlying strata, g/cm’, h, is the initial depth of tar-
get layer, m, p is the density of rock layer, g/cm’, g is the
gravity acceleration, m/s’>, o; and o), are the maximum
and minimum horizontal principal stress, MPa, and S
and f3, are the tectonic stress coefficients in the direction
of the maximum and minimum horizontal principal stress.
According to the result of field stress test, 3, and 3, are
determined as 1.069 and 0.787, respectively; « is the signif-
icant stress coefficient; P, is the pore pressure of forma-
tion, MPa.

The in situ stress in different depths is shown in Figure 4.

2.3.2. Horizontal Stress Anisotropy. The horizontal principal
stress anisotropy was characterized by the horizontal stress
anisotropy coefficient.

_0g—0y

K= (7)

Oy

The horizontal stress anisotropy coeflicient in different
depths is shown in Figure 4.

2.4. Development Degree of Natural Fracture. This study
used rock rupture criterion to determine the shear fracture
rate and tensile fracture rate of different depth strata and cal-
culated the weighted sum of the two to obtain fracture devel-
opment index, which can quantitatively characterizes the
development degree of natural fractures in the study area.

The equation of shear fracture rate is shown in Eq. (8).
The larger the shear fracture rate is, the stronger the shear
failure degree of reservoir rock is.

="' = (91 =) sin 2a, (8)
7] 2[|

where 7 is the shear stress on the rock failure surface, MPa,
|7] is the shear strength of rock, MPa, and « is the rock frac-
ture angle, *.

The equation of tensile fracture rate is shown in Eq. (9).
The larger the tensile fracture rate is, the stronger the tensile
failure degree of reservoir rock is.

— & _ (GH _ ah)z (9)
t_ - bl
loy|  8(oy +04)loy

where o, is the tensile stress on the rock failure surface, MPa,
and |o,| is the tensile strength of rock, MPa.
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FIGURE 4: Fracability related parameters of three wells in the
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The equation of fracture development index is shown in
Eq. (10).

I=al, +bl, (10)

study area: (a) Well D7, (b) well D8, and (c) well D701.

where a and b are the proportions of shear fracture and ten-
sile fracture, respectively. According to the statistical results
of field data, a and b in the study area are 0.7 and 0.3,
respectively.
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The fracture development index in different depths is
shown in Figure 4. The results showed that the fracture
development index ranges from 0.4 to 0.8, and most of the
study area strata are slightly fracture-developed zones. The
fracture development index of a few strata is greater than
0.8, which are fracture-developed zones.

2.5. Selection and Analysis of Fracability Parameters. The
purpose of hydraulic fracturing is to produce a complex
fracture system. The process of producing a fracture system
includes the generation and propagation of fractures. These
two parts determine the effect of hydraulic fracturing.
Rocks with high brittleness are more prone to fracture. In
this study, the brittleness index is characterized by the ratio
of elastic strain energy to total strain energy at rock failure
(Eq. (3)). Fracture toughness affects fracture propagation.
In general, the higher the fracture toughness, the more dif-
ficult the propagation of fractures. The postpeak fracture
energy density is used to characterize the fracture tough-
ness of rock. The brittleness index in the study area ranges
from 0.50 to 0.83, and the rock is relatively brittle. The
fracture energy density mostly ranges from 83.5 to 275.4
n-mm-mm >, which requires a large amount of energy for
fracture propagation.

Natural fracture is a weak part of mechanics. On the one
hand, natural fractures can cause stress changes near the
wellbore. On the other hand, natural fractures can interact
with induced fractures to affect the fracture propagation.
The fracture development index mainly ranges from 0.4 to
0.8, and most of the strata are slightly fracture-developed
zones.

The in situ stress anisotropy affects the opening and
propagation mode of fractures, but the current researches
are few and not thorough.

As discussed above, this study considered four factors
when establishing the fracability evaluation model, including
rock brittleness, fracture toughness, natural fractures, and
horizontal stress anisotropy coeflicient. Because the influ-
ence of horizontal stress anisotropy is uncertain, this study
carried out a numerical simulation in Section 3.
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3. Numerical Simulation of
Hydraulic Fracturing

Aiming at the problems analyzed in Section 2, this section
carried out numerical simulation to analyze the changes of
reservoir parameters during hydraulic fracturing and the
influence of in situ stress on fracture propagation.

