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The rock physics experiments and fracture toughness tests of shales from the Lower Silurian Longmaxi Formation in the Sichuan
Basin in China were carried out. Based on this, the calculation model of the fracture toughness was constructed, thus, the single well
evaluation of the fracture toughness in shale formation would be obtained based on the well logging data, which can be used to
summarize the spatial distribution characteristics of the fracture toughness in the shale formation. However, it is difficult to
obtain transverse distribution characteristics of fracture toughness in shale formation based solely on the well logging data.
Therefore, in order to investigate the spatial distribution of the fracture toughness, jointing well logging and seismic method
could be adopted to quantitatively predict the fracture toughness in shale formation. The results show that fracture toughness of
shales is sensitive to acoustic interval transit time and wave impedance. The prediction model of the fracture toughness of shales
was constructed, which had a good prediction effect. The fracture toughness values of shales from the Upper Silurian Wufeng-
Longmaxi Formation were larger, whereas those of shales from the Lower Silurian Wufeng-Longmaxi Formation were lower.
The fracture toughness is mainly distributed in strips along the vertical direction while the distribution area is continuous in the
lateral direction, indicating that it has obvious stratification characteristics.

1. Introduction

With the adjustment of energy structure and the increasingly
prominent environmental problems, natural gas as a clean
energy has received more and more attention, especially the
unconventional oil and gas resources, of which shale gas
has become a hot spot in the exploration and development
of the unconventional oil and gas resources around the
world. The US Energy Information Administration (EIA)
published assessments of shale gas resources in 42 countries
including the US [1], indicating that the technically recover-
able reserves of shale gas resource are estimated to be approx-
imately 36:1 × 1012 m3 in China and 17:75 × 1012 m3 in the
Sichuan Basin, and there is a significant exploration and
development potential of shale gas reservoirs in the Sichuan
Basin, China [2]. The efficient development of shale gas
reservoirs requires a series of key technologies, such as hori-

zontal well drilling technology and segmental hydraulic
fracturing technology [3]. The effects of fracturing recon-
struction are closely related to the reservoir properties,
mechanical characteristics of rock, etc. After the fracturing
of a shale reservoir, the initiation and extension of fractures
are the key problems during fracturing, and the brittleness
index is an important parameter affecting the efficiency of
fracturing. In the aspect of brittleness evaluation of shale, a
large number of researchers have obtained a great deal of
understandings from experiment evaluation, prediction
through well logging, and its engineering application [4–11].
The results of these studies played an important role in the
evaluation of the fracability in shale gas reservoirs. However,
Bai [12] and Jin et al. [13] reported that the brittleness indexes
of some shale gas reservoirs are higher while these shale gas
reservoirs are not easier to fracture. And it is recognized that
the fracability in shale gas reservoir is related to the brittleness
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and toughness of rock [14]. Meanwhile, the initiation and
extension of the fractures during fracturing are also affected
by the fracture toughness of shale. When the stress intensity
factor at the fracture tip exceeds the fracture toughness, the
fracture begins to expand and extend [15]. This indicates
that fracture toughness can also be used as an evaluation
parameter of fracability in shale gas reservoirs. The fracture
toughness and brittleness index can complement each other
to evaluate the fracability of shale gas reservoirs. Therefore,
the investigation of the fracture toughness in shale forma-
tion is of great significance to the exploration and develop-
ment of shale gas reservoirs.

At present, some researches have made some achieve-
ments in the investigation on the fracture toughness in shale
formation. Chandler et al. [16], Wang et al. [17], Mahanta
et al. [18], Yuan et al. [19], Su et al. [20], Ji et al. [21], and
Xiong et al. [22] obtained the distribution range of the frac-
ture toughness of shales from different blocks and discussed
the influencing factors of the fracture toughness in shale
formation. Then, the predictive methods for the fracture
toughness in shale formation were built, so the distribution
of the fracture toughness values of shale gas well can be gained
based on well logging data. Zhang [23], Wang et al. [24], Hua
et al. [25], and Mohammed and Mahmood [26] found that
there were good relationships between the fracture toughness
of different rocks and the compressive strength or tensile
strength, and the empirical equations were established. In
other words, the fracture toughness of rocks can be predicted
by the compressive strength or tensile strength. Furthermore,
some researchers have studied the relationship between frac-
ture toughness and physical properties. Brown and Reddish
[27] evaluated the correlation between fracture toughness
and density. Chang et al. [28] investigated the correlation

