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ABSTRACT: The fracability of carbonate reservoirs is a key indicator for evaluating whether reservoirs can be effectively fractured.
Taking the fractured-vuggy carbonate reservoir in the Shunbei block as an example, the microscopic characteristics and mechanical
properties of this reservoir were analyzed. The test results showed that the core microstructure is relatively dense, the micropores
and microfractures are developed, and the mineral composition is characterized by “high carbonate and few impurities”. The
compressive strength, Young’s modulus, and Poisson’s ratio of the rock increased with the increase in the confining pressure.
Poisson’s ratio is more sensitive to confining pressure than Young’s modulus and shows the ductile transformation tendency from a
low confining pressure to a high confining pressure. Considering the difficulty of forming a complex fracture network, we put forward
a “fracture propagation factor” equation constructed with five main factors, including brittleness, fracture toughness, natural fracture,
hole size, and horizontal stress difference, and then the fracture propagation factor of Yijianfang formation is calculated to be greater
than 0.5. It is known that the Yijianfang formation has higher fracability. On this basis, combined with the construction parameters, a
model for evaluating the fracability of a fractured-vuggy carbonate reservoir was established. The comprehensive fracability of four
wells in the Shunbei block was calculated by the model. From the calculation results, the comprehensive fracability index of SHB43X
was 0.5406 and greater than that of the other three wells, which has a high correlation with the production after fracturing.

1. INTRODUCTION
Carbonate reservoirs are rich in oil and gas resources and
have great potential for exploration and development.1

Carbonate reservoirs mainly include three types: pore type,
fracture-pore type, and fractured-vuggy type. Among them,
fractured-vuggy carbonate reservoirs are the focus of oil and
gas development.2 In this type of reservoir, due to the
existence of natural fractures, pore bodies, and fracture-cavity
systems, serious fluid leakage will occur, resulting in wellbore
instability and reservoir damage. Therefore, some scholars
have studied the performance of fluids entering the wellbore,
such as drilling fluid, completion fluid, and fracturing fluid.
Murtaza et al. found that okra powder can control fluid loss in
water-based drilling fluids and okra mucilage can prevent
shale swelling.3,4 Tariq et al. took dicationic surfactants as an
additive in fracturing fluids to mitigate clay swelling and used
polyoxyethylene quaternary ammonium gemini surfactants as

a completion fluid additive to mitigate formation damage.5−7

The related experiments of the chelating agent as an acid
fracturing fluid were carried out, and it was concluded that
the chelating agent can etch the created fracture length more
than HCl acid.8 Further research pointed out that the
chelating agent is suitable for calcite rocks and not suitable for
less reactive rocks such as dolomites.9

In addition, the presence of fractures and vugs will change
the nearby stress field, which makes it difficult to predict its
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fracture pressure. Tariq et al. predicted the fracture pressure
by machine learning method, and the prediction results are
highly accurate.10 At the same time, the change in the stress
field will affect the expansion mode and extension path of
hydraulic fracture. The hydraulic fracture generated by
conventional fracturing does not necessarily expand along
the envisaged path and communicate with the hole, resulting
in poor fracturing effect and increased fracturing resource
cost. Therefore, it is urgent to determine the influencing
factors of fracability and establish a scientific fracability
evaluation model for a fractured-vuggy carbonate reservoir.

At present, the evaluation methods of the fracture-vuggy
carbonate reservoir fracturing effect are mainly divided into
the following categories. First, the influence of various factors
on the fracturing effect of the target layer is analyzed and
calculated by the mathematical method. For example, Hui et
al. sorted the factors affecting the acid fracturing of carbonate
reservoirs in Tarim by a gray correlation method. It is
considered that the fracture density, reservoir level, natural γ,
and lateral resistivity ratio have a significant influence on the
results.11 Yan et al. established a comprehensive fracability
index based on rock brittleness, compressive strength, and
fracture toughness for tight carbonate reservoirs.12 Second,
the influence of various factors on the fracture propagation of
carbonate rocks is simulated by laboratory experiments. For
example, Xinyong,13 on the basis of a hydraulic fracturing
physical simulation experiment, according to the character-
istics of fracture-cavity carbonate, put forward the evaluation
index of fracturing effect, namely, fracture-cavity communica-
tion coefficient, and studied the influence of horizontal stress
difference on the fracturing effect. Bing et al.14 carried out
hydraulic fracturing tests using natural cores and artificial
cores to monitor the physical process of fracture propagation
and pointed out the influencing factors of hydraulic fracture
propagation. Finally, microseismic technology, logging data,
or construction parameters were used to determine the effect
of a fracturing target layer. For example, Fisher et al.15,16 used
microseismic fracture monitoring technology to analyze the
complex network expansion of hydraulic fractures in the plane
and depth. They believe that the larger the volume of
fracturing fluid, the larger the spread area of microseismic
events and the higher the production. Mayerhofer et al.17,18

