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ABSTRACT

It is an important mechanical parameter for fracture toughness that affects hydraulic fracturing. Some
methods such as indoor test core and logging data interpretation are commonly used to obtain fracture
toughness. These methods, however, have their own limitations. Liu's method has focused the me-
chanical properties of shale including fracture toughness based on micro-/nano-indentation experi-
ments. Zeng's method has pointed that the former method of calculating fracture toughness ignores the
maximum holding stage in the indentation-displacement curves, they point out and correct the fracture
stress intensity factor model, but the final calculation of the fracture toughness of the numerical dif-
ference is of two orders of magnitude. In this paper, micro-indentation experiments were carried out to
further analyze and correct the model by collecting and analyzing Longmaxi shale cuttings. After Zeng
and Liu's methods are combined, the irreversible elastic energy by energy area actually was measured. To

some extent, the difference between the two kinds of fracture toughness is reduced.
© 2018 Southwest Petroleum University. Production and hosting 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

With the rapid increase of the energy demand, the development
of shale gas has focused on current energy research. Due to the
large difference between shale gas reservoirs and conventional
reservoirs, advanced technologies must be adopted in order to
achieve economical and effective development. In this process, the
progresses of horizontal well drilling and hydraulic fracturing play
a crucial role in promoting the development of shale gas, while the
rock mechanical properties of shale reservoirs are more important
to both. These rock mechanics properties include formation rock
drill ability, pore pressure characteristics, rock fracture toughness,
fracture pressure etc. [1,2]. For fracture toughness, it is now
commonly obtained from indoor engineering test core and logging
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data interpretations. For shale gas horizontal drilling, however, it is
difficult to obtain the data of fracture toughness by indoor testing of
core because it is difficult to obtain the complete core sample due to
the difficulty of coring. The logging data interpretation method is
generally used to establish the fracture toughness model by pa-
rameters such as sonic logging and density logging to predict the
fracture toughness. However, the disadvantage of this method is
that shale gas logging is difficult to estimate the test result. In the
empirical formula, this method has its own limitations [3,4]. In this
work, we studied the mechanical properties of shale in the
indentation experiment of rock. And other scholars also adopt
indentation experiments to carry out experiments, in recent years,
this method has also been greatly developed to predict mechanical
properties, extensively used to deal with Young's elastic modulus,
hardness, fracture toughness and other mechanical properties,
including Liu et al. (2016) [5] on the prediction of fracture tough-
ness in-depth study. By studying the properties of Bakken shale,
they applied new methods of micro-nano indentation to study the
mechanical properties of the stratum and quantified the mechan-
ical properties of shale, including the study of fracture toughness.
After this, Zeng et al. (2017) [6] pointed that Liu's fracture tough-
ness study neglected the maximum holding stage in the
indentation-displacement curves. The U,p/U; formula was further
studied and modified. However, considering this factor, fracture
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toughness has very significant effects and can cause numerically
two orders of magnitude differences, which is unacceptable. In
order to further revise this method, samples of Longmaxi shale
were collected and analyzed, and micron indentation experiments
were carried out. In this paper, the above two methods are intro-
duced by means of Uj values and were actually measured by the
energy area, in order to modify and complete this method.

2. Experiment
2.1. Experimental petrology characteristics and sample processing

Shale cuttings studied in this work is from Longmaxi Formation
in Changning, Sichuan Province, and they were generally dark gray
and black shale with TOC of 1.68—4.73%, quartz content of
8.6—39.2% and clay content of 14.9—41.4%. Other minerals con-
tained, such as feldspar, were between 0.67 and 16.2%. Besides,
Longmaxi shale has a high degree of thermal evolution with Ryp,
value between 1.92 and 2.94%. The Longmaxi Formation shale
sample in Changning area has higher abundance of organic matter
and more microscopic pores.

The rock sample surface was polished in order to reduce in-
definite depth caused by the surface roughness. The sample is
divided into small pieces (parallel to the bedding plane) and placed
in the resin solution until the resin coalesces into a solid under
vacuum. The indentation surface was dry-coated with Buehler
MetaServ250, then sandpaper size from P180 (70 um) to P4000
(5 wm) was used to deal, and a SiC abrasive paper from 0.3 to 3 um
was used in the following step. Finally, the sample in Fig. 1 was
grounded and polished with 10 nm alumina and dried at a tem-
perature of 70°C.