between fracture toughness and porosity. Zhixi et al. [29],
Jin et al. [30], Roy et al. [31, 32], Ji et al. [21], and Xiong
et al. [33] used somemethods including simple regression, lin-
ear, nonlinear multiple regressions, artificial neural network,
Fuzzy Inference System, and Adaptive Neuro-Fuzzy Infer-
ence System to establish empirical relations for predicting
the fracture toughness based on the density, P-wave velocity,
and S-wave velocity. The above studies show that the empiri-
cal equations proposed in the literatures have applicable
scope, and different empirical relations have been developed.
The quantitative evaluation of engineering sweet spots in
shale gas reservoirs has an important reference value for
evaluating the degree of development difficulty and the devel-
opment cost of shale gas reservoirs, which can be used to opti-
mize the construction area with low cost and high-efficiency
fracturing [13, 34–37]. The fracability plays an important role
in the evaluation of engineering sweet spots in shale gas reser-
voir, and the brittleness index or the fracture toughness are the
key factors in the evaluation of fracability in shale gas reser-
voirs. Therefore, the investigation on the spatial distribution
characteristics of the fracture toughness in shale gas reservoirs
is of great significance to the evaluation of engineering sweet
spots in shale gas reservoirs. However, there are a few reports
on the spatial distribution characteristics of the fracture
toughness in shale gas reservoirs.

The goal of this article is to investigate the prediction of
the fracture toughness in shale formation based on well
logging and seismic data from the Lower Silurian Longmaxi
Formation in the Sichuan Basin of China, which can be used
to study the spatial distribution characteristics of the fracture
toughness. The rock physics experiments and rock fracture
toughness tests were carried out, and the relationships
between the acoustic parameters and the fracture toughness
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Figure 1: Geological map and sampling location of the investigation area, southern Sichuan Basin (modified after [38]).
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were discussed. Then, the prediction model of the fracture
toughness in shale formation was constructed based on well
logging. Combining with the seismic data in the study area,
the three-dimensional data of the fracture toughness was cal-
culated, which can be used to study the vertical and lateral
distribution characteristics of the fracture toughness in shale
gas reservoirs from the Lower Silurian Longmaxi Formation.
Finally, we realized the quantitative prediction of the fracture
toughness in shale gas reservoirs based on the joint well
logging and seismic data.

2. Geological Setting and Prediction Workflow

A shale gas block is located in the Changning-Weiyuan
national shale gas demonstration zone in the Sichuan Basin
of China, of which the favorable shale gas development area
with a buried depth of less than 4000 meters is 4216 km2,
and the resources are 1:89 × 1012 m3. The burial depth of
the Lower Silurian Longmaxi Formation in this block gradu-
ally deepens from northwest to southeast, which is character-
ized by great differences in burial depth and formation
pressure coefficients. The study area can be seen in
Figure 1. According to the drilling data in this block, the
strata from bottom to the top mainly include the Middle
Ordovician Baota Formation, Upper Ordovician Lingxiang
Formation, Upper Ordovician Wufeng Formation, Lower
Silurian Longmaxi Formation, Lower Silurian Shiniulan For-
mation, Middle Silurian Hanjiadian Formation, and Permian
Liangshan Formation, which can be shown in Figure 2. The
Wufeng-Longmaxi Formation is the main production layer
for shale gas. Due to the extremely low permeability in the
shale formation, the shale gas reservoir in this block can only
be exploited commercially through the technologies, includ-
ing horizontal well drilling technology and segmental
hydraulic fracturing technology.

