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ABSTRACT: Shale gas has become a major source of gas supply
in the United States and is becoming increasingly important
worldwide. The key technique for the development is hydraulic
fracturing in horizontal wells. Kerogen is the main component of
organic matter in shale. It may be the spot of fracture initiation due
to its weaker mechanical properties. The measurement of the
mechanical properties and failure envelope of kerogen may be a
challenge due to small-size kerogen aggregates immersed in shale
rocks. In this work, we propose a practical scheme based on
molecular dynamics simulations to estimate the elastic and relevant
mechanical properties of kerogen for fracturing, including Young’s
modulus, Poisson’s ratio, compressive and tensile strengths, as well
as the parameters of the Mohr−Coulomb failure criterion. This work sets the stage to obtain basic kerogen parameters for the
simulation of fracturing in shale rocks.

■ INTRODUCTION
Shale gas from organic-rich shale formations has changed the
worldwide energy landscape.1,2 The development of shale gas
formation is through multistage hydraulic fracturing in
horizontal wells.3 The stewardship of the environment in
hydrocarbon energy production can be facilitated by effective
fracturing techniques and application of nonaqueous fracturing
fluids. Fracturing design is a critical step for shale reservoir
resource development through accurate fracturing simula-
tions.3,4 Fundamental knowledge of fracturing mechanisms is
essential to improve effectiveness. The mechanical properties of
the rock can be affected by the fracturing fluids, but the
mechanisms are largely unknown.5−12

The stress condition of a rock element can be described by
Mohr’s circle. Failure envelope can be described through the
locus of a series of Mohr’s circles that represent the shear and
normal stresses at critical failure conditions. The failure
envelope is often used as the criterion of fracture initiation
and propagation in reservoir simulations of fracturing. The
mechanical properties and failure envelope of shale media are
generally measured by the uniaxial/triaxial compression tests
and Brazilian tensile tests suggested by the International Society
for Rock Mechanics (ISRM) and the American Society for
Testing and Materials (ASTM).13−19 However, many subtle
effects and mechanisms cannot be accurately investigated by
macroscopic methods because of the heterogeneity in the rock.
Shale rock is comprised of two distinct media, organic and

inorganicmatters, which have different chemical andmechanical
properties. Fracturing fluids may have different effects on each
constituent in shale, which may lead to complicated macro-

scopic behavior. To understand the microscopic mechanisms
that control the mechanical properties, the nanomechanical
measurements, including quasi-static nanoindentation and
modulus mapping, are often conducted on the mineral grains
at the nanoscale.20−22 Recent measurements by nanoindenta-
tion on shale provide evidence of a significant difference in
Young’s modulus from different minerals in the same sample.20

Measurements on the effect of different fracturing fluids on
mechanical properties at the nanoscale are major challenges. In
this respect, nanoscale simulations may provide valuable
information on investigating the mechanisms. The complicated
behavior of fracture initiation and propagation at the meso/
macroscale can be simulated based on the properties from
microscopic simulations. However, microscopic simulations are
generally based on noncontinuum theory.
Molecular dynamics (MD) simulations of mechanical proper-

ties have been performed recently for some of the minerals in
shale, including the tensile failure of illite, silica, and porous
carbon, as well as clay-porous carbon composite material.23−26

In inorganic matters, water may lead to clay swelling, which
affects the overall properties of the rock.27,28 Kerogen is the
predominant component of organic matter in most shale
formations,29,30 and representative molecular structures have
been constructed based on the properties from geochemical
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experiments.31,32 As a mechanically weaker component in shale,
kerogen aggregates can serve as the spot for fracture initiation.
Kerogen aggregates are dispersed in shale media in the
submillimeter range. It is not practical to accurately and
systematically perform the mechanical tests on very small
kerogen pieces to determine the failure envelope. In this regard,
MD simulation can be a natural approach. This is the main
objective of this work.
We propose a practical scheme to construct the link between

microscale and macroscale for kerogen medium to obtain the
mechanical properties and failure envelope based on MD
simulations. We obtain the stress−strain curves from the strain-
induced processes of compression and extension followed by
mechanical properties, including Young’s modulus, Poisson’s
ratio, compressive strength, and tensile strength, as well as the
parameters for the Mohr−Coulomb failure criterion.

