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a b s t r a c t

The mode-I fracture toughness is of great significance for evaluating the fracturing ability of shale res-
ervoirs. In this study, the mode-I fracture toughness of the shale in the Lower Silurian Longmaxi For-
mation, Southern Sichuan Basin was determined with the Cracked Chevron Notched Brazilian Disc
(CCNBD). Based on the experimental data, the relationships among the mode-I fracture toughness, the
density, the acoustic time and the clay mineral content were analyzed. The shale samples for fracture
toughness test from cores were commonly limited, the investigation of fracture toughness using well
logs was necessary. Therefore, a prediction model was proposed by correlating the fracture toughness
with well logs responses. The results indicate that the fracture toughness of shale samples is from
0.4744 MPa$m1/2 to 1.0607 MPa$m1/2 with an average of 0.7817 MPa$m1/2, indicating that the anisotropy
of fracture toughness of the Longmaxi Formation shale. The clay mineral content and the density have a
positive effect on the fracture toughness, whereas the acoustic time plays a negative role on the fracture
toughness. The clay mineral content has an important effect on the relationships among fracture
toughness, acoustic time and density. The prediction model can provide continuous data of mode-I
fracture toughness along the wellbore for field hydraulic fracturing operation, and it has certain guid-
ing significance in the exploration and development of oil and gas reservoirs

© 2020 Southwest Petroleum University. Publishing services by Elsevier B.V. on behalf of KeAi
Communications Co. Ltd. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

In China's energy sector, the exploration and development of
shale gas has become a research hotspot in recent years [1] ,[2] the
Longmaxi Formation shale in southern Sichuan has great explora-
tion potential for shale gas resources [3,4]. The shale reservoirs
have the low permeability and develop natural fractures filled with
secondary minerals [5e7]. Therefore, it is necessary to fracture to
obtain industrial productivity [8,9]. At present, the main drilling
method for shale gas exploitation is horizontal wells, and the

hydraulic fracture initiation and expansion of horizontal well sec-
tions involve mode-I, mode-II and mode-I-II composite fractures
[10e12]. Fracture toughness is an important mechanical parameter
reflecting the ability of rock to resist crack propagation. When the
stress intensity factor at the crack tip exceeds the fracture tough-
ness of rock, the rock will crack [13,14]. However, the rock speci-
mens acquired by drilling cores are limited and the experimental
costs are high, it is impractical to determine the fracture toughness
of the whole well by conventional methods. Besides, the fracture
toughness of rocks is influenced by the pressure and temperature, it
is impossible to simulate the formation conditions by conventional
methods. Therefore, it is necessary to develop effective methods for
testing and predicting fracture toughness of deep formation rocks.

At present, large number of studies has been conducted on
estimation of the fracture toughness using well logs data. The
geological logging data can reflect the properties of the formation
[15]. It is an effective method to predict the fracture toughness of
rocks in deep formation by studying the relationships between the
fracture toughness of rocks and logging data. Chen et al. [16] and
Chen et al. [17] measured the mode I fracture toughness of deep
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formation cores by thick-walled cylinder method, then counted the
intrinsic function relations among fracture toughness, confining
pressure, elastic modulus, acoustic time and other parameters. At
last a model for predicting fracture toughness based on logging
data was established, and achieved good application results. Simi-
larly, Chen et al. [18] measured the fracture toughness of modes I
and II of shale specimens from Longmaxi Formation by the straight
seam grooving Brazilian disc test (SNBD), and based on the results
and the logging data, the prediction model of shale fracture
toughness was established. Besides, Ji et al. [19e21] put forward a
new method to calculate the fracture toughness using well logs
data based on the fracture mechanics and the fractal theory.

However, compared with thick-walled cylinder method and the
straight seam grooving Brazilian disc test (SNBD), the fracture
toughness acquired by cracked chevron notched Brazilian disc
(CCNBD) has the advantage in high accuracy. Besides, the CCNBD is
easier to be processed and tested. In 1995, the International Society
of Rock Mechanics (ISRM) promulgated the cracked chevron
notched Brazilian disc (CCNBD) method for testing the fracture
toughness of rock [22]. Since then, many researchers have contin-
uously studied the fracture toughness and achieved many research
achievements [23e25].