In view of the difficulty in obtaining the low-frequency
prediction model of the fracture toughness with little drilling
data in the study area, a technical process of prediction of the
fracture toughness in shale gas reservoirs by means of joint-
ing well logging and seismic data is proposed, as shown in
Figure 3. The rock physics experiments and fracture tough-
ness tests of shale samples were carried out, and some param-
eters would be obtained including the density, P-wave
acoustic interval transit time, S-wave Acoustic interval transit
time, P-wave attenuation coefficient, S-wave attenuation
coefficient, and fracture toughness. Based on the analysis of
the relationships between the fracture toughness and the
acoustic properties of shale samples, the prediction model
of the fracture toughness through logging data was con-
structed, which contributes to obtaining higher resolution
on the vertical profile of the fracture toughness of shales.
However, the vertical profile of the fracture toughness of
shales just represents the local formation information because
it is unable to describe the lateral distribution characteristics
through well data analysis, prediction, interpolation, and sim-
ulation. Therefore, based onwell logging and seismic data, the
jointing well logging and seismic method is used to fabricate
synthetic seismic records and conduct joint well seismic cali-
bration, so as to predict the fracture toughness values and

study the vertical and lateral plane distribution characteristics
of the fracture toughness in shale gas reservoirs.

3. Experiment Methods and Data

The shale samples were collected from the Lower Silurian
Longmaxi Formation in the Changning area, Sichuan Basin.
The fracture toughness test was conducted by using the
Cracked Chevron Notched Brazilian Disc (CCNBD) method.
And the requirements of sample preparation and related
parameters are shown in the literature [40]. The processing
pattern of CCNBD of shale samples can be shown in
Figure S1 (in the supporting data), and the geometric
dimensions of CCNBD samples are represented in Table S1
(in the supporting data). The detailed experimental process
can be referred to the literature [22]. Acoustic tests of shale
samples were carried out by the transmission method.
During the tests, two ultrasonic transducers were placed on
both ends of the plug sample. One was used for the
emission of P-wave or S-wave, and the other was used for
receiving the P-wave or S-wave travel across the sample.
The digital oscilloscope can record the waveform of the P-
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wave or S-wave. Based on the obtained waveform
information, the arrival time of the first wave of the P-wave
or S-wave can be obtained, and the P-wave or S-wave
acoustic interval transit time of the sample can be calculated.

The results of acoustic testing and fracture toughness
testing were listed in Figures 4–7; some experimental results
can be referred to the literature [33]. From Figure 4, the rock
physical test results of shale samples show that the volume
density of shale samples from the Lower Silurian Longmaxi
Formation ranges from 2.35 g/cm3 to 2.54 g/cm3. From
Figures 5 and 6, we can observe that the distribution range
of P-wave acoustic interval transit time of shales from the
Silurian Longmaxi Formation is between 202.67 and
312.67μs/m, and that of the P-wave attenuation coefficient
is between 45.25 and 93.36 dB/m. The distribution range of
S-wave acoustic interval transit time of shales from the Silu-
rian Longmaxi Formation is 387.39~530.77μs/m, and that of
S-wave attenuation coefficient is 51.87~104.11 dB/m. From
Figure 7, the fracture toughness test results of shale samples
based on the Cracked Chevron Notched Brazilian Disc
(CCNBD) method show that the fracture toughness values
of shales from the Silurian Formation range from 0.4259 to
1.1667MPa∙m0.5.

In order to establish the prediction model of the fracture
toughness and verify the reliability of the model, the experi-
mental data in this study are divided into two groups: the first
group contains the first 19 shale samples and the second
group includes the last 15 shale samples. The experimental

data from the first group are applied to obtain the laws of
the acoustic response to the fracture toughness. Based on
this, the prediction model of the fracture toughness can be
constructed. The experimental data from the second group
are applied to validate the reliability of the prediction model.
Therefore, based on the results of the rock physics experi-
ments and the fracture toughness tests, the correlations
between the fracture toughness and acoustic parameters of
shale samples from the Silurian Longmaxi Formation are
shown in Figures S2-S4 (in the supporting data) and
Table 1. As shown in Figures S2-S4 and Table 1, the
fracture toughness has a negative correlation with the P-

Basic physical
properties

Density
calculation 

Acoustic
tests 

Fracture
toughness tests 

Multiple
regression 

Establishment
of prediction

model 

Logging data

Logging
parameters 

Prediction for
single well 

Seismic data

Seismic
inversion 

Seismic
velocity 

Fracture
toughness data 

Spatial distribution
characteristics of the
fracture toughness 

Relationships between
fracture toughness and

density, acoustic properties 

Shale samples

Figure 3: Flow chart of prediction on shale fracture toughness.

