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ABSTRACT: Petrophysical and mechanical properties of kerogen are difficult to obtain through conventional techniques due to
length scale limitations. Characterization of kerogen requires the isolation of organic materials from the rock matrix, which is
associated with a high probability of mechanical damage or chemical alteration of the properties. Alternatively, computational
modeling and molecular representation of kerogens can be used to simulate the outcomes of the experimental work. Volumetric and
thermodynamics modeling of kerogens has provided the means for recreating nanoscale structures virtually. This research
implements existing three-dimensional (3D) kerogen macromolecules to form kerogen structures that can be analyzed for the
mechanical behavior of type II organic matters, mainly found in shales, at different maturity levels. Additionally, the underlying
factors that could control the mechanical behavior, such as the density and porosity, were investigated. The results are compared
against those reported following a similar methodology or other advanced fine-scale experimental work. The results revealed an
elastomer-like mechanical behavior of kerogen with comparable elastic moduli regardless of maturity level. Moreover, the mechanical
behavior of kerogen was sensitive to the type of fluid contained within the structure. Such observations can help shed more light on
the macroscopic mechanical properties of shales, especially for formations with high organic contents.

1. INTRODUCTION
The continuous decrease in the proven reserves of hydro-
carbons trapped in conventional formations has given us the
impetus to develop unconventional resources. The poor
reservoir qualities of unconventional resources, such as low
permeability and porosity, have been overcome by the
advanced technologies of lateral drilling and hydraulic
fracturing and other innovative techniques for enhanced
recovery.1,2 The term “unconventional” often refers to shaly
formations, which comprise organic and inorganic constitu-
ents. Typical shale composition includes mostly clay, quartz,
feldspar minerals, and a minor organic content. Hydraulic
fracturing is the main stimulation technique applied during the
completion of unconventional reservoirs. Therefore, a solid
understanding of the formation’s mechanical behavior is
important to achieve the targeted design after treatment
operations. Attributed to their heterogeneity and mineralogical
complexity, determining the mechanical properties of shales is

a challenging task. It requires individual assessment of each
component and then modeling the behavior of the matrix as a
whole. To investigate the effect of different shale components,
Tan et al.3 studied the formation from South China and
Northern Australia. They found that elastic moduli correlated
negatively with the presence of soft compounds such as clay,
mica, and total organic content (TOC) but positively with
harder ones such as feldspars and carbonates. Generally, in
shales, increasing the content of quartz, pyrite, feldspar, and
carbonates leads to an increase in elastic moduli. On the

Received: April 20, 2022
Accepted: August 22, 2022
Published: August 31, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

31801
https://doi.org/10.1021/acsomega.2c02474

ACS Omega 2022, 7, 31801−31812

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Elshad+Aslanov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Saad+Alafnan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohamed+Mahmoud"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdulazeez+Abdulraheem"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c02474&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02474?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02474?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02474?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02474?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02474?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02474?fig=abs1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02474?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/36?ref=pdf
https://pubs.acs.org/toc/acsodf/7/36?ref=pdf
https://pubs.acs.org/toc/acsodf/7/36?ref=pdf
https://pubs.acs.org/toc/acsodf/7/36?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c02474?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


contrary, a reverse trend is observed for increased contents of
clay, mica, and organic matters.3−5 Rybacki et al.6 observed a
similar trend in the elastic properties in European black shales.
Hygroscopic characteristics of some clay minerals, which have
a tendency to swell, lower the moduli of samples.5 Ductile
behavior is observed for formations with high contents in soft
components.6 Kerogen, among these components, is sur-
rounded by a high degree of uncertainty due to their
characteristically different nature and hence requires a detailed
characterization. This paper concentrates on the study of
kerogen’s mechanical behavior by providing in-depth micro-
scopic insights into different geomechanical aspects. The
remainder of this research is organized as follows: the
definition and the state-of-the-art modeling of kerogen
mechanical properties are outlined in Section 1. This is
followed by a detailed description of the molecular approach
adopted in this work to construct kerogen structures and
characterize their mechanical behavior. The results are then
discussed, and conclusions are drawn.
1.1. Definition of Kerogen and Its Classification.

