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ABSTRACT: Fracture toughness and surface energy density are critical
parameters in the simulation of hydraulic fracturing in shale formations. In
this study, a microscopic insight into the mechanisms of tensile failure in
kerogen is advanced by molecular dynamics simulations for the first time.
The elastic properties, critical stress, surface energy density, and fracture
toughness of kerogen are analyzed systematically. Our work reveals that
kerogen is potentially a weak component in shale, which may serve as a
region of fracture initiation and preferential fracture propagation path. The
critical energy release rate Gc is higher than the doubled surface energy
density γs (Gc ≥ 2γs), which indicates that there may be pronounced plastic
deformation in kerogen in the tensile failure. This work sets the stage for the
determination of various shale mechanical properties and surface energy
density to examine fracturing effectiveness in shale media from the molecular
scale.

1. INTRODUCTION
Hydrocarbon production from organic-rich shale formations
has changed the worldwide energy outlook.1,2 Commercial
development of shale oil and gas formations relies on
multistage fracturing. Water is the dominant fracturing fluid
because of its low cost and wide availability.3 However,
hydraulic fracturing by water requires an enormous amount of
this fluid and poses a potential threat to the environment
because of a large amount of flow-back wastewater from wells
containing toxic chemical additives.4 Nonaqueous fracturing
fluids have been proposed to improve the fracturing process in
shale formations and to advance environmental stewardship.
CO2 is considered to be one of the most promising fracturing
fluids because of its various merits, including a higher fracture
density, lower fracturing pressure, and less sensitivity to
reservoir rock species.5−7 The mechanism of fracturing by CO2
is largely unknown. In this regard, molecular simulations are
proposed as a powerful tool to advance the understanding of
the microscopic mechanisms in shale fracturing. The method-
ology should be established first.
Tensile failure is the key process in hydraulic fracturing.8

Fracture toughness is defined to be a measure of the ability of a
material to resist fracture propagation. It is often characterized
by the critical energy release rate Gc, which is defined as the
critical value of the stored strain energy released per unit crack
area at the moment of fracture extension in elastic materials.9,10

The term “rate” does not refer to a derivative with respect to
“time” but to the rate of change in energy with the crack area.
Griffith11,12 established the theory of brittle failure based on
the surface energy density γs as Gc = 2γs. Irwin

10,13,14 extended

Griffith’s concept by taking into account the energy required to
create a damaged zone of plastic deformation ahead of the
crack tip. Irwin’s work proposes that Gc = 2(γs + γp), where γp
is the plastic work per unit area of the surface created.9 By
assuming that the strain energy is fully released after rupture,
the strain energy is equal to the total work that has been done
for creating the new crack area. Gc can be obtained by
integrating the stress−strain curve based on the equation15−17
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where V is the initial volume of the system, F is the external
force, l is the sample length along the direction of tension, and
σ and ε are the stress and strain in the z-direction, respectively.
Acrack is the total crack area created by tensile failure.15−17 The
critical stress intensity factor KIc is another important measure
of fracture toughness for the stress intensity approach.9 It is
related to Gc as
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where E′ is the elastic modulus under plane strain, E is Young’s
modulus, and ν is Poisson’s ratio.
Fracture toughness is a crucial parameter in the numerical

simulations of hydraulic fracturing.18,19 For example, Gc is a
key parameter in the phase-field method for simulating fracture
propagation. Generally, the studies are limited to homoge-
neous media despite the fact that shale has significant
heterogeneity at the microscale.20 The significant difference
in the properties of organic and inorganic matter may have a
large effect on the overall mechanical properties of the shale
rock. To gain insights at the microscale, molecular dynamics
(MD) simulations of tensile failure are performed on typical
minerals. Patil et al.21 have performed a comparative study of
MD simulations and phase-field simulations of tensile failure in
aragonite, which is brittle. Their results confirm that the
parameters from MD simulations can be used in the
continuum approach, such as the phase-field method, and
capture the tensile failure process. Hantal et al.15 and Brochard
et al.16 have carried out molecular simulations to determine the
mechanical properties and tensile failure of illite, silica, and
porous carbon. The pre-existing fractures are also included to
study the toughness and the relationship between the fracture
length and critical stress. In a recent study, a composite
material consisting of clay−porous carbon was created to
investigate the mechanical properties and failure modes.17,22