Therefore, the goals of this paper are to investigate the mode-I
fracture toughness of the shale samples from the Lower Silurian
Longmaxi Formation in the Sichuan Basin of China. In this paper, we
measured the fracture toughness based on the Cracked Chevron
Notched Brazilian Disc (CCNBD) test. Besides, we measured the
acoustic time, density and clay mineral content of shale samples.
Meanwhile, the relationships among the fracture toughness, den-
sity, acoustic time and clay mineral content were analyzed. On this
basis, we analyzed the dominant influence factors on the fracture
toughness. In addition, a model to predict the fracture toughness of
shales was established from well logs response, and the well logs
data contains the gamma ray log (GR), sonic log (AC) and bulk
density log (DEN). Our research provides a fast and convenient
method on estimation of the fracture toughness.

2. Samples and methods

2.1. Samples

The outcrop shale samples studied in this paper were collected
from the Lower Silurian Longmaxi Formation in Yibin City, Sichuan
Province. The Longmaxi Formation belongs to the marine sedi-
mentary environment and the outcrop shale samples are a strati-
graphic extension of the Longmaxi Formation shale reservoir in the
Changning-Weiyuan Block, ensuring that outcrop shale specimens

are consistent with shale reservoir [26,27].
According to the standard of the ISRM for fracture toughness

tests, the specimens were processed. The angle of the specimens
was vertical bedding, and a total of 29 Brazilian disc specimens
were produced (Fig. 1).

2.2. Experimental methods

Prior to the fracture toughness experiments, the acoustic
emission andmineral composition experiments of all shale samples
were measured in the laboratory. The acoustic time of shale sam-
ples were tested by the pressure-bearing acoustic transducer under
normal temperature (20�C) and constant axial pressure of 0.5 MPa
(Fig. 2). It should be noted that the ultrasound emission probe and
the ultrasound receiving probe should not touch the cracked
chevron notched but just touch the CCNBD specimen in the course
of the experiment.

The analysis of clay minerals in this article was based on the X-
ray diffractometer (XRD) of PANalytical Company (Fig. 3), and the
clay minerals were analyzed and tested according to the industry
standard SY/T5163-2010. The main steps of the test include rock
sample preparation, clay mineral extraction and XRD diffraction
clay mineral analysis.

The shale samples were prepared and tested the fracture
toughness following the requirements of the Cracked Chevron
Notched Brazilian Disc (CCNBD) method. The CCNBD specimen

Fig. 1. The procedure of making specimen.

Fig. 2. Multifrequency sonic tester.
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geometries are shown in Fig. 4. Specimens were loaded progres-
sively up to the failure point and the maximum load (Pmax) was
recorded, then the fracture toughness of the CCNBD specimens can
be determined through Eq. (1) [19].whereKIC is the fracture tough-
ness value, MPa$ m1/2; Pmaxis the maximum value of the loading
force, kN; D is the specimen diameter, mm; B is the specimen
thickness, mm; Ymin is dimensionless critical stress intensity factor
which is determined only by the geometric parameters a0、a1 and
aB.

The relationships between the geometric parameters and the
specimen diameter are as follows (a0, a1 and B are shown in the
Fig. 4):

a0 ¼2a0=D (2)

a1 ¼2a1=D (3)

aB ¼2B=D (4)

where a0 is initial chevron notched crack length, mm; a1 is final

chevron notched crack length, mm;
The dimension of CCNBD specimen were designated in accor-

dance with ISRM standard geometrical dimensions and the geo-
metric parameters of the ISRM suggested standard CCNBD
specimen are shown in Table 1 [19].

TheMTS servo control test machinewas used in the experiment.
The loading mode was to apply concentrated load at both ends
parallel to the cracked chevron notched direction (Fig. 5). In order
to get an accurate value of the fracture toughness, the specimen
was loaded by constant displacement control, and the displace-
ment loading rate was 0.2 mm/min.