3.1. Numerical Model of Hydraulic Fracturing. Numerical
simulation is carried out using the cohesive unit of ABAQUS
software. The mechanical behavior of reservoir is described
by the traction-separation criterion and bilinear constitutive
relationships, and the model is shown in Figure 6.

In Figure 6, the bilinear constitutive model consists of
a prepeak linear elastic stage and a postpeak stiffness decrease
stage. The damage factor of the model is calculated by
Eq. (11).

_ 88 -9)

(11)

where 8™ is the maximum displacement of the unit, m; 8"
is the displacement at unit failure, m; &° is the displacement
at the start of unit damage, m.
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TABLE 2: Parameters of numerical simulation.

Parameters Value Parameters Value
Porosity 10% Permeability 0.1mD
Elastic modulus 20GPa Poisson’s ratio 0.25
Tensile strength 8 MPa Shear strength 20 MPa
Vertical stress 60 MPa Pore pressure 40 MPa
Maximum horizontal principal stress 70 MPa Minimum horizontal principal stress 50 MPa
Fluid viscosity 0.001 pa-s Filtration coefficient 1.0x 107" m/pa

In the postpeak stiffness decrease stage, the damage evo-
lution process of material is shown in Eq. (12).

(1-D)t,, 7,20,
tﬂz — —

t, t <0,

n B n (12)
ty= (1 _D) $
= (1 _D)Zv

where £, is the normal stress, and f; and #, are tangential
stresses.

The finite element model (50 x50m) is shown in
Figure 7. The maximum and minimum horizontal principal
stresses are set in the horizontal direction. The perforation
position is in the center of the model. The COH24P is
selected for cohesive unit.

Combined with the logging data and the experimental
analysis in Section 2, the numerical simulation parameters
are determined, as shown in Table 2.

3.2. Whole Process of Hydraulic Fracturing. Inject water at
the perforation position, the injection rate is 0.001 m®/s.
The fracturing lasts for 100 seconds, and then the pump is
shut down for 2400 seconds.

The distribution of injection pressure at different times is
obtained by numerical simulation, as shown in Figure 8. For
the convenience of observation, the deformation scaling fac-
tor is set to 100; that is, the crack element is expanded by 100
times. The white arrow represents the flow direction of fluid.

In Figure 8, the fracture is continuously extending along
the direction of the maximum horizontal principal stress
during water injection. The pressure around the fracture
increases rapidly, the two tip areas of fracture are low stress
areas, the two sides of fracture are high stress areas, and the
closer to propagation area, the higher the stress is. After the
pump is stopped, injection pressure gradually decreases, and
the low stress areas near fracture tip disappear. When the
pump is shut down for 2400 seconds, the regional stress
gradually decreases from the fracture edge to the outside.
In the whole process, the fluid first flows from the perfora-
tion to the low stress areas near fracture tip, and after the
pump is shut down, the seepage direction is from the frac-
ture to the surrounding.

The change law of injection pressure and fracture width
in the fracturing process is researched, as shown in Figure 9.

In Figure 9, the generation and propagation of fracture
during fracturing can be divided into the following four
stages:

In the first stage, injection pressure increases rapidly at
the moment of injection. At 2.1 seconds, injection pressure
reaches the maximum value of 107.4 MPa, the reservoir is
damaged, and the fracture width increases rapidly.

In the second stage, from 2.1 to 8.5 seconds, injection
pressure gradually decreases to 61.5 MPa. Since the injection
pressure is greater than the pressure required for fracture
propagation, the fracture width increases, but the increase
rate gradually decreases.

In the third stage, from 8.5 to 100.0 seconds, injection
pressure is equal to the pressure required for fracture prop-
agation; so, the fracture develops stably.

In the fourth stage, after stopping injection at 100.0 sec-
onds, injection pressure decreases slowly, and the fracture
width is stable. At this time, it is necessary to select appropri-
ate proppant to support the fracture.

3.3. Influence of Horizontal Stress Anisotropy on the
Fracturing Effect. The horizontal stress anisotropy is the
most intuitive factor reflecting the characteristics of in situ
stress. In this section, the influence of horizontal stress
anisotropy on reservoir fracturing with and without consid-
ering natural fractures is simulated and analyzed.