The authors show that the results are significantly affected by
the interfacial bond density and heterogeneity.
Kerogen is an important component of most organic-rich

shale rocks. Its mechanical properties are distinctly different
from minerals and porous carbon. It is usually classified based
on maturity indicators, including the vitrinite reflectance,
aromatic-to-aliphatic ratio, and hydrogen-to-carbon (H/C)
and oxygen-to-carbon (O/C) atomic ratios. Various repre-
sentative structures of kerogens have been constructed based
on the geochemical properties from experiments.23,24 Bousige
et al.23 studied the tensile failure process due to bond breaking.
Wu and Firoozabadi25 studied the tensile and shear failure in
different types of kerogen and provided the link to macro-
scopic simulations through the failure envelope. However, the
understanding of tensile failure mode is at an early stage. The
fracture toughness and surface energy density of kerogen have
not yet been reported from simulations and measurements to
the best of our knowledge.
In this investigation, molecular simulations of tensile failure

in realistic kerogen matrices are performed. We demonstrate
the methodology based on the type II-A kerogen matrix. The

effects of kerogen type and maturity on tensile failure and the
relationship between fracture toughness and surface energy
density are investigated systematically.

2. METHODS

We apply MD simulations using a large-scale atomic/molecular
massively parallel simulator (LAMMPS) in this study.26 The
molecular structures are rendered using visual molecular
dynamics (VMD).27 The kerogen macromolecule units are
constructed based on the molecular structures from Ungerer et
al.,24 which reproduce the elemental and functional data of
kerogen including the H/C, O/C, and N/C ratios, the average
aromaticity, and the average size of the aromatic unit (Figure
S1). We use the type II-A kerogen to demonstrate the
methodology.
To investigate the tensile failure, we create a kerogen matrix

of much larger size than that employed in the studies for
adsorption and diffusion.28−32 We place 60 kerogen macro-
molecules at random positions in a cubic box with a side length
of 20.0 nm (Figure 1a). The periodic boundary condition is
applied to all three directions. The all-atom model is
constructed with the polymer consistent force field plus
(PCFF+) by using MedeA.24,33,34 A cutoff of 14 Å is set for the
short-range interactions. The long-range interactions are
computed using the PPPM method with an accuracy of 1 ×
10−5.35 The Waldman−Hagler combining rules are used for
the Lennard-Jones (LJ) interactions.36 In the first step, we
perform an annealing process with a series of barostat and
Nose−Hoover thermostat (Table S1). The temperature for the
annealing step ranges from 300 to 1000 K. The final
temperature is 298.15 K, which is also the temperature for
all of the calculations in the following sections. Finally, we
construct a kerogen matrix with a size of 7.0 × 7.0 × 7.0 nm3

(Figure 1b). Because of the different depositional environ-
ments and geological processes, the kerogens possess various
molecular structures, which may result in different mechanical
properties. The anisotropy of the matrix due to the geological
process of sedimentation is not taken into account, which is
relatively weak at the nanoscale.7,20 To investigate the effect of
kerogen type and maturity on mechanical properties, we
construct different kerogen matrices with a similar size
consisting of the representative macromolecules in Figure S1.
By using the same method, we construct the kerogen matrices
of types I-A, III-A, II-B, II-C, and II-D with 60, 75, 70, 70, and
120 macromolecules, respectively (see Figure S2). The radial
distribution function between carbon atoms is provided in