3. Results and discussion

3.1. Fracture mechanism analysis of CCNBD

According to Linear Elastic Fracture Mechanics (LEFM), the main
cracks form at the chevron notched tips firstly in the CCNBD test,
then it will grow stably along the ligaments.

During the experiment, the concentrated load is applied along
the direction of the center prefabricated crack, the elastic strain
energy will gradually accumulate, at the same time, the axial
compression deformation causes lateral tensile deformation. When
the tensile stress at the crack tip reaches the maximum tensile
strength of rock, the crack begins to propagate along the ligaments
and lead to rock rupture at last (Fig. 6).

The typical load-displacement curves of specimens recorded
during the experiment are shown in Fig. 7.

Fig. 3. The equipment of XRD.

Fig. 4. The geometries and the nomenclatures interpretation of CCNBD.

KIC ¼
Pmax

B
ffiffiffiffi
D

p Ymin (1)

Table 1
Standard CCNBD geometrical dimensions.

Parameters Standard Values (mm) Dimensionless expression

D 75
a0 9.89 a0 ¼ 2a0/D ¼ 0.2637
a1 24.37 a1 ¼ 2a1/D ¼ 0.65
B 30 aB ¼ 2aB/D ¼ 0.8
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The curves can be divided into three parts by observing the load
displacement curves. Taking L13 samples for example, part OA is
nonlinear deformation stage and the microfissure is formed at the
tip of cracked chevron notched. At this stage, the deformation en-
ergy released by crack growth is less than the energy required for
crack growth, the crack will slowly grow. Part AB is linear devel-
opment which is the linear elastic propagation deformation stage
of microfissure. This section of the curve reflects the process of
crack stable expansion. Part BC is the stage that the main crack
expands sharply until specimen break. In this stage, the deforma-
tion energy released by crack growth is greater than the energy
required for crack growth, and large breaking noise accompanied
with the experiment, which reflects the unstable process of the
main crack through the specimen after non-linear propagation.
Therefore, the curve shows the brittleness characteristics of the
specimen.

3.2. Experimental results on fracture toughness and clay mineral
content

Table 2 presents the clay mineral content, fracture toughness
and basic physical parameters of 29 specimens. From Table 2, we
observe that the variation range of fracture toughness of shales in
Changning area is large, ranging from 0.4744 MPa$m1/2 to
1.0607 MPa$m1/2 with an average value of 0.7817 MPa$m1/2, which
shows the anisotropy of the fracture toughness of shale samples.

3.3. Relationships between fracture toughness and density, acoustic
time, clay mineral content

The density of rocks and minerals refers to the mass of sub-
stance per unit volume. The density difference between different
geological bodies in the crust is the geophysical prerequisite for
exploration. Fig. 8 shows the relationships between fracture
toughness and density. As we can see in Fig. 8, the fracture
toughness of rocks increases with the increase of density, sug-
gesting that the rock is less susceptible to break with the increase of
density, which may be because the density reflects the compact-
ness of rocks. In general, the higher compactness of rocks is, the
higher the Young's modulus is, the lower the Poisson's ratio is,
resulting in the higher fracture toughness values.

At the same time, in order to further analyze the influence of the
clay mineral content, the relationships between fracture toughness
and density at different clay mineral content were studied. As we
can see in Fig. 9, clay mineral content was divided into three
groups: 9%~12%, 12%~15% and 15%~23%.

From Fig. 9, we can observe that when the clay mineral content
is low, with the increase of density, the fracture toughness increases
obviously, and the relationships between them is more significant.
When the clay mineral content is high, the effect of density on
fracture toughness gradually weakens.

Fig. 10 presents the relationships between fracture toughness
and the acoustic time. From Fig. 10, it can be found that the fracture
toughness of the studied specimens is negatively correlated with
the acoustic time, that is, the fracture toughness decreases with the
increase of the acoustic time, which is probably because that the
acoustics time is influenced by the pore structure, weak structural
plane and bedding characteristics et al. Xiong et al. [28] reported
that the bedding characteristics have a significant effect on the
acoustics time. Thus, under the same bedding plane direction, the
higher acoustic time is related to the higher the bedding density
[28]. With the increase of the bedding density, the compressive
strength of shale could decreases, the Young's modulus could
decrease and the Poisson's ratio could increase [29], resulting in the
decrease of the fracture toughness.