3.3.1. No Natural Fractures. The model without considering
natural fracture is the same as that in 3.1. The minimum
horizontal principal stress is 50 MPa, and the maximum hor-
izontal principal stress is 50 MPa, 60 MPa, 70 MPa, and
80 MPa, respectively, which means the coefficient of horizon-
tal stress anisotropy is 0, 0.2, 0.4, and 0.6, respectively. The
numerical simulation results at 100 seconds during injection
are shown in Figure 10. (when o =70 MPa, K}, =0.4, the
result is shown in Figure 8(d).)

As shown in Figure 10, with the increase of horizontal
stress anisotropy coefficient, the distributions of injection
pressure have little change, and the fractures all extend in a
single direction. The fracture width of the perforation loca-
tion is extracted, as shown in Figure 11. There is little differ-
ence in fracture width under different horizontal stress
anisotropy coeflicients.

Therefore, the influence of horizontal stress anisotropy
on fracturing effect is minimal when natural fractures are
not considered.
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FIGURE 11: Variation curve of fracture width under different
horizontal stress anisotropy coefficients.

3.3.2. Considering Natural Fractures. The model considering
natural fracture is shown in Figure 12. The fracturing time is
1505, and the deformation scaling factor is 50. Other param-
eters are the same as the model in 3.1.

(1) Condition 1: the maximum and minimum horizon-
tal principal stresses are 70 MPa and 50 MPa, respec-
tively, which means the horizontal stress anisotropy
coefficient is 0.4. Figure 13 shows the process of
fracture propagation. At the beginning of injection,
the fracture propagates along the direction of maxi-
mum horizontal principal stress, and the distribu-
tion of injection pressure is similar to that without

Op

LT

L
Mt

oy oy,

ST

FIGURE 12: Finite element model considering natural fracture.

A A

considering natural fractures. At 115.60 seconds,
the hydraulic fracture intersects with the natural
fracture, and the stress at the intersection increases
gradually. Then, the hydraulic fracture passes
through the natural fracture and continues to extend
along the maximum horizontal principal stress
direction. Injection pressure is low at the tip and
high on both sides

(2) Condition 2: the maximum and minimum horizon-
tal principal stresses are both 50 MPa, which means
the horizontal stress anisotropy coefficient is 0.
Figure 14 shows the process of fracture propagation.
At the beginning of injection, the fracture propagates
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along the direction of maximum horizontal principal ural fracture opens, and the hydraulic fracture prop-
stress. At 116.70 seconds, the hydraulic fracture agates forward along the natural fracture direction.
intersects with the natural fracture, and the stress The fracture tip is a high stress area, and the stress

at the intersection increases gradually. Then, the nat- in other parts decreases
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In conclusion, when considering the influence of natural
fractures, different in situ stress conditions have a greater
impact on the propagation of hydraulic fracture. When the
horizontal stress anisotropy coeflicient is large, natural frac-
ture has a little influence on the propagation of hydraulic
fracture. Hydraulic fracture is easy to pass through natural
fracture and continue to extend along the direction of the
maximum horizontal principal stress. When the horizontal
stress anisotropy coefficient is small, hydraulic fracture will
not extend along the direction of the maximum horizontal
principal stress after intersecting with natural fracture, but
along the path of natural fracture. In other words, natural
fracture is easy to induce the direction of hydraulic fracture
to change, thus forming staggered fractures. In practice,
there are many natural fractures in the reservoir. Therefore,
the smaller the horizontal stress anisotropy coeflicient is, the
more complex fracture network forms in the reservoir dur-
ing hydraulic fracturing.

4. Evaluation of Fracability of Tight
Sandstone Reservoir

4.1. Evaluation Model. This work determines the weight of
each influencing factor in fracability evaluation by analytic
hierarchy process (AHP) [29] and establishes the fracability
evaluation model of tight sandstone reservoir.

4.1.1. Establishment of the Hierarchical Structure Model. The
problems to be solved are divided into disjoint levels. The
factors in the criteria layer are independent of each other,
serving the target layer and restricting the index layer, as
shown in Figure 15.

4.1.2. Normalization of Parameters. Since each parameter
has different dimensions, values, and ranges, the parameters
are standardized first. The range transformation method is
used to normalize the brittleness index, fracture energy den-
sity, horizontal stress anisotropy coeflicient, and fracture
development index.

Brittleness index and fracture development index are
positive indexes. The larger the value is, the more advanta-
geous it is for reservoir fracturing. The calculation formula
is shown in Eq. (13).

X-X_.
§=__— ~mm | (13)
Xmax_Xmin

where S is the normalized parameter value, X, ., and X, ;.
are the maximum and minimum value of parameters,
respectively, and X is the parameter value of the target
interval.