Kerogen is a complex solid material that is composed of
hydrocarbons. The chemical and physical properties of
kerogens are a function of maturation and origin. The
continuous process of maturation controls kerogen character-
istics and can be linked to the type of hydrocarbons associated
with them. Classification of organic materials (OMs) into the
four main types according to their origin was first proposed by
Durand and Espitalie.7 Organic materials could be distin-
guished according to their depositional environment: land-
derived (terrestrial) and aquatic. Alternatively, classifications of
kerogens can be performed based on elemental analysis, such
as hydrogen-to-carbon and oxygen-to-carbon ratios.8 Typically,
the Van Krevelen diagram shown in Figure 1 is used to classify
kerogens and show how their elemental compositions change
or evolve as they mature.

• Type I kerogen: highly aliphatic, with a H/C ratio
greater than 1.5 and a low O/C content. This type of
organic matter is associated with the lacustrine
depositional environment.

• Type II kerogen: contains a large number of aromatics in
comparison with Type I. Sulfur is always associated with
this type of OM, either as pyrite or free sulfur. This type
originated in a deep marine depositional environment.
Type II comprises primarily planktons.

• Type III kerogen: derived from higher plant debris and
frequently deposited in a shallow marine environment.
They are considered hydrogen-poor and oxygen-rich
organic materials.

• Type IV kerogen: hydrogen-poor and oxygen-rich. This
organic matter is not always distinguished and is mostly
combined with Type III.

1.2. Mechanical Properties of Kerogen through an
Experimental Approach. As mentioned earlier, determining
kerogen’s mechanical properties is not an easy task due to its
minimal content and fine dispersion in the rock structure.
However, some methods allow for evaluating the mechanical
parameters without isolation. There are two techniques in
nanomechanics used to delineate the fine-scale heterogeneity
of the mechanical behavior rather than relying only on average
bulk properties: nanoindentation and atomic force microscopy
(AFM). These methods can evince the contribution of
individual phases, eliminating errors associated with nearby
parts overlapping. The following properties can be calculated
from these techniques: hardness and Young’s, Bulk, and shear
moduli. The experimental techniques reviewed in this paper
are listed to provide information about existing methods and
their limitations. However, experimental technologies are
constantly evolving, and new innovative approaches are being
developed.
Zeszotarski et al.9 conducted a study on Type II kerogen

from Woodford (USA) shale with a combined application of
nanoindentation and atomic force microscopy. The hardness
of organic matters was found to be greater than that of
polymers, close to that of soft material such as gypsum, and
lower than that of inorganic minerals. Later, Ahmadov et
al.10,11 studied in situ properties of organic-rich Bazhenov
formation (Russia) by AFM, coupled with scanning electron
microscopy (SEM) and confocal laser-scanning microscopy
(CLSM). SEM images were used to identify kerogen regions,
and then CLSM was implemented to confirm the existence of
organic matters. Measurements confirmed that organic matters
in the formation were softer than other minerals in the matrix.
Kumar et al.12 conducted similar tests on Woodford and
Kimmeridge (USA) formations to determine the elastic
properties of kerogen. The reported results were in good
agreement with previous studies. Young’s modulus values for
Woodford shale varied in the range of 6−10 GPa. In fact, all
aforementioned works followed similar methodologies with

Figure 1. Van Krevelen type diagram reprinted with permission from [Ungerer, P.; Collell, J.; Yiannourakou, M. molecular modeling of the
volumetric and thermodynamic properties of kerogen: influence of organic type and maturity. Energy and fuels 2015, 29 (1), 91−105.] Copyright
[2015] [ACS energy and fuels].
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minor changes in the resolution, which is due to the
advancement of technologies. Eliyahu et al.13 applied a
recently developed PeakForce AFM mode to obtain the
nanomechanical map of organic-rich samples. The obtained
map showed the existence of distinct regions with different
elastic properties. As expected, the elemental analysis revealed
that the soft areas are carbon-rich, which corresponds to the
organic materials. Table 1 summarizes the values of elastic
properties obtained from the aforementioned publications.