Similarly, the relationships between fracture toughness and the
acoustic time at different clay mineral content were studied

Fig. 5. The loading configuration of CCNBD specimen.

Fig. 6. The CCNBD specimen after testing.

Fig. 7. The partial load-displacement curves of specimens.
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Table 2
The fracture toughness, the clay mineral content and basic physical parameters of shale samples.

sample ID Diameter (mm) Thickness (mm) density (g.cm�3) 2a0 2a1 KIC (MPa$m1/2) clay mineral content (%)

L1 74.30 30.25 2.48 16.00 53.00 0.6855 11.21
L2 74.27 29.95 2.38 16.00 52.00 0.6192 10.37
L3 74.25 29.63 2.49 18.00 51.50 0.6872 11.83
L4 74.02 30.16 2.35 17.00 52.50 0.4744 10.08
L5 74.40 30.15 2.48 16.00 52.50 0.8800 12.76
L6 74.28 30.27 2.47 16.00 52.00 0.7461 13.48
L7 74.33 30.46 2.46 15.50 52.50 0.8228 15.69
L8 74.32 30.16 2.49 16.00 52.00 0.7832 17.41
L9 74.52 29.99 2.50 15.00 52.00 1.0192 20.65
L10 74.52 29.95 2.50 12.50 51.50 1.0014 19.38
L11 74.11 30.25 2.36 21.00 53.00 0.6804 11.25
L12 74.12 30.22 2.35 18.50 53.00 0.6671 11.20
L13 74.10 30.15 2.37 25.00 55.00 0.5903 9.87
L14 74.12 30.23 2.36 20.00 53.00 0.8008 22.37
L15 74.12 30.09 2.36 18.00 52.00 0.7448 12.13
L16 74.25 30.15 2.42 17.00 52.00 0.7875 11.65
L17 74.25 30.15 2.49 17.00 52.00 0.7652 12.25
L18 74.22 29.23 2.44 17.00 52.50 0.7171 10.98
L19 74.24 29.96 2.42 17.50 53.00 0.6783 10.64
L20 74.29 30.4 2.46 19.00 53.00 0.9930 20.49
L21 74.19 30.14 2.44 16.00 52.50 0.8033 13.92
L22 74.22 30.15 2.48 16.50 53.00 0.7909 18.36
L23 74.27 30.32 2.48 20.00 53.50 0.9475 22.76
L24 74.20 29.82 2.48 25.00 52.50 0.9640 21.39
L25 74.24 30.24 2.48 15.00 52.00 1.0607 12.40
L26 74.22 30.53 2.48 20.00 53.00 0.8454 19.36
L27 74.22 30.53 2.45 20.00 53.00 0.6772 12.31
L28 74.19 30.31 2.45 12.00 52.50 0.8752 20.22
L29 74.08 30.22 2.35 20.00 53.50 0.5619 11.08

Fig. 8. The relationships between fracture toughness and density.

Fig. 9. The relationships between fracture toughness and density at different clay mineral content.

Fig. 10. The relationships between fracture toughness and the acoustic time.
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(Fig. 11). From Fig. 11, we also can note that with the increase of the
acoustic time, the fracture toughness decreases obviously with the
low clay mineral content, whereas when clay mineral content is
high, the effect of the acoustic time on fracture toughness gradually
weakens.

Fig. 12 presents the relationships between fracture toughness
and clay mineral content. The increase of clay mineral content in
the CCNBD specimenmeans the decrease of brittle mineral content.
And the brittle mineral content is closely related to the brittleness
index. It is known that brittleness index and fracture toughness can
be used to evaluate the compressibility of the shale reservoir. And
higher brittleness index and lower fracture toughness are favorable
for reservoir fracturing. Therefore, as we can see in Fig. 12, the
fracture toughness increases with the increase of clay mineral
content. This may be because that the brittle mineral content show

Fig. 11. The relationships between fracture toughness and the acoustic time at different clay mineral content.

Fig. 12. The relationships between fracture toughness and clay mineral content.