Horizontal stress anisotropy coefficient and fracture
energy density are the negative indexes. The larger the value
is, the more disadvantageous it is for reservoir fracturing.
The calculation formula is shown in Eq. (14).

X —-X
S=__max - (14)
Xmax _Xmin

11
| Fracability of tight sandstone reservoir | Target layer
I
¥ i
Characteristics Geological Standard layer
of rocks environment 4
Brittleness | | Fracture | | In-situ stress| | Natural Index layer
toughness | | environment] | fracture

FiGure 15: Hierarchical structure model.

4.1.3. Construction of Judgment Matrix. All the elements that
affect the final goal are layered and constrained by the hier-
archical model. Assuming that the elements of upper layer

are the criteria, a comparison scale a;; can be used to express

the relative importance of factor i and factor j in the next
level, where 1<a;;<9, a;;=1/a;, and a; =1. The matrix

composed of a;; is called judgment matrix A.

L ay, A1n
a 1 a
A= 21 2n (15)
1
anl anZ 1

Determine the relative importance of each two parame-
ters by establishing a comparison matrix. The judgment
matrix is established according to comparison matrix, and
the weight of each parameter can be solved. However, this
weight has the disadvantage of strong subjectivity. There-
fore, the entropy method is used to modify the weights
obtained by AHP [30]. The revised judgment matrix is
shown in Table 3.

The weight of each parameter is determined according to
judgment matrix, as shown in Egs. (16)-(19).

- a;;
A= =2, (16)
’ (Z?—lai])

1oay; 1oay; nog o\
W = ] | I ], (]7)
('2:27_1“11' j:zlz?:laij ZZ’? ajj

=1

W= (wl,wz,-u,wn)T. (18)

The maximum eigenvalue of matrix A is

S|~
1M1=

w;

The weights of brittleness index, fracture energy density,
horizontal stress anisotropy coefficient, and fracture devel-
opment index are 0.42, 0.23, 0.23, and 0.12, respectively,
and the maximum eigenvalue of judgment matrix is 4.012.
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TaBLE 3: Judgment matrix of fracability index.
A Brittleness Fracture energy Horizontal stress anisotropy Fracture development
index density coeflicient index
Brittleness index 1 2 2 3
Fracture energy density 172 1 1 2
Hor1z9nta1 stress anisotropy 12 1 1 )
coefficient
Fracture development index 1/3 1/2 172 1
TABLE 4: Fracability classification of tight sandstone reservoir.
Reservoir Brittleness Fracture energy Horizontal stress anisotropy ~ Fracture development  Fracability Fracability
type index density coefficient index index degree
I 05~1 07~1 0.6~1 0.5~1 0.569~1 High
II 0.3~0.5 0.5~0.7 04~0.6 0.3~0.5 0.369~ 0.569 Moderate
III 0~0.3 0~0.5 0~04 0~0.3 0~0.369 Low
T T
I I D8
L o o ooy ]
2 : E : Coefficient of
5! £! Fracture energy horizontal stress  Fracture development Effective  Type I
g: & : Brittleness index density (N-mm-mm™) anisotropy index Fracability index reservoirs reservoirs
A O U N s o 0 o ___ s ________|
4200

Sangonghe formation

15500!
1 1

FIGURE 16: Fracability evaluation and fracturing zone optimization of well D8.

4.1.4. Consistency Check. To verify the rationality of a;;, the
consistency check of parameter weight is carried out.

CI
RI’

max — 1

n—1

CI ,CR = (20)

where CI is the consistency index, RI is the average random
consistency index, and when n =4, RI = 0.89; CR is the con-
sistency proportion, and the smaller the value is, the better
the consistency of the parameter weight is, which is generally
bounded by 0.1.

The results showed that CI=0.004 and CR =0.0045 <
0.1, which met the requirements.

4.1.5. Characterization and Classification of Fracability.
Fracability index (FI) is used to characterize the fracability
of tight sandstone reservoir:

FI1=0.42B,; +0.23W . +0.23K}, +0.12],

(21)

post

where By is the brittleness index, W is the fracture
energy density, K, is the horizontal stress anisotropy coeffi-
cient, and I is fracture development index. All of them are
normalized values.

This work divides the fracability of tight sandstone reser-
voir into three grades, as shown in Table 4. The reservoirs
with fracability index greater than 0.569 are classified as type
I reservoirs, which have high brittleness, poor fracture
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TaBLE 5: The lower limit of the physical property of the Jurassic in the study area.