studied the hydraulic fracture morphology of Barnett shale in
combination with microseismic technology, established the
SRV calculation method, and proposed the concept of

“stimulated reservoir volume”. It is considered that the larger
the stimulated reservoir volume, the better the stimulation
effect. The concept realizes the quantitative evaluation of the
fracturing effect.

The above evaluation methods of the fracturing effect
ignore the influence of fracture-cavity development degree
and fracturing characteristic parameters (such as the acid-to-
liquid ratio and the proportion of slippery water) on the
fracturing effect of fracture-vuggy carbonate reservoirs, so it is
difficult to evaluate the fracturing effect of such reservoirs
scientifically and systematically.

Zehua et al.19 pointed out that the fracability of carbonate
reservoirs needs to consider the reservoir reconstruction
volume and the difficulty of forming a complex fracture
network. Therefore, this paper takes the fractured-vuggy
carbonate reservoir in the Shunbei block as the research
object, considering the influence of brittleness, fracture
toughness, natural fracture, hole size, and horizontal stress
difference on the fracture extension of fractured-vuggy
carbonate reservoir, the concept of “fracture propagation
factor” is proposed. On this basis, combined with its
mechanical characteristics and fracturing parameters, a
model for evaluating the fracability and fracability grading
standard suitable for fractured-vuggy carbonate reservoirs is
established. The workflow is illustrated in Figure 1.

2. MICROSCOPIC CHARACTERISTICS AND
MECHANICAL PROPERTIES

In the first part of the study, laboratory experiments were
conducted to study the microscopic characteristics and
mechanical properties of the fractured-vuggy carbonate rocks.
2.1. Mineral Composition. The rock sample is from the

Ordovician Yijianfang Formation in the Shunbei block. The
lithology is mainly yellow-gray micrite limestone, gray micrite
limestone, gray sandy lithic micrite limestone, and gray sandy
micritic limestone (Figure 2). According to the X-ray
diffraction (XRD) test results of the rock samples, the
content of calcite is 99.2%, the content of quartz is 0.4%, and
the content of dolomite is 0.3%. The content of brittle
minerals is extremely high, and the mineral composition is
characterized by “high carbonate and few impurities”. It
implies that the Yijianfang Formation has strong fracability.
2.2. Microstructure. The study of the microscopic

characteristics of rocks can deepen the understanding of the
laws of macroscopic characteristics, which is of great

Figure 1. Workflow diagram of comprehensive fracability evaluation.
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significance to engineering construction and engineering
application. Therefore, the change rules of the rock’s
microscopic characteristics before and after acidification
(immersed in HCL acid until saturation) were studied. The
scanning electron microscopy (SEM) results of the micro-
structure of the rock samples are shown in Figure 3. It can be
found that the core microstructure is relatively dense before
acidification, and the micropores and microfractures are
developed. After acidification, the micropores and micro-
fractures of the core increase, and some pores are connected.
In addition, the acid solution etches the fractures differently,
forming a heterogeneous acid-etched fracture surface. It is
inferred that the Yijianfang Formation has good fracability
and acid fracturing has a good effect on increasing
production.
2.3. Compressive Strength Test. The uniaxial and

triaxial compressive strength tests of the rock samples (taken
from the Yijianfang Formation of SHB41X) were carried out
under different confining pressures (0, 30, 60 MPa). The
stress−strain curve of the specimen is shown in Figure 4. The
stress−strain curves of each group of rock samples have the
same trend, and it shows the characteristics of “short
compaction section-long linear elastic section”. Then, entering
the yield stage, the stress drops sharply after reaching the
peak until failure, and the failure stage shows strong
brittleness characteristics.