The degree of maturation in unconventional resources
determines the end products of the generation process and the
final structure of kerogen. Valdes et al.14 investigated the

relationship between thermal maturity and elastic properties by
extracting organic materials from the sample. The isolated
matter was then synthetically heated to obtain structures of
kerogen at different maturity levels. Elastic moduli of samples
decreased at relatively lower temperatures (150 °C) and
increased after a further increase in temperature. It was
observed that the elastic moduli of the samples have a higher
value at high maturity levels. This behavior was attributed to
the graphitization of kerogen at higher temperatures and the
increase in the cyclic moieties, which are more structurally
stable compared to simple aliphatic ones. A similar tendency
was observed in naturally mature shale (Young’s modulus
increase) in the Bakken formation.15 It was explained by the
reduction of organic content with increasing maturity.
However, upon hydropyrolysis of the samples, elastic proper-
ties were found to follow a reverse trend. Heating of kerogen-
derived bitumen generated at high temperatures, which is
softer than organic matters, caused a reduction in the moduli.
This can be interpreted from the highlighted literature that
experimental analysis is associated with some degree of
uncertainty. Heating the rock samples, for example, to induce
maturation can alter other constituents of the matrix either
mechanically or chemically, which in turn might influence the
mechanical behavior. Hence, different factors, which are
difficult to isolate, would contribute to the changes in the
mechanical properties.
1.3. Mechanical Properties of Kerogen through a

Modeling Approach. Kerogen isolation from the matrix for
testing purposes introduces risks associated with the alteration
of the original properties. This would limit the efficient
characterization of such systems. Alternatively, computational
modeling and molecular representation of kerogens can be
used to mimic the outcomes of the experimental work. Since
the 1960s, several analytical studies have been conducted to
understand kerogen structures. Burlingame et al.16 proposed
the first kerogen model, although this model did not represent
a full chemical structure of kerogen. The first detailed

Table 1. Comparison of Results from Different Studies

Zeszotarski et al. (2004)

formation type
TOC (wt

%) V E (GPa)
H

(GPa)

Woodford shale (USA) 0.22 0.1 10.4 0.57
0.2 10.1
0.3 9.6
0.4 8.8

Ahmadov et al. (2011)
Lockatong (USA) 2.84 0.07 13 n/a

0.15 11.9
0.35 11
0.45 10.1

Bazhenov (Russia) 0.03 0.02 5.9 n/a
0.15 5.5
0.35 5.2
0.45 4.7

Kumar et al. (2012)
Woodford shale (USA) 0.13 0.3 6.2 0.2
Kimmeridge (USA) 0.49 0.3 5 0.2

Eliyahu et al. (2014)
upper Jurassic source rock
(USA)

0.5−4.50 0.3 0−25 n/a

Figure 2. Prototypes of kerogen models utilized in the current study. Reprinted with permission from [Ungerer, P.; Collell, J.; Yiannourakou, M.
molecular modeling of the volumetric and thermodynamic properties of kerogen: influence of organic type and Maturity. Energy and fuels 2015, 29
(1), 91−105.] Copyright [2015] [ACS Energy and fuels].
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representation of kerogen has been described by Yen et al.17

The published model was developed through studies of
asphaltene structure. But this model was found to under-
estimate the typical density of organic materials. Later, Shiskin
et al.18 published a new model of Green River shale. Their
model was successful in capturing various structural con-
stituents in these oil shales compared to previous studies. One
of the first applications of computers to the structural
elucidation of moieties from sedimentary organic materials
was published by Oka et al.19 Because of the lack of
computational power available at that time, such modeling
was limited to low-molecular-weight compounds. The
advancement in computational tools has allowed for the
development of more representative three-dimensional (3D)
structures. Ungerer et al.20 generated six porotypes of kerogen
structures (see Figure 2) at some range of maturity levels
ranging from type I to type III.
Based on the available kerogen models, Zhang and Jamili21

built a solid-state model of kerogen from the Green River
formation to examine elastic properties and reported results
(Young’s modulus of 3.5 GPa, and Poisson’s ratio of 0.25) that
were close to those of previous studies conducted on the same
formation by Yan and Han.22 Kashinath et al.23 carried out a
similar study and reported outcomes within a close range.
Values of Poisson’s ratio were in line with experimentally
obtained results and varied between 0.2 and 0.35.11−13,24

Molecular simulation approaches have been widely adopted
in material science applications. The literature includes similar
studies on silica, graphene-polythiophene, carbon nanotubes,
and nanofibers.25−28 A number of foregoing examples may be
extended further; however, the main target was to show the
applicability of the atomistic approach.
In this study, we aim to provide further extended analyses on

kerogen type II that is present in shales. The four prototypes of
kerogen II derived by Ungerer et al.20 are utilized for this
purpose. Different factors such as the density, porosity, and
fluid type are to be considered. Both elastic and plastic regimes
are to be investigated. Table 2 illustrates the differences
between these models.