■ KEROGEN MATRIX CREATION, COMPRESSION,
AND EXTENSION

Because of different depositional environments and geological
processes, the kerogens possess different molecular structures,
which may result in different mechanical properties. We use
three types of kerogen macromolecules in this study (see Figure
S1). The kerogen macromolecule units are adapted from
Ungerer et al.,32 which reproduce the elemental and functional
data of kerogen including the H/C, O/C, and N/C ratios,
average aromaticity, and average size of the aromatic unit. The
type I macromolecule (C251H385O13N7S3) represents the
kerogen deposited in anoxic lacustrine environments and is
relevant for the shale oil reservoirs in the Green River Basin. The
type II kerogen macromolecule (C252H294O24N6S3) is repre-
sentative of the oil-prone organic matter deposited in anoxic
marine environments, which is considered as the most common
source of conventional hydrocarbon resources. We select the
immature kerogen to construct the matrix.32 The type III
macromolecule (C233H204O27N4) is representative of the
kerogen from organic-rich shales and coals deposited in post-
Jurassic deltaic environments. We create three different kerogen
matrices with about the same size consisting of representative
macromolecules (see Figures S2−S6). We select the type III as
an example to demonstrate the method for matrix construction
as well as compression and extension. Detailed procedures of the
simulations are presented in the Supporting Information.
To obtain the mechanical properties, we perform a quasi-

static strain-driven mechanical process by applying a series of
small compressive and tensile strains and calculate the resulting
stress (Figure 1). A series of displacements are applied in the z
direction of the box, and all the atoms are relocated
proportionally. The displacements of each stage are set to 0.5
Å. In the Supporting Information, we use a smaller displacement
of 0.25 Å and show the results to be close to the 0.5 Å
displacement. The temperature is maintained by using the
Nose−Hoover thermostat at 298.15 K. The barostat is applied
to maintain the confining pressure in the x and y directions. The
stress in the z direction is varied and monitored. There are 70
and 50 stages for compression and extension, respectively. Each
stress condition is repeated from three different initial
configurations. The method is validated based on the simulation
of illite (see Supporting Information).

■ FAILURE MODES
We first perform compression in the three types of kerogen
matrices at three different confining pressures. The differential
stress (Δσ), axial strain (εz), and bulk strain (εV) are defined as

P Pz x y, zz cfσ σ σΔ = − = −

z
L (0)z

z
ε = Δ

V
V(0)vε = Δ

where σz and σx,y are the stress in the z and x, y directions, Pcf is
the confining pressure, and Lz(0) and V(0) are the initial length
in the z direction and the initial volume, respectively. The
compressive stress and strain are defined as positive, while the
tensile stress and strain are defined as negative.
The stress−strain relationships of type III kerogen in

compression and extension at three different confining pressures
are presented in Figure 2. The results of the other two types of
kerogen are provided in the Supporting Information (see
Figures S8−S10). The kerogen matrix shows a pronounced
ductile behavior. We do not find a brittle rupture either in
compression or in extension. In compression, the stress−strain
curve can be divided roughly into three regions. In each kerogen
matrix, the start is with an elastic region where the differential
stress has a linear relationship with the axial strain and bulk
strain. The slope of the stress−strain curve in the elastic region
increases with confining pressure. In the second region, the slope
of Δσ versus εz starts to change and has a nonlinear behavior at
which the kerogen starts to yield and shows a plastic behavior.
Kerogenmatrices undergo the nonrecoverable deformation, and
microcracks may initiate in this region. These mechanisms lead
to a nonmonotonic relationship in terms of the bulk strain.
Finally, the stress−strain curves have significant fluctuations at
high axial strain (>∼15%), where the material failure (rupture)
occurs. In terms of bulk strain, a disordered relationship is
observed in compression (see Figure 2a,c). In this region, we
define the critical stress for failure at the highest axial stress.
Based on the results, the critical stress increases with confining
pressure. The other two kerogen matrices have similar behavior
(see Figures S8−S10).