Figure 1. Sketch of kerogen matrix construction and extension process. (a) Initial configuration of type-II kerogen macromolecules (60 units); (b)
kerogen matrix; and (c) sketch of extension in the kerogen matrix.
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Figure S3, which agrees with Ungerer et al.24 The porosity of
the constructed kerogen matrices has a significant difference
because of distinctly different molecular structures. The
porosity ranges from 0.6 to 9.0%, which is due to the
molecular structure of kerogen macromolecules. Kerogens of
types III-A and II-D have much higher porosity and a relatively
larger pore size than the others, while type I-A kerogen has the
lowest porosity where one can barely find large pores. As for
type II kerogen matrices, the porosity of the constructed matrix
increases with the increase of maturity. The pore size
distribution is presented in Figure S4.
We perform a quasistatic strain-driven mechanical process to

simulate the tensile failure and obtain the mechanical
properties.15−17 A series of small tensile plane strains are
applied in the z-direction, in which the strains perpendicular to
the extension are prevented.12,15−17 The displacements of each
stage are set to 0.5 Å in the first 20 stages and 1.0 Å for the
later stages, respectively. At each stage, the temperature is
maintained by using the Nose−Hoover thermostat at 298.15
K. The simulation time of each stage is 200 ps with a time step
of 1 fs, and the data of the last 100 ps are statistically averaged
to determine the properties. The simulations are repeated
three times to obtain the error bar. We have examined that
there is no size dependency on the mechanical properties at
this scale (see the Supporting Information, Figures S5−S8).

3. RESULTS AND DISCUSSION

3.1. Tensile Failure. The three types of immature kerogen
matrices (I-A, II-A, and III-A) exhibit significantly different
failure modes. The tensile failure process is shown in Figure S9
with a series of snapshots at various strains, and the final
structures at ε ∼55% are presented in Figure 2. Type I-A
kerogen has fully ductile behavior. The molecules are
entangled even at strain as high as 55%. However, type III-A
kerogen shows an abrupt breakdown and a relatively flat
fracture surface, which reveals moderate brittle behavior. Type
II-A kerogen shows milder brittleness. The tensile stress−strain
relationships are presented in Figure 3a. All three matrices
show an elastic region, followed by a plastic region before
rupture. Type II-A and type III-A kerogens have a clear abrupt
breakdown, while type I-A kerogen shows a continuous
decrease of stress after rupture. These behaviors are also
confirmed through the phenomena demonstrated in Figure S9.
The failure mechanism is significantly affected by the kerogen
type. The kerogen with a higher content of aliphatic carbons
reveals a more ductile behavior and lower porosity, while a
higher content of aromatic carbons may result in pronounced
brittleness and high porosity. The critical stress σc is defined as
the maximal stress before rupture. Type II-A kerogen has the
highest critical stress, followed by type III-A and then type I-A.
As for the type II kerogen with different maturities, the
matrices reveal a similar behavior except for type II-D (see
Figure 3b). Types II-A, II-B, and II-C kerogens have critical

Figure 2. Tensile failure modes of different kerogen types. Type I-A kerogen has fully ductile behavior. Type III-A kerogen shows an abrupt
breakdown and a relatively flat fracture surface, which reveal moderate brittle behavior. Type II-A kerogen has milder brittleness.

Figure 3. Tensile stress−strain relationship of different types of kerogens. The error bars are from three simulations with different initial conditions.
The tensile stress and strain are defined as positive. The extension is performed under plane-strain in which the dimensions in the plane
perpendicular to the direction of tension are kept constant.
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stresses of 146−180 MPa, followed by a clear breakdown. The
breakdown in type II-D is not pronounced, which is mainly
due to the low critical stress.
To understand the elementary processes of plasticity, we

perform a detailed analysis based on type II-A kerogen. The
radial distribution function between carbon atoms and the
pore size distribution at the initial condition (ε = 0%), at the
yield point (ε = 4.97%), and around critical stress (ε =
10.65%), are calculated. The results indicate that there is no
appreciable change in radial distribution function between
carbon atoms under different strains (see Figure S10), which
implies that the plasticity process is not dominated by
intramolecular interactions. Based on pore size distributions
(see Figure 4), the creation and growth of void space in the