2.25

2.3

2.35

2.4

2.45

2.5

2.55

1 5 9 13 17 21 25 29 33

D
en

sit
y/

g 
(c

m
–

3 )

No.

Figure 4: The bulk density of samples.

4 Geofluids



wave or S-wave acoustic interval transit time. Meanwhile,
relationships between the fracture toughness and the P-
wave or S-wave attenuation coefficient can be observed.
However, fracture toughness has a positive correlation with
the P-wave or S-wave impedances. The findings indicate
that the fracture toughness in shale gas reservoirs from the
Lower Silurian Longmaxi Formation is sensitive to the
acoustic interval transit times and wave impedances.

In the previous research [22], the mineral composition in
shales had an impact on fracture toughness, and the brittle
minerals had a negative correlation with the fracture tough-
ness. And when the shale rock is contacted with water, frac-
ture toughness of shales could decrease, indicating that the
interaction between hydrophilic fluid and shale can easily
cause damage to shale rock and shale can be easy to be frac-
tured. The mineral compositions and water contents have an
influence on the acoustic propagation law, which can affect
the prediction of the fracture toughness. Furthermore, shale
has developed bedding and rich in organic matter, and these
characteristics can have an impact on the fracture toughness
of shales and also on the acoustic propagation law of shales.
The acoustic testing and fracture toughness testing are
carried out under the same conditions, and the experimental
data can be obtained under the same conditions, which can
be used to analyse and develop a prediction model. Based
on this, the prediction model for calculating the fracture
toughness can be established.

4. Prediction of the Fracture Toughness by
Well Logging

Based on the laws of the acoustic response to the fracture
toughness, considering the P-wave and S-wave acoustic
interval transit time, we construct the calculation model of
the fracture toughness by the least square method according
to the theory of multiple regression:

K IC = −0:00023Δtc − 0:00336Δts + 2:3431 R2 = 0:7132
� �

,
ð1Þ

where KIC represents the fracture toughness; Δtp repre-
sents the P-wave acoustic interval transit time; Δts represents
the S-wave acoustic interval transit time. The correlation
coefficient (R2) is a criterion for evaluating the fitness, which
can be used to illustrate the deviation of data. Obviously, the
closer to one the value of R2, the less discrete the data [2]. The
correlation coefficient can be calculated.

R2 =
∑n

i=1 y_i − �y
� �2

∑n
i=1 yi − �yð Þ2 , ð2Þ

where yi represents the measured fracture toughness of
the ith sample; �y represents the average value of the measured
fracture toughness of the ith sample; y_i represents the calcu-
lated fracture toughness of the ith sample.

The prediction model of the fracture toughness of shales
can be used to calculate the fracture toughness value of shale,
as is shown in Figure 8. From Figure 8, we can note that the
fracture toughness calculated by the proposed model was in
agreement with the experimental data, and the average rela-
tive error between the calculation values and the measured
values of the fracture toughness of shales was 8.43%. Based
on this, the second group including some CCNBD samples
are chosen to verify the reliability of the model, and the geo-
metric dimensions of CCNBD samples are represented in
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Table S1 (in the supporting data), and the results of acoustic
testing and fracture toughness testing are listed in Figures 5
and 7, respectively. Then, the fracture toughness values of
those samples are predicted based on the model. As is
shown in Figure 9, we can note that the predictable accuracy
of the prediction model was high, and the predictive values
were in excellent agreement with the experimental data. The

average relative error between the prediction values and the
measured values of the fracture toughness of shales was
9.64%, which was less than 10%. The results suggest that the
calculation model of the fracture toughness of shales has a
certain reliability.

Generally, it is much easier for shale gas reservoir to be
fractured with a higher brittleness index or lower fracture

Table 1: The relationships between fracture toughness and acoustic parameters of shale samples.