2.2. Experimental equipment and experimental principles

The experiment adopts the MFT-4000 multi-function material
surface tester developed by the Lanzhou Institute of Chemical
Physics, Chinese Academy of Sciences. The micro-indentation
testing technology can continuously control and measure the load
and displacement with milliliters and micrometer resolution. The
instrument can carry out the surface of the sample for a number of
performance experiments, such as indentation, reciprocating fric-
tion, scratches, elasticity and other experiments. MFT-4000
equipment technical parameters ranges are listed as follows: load
loading 0.5—300 N, loading accuracy 0.5 N, loading rate 5—100 N/
min, displacement measurement range 0.5—200 pm.

By the micro-indentation experiment, three stages of the
indentation point of the sample can be obtained: the loading stage,
the maximum displacement holding stage and the unloading stage

[7]. The shale samples have both elastic deformation and plastic
deformation during the press-in process, and the contact depth h;
and the indenter contact radius r will be generated on the sample
surface after pressing. In the unloading stage, only the elastic
deformation is restored, and the plastic deformation will not be
recovered. The entire process of indentation is shown in Fig. 2. The
parameters that can be directly measured by using the micro-
indentation experiment with the maximum indentation depth
hm, the indentation depth h, the maximum load Py, the load P, the
residual depth after unloading hy. The indirectly measurable pa-
rameters are the total work force and the contact stiffness. Finally,
the sample indentation point of the elastic modulus, hardness,
strength, fracture toughness and other mechanical parameters can
be calculated by the model.
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Fig. 2. Schematic illustration of the indenter loading-unloading process (a) and the
indentation load-displacement curves (b).

Fig. 1. Shale cuttings sample preparation process.
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Fig. 3. Schematic illustration of the energy analysis for calculation purposes [8].

3. Data processing method

The indentation displacement curves can be obtained by the
energy-based analysis methods [8]. In the loading stage, the
applied load increases with the loading depth. Where Us is the
absolute work from nano-indentation. It can be considered that the
energy of the indenter to the rock by elasticity and plasticity is U,
which is determined by the area under the loading curves. In the
unloading stage, the energy that the rock makes to the head
through elasticity is U, which is determined by the area under the
unloading curves. It is demonstrated in Fig. 3.

The loading and unloading stages follow the power law func-
tions listed below [5,9].

P = Kn" (1)

P=a(h—h)" (2)

where n and m are the power indexes for the loading and unloading
indentation curves.

The Uj; can be defined as the difference between total energy
(Up) and elastic energy (Ue) [10]. Then the Ugqek can be described by
the following Eq. (3) [5].

Ucrack = Uy — UPP (3)

where Up, is the plastic energy, J.
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Finally, the fracture toughness Kjc is defined as.

U,
Kic =/ —X;Ck “Er (4)

where E; is the reduced modulus, GPa; A;; is the maximum crack
area, m>.

In this paper, there are two calculation methods for calculating
Upp, Liu et al. (2016) [5] and Zeng et al. (2017) [6] revised research
methods. Zeng et al. (2017) [5] pointed out that the Liu et al. (2016)
[6] fracture toughness algorithm ignores the maximum holding
stage in the indentation-displacement curves and modifies the U,/
U; formula.

3.1. Liu's method for the determination of fracture toughness

For Liu et al. (2016) [6] from North Dakota University, the frac-
ture behavior was evaluated using an energy model, meanwhile,
the linear relationship between fracture toughness Kjc and elastic
modulus was found. Its plastic energy consumption is total energy

Upp/Ur in Eq. (5).
h n

RO

= _q _ 5 (5)

Ut
-

The total energy (U;) and the elastic energy (Ue) are in accor-
dance with the following function, obtained from Lawn et al. (1981)
[9] for the relationship between the loading energy Eq. (1) and the
dumping energy Eq. (2).
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Fig. 4. Schematic illustration of indentation load-displacement curves for elastic and plastic behaviors without (a) and with (b) holding stage. (Zeng et al., 2016).
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Fig. 5. Indentation test results at different points for Sample A.