elastic region (ε < 4.97%) are in the range of 0.2−0.4 nm,
which are mainly in isolated pores. In the plastic region (ε =
4.97−10.65%), the pore space below 0.25 nm reaches a
balance, and a large number of pores above 0.25 nm appear.
According to the evolution of pore space distribution from ε =
4.97 to 10.65% (see Figure S11), most of the pores grow
independently, and a relatively small amount of space is
generated by pore coalescence. These behaviors are in line
with the typical fracture evolution in the ductile material.9

Kerogens generally have experienced decomposition pro-
cesses during the geological time (million-year scale), which
may lead to heterogeneity. The representative molecules used
in this study are constructed based on geochemical data
regardless of different cross-linking degrees. Intermolecular
interactions dominate the failure process based on these
representative molecules. The results mainly represent the
lower limit of critical stress. Cross-linking may strengthen the

material. An extreme condition is that all the molecules are
highly cross-linked as one giant molecule, which can lead to
higher critical stress controlled by bond breaking. However,
the fracture initiation and propagation may be mainly
dominated by the weakest component in heterogeneous
media, especially in the highly decomposed region.

3.2. Elastic Properties, Surface Energy Density, and
Fracture Toughness. Young’s modulus and Poisson’s ratio
are calculated based on the data with strain ε <2.5% (see Table
1). The methods are provided in the Supporting Information.
Young’s modulus of the kerogen matrix ranges from 1.6 to 3.2
GPa, which is in the same range as the values of compression
(1.5−3.6 GPa).25 It is also in the same order of magnitude as
the experimental data based on nanoindentation, modulus
mapping, and atomic force microscopy from the literature
(3.2−29.1 GPa).37−40 The deviation may be due to the
difference in the scale between the MD simulations and
experiments. Poisson’s ratio of kerogen ranges from 0.36 to
0.59, which is much higher than the other minerals in shale,
including quartz (∼0.08), illite (0.285−0.315), and carbonate
(0.29−0.31).41,42 The results of types I-A, II-A, and III-A agree
with the results based on compression (0.24−0.42).25
To calculate Gc, we perform the integration of the stress−

strain curve for the whole range. The created surface area is
defined as the difference in the surface area of the initial and
final conditions. The surface area is calculated by taking helium
as the probe molecule.43,44 An example in type II-A kerogen is
presented in Figure 5. The crack area Acrack is different from the

Figure 4. Evolution of pore size distribution in type II-A kerogen
matrix. The yield point is around ε = 4.97%, followed by a plastic
region. The critical stress appears around ε = 10.65%.

Table 1. Young’s Modulus E, Poisson’s Ratio ν, Critical Stress σc, Surface Energy Density γs, Critical Energy Release Rate Gc,
and Critical Stress Intensity Factor KIc of the Kerogen Matrix in Different Organic Types and Maturities

kerogen E (GPa) ν σc (MPa) γs (J/m
2) Gc (J/m

2) KIc (MPa·m1/2)

type I-A 1.6 ± 0.2 0.48 ± 0.02 135 ± 2 0.089 ± 0.008 0.282 ± 0.007 0.024 ± 0.001
type II-A 2.7 ± 0.3 0.45 ± 0.01 180 ± 5 0.107 ± 0.010 0.298 ± 0.027 0.032 ± 0.002
type III-A 3.2 ± 0.2 0.36 ± 0.02 158 ± 2 0.104 ± 0.010 0.283 ± 0.017 0.032 ± 0.001
type II-B 2.4 ± 0.5 0.45 ± 0.02 146 ± 2 0.095 ± 0.010 0.247 ± 0.004 0.026 ± 0.002
type II-C 2.6 ± 0.2 0.34 ± 0.01 171 ± 1 0.118 ± 0.011 0.279 ± 0.001 0.030 ± 0.001
type II-D 1.7 ± 0.1 0.59 ± 0.04 103 ± 3 0.107 ± 0.011 0.256 ± 0.016 0.026 ± 0.001