2. METHODOLOGY
2.1. Principles of Molecular Dynamics Simulation.

Molecular dynamics (MD) is a powerful tool used to study the
properties of materials by tracking molecular movement and
interactions at the atomistic levels. MD simulations are
frequently utilized in material science to obtain different
properties. They are used when experimental approaches are
inaccessible or time-consuming. To run MD simulations, three
major steps are typically followed (see Figure 3).

1. Create an initial state: It is necessary to define the
particles’ initial position inside a simulation box.

2. Define interaction potentials: To introduce the inter-
action potentials, available verified force fields are used.

These force fields are mathematical expressions that
describe the interactions between molecules.

3. Predict particle movement: After defining force fields,
Newton’s equations of motion are integrated to predict
the movement trajectories of the particles.

While repeating these steps, the trajectory of each particle in
the system is tracked during the simulation. Based on this, one
could infer how the whole system behaves under specific
controlled conditions of temperature and pressure.
2.2. Building Kerogen Models. All necessary procedures

were performed using MedeA environment, including
molecular dynamics (MD) modeling (MedeA LAMMPS).
The polymer consistent forcefield plus (PCFF+) was selected
to simulate atomic interaction during MD simulations, which
has shown prominent performance in past studies.20,29−34 The
individual kerogen units were parameterized by the PCFF+
forcefield with the molecular interactions between two force
centers i and j being described by 6−9 Lennard−Jones with
the electrostatic potential term35
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Table 2. Elemental Composition of Kerogen Models as Derived by Ungerer et al.20

### I-A II-A II-B II-C II-D III-A

composition C251H385O13N7S3 C252H294O24N6S3 C234H263O14N5S2 C242H219O13N5S2 C175H102O9N4S2 C233H204O27N4

H/C 1.53 1.17 1.12 0.905 0.58 0.886
O/C 0.052 0.095 0.06 0.054 0.051 0.116
N/C 0.028 0.024 0.022 0.021 0.023 0.017
S/C 0.012 0.012 0.009 0.006 0.011

Figure 3. Typical flow of MD simulation (adopted in the current
study).
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where rij is the separation distance between the two force
centers of charges qi and qj, ϵ0 is the dielectric constant, σ is the
distance at which the interaction potential between the two
force centers is zero, and ϵ is the maximum amplitude of the
potential well. σ and ϵ are both approximated using the sixth
power combination rule as given by eqs 2 and 3.35

In the initial stage, kerogen units of type II, as introduced by
Ungerer et al.,20 were placed in the simulation box for each
maturity level (II-A, II-B, II-C, and II-D). A number of kerogen
units were placed in a periodic boundary box (i.e., 8−12 units).
The density of the cubic cell before running the simulation was
set to 0.2 g/cm3. This step was done to eliminate instability
issues that may arise in the subsequent simulation steps. After
building the simulation box, an isochoric−isothermal NVT
simulation at 900 K for 250 ps was performed. NVT is the
constant volume and temperature molecular dynamics in
which the amount of matter (N), volume (V), and temperature
(T) are kept constant with the Nose−Hoover thermostat (in
our case). The simulation was started at a high temperature as
recommended by the original developers of the kerogen units
to speed up the relaxation time.20 This high temperature does
not impact the integrity of the structure as the selected
forcefield does not allow for breaking and forming bonds.
Then, the structure was relaxed through four consecutive
isobaric−isothermal NPT stages by decreasing the temperature
from 900 to 350 K at a constant pressure of 20 MPa with a
timestep of 1 fs (i.e., 350 K and 20 MPa are deemed to be
representative of typical reservoir conditions). The aforemen-
tioned procedures were repeated four times for each kerogen
prototype to generate sufficient statistics. Figure 4 summarizes
all of the described steps followed in the construction phase of
kerogen.
2.3. Mechanical Properties from the Elastic Theory.

The mechanical parameters of a structure can be found by
deforming Bravais lattice vectors of the unit structure by
applying strain. The created distortion produces changes in the

total energy of the system.36,37 Mathematically, this process
can be expressed as

= =
= =

U
E E

V
C e e1

2
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i j
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0 1

6
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(4)

where U is the total energy change during the distortion
process, E0 and Et are energies before and after distortion,
respectively, V0 is the original volume of the unit cell, ei and ej
are components of the strain matrix, and C is the Voigt stiffness
matrix, which comprises 36 elements and can be represented as
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However, it is possible to reduce the matrix to a simpler form.
The number of unknown elements depends on the symmetry
of the structure. Table 3 summarizes the number of linearly
independent elements for different symmetries.