With the increase in the confining pressure, the peak point
of stress−strain moves to the upper right, the peak stress and
strain increase, the slope after the peak slows down, and
shows a ductile transformation tendency from a low confining

pressure to a high confining pressure. At the same time,
Young’s modulus and Poisson’s ratio increase with the
increase of confining pressure, and Poisson’s ratio is more
sensitive to confining pressure than Young’s modulus. The
change of elastic parameters under different confining
pressures is shown in Figure 5.

The dynamic Young’s modulus and Poisson’s ratio of the
sample were calculated by acoustic logging data (Figure 6)
and fitted with the static Young’s modulus and Poisson’s ratio
of the laboratory test (Figure 7). The results show that the
dynamic elastic parameters are greater than the static elastic
parameters, the dynamic and static Young’s moduli are quite
different, and the dynamic and static Poisson’s ratios are
approximately equal. The inherent cause of this difference is
the rock composition and structure, such as fissure, soft pore,
and weak contact between rock grains, and the existence of
pore fluid in rock.
2.4. Tensile Strength Test. Due to the limited core, the

test data of five strips in Shunbei are adopted, and the
experimental data are shown in Table 1. The experimental
data show that there is a big difference in the tensile strength
of the Yijianfang Formation of the five strips, which is
between 2.45 and 6.63 MPa, which may be related to its
strong heterogeneity. In order to reduce the error, its mean
value of 4.22 MPa is adopted. At the same time, the tensile
strength of different buried depths was calculated by using
acoustic logging data (data from SHB41X), as shown in
Figure 8. The average tensile strength of Yijianfang Formation
is 5.38 MPa.

3. FRACABILITY EVALUATION
The factors affecting the fracture propagation of a fractured-
vuggy carbonate reservoir were analyzed, and it was
concluded that the hole size has a key influence on the
fracture extension. This paper presents an application of
logging data to quantitatively characterize the hole size, and
we establish a model for calculating the fracture propagation
factor by analytic hierarchy process (AHP), which can directly
reflect the fracability of reservoirs to a certain extent.
3.1. Factors Influencing Fracture Propagation. The

fracture-vuggy carbonate reservoirs are quite different from
the hydraulic fracture propagation path and fracture
morphology of homogeneous reservoirs. The hydraulic
fracture propagation path and fracture morphology of this
type of reservoir are more complex and diverse. Related

Figure 2. Lithology of Ordovician Yijianfang Formation in the
Shunbei block. Photograph courtesy of ‘Hao Z. and Yan Z’.
Copyright 2022.

Figure 3. Microstructure of samples from the Yijianfang Formation before and after acidification.
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studies20−23 have shown that brittleness, fracture toughness,
natural fracture, hole size, and horizontal stress difference
have significant effects on fracture propagation.

3.1.1. Brittleness. The brittleness of rock is an important
reference index for fracturing. The greater the brittleness of
the rock, the more microfractures are induced near the main

Figure 4. Stress−strain curves of the specimen.

Figure 5. Changes of elastic parameters under different confining pressures.

Figure 6. Dynamic Young’s modulus and dynamic Poisson’s ratio.
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cracks generated by hydraulic fracturing, and it is easier to
form a complex fracture network. The calculation methods of
rock brittleness are mainly based on mineral composition and
elastic parameters. The mineral composition method is based
on the content of brittle minerals in rocks, as shown in eq 1.
Brittle minerals mainly include calcite, quartz, and feldspar.24

The elastic parameter method is based on Young’s modulus
and Poisson’s ratio. High Young’s modulus and low Poisson’s
ratio often mean strong brittleness. According to the Rickman
brittleness index evaluation method,25 Young’s modulus and
Poisson’s ratio are normalized, and the brittleness is described
by the mean of the two, as shown in eq 4.24,25

B
w w w

wW
qtz feld cal

tot
=

+ +
(1)

E
E E

E En
min

max min
=

(2)

n
max

max min

=
(3)

B
E

2
n n

E =
+

(4)

In order to reduce the error caused by the limitations of the
two methods, this paper calculates the rock brittleness by eq
5.