Figure 5. Pore surface of type II-A kerogen matrix made of 60 units of
macromolecules. (a) Initial surface area = 27 m2/g (ε = 0%) and (b)
final surface area = 303 m2/g after rupture (ε = 57%). Periodic
boundary conditions are applied in all three directions. The outside
surface of the domain is excluded. The total created surface area is
276 m2/g (=303−27 m2/g). The crack area Acrack is defined as half of
the created surface area (138 m2/g).
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surface area. The crack area is defined as the projected area of
the fracture, which often refers to the cross-sectional area of
the domain or the created crack length multiplied by the
thickness of the sample.9,17 In this study, we define Acrack as
half of the total created surface area. To examine the theories
of Griffith and Irwin, we also calculate the surface energy
density of kerogen matrices. The method is provided in the
Supporting Information.
The Gc and KIc of kerogen are about 0.3 J/m

2 and 0.03 MPa·
m1/2, respectively. The fracture toughness of shale is often
measured following the methods suggested by the Interna-
tional Society of Rock Mechanics (ISRM).45−49 Based on the
experimental results in the literature, Gc of shale is in the range
of about 0.3−38 J/m2.45,46,50 The KIc of quartz, a component
of inorganic matter in shale, is about 0.6−0.7 MPa·m1/2 from
micron-scale measurements and 0.8−0.9 MPa·m1/2 by
molecular simulations.22,51,52 By assuming a Young’s modulus
of 72 GPa and a Poisson’s ratio of 0.17,51 Gc of quartz is about
5.5−10.8 J/m2. Illite is one of the weak components of shale
(Gc = 0.3−0.5 J/m2, direction normal to the layer).15,17 To
examine the mechanical properties of illite, we perform
molecular simulations for the tensile failure of illite in the
directions perpendicular and parallel to the layers (see Figures
S13 and S14). The results of Gc are about 0.5 and 5.2 J/m2,
respectively. The Gc of the kerogen matrix is lower than that of
illite, even in the direction normal to the layer. In this regard,
kerogen may be viewed as a weaker component than illite in
shale. Our results reinforce the critical evidence that kerogen is
potentially a mechanically weak component which may serve
as the region for the fracture initiation and propagation in
shale. Based on the results in Table 1, Gc is higher than 2γs in
all types of kerogen. The difference is due to the plastic
deformation during the tensile failure which is consistent with
Irwin’s theory.10,13,14 Generally, the critical stress σc of a
sample with a crack can be estimated based on the theories of
Griffith and Irwin. However, one may overestimate the critical
stress because of neglecting the effect of pores, for which a
correction factor should be included. A discussion on this topic
is presented in the Supporting Information.

4. CONCLUSIONS
The main conclusions drawn from this study are as follows:

(1) In a kerogen matrix, the stress−strain curves start with a
linear behavior at small loadings, followed by plastic
deformation and rupture.

(2) Kerogen type has a significant effect on tensile failure,
which exhibits different modes. The high content of
aliphatic carbons may lead to more ductile behavior and
lower porosity, while a higher content of aromatic
carbons may result in relatively higher brittleness and
higher porosity.

(3) The fracture toughness of kerogen is lower than that of
illite. Various evidence indicates that kerogen is
potentially a mechanically weak component in shale,
which may serve as a spot of fracture initiation and
preferential fracture propagation path, especially in the
highly decomposed region.

(4) In kerogen, the critical energy release rate Gc is 2 times
higher than the surface energy density, 2γs, which is an
indication of pronounced plastic deformation during the
tensile failure based on Irwin’s theory.