Kerogen models analyzed in our study were initially placed
in a cubic simulation box; therefore, the stiffness matrix is
anticipated to have a cubic symmetry. Consequently, the
number of independent elements reduces to 3, and the matrix
can be written as follows
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The steps followed to find unknown elements C11, C12, and C44
are given below.38

STEP 1
The strain array is defined as e = (0, 0, 0, δ, δ, δ), where δ is

the strain value. This step allows for a unique determination of
C44. As a result, eq 4 becomes

= =U C C U3
2

2
32 44

2
44 2 (5)

STEP 2
The strain array is defined as e = (δ, δ, 0, 0, 0, 0), where δ is

the strain value. This step reduces eq 4 to the following form
Figure 4. NVT/NPT simulation flowchart to build representative
kerogen models.

Table 3. Number of Independent Elements in the Stiffness
Matrix Depending on the Symmetry Type

symmetry Type independent elements in matrix

cubic 3
hexagonal 5
orthorhombic 9
monoclinic 13
triclinic 21
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= +U C C( )3 11 12
2

(6)

STEP 3
The strain array is defined as e = (δ, δ, δ, 0, 0, 0), where δ is

the strain value. This step reduces eq 4 as follows

= +U C C
3
2

( )11 12
2

(7)

By solving eqs 6 and 7 simultaneously, C11 and C12 can be
quantified.
Mechanical properties of the kerogen structure can be

calculated from the single-crystal data by following the Voigt−
Reuss−Hill method.39 This method predicts lower (GR) and
upper (GV) bounds. Based on the Voigt−Reuss−Hill method,
for the cubic lattice, shear modulus (G), bulk modulus (K),
Young’s modulus (E), and Poisson’s ratio (v) can be
determined as follows
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Kerogen structures were subjected to strain starting from 0.02
to 0.4 with an increase of 0.02 to obtain the stress−strain
relationship. After obtaining stress−strain curves, the appro-
priate strain values from the elastic region are used to calculate
the elastic constants.
2.4. Void Space Calculation. Void spaces in the structure

can be found by inserting nonoverlapping spheres at the
vertices of the resulting polyhedral grid with a predefined
threshold size.40 In this study, an algorithm was used to insert
the spheres into the available spaces inside the kerogen unit
with the minimum radius selected as 0.2 nm. After obtaining all
inserted spheres, the total pore volume (Vp) was determined
by calculating each sphere’s volume and adding them up. The
bulk volume (Vb) was computed using lattice dimensions (a, b,
c) of the kerogen units. The porosity (φ) was calculated using
a ratio of total void space in the structure to the structure’s
bulk volume.
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3. RESULTS AND DISCUSSION
3.1. Density and Porosity of Kerogens. As detailed in

the methodology section, kerogen structures were built starting
from less dense structures and running the stated MD
protocol. Different independent configurations for each
kerogen type were obtained to assess the robustness of the
followed approach and its reproducibility. After the MD
simulations, the densities of kerogen structures were found to
be in the range of 1.11−1.29. These values were in good
agreement with those of previous studies conducted on an
experimental and computational basis.20,41 The calculated
porosities of the kerogens were between 0.13 and 0.15, and the
highest corresponded to the most mature one (II-D).
It should be pointed out that there was no clear relationship

between maturity level and density. The same conclusion can
be drawn for the maturity−porosity relation. Nevertheless, the
most mature kerogen was found to have the highest density
and porosity. Table 4 shows the density and porosity of each

configuration. For brevity and clarity of information in the
coming sections, the densities and porosities for each kerogen
type were averaged considering all configurations generated for
each type. This step should not introduce errors as the porosity
and density of most configurations are within a close range.
3.2. Deformation of Kerogens. The kerogen’s stress−

strain behavior was created by applying strain from 0.02 to 0.4
with an increase of 0.02 (see Figure 5). Generally, different
structures followed the same trend in all cases with slight
deviations. The elastic region for all kerogen types fell in a
strain range of 0.04−0.15. The stress−strain relationship for all
types had similar trends suggesting that the thermal maturity
did not significantly impact the mechanical properties.
3.3. Mechanical Properties of Kerogens. Mechanical

properties of kerogen were determined after applying strain
within the elastic interval of the stress−strain curve. Table 5
shows the results of simulations against the average values of
density and porosity. The most mature kerogen type was
observed to have the lowest moduli values compared to other
types. On the contrary, type II-B was found to have the highest
shear and Young’s moduli. Poisson’s ratio was in the range
between 0.39 and 0.42, with the maximum and the minimum
corresponding to type II-D and II-B, respectively. The