B B
BI

2
W E= +

(5)

where BI, BW, and BE are the comprehensive brittleness index,
brittleness index based on mineral composition, and
brittleness index based on elastic parameters, respectively;
wqtz, wfeld, wcal, and wtot represent the composition quality of
quartz, feldspar, calcite, and total mineral, respectively; and En
and μn are the normalized Young’s modulus and Poisson’s
ratio, respectively.
3.1.2. Fracture Toughness. Fracture toughness can

characterize the ability of fracture extension after fracture
initiation. The smaller the fracture toughness value, the less
energy is required for the extension of hydraulic fractures, the
easier it is to form a complex fracture network and the

Figure 7. Fit of dynamic and static Young’s modulus and Poisson’s ratio.

Table 1. Tensile Strength Test of Five Strips in Shunbei

results

sample F (N)

tensile
strength
(MPa)

the average
tensile
strength
(MPa)

s501-1-19-74 (7653.41−7653.54 m) 2225.00 4.42 4.22
s501-1-23-74 (7653.73−7653.81 m) 1557.50 3.38
s501-1-25-74 (7653.86−7653.94 m) 1335.00 2.45
s501-1-62-74 (7656.38−7656.46 m) 2447.50 6.63

Figure 8. Variation of tensile strength with buried depth.
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stronger the fracability. During the hydraulic fracturing
process, the formed fractures are mostly Mode I and Mode
II. Based on a large number of experiments, Yan et al.26

established the relationship between Mode I and Mode II
fracture toughness and reservoir confining pressure and tensile
strength, as follows.26

K P S S S

K P S

0.2176 0.0059 0.0923 0.517
0.3322

0.0956 0.1383 0.082

t t t

t

IC C
3 2

IIC C

= + + +

= + (6)

In this paper, the fracture toughness is characterized by the
standardized mean value of Mode I and Mode II fracture
toughness. That is

K
K KI

2
n n

C
IC IIC=

+
(7)

KC is the fracture toughness index; KIC and KIIC are Mode I
and Mode II fracture toughness values, respectively; KIC−n and
KIIIC−n are the normalized fracture toughness values,
respectively; PC is the reservoir confining pressure; and St is
the tensile strength.
3.1.3. Natural Fracture. Natural fractures will provide

favorable conditions for the expansion of hydraulic fractures.
The pressure required for hydraulic fracture propagation in
the presence of natural fractures is significantly less than the
fracture pressure required to open new fractures, and the
distribution of natural fractures will significantly affect the
cross-communication of primary and secondary fractures and
the scale of fracture networks formed.

At present, the identification and quantitative evaluation of
natural fractures are mostly based on logging data, while the
single conventional logging method and the triple porosity
logging have a poor response in carbonate reservoirs with
developed dissolution pores, local fractures, and complex pore
structures.27 Therefore, a variety of conventional logging
curve reconstruction methods are used. Xiaoling Xiao
established a reconstruction feature (DACR) based on the
variation of conventional logging curves with fracture
development, which can effectively identify fracture develop-
ment characteristics.28 The natural fracture index Gf is
characterized by the value of reconstructed characteristic
(DACR).28

DACR
AC CNL

DEN RD RS
= ·

· · (8)

where DACR denotes the reconstruction of features and AC,
CNL, DEN, RD, and RS are the normalized acoustic time
difference, the normalized compensated neutron, the
normalized bulk density, the normalized deep, and the
normalized shallow lateral resistivity, respectively.
3.1.4. Hole Size. The larger the size of the hole, the more

concentrated the stress around it and the more difficult it is
for the fracture to break through the expansion of the vugs. In
this paper, the hole size of the fractured-vuggy carbonate
reservoir is characterized by using a variety of logging
response pore identification indexes29 including comprehen-
sive resistivity invasion correction ratio, curve change rate,
and secondary porosity method29

R
R

R

RS
RS

2.589RD 1.589RS

AC
( AC AC AC AC )

2

DS LOG(RD) LOG(RS)

t

t

i i i i

SD

VAR
1 1

=

=

=
| | + | |

=

+

(9)