Organic matters in shale rocks generally have complicated
components, including kerogen, asphaltenes, resins, and light
hydrocarbons. Kerogen molecules may also have different
degrees of cross-linking. Fluids, including H2O and CO2, may
invade into shale rocks during various processes. The overall
properties may be affected by these factors significantly. These
effects will be analyzed in our future work.
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(44) Düren, T.; Millange, F.; Feŕey, G.; Walton, K. S.; Snurr, R. Q.
Calculating Geometric Surface Areas as a Characterization Tool for
Metal−Organic Frameworks. J. Phys. Chem. C 2007, 111, 15350−
15356.
(45) Chandler, M. R.; Meredith, P. G.; Brantut, N.; Crawford, B. R.
Fracture Toughness Anisotropy in Shale. J. Geophys. Res.: Solid Earth
2016, 121, 1706−1729.
(46) Wang, H.; Zhao, F.; Huang, Z.; Yao, Y.; Yuan, G. Experimental
Study of Mode-I Fracture Toughness for Layered Shale Based on
Two ISRM-Suggested Methods. Rock Mech. Rock Eng. 2017, 50,
1933−1939.
(47) Kuruppu, M. D.; Obara, Y.; Ayatollahi, M. R.; Chong, K. P.;
Funatsu, T. ISRM-Suggested Method for Determining the Mode I
Static Fracture Toughness Using Semi-Circular Bend Specimen. Rock
Mech. Rock Eng. 2014, 47, 267−274.
(48) Fowell, R.; Hudson, J.; Xu, C.; Zhao, X. Suggested Method for
Determining Mode I Fracture Toughness Using Cracked Chevron
Notched Brazilian Disc (CCNBD) Specimens. Int. J. Rock Mech. Min.
Sci. Geomech. Abstr. 1995, 32, 57.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c03158
J. Phys. Chem. C 2020, 124, 15895−15901