Table 4. Density and Porosity Values for Kerogen Type II at
Different Maturity Levels

kerogen type configuration density (g/cm3) ϕ
II-A 1 1.13 0.141

2 1.12 0.142
3 1.13 0.130
4 1.13 0.141

II-B 1 1.10 0.139
2 1.11 0.146
3 1.12 0.153
4 1.11 0.152

II-C 1 1.17 0.142
2 1.19 0.134
3 1.17 0.150
4 1.16 0.153

II-D 1 1.28 0.152
2 1.29 0.140
3 1.24 0.147
4 1.26 0.156
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deformation and mechanical constant analyses revealed an
insignificant influence of thermal maturity on the mechanical
behavior of kerogen, which is inconsistent with the reported
experimental findings available in the literature where
brittleness increases with maturation. This might be explained
by the elastomeric behavior of kerogen, where the temperature
has a pronounced effect on the mechanical properties.
Experimental assessment of the mechanical behavior is usually

carried out at ambient temperature, whereas the reported
findings of this study were made at a higher temperature (i.e.,
350 K was used as a typical reservoir condition). As the
temperature increases, the elemental and structural differences
become minimal. The deformation was repeated at the
ambient temperature (see Figure 6), and it showed that the
kerogen with the highest level of maturity exhibited a more
brittle behavior, unlike the case of that at higher temperature
(i.e., 350 K), where both kerogen models had a similar
mechanical response as shown in Figure 7.
Moduli vs average densities were plotted, as given in Figure

8. Generally, no clear relationship between elastic moduli and
density was observed. Coefficients of determination indicated a
weak correlation between moduli and density. The same plot
was generated between porosity and mechanical properties
(see Figure 9). A slight decreasing trend of the moduli was
observed.

Figure 5. Stress−strain relationship of kerogens for two sets of configurations revealing similar behavior among all type II models.

Table 5. Mechanical Properties, Average Density, and
Average Porosity Values of Kerogens

kerogen
type

K
(GPa)

G
(GPa)

E
(GPa)

Poisson’s
ratio

density
(g/cm3) ϕ

II-A 3.71 0.79 2.20 0.401 1.13 0.138
II-B 3.57 0.87 2.42 0.386 1.11 0.147
II-C 3.62 0.81 2.27 0.395 1.18 0.144
II-D 3.39 0.60 1.70 0.418 1.26 0.149

Figure 6. Stress−strain relationship of kerogen II-A and II-D at 300 K.
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The previously presented structures were constructed from
their respective units following the molecular dynamics
approach detailed in Section 2.2. The porosity obtained in
all cases is attributed to the intermolecular spaces between
macromolecular units. Porosity values, as reported in Table 4,
were in a narrow range such that no clear correlation between
porosity and mechanical properties could be observed. In
reality, however, pressure buildup during catagenesis can
induce micropores, which in turn increases the porosity and
alters the mechanical behavior.42−44 Thermal maturation may
also influence the overall mechanical state of the formation
through the induced microcracks, which could penetrate the
inorganic minerals. This might explain the more pronounced,
experimentally observed differences in the mechanical behavior
of shales at different maturation levels.
3.4. Correlation of Mechanical Properties with

Porosity. To further delineate the impact of porosity on the

mechanical properties, porosity-controlled kerogen structures
were generated following the previously outlined molecular
dynamics construction protocol. To control the porosity, a
specified number of director molecules were inserted in the
initialization stage and then removed upon final convergence
to the targeted pressure and temperature (i.e., heptane was
used as the choice of director in our case). The same approach
of using heptane to control the porosity was followed in some
other articles.29,32 The broader range of porosity can help
establish a better understanding of how mechanical properties
vary with porosity. The created structures, which consisted of
kerogen II-A, had porosity values of 14.33, 14.96, 17.65, and
20.25%, respectively. The results revealed a strong correlation
with porosity where all of the mechanical constants had a
negative relationship with porosity, as shown in Figure 10.
3.5. Type of Fluid. Kerogens, under subsurface conditions,

can be saturated with natural gas. The gas contained in the

Figure 7. Stress−strain relationship of kerogen II-A and II-D at 350 K.