R
R AC DS

3H
SD VAR=

+ +
(10)

where RSD is the true resistivity ratio of the strata after
intrusion correction; RD and RS are deep and shallow lateral
resistivity, respectively; Rt is the true resistivity of the strata
after intrusion correction; ACVAR is the change rate of the
acoustic time difference; ACi is the response value of the
acoustic time difference curve at the current depth point;
ACi+1 and ACi−1 are the response values of the acoustic time
difference curve at the two depth point respectively; and DS
is the secondary porosity.
3.1.5. Horizontal Stress Difference. The high or low

ground stress affects the shape of the fracturing fracture. The
hydraulic fracture changes longitudinally under the influence
of the minimum horizontal principal stress and expands along
the direction of the maximum horizontal principal stress.
Generally speaking, the smaller the horizontal stress differ-
ence, the easier it is to form a complex fracture network. In
deep strata, the difficulty of forming a complex fracture
network is characterized by the horizontal stress difference
coefficient.

K 1 3

3
=

(11)

where Kσ is the horizontal stress difference coefficient and σ1
and σ3 are the maximum horizontal principal stress and the
minimum horizontal principal stress, respectively (MPa).
3.2. Fracture Propagation Factor. According to the

related studies,30−32 the relative importance of various
influencing factors (brittleness, fracture toughness, natural
fracture, hole size, and horizontal stress difference) to fracture
extension was determined and assigned. The weight
coefficient of each influencing factor is determined by the
judgment matrix (Table 2) constructed by the analytical
hierarchy process, and the fracture propagation factor
equation is established.

The sum-product method is used to calculate the weight.
The calculation results are shown in Table 3, and the
consistency index (CR) is used to test the consistency of the

Table 2. Judgment Matrix of Fracture Propagation
Evaluation

factor brittleness
fracture

toughness

horizontal
stress

difference
natural
fracture

hole
size

brittleness 1 1/3 1/4 1/5 1/7
fracture
toughness

3 1 1/4 1/5 1/6

horizontal
stress
difference

4 4 1 1/2 1/5

natural fracture 5 5 2 1 1/3
hole size 7 6 5 3 1
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judgment matrix. The consistency index (CR) is less than 0.1,
and the constructed judgment matrix is considered to be
reasonable.33 According to the analysis results, CR was 0.07 <
0.1, passing the consistency test. The weights of brittleness,
fracture toughness, horizontal stress difference coefficient,
natural fracture, and hole size are 0.037, 0.087, 0.189, 0.259,
and 0.428, respectively.

CR
CI
RI

=
(12)

n nCI ( )/( 1)max= (13)

Aw
nwi

n
i

i
max

1

= | |

= (14)

4. RESULTS AND DISCUSSION
The fracture propagation factor is calculated by eq 15. Then,
the influencing factors are substituted into the model after
range transformation, and the calculation results are shown in

Figure 9. Large fracture propagation factor reveals engineering
sweet spot.

F K K G

R

0.037BI 0.087 0.189 0.259

0.428
FE C f

H

= + + +
+ (15)

where FFE is the fracture propagation factor, BI is the
brittleness, KC is the fracture toughness, Kσ is the horizontal
stress difference coefficient, Gf is the natural fracture index,
and RH is the hole size.

In view of the fact that the fracture propagation factor has
been limited to near-wellbore zone, a comprehensive model
of fracability was established by taking into account both
geology and construction parameters. The construction
parameters mainly consider the characteristic parameter

acid−liquid ratio and the proportion of slippery water. The
comprehensive fracability index is calculated by eq 16.

F VFI FE acid sw= + + (16)

where FI is the comprehensive fracability index, Vacid is the
acid-to-liquid ratio, γsw is the proportion of slick water, and α,
β, and γ are the corresponding weights, where α = 0.7, β =
0.15, and γ = 0.15.

Based on the above comprehensive fracability evaluation
model of the fractured-vuggy carbonate reservoir, combined
with the field data, we calculate the comprehensive fracability
index of four wells in the target block. The results are shown
in Table 4.

Comparing the production after acid fracturing and the
comprehensive fracability index, it is found that they have a
good correlation (Figure 10). SHB43X has the highest
comprehensive fracability index, with the daily gas production
of 409,000 cubic meters and the daily oil production of 317.2
tons. The SHB1-H comprehensive fracability index is lower
than those of other wells, with a daily gas production of
186,000 cubic meters and a daily oil production of 87.6 tons.
Field application showed that the comprehensive fracability
evaluation method is reliable and practicable.