Strata series Method Cutoff of porosity/% Cutoff of permeability/mD
Logging interpretation method 4.22 0.14
Toutunhe Formation Empirical statistics method 4.30 0.14
Average 4.26 0.14
Logging interpretation method 3.71 0.11
Sangonghe Formation Empirical statistics method 3.57 0.12
Average 4.64 0.12
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FIGURE 17: The microseismic point map of well D8. (a) Initial stage of hydraulic fracturing. (b) After hydraulic fracturing completed.

toughness, small horizontal stress anisotropy, and relatively
developed fractures. The reservoirs with fracability index
between 0.369 and 0.569 are classified as type II reservoirs,
which should be reformed by increasing pressure or other
methods. The reservoirs with fracability index less than
0.369 are classified as type III reservoirs, which are difficult
to be fractured.

4.2. Engineering Application and Model Validation. Well D8
was taken as an example, and the model established in this
paper was used to evaluate the fracability. The result of
microseismic monitoring verified the accuracy of the model.

4.2.1. Fracability Evaluation. The fracability index in differ-
ent depths of well D8 is shown in Figure 16. According to
the classification of fracability, reservoirs with fracability
index greater than 0.569 are type I reservoirs, which are
marked in red in Figure 16.

4.2.2. Selection of the Effective Reservoir. Effective reservoir
refers to the reservoir that can store and percolate fluid
(hydrocarbon or formation water) and produce oil and gas
with industrial value. The petrophysical cutoft of the effec-
tive reservoir in the study area is determined by logging
interpretation method and empirical statistics method, as

shown in Table 5. Reservoirs with porosity and permeability
greater than the petrophysical cutoff are effective reservoirs,
which are marked in blue in Figure 16.

4.2.3. Optimization of Fracturing Zone. In Figures 16, 5120-
5330m and 5350-5365m of well D8 have high fracability
and are effective reservoirs, which can be regarded as the
preferred fracturing zones.

4.2.4. Model Validation. In order to verify the correctness of
the fracability evaluation model, we use microseismic moni-
toring to observe the fracturing effect. Microseismic moni-
toring is an effective method to study the characteristics of
hydraulic fractures. Microseismicity is the occurrence of
microearthquakes events caused by the injection of fluid into
the borehole [31, 32]. Hydraulic fracturing was carried out
in 5350-5365m interval of well D8. The results of real-time
microseismic monitoring before and after fracturing are
compared, as shown in Figure 17.

In Figure 17, some northeast trending fractures occurred
after hydraulic fracturing. Therefore, the purpose of fractur-
ing is achieved, and the fracturing effect is good, which ver-
ifies the accuracy of the fracability evaluation model.
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5. Conclusions

A new systematic model for fracability evaluation of tight
sandstone reservoir has been proposed in this study. It pro-
vides technical support for the exploration and development
of tight oil and gas.

(i) Based on the triaxial compression tests and sonic
tests, the parameters that affect fracability were ana-
lyzed. The brittleness index ranges from 0.50 to
0.83, and the rock is relatively brittle. The fracture
energy density mostly ranges from 83.5 to 2754
n-mm-mm >, which requires a large amount of energy
for fracture propagation. The horizontal stress anisot-
ropy coeflicient ranges from 0.23 to 0.52, which is
easy to form fracture network. The fracture develop-
ment index mainly ranges from 0.4 to 0.8, and most
of the strata are slightly fracture developed zones

(ii) Numerical simulation was used to analyze the
changes of reservoir parameters during hydraulic
fracturing and the influence of in situ stress on frac-
ture propagation. When the horizontal stress
anisotropy coefficient is large, the hydraulic fracture
is easy to pass through the natural fracture and con-
tinues to extend along the direction of the maxi-
mum horizontal principal stress. When the
horizontal stress anisotropy coefficient is small, the
natural fracture is easy to induce the hydraulic frac-
ture direction to change, and complex fracture net-
works are easily formed in the reservoir

(iii) A new fracability evaluation model of tight sand-
stone reservoir was established based on the analytic
hierarchy process (AHP). The reservoir fracability is
characterized by the fracability index (FI) and is
divided into three levels. Based on the model,
5120-5330m and 5350-5365m of well D8 are
selected as fracturing zones. The results of micro-
seismic monitoring verify the accuracy of the model
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