Figure 8. Relationship between density and different moduli values of kerogens.
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organic materials of shales primarily consists of methane with
smaller fractions of other light and intermediate hydrocarbons.
Carbon dioxide can also exist either naturally or injected for
sequestration or hydraulic fracturing purposes.45 In this
section, the impact of fluid type is investigated. Kerogen II-D
is subjected to adsorption considering two cases of pure
methane and pure carbon dioxide. Gibbs ensemble Monte
Carlo simulation of the methane−kerogen and carbon
dioxide−kerogen interactions can be interpreted as the amount
of gas phase. The sorption calculations were carried out at 350
K and 41.34 MPa, which are representative of the typical initial
conditions encountered in reservoirs. At these conditions, the
Peng−Robinson equation of state was used to approximate the
fugacity of methane and carbon dioxide. The fugacity of
methane was 35.84 MPa, while that of carbon dioxide was
31.18 MPa. The selected kerogen II-D hosted 58 molecules of
methane and 78 molecules of carbon dioxide at the specified
conditions of temperature and pressure. The saturated
structures with methane and carbon dioxide were analyzed

for the mechanical behavior following the previously outlined
molecular calculations.
The mechanical tensile test revealed sensitivity to the

presence of fluid (see Figure 11), where the stress−strain curve
shifted downward, suggesting a slight reduction in the yield
strength. Interestingly, the stress−strain shift was more
pronounced in the case of methane.
The elastic moduli were then calculated, as shown in Table

6. The bulk modulus showed an increase of 33 and 50% when
the structure was saturated with methane and carbon dioxide,
respectively. A similar trend was observed in Young’s modulus,
where the calculated values for methane and carbon dioxide
were 8.5 and 22% higher, respectively. Shear modulus was
associated with 7 and 20% increases for methane and carbon
dioxide, respectively. The sensitivity of mechanical behavior to
the fluid type might be attributed to the intermolecular
interactions between adsorbent (kerogen) and adsorbate
(methane or carbon dioxide), where Gibbs calculations
revealed a lower electrostatic potential for the methane case
than the carbon dioxide case (i.e., the magnitude of the grid

Figure 9. Relationship between porosity and different moduli values of kerogens.

Figure 10. Moduli vs porosity for the porosity-controlled structure consisting of kerogen II-A as the building block unit.
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potential when saturated with methane was 17.001 kJ/mol,
while it was 23.577 kJ/mol for carbon dioxide).

4. CONCLUSIONS
In this study, representative kerogen structures of type II were
recreated to study the geomechanics of the organic materials
present in shales. The outcomes of the performed analyses can
be summarized as follows.

• Kerogen structures, regardless of thermal maturity,
exhibited elastomer-like behavior, which is characteristi-
cally different from that of the other shale matrix
constituents. Such behavior is anticipated to impact the
macroscopic geomechanics of shales, especially for
organic-rich formations and, consequently, the organ-
ic−inorganic interface. This occurrence is attributed to
the plastic deformation of organic compounds under
applied stress, leading to the closure of fractures.

• Thermal maturity was not found to influence the
mechanical properties of kerogen significantly.

• Kerogen II-D, which was the most mature one, had the
lowest elastic moduli, which might be explained by its
relatively higher intermolecular porosity.

• Porosity can be formed as a result of pressure buildup
during oil- and gas-generation windows. To investigate
the impact of induced porosity on mechanical behavior,
porosity-controlled structures were used. The results
revealed a negative correlation between mechanical
properties and porosity.

• The fluid contained within the kerogen structure was
found to have an influence on mechanical behavior.

• Kerogen is a complex heterogeneous structure consisting
of a range of macerals in different compositions. It is
recommended that the approach followed in this study
be extended to cover these nanoscale intricacies for a
better understanding of the organic matters’ mechanical
properties.
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■ NOMENCLATURE
U total energy change
E0 energy before distortion
Et energy after distortion
V0 initial volume
C Voigt stiffness matrix
e strain matrix
δ strain value in the strain matrix
GR lower shear modulus limit
GV upper shear modulus limit
Vp pore volume
Vb bulk volume
r radius
a, b, c dimensions
φ porosity
v Poisson’s ratio
E Young’s modulus
G shear modulus
K bulk modulus
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