Fig. 13. a. Therelationshipsbetween thevalues of predictedandexperimental fracture toughness. b. Therelative errorbetween thevaluesofpredictedandexperimental fracture toughness.
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the positive correlation with the quartz content, whereas inversely
proportional to the clay mineral content, that is to say, the brittle
mineral content decreases when the claymineral content increases,

resulting the decrease of fracturing ability of the rock and the in-
crease of fracture toughness.

Fig. 14. The logging data of the Longmaxi Formation in a certain area.
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3.4. Prediction model of fracture toughness for shales

Some scholars have proposed some methods to predict rock
fracture toughness. Therefore, this paper refers to the previous
research results and uses different test methods to study the frac-
ture toughness of shale specimens from the Lower Silurian Long-
maxi Formation, Southern Sichuan. Then based on multivariate
nonlinear regression theory and the test results of fracture tough-
ness, density, the acoustic time and clay mineral content, the pre-
diction equation of the fracture toughness of shale is established
with the least squaremethod. The prediction equation is as follows:

KIC ¼ � 0:2664þ 0:3438rþ 0:2807 lnðVclÞ
� 0:0022DT

�
R2 ¼0:7258

�
(5)

where r is the density of shale, g/cm3; Vcl is the clay mineral con-
tent of shale, %; DT is the acoustic time, ms/m.

At the same time, in order to analyze the differences between
the predicted and the experimental shale fracture toughness value,
the relative error index is introduced to evaluate it. The formula is
as follows:

E¼
��Vexp;i � Vcal;i

��
Vexp;i

� 100% (6)

where E is relative error, %; Vexp;iis fracture toughness values of the i
group of specimens in the experiment, MPa$m1/2; Vcal;iis fracture
toughness values of the i group of specimens which calculated by
the prediction model, MPa$m1/2.

The relationships between the predicted and the experimental
shale fracture toughness values are presented in Fig. 13(a), and the
relative error is presented in Fig. 13(b).

Fig. 13(a) shows the predicted fracture toughness values are in
good agreement with the measured values. Furthermore, it can be
seen from Fig. 13(b) that the relative error between predicted and
experimental fracture toughness is small, and the average relative
error is 6.05%. Therefore, the predicted model can predict the
fracture toughness of shale. Based on the model, the fracture
toughness of shales from the Longmaxi formation in a certain area
was calculated using well logging data. Generally, the GR log re-
flects the variation of clay mineral content. In this paper, the clay
mineral content was calculated by GR log. On this basis, the fracture
toughness of shales was calculated by combing the AC log and DEN
log (Fig. 14).

The logging data of the brittleness index and fracture toughness
of the Longmaxi Formation in a certain area can be seen in Fig. 14,
and the fracture toughness is calculated by Eq. (5), the brittleness
index is calculated by the rock mineral method, the calculation
formula of brittleness index is as follows.

B¼ w1

w1 þw2 þw3
(7)

whereBis the brittleness index, w1is the content of quartz, w2is the
content of carbonate, w3is the content of clay mineral.

It can be seen from Fig. 14 that in the shale reservoir, the
changing trend of fracture toughness with depth is opposite to that
of the brittleness index, which means that the fracture toughness
decreases with the increase of brittleness index. The relationships
between the brittleness index and fracture toughness calculated by
the prediction model indicate the reliability and validity of the
shale fracture toughness prediction model in this paper.

4. Conclusions

(1) The fracture toughness of the Longmaxi Formation shale
measured by the cracked chevron notched Brazilian disc
method ranges from 0.4744 MPa m1/2to 1.0607 MPa m1/2

with an average of 0.7817 MPa m1/2, indicating that the
anisotropy of fracture toughness of the Longmaxi Formation
shale.

(2) The fracture toughness of shale samples is positively corre-
lated with the density and clay mineral content, while
negatively correlated with acoustic time. Furthermore, when
clay mineral content is high, the effect of density and the
acoustic time on fracture toughness gradually weakens.

(3) A model between the fracture toughness and the well log-
ging data with good correlation is proposed. Case study in a
shale well indicates that the fracture toughness values of
shales can be obtained from the well logs data using the
proposed model.
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