Acoustic parameters P-wave S-wave

Acoustic interval transit time K IC = −0:0041Δtp + 1:783 R2 = 0:6113
� �

KIC = −0:0035Δts + 2:361 R2 = 0:7297
� �

Attenuation coefficient K IC = −0:0129αp + 1:6242 R2 = 0:4215
� �

KIC = −0:0104αs + 1:5728 R2 = 0:5234
� �

Wave impedance K IC = 0:0986Zp − 0:2278 R2 = 0:6456
� �

K IC = 0:253Zs − 0:6147 R2 = 0:713
� �

Note: K IC represents the mode I fracture toughness, simplified fracture toughness; Δtp represents the P-wave acoustic interval transit time; Δts represents the S-
wave acoustic interval transit time; αp represents the P-wave attenuation coefficient; αs represents the S-wave attenuation coefficient; Zp represents the P-wave
impedances; Zs represents the S-wave impedances.
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toughness. The predicted well logging profile (Well A and
Well B) of the brittleness index and the fracture toughness
in the study area is shown in Figure 10. The calculation

equation of the brittleness index based on the mineral
compositions in the figure refer to literature [5], that is,
Brittleness = Q/ðQ + C + ClyÞ (where Q is the quartz
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contents, C is the carbonates contents, andCly is the claymin-
erals contents), which can be used to represent the capacity to
create a complex fracture network in shale gas reservoirs. And
the calculation equation of the fracture toughness is the
prediction model constructed in this paper. As shown in
Figure 10, with the increase in the depth, the fracture tough-
ness and the brittleness index change towards opposite direc-
tions to some extent. Thus, the fracture toughness tends to
decrease when the brittleness index increases. Besides, the
fracture toughness values of the shale gas reservoir intervals
are lower than that of the nonreservoir intervals. The findings
suggest that the fracture toughness can also be used to evaluate
the fracability in shale gas reservoirs, and the prediction
model of the fracture toughness is reliable. In addition, it
can be noted from the well logging profile that the fracture
toughness value of shales from the bottom of the Lower Silu-
rian Longmaxi Formation is lower when the organic carbon
content is larger, indicating that the shale gas reservoirs in
the bottom of the Lower Silurian Longmaxi Formation has
relatively good fracability. This is similar to the results from
Liu et al. [41], suggesting that the brittleness index of shale
formation with high organic carbon content is also large.

5. Quantitative Prediction of the
Fracture Toughness

The single well profile of the fracture toughness in shale
formation obtained through well-logging data only shows
that the fracture toughness varies with the depth. However,
the lateral distribution characteristics of the fracture tough-
ness in the study area cannot be got from a single well profile.
The single well profile of the fracture toughness (vertical or
horizontal well) in shale formation can be obtained, and well
interval can be divided into several small sections for fractur-
ing. And the three-dimensional spatial distribution of the

fracture toughness in shale formation can be obtained, the
area that is easier to fracture can be determined, which can
help us to choose the engineering sweet spots of shale gas res-
ervoirs. Therefore, in order to investigate the spatial distribu-
tion of the fracture toughness in shale gas reservoirs, jointing
well logging and seismic method could be adopted to quanti-
tatively predict the fracture toughness in shale gas reservoirs.
Based on the well logging data and seismic data, the spatial
distribution prediction of fracture toughness values in shale
formation is carried out through the jointing well logging
and seismic method. Besides, its vertical and lateral distribu-
tion characteristics are studied.

The GeoScope geological magnifying glass software was
used in this study. In the GEOLOGmodule of GeoScope soft-
ware, the three-dimension seismic data in the study area, the
top and bottom interface stratification data of the Liangshan
Formation and Wufeng Formation, and the logging data of
two wells (Well A and Well B) in the study area were
imported, respectively, to make synthetic seismic records
and conduct well seismic calibration. This process is mainly
used for horizon labeling. The logging accuracy is higher
while the seismic accuracy is lower, and the acoustic fre-
quency of logging is different from the seismic. Therefore,
the seismic horizon and logging horizon should be jointly
calibrated, and then the information from logging and from
seismic at the same depth can be obtained. On this basis,
the P-wave velocity profile of the connecting well from Well
A to Well B in Wufeng Formation to Longmaxi Formation is
obtained. As shown in Figure 11, the variation trends of the
P-wave velocities of Well A and Well B obtained from well
longing are the same to that obtained from seismic. However,
the P-wave velocity obtained from well logging is different
from that obtained from seismic. Considering that the
prediction model of the fracture toughness in this study is
built on the basis of the acoustic frequency of logging, it is
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necessary to establish the relationship between acoustic
velocity from the seismic inversion and the acoustic velocity
from the well logging in order to predict the vertical and lat-
eral plane distribution of the fracture toughness in shale gas
reservoir. Taking well A as an example, the relationships
between the P-wave and S-wave velocity obtained from well
logging at the corresponding depth and the P-wave and S-
wave velocity obtained from seismic inversion are estab-
lished, respectively. As shown in Figure 12, there are good
linear relationships between the velocity obtained from well
logging and that obtained from seismic inversion.