3.2. Zeng's method for the determination of fracture toughness

Zeng et al. (2017) [6] considered the indentation experiments of
composite microstructures to follow the power function, which is
proposed by Menick and Swain (1994) [11], this should take into
account the maximum holding stage in Fig. 4. The loading energy U;
is expressed as the following Eq. (8).

hy hp,
U = / Pdh-+ / Pdh (8)
0 hy

The ratio of plastic energy consumption to loaded energy, Up,/Uy,
is shown in Eq. (9). The <1 +n-— n#—’) parameter part is more than

the denominator part of the former discriminant Eq. (8). When
hj=hy, is equivalent to Eq. (5).
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4. Experimental result and discussion

When the pure plastic energy Up, of Zeng's method [6] is
compared with the pure plastic energy Up, of Liu's method [5],
there is a small difference in the overall average value. The Uy, value
increases from 0.922 ] (Liu's method) to 0.975 J (Zeng’ method), and
the Uy, value does not change much. At the same time, in the actual
load-displacement curves (Fig. 5), it can be found that the
maximum holding stage accounts for a very small proportion of the
entire curves. The red line at the top right in the figure dedicates the
maximum holding stage for each indentation point. However, Kjc
reduced from 11.876 MPa/m®> (Liu’s method)to 1.6294 MPa/m®>
(Zeng's method), Zeng's method is less than two orders of mgani-
tude by Liu's method.

Attention is paid to the practical significance of the indentation
curves. During the maximum holding stage, the indentation depth
of the indenter to the rock specimen is 1—3 pm, and the indenter
does not do much work on the rock specimen. However, the frac-
ture toughness value calculated by the two scholars vary greatly. In
order to find out the differences between the two methods in
calculating the fracture toughness Kjc, only the Uj in the formula
Ucrack = Uir-Upp is analyzed, and the method of calculating the Up,/U;
between the plastic energy consumption and the loading energy in
the fracture toughness is retained, because in Liu's and Zeng's
calculation method of Up,/Ur mainly considers whether or not the
maximum holding stage is maintained. The method of calculating
Ui is that the irreversible energy (Uj;) is defined as the difference
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between total energy (U;) and elastic energy (U,) [10], It is
expressed as Eq. (10).

b ok
ru (2(82) ~2(%)
Uir: 3

-

(10)

K,/MPa-m”’

A total of 16 samples of 167 indentations were tested on the
same batch of samples from Longmaxi Formation to obtain the
indentation load-displacement curves. The value of Uj»(the area of
OABhy in Fig. 3) in the indentation load-displacement curves was
calculated, and Uj;; was calculated by the fitting curves formula of
the original method. Fig. 6 gives 4 experimental samples of Long-
maxi Formation shale. Uj, calculated by area under the same load
of 50N are used to calculate the change of Uj; between Liu's and
Zeng's method. The relationship between the two is shown in the
figure located above the middle line. Fig. 7 gives the total variation
trend of 167 indentation points. The blue line shows the value of
Uir» measured by the area of indentation curves, and the black line
demonstrates the value of Uj; by fitting curves formula. This in-
dicates that the calculated Uj;; is less than the calculated actual
value of the area Uj;. It is concluded that when the hy/h, is between
0.6 and 0.9, the two Uy, differ by 0.1-0.4], and the U; shows an
raising trend from Fig. 7. From Fig. 8, it shows the range of U;; range.
It can be seen that Uj; is mainly in the range of 0.8—1.4].

The results show that Uj is brought into Kjc with the maximum
load maintaing stage. The revised result is near Zeng's method in
Fig. 9.The figure is actually lower than the lower side. The results
obtained from Fig. 10 are as the following: The average Kjc of Liu's
method, correction method and Zeng's method are 10.569 MPa/
m?>, 4.014 MPa/m®° and 1.523 MPa/m®>. The difference in fracture
toughness K¢ is due to the formula difference of the U, combined
with the effect of adding the holding stage.

This may indicate that Liu's method did not consider the
maximum load maintaing stage to keep the high Kjc result, and
Zeng's method of considering the holding stage curves to calculate
the Kjc result is too low. By the actual area correction method, the
gap between the two methods is greatly reduced, which shows that
the calculation method of U;; value is the main factor causing the K¢
value of fracture toughness in Zeng's method, and there is some
deviation between Liu's calculation and the actual calculation.

5. Conclusions

The results of Kjc calculation and comparison of the two models
with or without maximum holding stage are obtained through
experimental analysis of the U;. actual test, and Kj¢ is calculated. The
average Kjc are as follows in three conditions: Liu's method of
10.569 MPa/m®°, Zeng's method of 1.523 MPa/m®> and correction
of 4.013 MPa/m®>. Whether or not to consider the holding stage, Kic

—— Liu et al(2016)
—e— Zeng at al(2017)
—=— Revise melFo‘d(2017)

0.9 1.0

hih,,

Fig. 9. Kic value.
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Fig. 10. Error line of the average Kjc.

from the two calculatal model would either too large or too small.
the actual value of Kjc from experiment result is in the middle of the
range and is between the two. This is caused by the Uj; value for-
mulas error and also of adding the holding stage together.
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