Figure 1. Sketch of kerogen compression and extension. The
simulations of kerogen (c) compression and (a) extension start from
the same (b) initial structure at a given confining pressure. The axial
pressure is set the same as the confining pressure at the initial state. The
confining pressure in the x and y directions are kept constant and equal
to the initial axial pressure.
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The tensile stress−strain curve has three regions, similar to
compression. It starts with a linear behavior followed by plastic
deformation and finally breaks at a high axial strain. When we
combine the stress−strain curve of extension and compression,
the linear region has the same slope (see Figure 2b).

To demonstrate the internal dislocation of the atoms at
failure, we trace the coordinates of the atoms in a 1 nm-thick slab
from the initial structure. The final positions of these atoms after
compression and extension are presented in Figure 2 and Figure
S11. In compression, there is a clear shear failure. The pore

Figure 2. Stress−strain relationships of type III kerogen. (a) Differential stress as a function of axial strain. Compression is simulated at three different
confining pressures; the extension is performed at 1 atm. The coordinates of the atoms are tracked from the initial 1 nm-thick slice. Each
macromolecule unit is marked with an exclusive color. (b) Enlarged stress−strain relationship of the early region of compression and extension (red
box in (a)) at a confining pressure of 1 atm. (c) Differential stress as a function of bulk strain. The lines in (b) and (c) are fitted with the points in the
linear region. The circles are the yield points where the kerogen turns to plastic from elastic. The error bars are based on three different simulations.

Figure 3. Pore structure changes in compression (type III kerogen). (a) Pore structure at the initial state (εz = 0%). (b) Pore structure at the final state
of compression (εz = 30%). (c) Pore size distributions corresponding to the structures in (a) and (b).
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structure has changed significantly (Figure 3 and Figure S12).
The pores larger than 0.7 nm disappear completely while the
smaller pores persist because of the molecular structure of type
III kerogen. In the extension region, the fracture initiates from
the relatively large pores, and the atoms in the half bottom have a
minor lateral dislocation (see Figure 2a).
We performed three loading−unloading cycles in different

ranges of axial strain (see Figure 4) to investigate the elastic and
plastic regions. The results show that the kerogen matrix is fully
elastic below the axial strain of 1.3% where the matrix can fully
recover in both compression and extension. Cycle 2 starts from
the middle of the plastic region, and cycle 3 starts from the
failure region. In cycles 2 and 3, only part of the strain is
recoverable. The slopes of the unloading curves are close, which
implies that the elasticity persists to some extent.

■ ELASTIC PROPERTIES AND FAILURE ENVELOPE
The elastic properties are based on the results in the linear
region, including Young’s modulus (E) and Poisson’s ratio (ν).
These two properties can be obtained from the simulations
directly

E
d
d

z

z

σ
ε

=

x
z

y
z

d
d

d
d

ν = − = −

The results of the three kerogen matrices are presented in
Table 1. Young’s modulus is in the range of 1.5−3.6 GPa, which
is of the same order of magnitude as the experimental results
from nanoindentation, modulus mapping, and atomic force
microscopy (3.2−29.1 GPa).20−22,33 Compared to other
minerals in shale, for example, quartz (50−70 GPa), illite
(24−225 GPa), and carbonate (53−56 GPa), kerogen has a
much lower Young’s modulus than the other minerals in
shale.20−23 In each matrix, Young’s modulus increases with
confining pressure. Poisson’s ratio also increases with confining
pressure, but the difference between the three types is not
pronounced. The range of Poisson’s ratio is from 0.24 to 0.42. It
is relatively higher than other minerals, for example, quartz
(∼0.08), illite (0.285−0.315), and carbonate (0.29−0.31).34,35
Poisson’s ratio is a key parameter in the estimation of Young’s
modulus in nanoindentation. Poisson’s ratio of kerogen has not
been measured to the best of our knowledge. A value of ∼0.25
has been reported based on an indirect method from the
knowledge of Young’s modulus, shear modulus, and bulk
modulus from MD simulations.31

Based on our simulations, one can obtain other mechanical
properties such as the critical stress in compression and
extension at the confining pressure of 1 atm, and the uniaxial
compressive strength and tensile strength. The conditions in our
simulations are similar to experiments. The results presented in
Table 1 reveal that type II kerogen has the highest compressive
strength, followed by type III and then type I.