On this basis, combined with the prediction model of the
fracture toughness constructed in this study (Eq. (1)), the
inversion data of the fracture toughness in shale formation
can be calculated. Section profiles of fracture toughness
values of the Wufeng-Longmaxi Formation in the study area
can be obtained by slicing. Figure 13 shows the section pro-

files of the fracture toughness values of the Wufeng-
Longmaxi Formation across Well A to Well B. It can be seen
from Figure 13 that the fracture toughness varies rapidly in
the vertical direction. In the vertical direction, the variation
trend of the fracture toughness predicted by the well-
logging of Well A and Well B is consistent with that by the
seismic profile, indicating that the bottom of the Wufeng-
Longmaxi Formation has the characteristics of lower fracture
toughness, in which the Well A is known and the Well B is
verified. From this perspective, the prediction model of the
fracture toughness in this study has certain reliability.

Based on the fracture toughness data of the shales from
the Wufeng-Longmaxi Formation, the section profile of the
fracture toughness value in the Wufeng-Longmaxi Forma-
tion was obtained by time slice. Thus, the vertical and lateral
distribution characteristics of the fracture toughness values
in the Wufeng-Longmaxi Formation are obtained, as shown
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Figure 12: The relationships between the velocity obtained from well logging and that obtained from seismic inversion.
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Figure 13: The profile of the fracture toughness values of the Wufeng-Longmaxi formation across Well A to Well B.
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in Figure 14. As can be seen from Figures 10 and 14, the frac-
ture toughness values of shales from the Upper Wufeng-
Longmaxi Formation in the study area is relatively higher,
whereas the fracture toughness values of shale from the
Lower Wufeng-Longmaxi Formation is relatively lower.

Moreover, in the vertical direction, the fracture toughness
values of shales are mainly distributed in strips, the distribu-
tion area of the high fracture toughness values and the low
fracture toughness values have the characteristics of interval
distribution, and the distribution area are continuous in the
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Figure 14: The plane distribution of the fracture toughness of shales in the bottom of Wufeng-Longmaxi Formation.
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lateral direction, indicating that it has obvious stratification
characteristics. From Figure 14, the Wufeng-Longmaxi For-
mation in the study area has significantly lower fracture
toughness values in a time window from 8ms to 15ms near
the bottom of the formation. The lower fracture toughness
zones are present mainly in the eastern and southern parts
of the work area, indicating that the shale gas reservoirs in
the bottom of the Upper Ordovician Wufeng-Lower Silurian
Longmaxi Formation have relatively good fracability.

6. Conclusions

In this paper, the prediction of the fracture toughness in shale
formation based on well logging and seismic data from the
Lower Silurian Longmaxi Formation in the Sichuan Basin
of China was investigated. The following conclusions are
drawn:

(1) The fracture toughness is negatively correlated with
the acoustic interval transit time and attenuation
coefficient, whereas it is positively correlated with
the wave impedance. The fracture toughness of shales
is sensitive to the acoustic interval transit time and
wave impedance

(2) Based on the laws of the acoustic response to the
fracture toughness, the prediction model of the frac-
ture toughness was constructed, which is effective in
predicting the fracture toughness in shale gas reser-
voirs. By means of jointing well logging and seismic
method, the plane distribution of the fracture tough-
ness in the study area is obtained. Besides, the spatial
distribution characteristics of the fracture toughness
of shales are investigated

(3) The fracture toughness of shales from the Upper
Wufeng-Longmaxi Formation is larger, whereas that
in the Lower Wufeng-Longmaxi Formation is lower.
The fracture toughness values are mainly distributed
in strips in the vertical direction while the distribu-
tion area is continuous in the lateral direction, indi-
cating that it has obvious stratification characteristics

Data Availability
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ongoing study.
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