On the basis of the grading standard of fracability by
Hongwei et al.,34 a comprehensive fracability evaluation
standard of acid fracturing for fractured-vuggy carbonate rocks
is established. It is considered that when the comprehensive
fracability index is lower than 0.3, the fracability of the
fractured-vuggy carbonate reservoir is poor. If the compre-
hensive fracability index is between 0.3 and 0.5, the fracability
is acceptable, and if the comprehensive fracability index is
higher than 0.5, the fracability is good.

5. CONCLUSIONS

(1) The mineral composition is characterized by high
carbonate and few impurities. The microstructure is
relatively dense, and the micropores and microfractures
are developed. After acidification, micropores and
microfractures increase. The compressive strength,
Young’s modulus, and Poisson’s ratio of the rock
increase with the increase in the confining pressure.

(2) It is considered that hole size is the main controlling
factor of fracture propagation in fractured-vuggy
carbonate reservoirs. The fracture propagation factor
can quantitatively characterize the difficulty of fracture
propagation in fractured-vuggy carbonate rocks and
directly reflect the fracability of reservoirs to a certain
extent.

(3) The comprehensive evaluation model for evaluating the
fracability of fractured-vuggy carbonate reservoir is

Table 3. Corresponding Weights of Each Factor

BI KC Kσ Gf RH CR

weights 0.037 0.087 0.189 0.259 0.428 0.070

Figure 9. Fracture propagation factor of Ordovician Yijianfang
formation.

Table 4. Comprehensive Fracability Evaluation of the
Fractured-Vuggy Carbonate Reservoir

wells

fracture
propagation
factor (FFE)

acid−
liquid
ratio
(Vacid)

proportion of
slippery water

(γsw)
comprehensive
fracability (FI)

SHB41X 0.601 0.64 0.14 0.5377
SHB43X 0.558 0.78 0.22 0.5406
SHB1-H 0.556 0.65 0.15 0.5092
SHB2-H 0.579 0.43 0.28 0.5118
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constructed and the standard of fracability for acid
fracturing is established. It is considered that the
comprehensive fracability index of the Ordovician
reservoir in the Shunbei block is greater than 0.5,
which is suitable for acid fracturing.
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■ NOMENCLATURE
BI the comprehensive brittleness index, dimensionless

BW the brittleness index based on mineral composition,
dimensionless

BE the brittleness index based on elastic parameters,
dimensionless

wqtz the composition quality of quartz, dimensionless
wfeld the composition quality of feldspar, dimensionless
wcal the composition quality of calcite, dimensionless
wtot the composition quality of total mineral, dimension-

less
En the normalized Young’s modulus, dimensionless
μn the normalized Poisson’s ratio, dimensionless
KC the fracture toughness index, dimensionless
KIC the Mode I fracture toughness values, MPa*m∧(1/2)
K∥C the Mode II fracture toughness values, MPa*m∧(1/

2)
KIC−n the normalized Mode I fracture toughness values,

dimensionless
K∥C−n the normalized Mode II fracture toughness values,

dimensionless
PC the reservoir confining pressure, MPa
St the tensile strength, MPa
DACR the reconstruction of features, dimensionless
ACn the normalized acoustic time difference, dimension-

less
CNLn the normalized compensated neutron, dimensionless
DENn the normalized bulk density, dimensionless
RDn the normalized deep lateral resistivity, dimensionless
RSn the normalized shallow lateral resistivity, dimension-

less
RSD the true resistivity ratio of the strata after intrusion

correction, dimensionless
RD the deep lateral resistivity, Ω·m
RS the shallow deep lateral resistivity, Ω·m
Rt the true resistivity of the strata after intrusion

correction, Ω·m
ACVAR the change rate of acoustic time difference,

dimensionless
DC the secondary porosity, Ω·m
Kσ the horizontal stress difference coefficient, dimension-

less
σ1 the maximum horizontal principal stress, MPa
σ3 the minimum horizontal principal stress, MPa
RH the size of the hole, dimensionless
Gf the natural fracture index, dimensionless
CR the consistency index, dimensionless
FFE the fracture propagation factor, dimensionless

Figure 10. Relationship between FI and the production after acid fracturing.
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FI the comprehensive compressibility index, dimension-
less

Vacid the acid to liquid ratio, dimensionless
γsw the proportion of slick water, dimensionless
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