Figure 4. Stress−strain relationships of loading−unloading cycles in compression and extension at a confining pressure of 1 atm in type III kerogen. (a)
Compression. The three unloading cycles start from εz = 1.3, 6.2, and 17.0%. (b) Extension. The three unloading cycles start from εz =−1.3,−6.2, and
−17.0%.

Table 1. Mechanical Properties of Three Different Types of Kerogen Matrix from MD Simulations and Experimental Data of
Young’s Modulus from the Literature

mechanical properties confining pressure type I type II type III experimental datae

Young’s modulus (GPa) 1 atm 1.5 ± 0.5 2.2 ± 0.3 2.6 ± 0.4 10a

100 MPa 1.7 ± 0.2 2.7 ± 0.1 2.9 ± 0.2 6b

200 MPa 2.0 ± 0.3 2.9 ± 0.2 3.6 ± 0.5 10.5c

3.2−29.1d

Poisson’s ratio 1 atm 0.24 ± 0.03 0.36 ± 0.02 0.32 ± 0.06
100 MPa 0.37 ± 0.02 0.40 ± 0.01 0.37 ± 0.05
200 MPa 0.40 ± 0.04 0.41 ± 0.02 0.42 ± 0.03

compressive strength (MPa) 1 atm 100.1 186.1 166.3
tensile strength (MPa) 1 atm 72.9 129.2 133.3
cohesion (MPa) 42.8 79.2 78.5
friction coefficient 0.161 0.191 0.153

aWilkinson et al.21 bGoodarzi et al.22 cZhao et al.20 dEmmanuel et al.33 eThe confining pressures of these experiments are not specified in the
references.
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Mohr’s circles of the stress states, which describe the
imminent shear failure in each matrix at the three confining
pressures, are presented in Figure 5, and an illustration of the
method is presented in Figure S15. TheMohr−Coulomb failure
criterion is applied for the compression region, which is given
as36

c ctan( )τ σ φ μσ= + = +

where τ is the shear stress, σ is the normal stress, φ is the angle of
internal friction, c is the cohesion, and μ is the internal friction
coefficient. For the tensile failure, we use the tensile strength
criterion, where the tensile failure occurs at

T3 cσ′ ≤ −

where σ3′ is the minimum principal effective stress and Tc is the
tensile strength. The complete failure envelopes for the three
types of kerogen are presented in Figure 5. The friction
coefficient of kerogen is much lower than that of typical brittle
materials, while the cohesion is much higher.3 Its tensile strength
is also much higher than that of the brittle rocks.37

■ CONCLUSIONS
The mechanical properties and failure envelope of kerogen are
obtained from MD simulations. Based on our results, the
following conclusions are drawn:

(1) The stress−strain curves, both in compression and
extension, have three regions. They start with a linear
behavior followed by plastic deformation and finally break
at a high axial strain;

(2) Kerogen has a much lower Young’s modulus and a slightly
higher Poisson’s ratio than other minerals in shale. Its
compressive strength is much lower and its tensile
strength is higher than those of the brittle rocks;

(3) TheMohr−Coulomb failure criterion and tensile strength
criterion based on molecular simulations can describe the
failure envelope of the kerogenmatrix, which has the same
features as that from the macroscopic perspective.

The results of kerogen mechanical properties from MD
simulations provide the essential parameters for mesoscopic and
macroscopic simulations and provide a critical link from the
molecular scale to meso/macroscale. Since it is likely that the
fractures are initiated from kerogen, one can get the basic
parameters from molecular simulations.
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