15900

https://dx.doi.org/10.1016/S1876-3804(14)60060-4
https://dx.doi.org/10.1016/S1876-3804(14)60060-4
https://dx.doi.org/10.2118/87-05-01
https://dx.doi.org/10.2118/87-05-01
https://dx.doi.org/10.1016/j.nanoen.2019.104426
https://dx.doi.org/10.1016/j.nanoen.2019.104426
https://dx.doi.org/10.1016/j.nanoen.2019.104426
https://dx.doi.org/10.2118/194198-pa
https://dx.doi.org/10.2118/194198-pa
https://dx.doi.org/10.1098/rsta.1921.0006
https://dx.doi.org/10.1080/00268976.2014.897393
https://dx.doi.org/10.1080/00268976.2014.897393
https://dx.doi.org/10.1007/s10704-015-0045-y
https://dx.doi.org/10.1007/s10704-015-0045-y
https://dx.doi.org/10.1021/acs.langmuir.7b01071
https://dx.doi.org/10.1021/acs.langmuir.7b01071
https://dx.doi.org/10.1016/j.engfracmech.2018.09.010
https://dx.doi.org/10.1016/j.engfracmech.2018.09.010
https://dx.doi.org/10.1016/j.engfracmech.2018.09.010
https://dx.doi.org/10.1016/j.cma.2019.03.001
https://dx.doi.org/10.1016/j.cma.2019.03.001
https://dx.doi.org/10.1002/2017wr020780
https://dx.doi.org/10.1002/2017wr020780
https://dx.doi.org/10.1016/j.cma.2016.04.005
https://dx.doi.org/10.1016/j.cma.2016.04.005
https://dx.doi.org/10.1021/jp406329n
https://dx.doi.org/10.1021/jp406329n
https://dx.doi.org/10.1038/nmat4541
https://dx.doi.org/10.1038/nmat4541
https://dx.doi.org/10.1021/ef502154k
https://dx.doi.org/10.1021/ef502154k
https://dx.doi.org/10.1021/ef502154k
https://dx.doi.org/10.1021/acs.jpcc.9b09639
https://dx.doi.org/10.1021/acs.jpcc.9b09639
https://dx.doi.org/10.1006/jcph.1995.1039
https://dx.doi.org/10.1006/jcph.1995.1039
https://dx.doi.org/10.1016/0263-7855(96)00018-5
https://dx.doi.org/10.1016/0263-7855(96)00018-5
https://dx.doi.org/10.1021/acs.jpcc.5b07242
https://dx.doi.org/10.1021/acs.jpcc.5b07242
https://dx.doi.org/10.1021/acs.jpcc.5b07242
https://dx.doi.org/10.1021/acs.jpcc.8b07123
https://dx.doi.org/10.1021/acs.jpcc.8b07123
https://dx.doi.org/10.1021/acs.jpcc.8b07123
https://dx.doi.org/10.1039/c8cp01068d
https://dx.doi.org/10.1039/c8cp01068d
https://dx.doi.org/10.1016/j.apenergy.2017.10.122
https://dx.doi.org/10.1016/j.apenergy.2017.10.122
https://dx.doi.org/10.1016/j.apenergy.2017.10.122
https://dx.doi.org/10.1021/acs.nanolett.7b04079
https://dx.doi.org/10.1021/acs.nanolett.7b04079
https://dx.doi.org/10.2516/ogst/2013134
https://dx.doi.org/10.2516/ogst/2013134
https://www.materialsdesign.com/
https://dx.doi.org/10.1002/jcc.540140909
https://dx.doi.org/10.1002/jcc.540140909
https://dx.doi.org/10.1061/(asce)gm.1943-5622.0001281
https://dx.doi.org/10.1061/(asce)gm.1943-5622.0001281
https://dx.doi.org/10.1007/s10853-014-8682-5
https://dx.doi.org/10.1007/s10853-014-8682-5
https://dx.doi.org/10.1111/1365-2478.12475
https://dx.doi.org/10.1111/1365-2478.12475
https://dx.doi.org/10.1016/j.marpetgeo.2015.12.001
https://dx.doi.org/10.1016/j.marpetgeo.2015.12.001
https://dx.doi.org/10.1190/1.1444934
https://dx.doi.org/10.1190/1.1444934
https://dx.doi.org/10.1021/acs.jpcc.8b12328
https://dx.doi.org/10.1021/acs.jpcc.8b12328
https://dx.doi.org/10.1021/acs.jpcc.8b12328
https://dx.doi.org/10.1021/jp074723h
https://dx.doi.org/10.1021/jp074723h
https://dx.doi.org/10.1002/2015jb012756
https://dx.doi.org/10.1007/s00603-017-1180-8
https://dx.doi.org/10.1007/s00603-017-1180-8
https://dx.doi.org/10.1007/s00603-017-1180-8
https://dx.doi.org/10.1007/s00603-013-0422-7
https://dx.doi.org/10.1007/s00603-013-0422-7
https://dx.doi.org/10.1016/0148-9062(94)00015-U
https://dx.doi.org/10.1016/0148-9062(94)00015-U
https://dx.doi.org/10.1016/0148-9062(94)00015-U
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c03158?ref=pdf


(49) Franklin, J.; Zongqi, S.; Atkinson, B.; Meredith, P.; Rummel, F.;
Mueller, W.; Nishimatsu, Y.; Takahahsi, H.; Costin, L.; Ingraffea, A.
Suggested Methods for Determining the Fracture Toughness of Rock.
Int. J. Rock Mech. Min. Sci. Geomech. Abstr. 1988, 25, 71.
(50) Mahanta, B.; Tripathy, A.; Vishal, V.; Singh, T. N.; Ranjith, P.
G. Effects of Strain Rate on Fracture Toughness and Energy Release
Rate of Gas Shales. Eng. Geol. 2017, 218, 39−49.
(51) Mueller, M. G.; Pejchal, V.; Žagar, G.; Singh, A.; Cantoni, M.;
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