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As the main organic component of shale, the kerogen has a direct impact on the shale reservoirs. A molecular
aggregate is used to study mechanical behaviour of kerogen, of which the molecular weight distribution is
rational conforming to the Gaussian distribution. The mechanical response of kerogen is obtained with different
strain rates by using molecular dynamics simulations. The results show that kerogen shows material hardening

and fracture strain decrease with the strain rate. In the plastic range, we analyse the causes of stress oscillation at
the microscopic level, and obtain the relationship between the stress oscillation and hydrogen bond. A
compressible hyper-viscoelastic constitutive model of kerogen is established, which describes the mechanical
behaviour of kerogen with different strain rates. Our research provides a valuable insight in the kerogen prop-
erties, and helps to understand the mechanical behaviour of shale reservoirs from a micro-perspective.

1. Introduction

Kerogen is the primordial material of oil/gas. It is the most wide-
spread organic carbon in crust, the main component of organic matter in
shale, and the vital storage medium of oil/gas, named by Crum Brown in
1906. Shale is one of the most complicated natural materials, in which
kerogen is the major solid component of the organic matter. Nowadays,
the shale oil/gas are extracted by hydraulic fracturing [1-3]. The frac-
turing fluid has different effects on the component of shale, resulting in
the complex macroscopic mechanical behaviour of the reservoirs [4].
The main influencing factors of the mechanical behaviour of shale are
the contents of quartz, carbonate and organic matter. For shales, the
increases in carbonate and quartz contents lead to an increase in Young’s
modulus, while it decreases with the increase of organic matter content,
clay content and porosity [11]. Kerogen is not only different from
inorganic components in the chemical composition, but also different in
mechanical properties [5]. Therefore, the properties and distribution of
kerogen have great influence on reservoir physical properties, the for-
mation of natural cracks and the crack propagation in hydraulic frac-
turing, and the oil and gas recovery [6].

The injection of high-pressure medium will bring loads with different
strain rates. The effect of loading rate on the mechanical behaviour of
shale is very valuable for hydraulic fracturing design and borehole sta-
bility. The research of mechanical behaviour of kerogen with different
impact loads is also worthwhile for the in-situ retorting technology. The
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reason is that the in-situ retorting of oil shale needs to destroy rock by
explosion load. As the existence of kerogen greatly changes the char-
acteristics of rock, the study of kerogen mechanical behaviour with
different impact loads is an important part in mining [7]. But the current
research rarely considers the effect of loading rate on the properties of
kerogen [8]. Therefore, the study of mechanical properties of kerogen is
very significant in Shale oil and gas exploitation.

The moduli of kerogen and quartz were obtained through the dy-
namic mapping technology of nano-indentation [9, 10]. And the dis-
tribution of shale components and Young’s modulus of organic matter
were also detected by the scanning electron microscopy (SEM) and the
atomic force microscopy (AFM) [11]. The Young’s modulus of kerogen
measured by the nano-indentation is 1-15 GPa [9, 12, 13], and is 7—18
GPa by AFM [11, 14-16]. The content of organic carbon affects the micro
seismic and acoustic wave velocities in shale. The existence of kerogen
greatly changes the creep and fracture characteristics of shale [17, 18].
The strain softening of kerogen might skew the results in faster fracture
closure when kerogen in the kerogen-rich micro-cantilever beam tension
is in stretched state [19, 20]. Kerogen is an extremely complex organic
matter composed of amorphous carbon skeleton [21-23], which is the
softer components in shale and might be the fracture initiation point [5].
The mechanical properties of kerogen are closely related with its
chemistry composition. The increase of the sp2/sp3 hybridization ratio
of kerogen leads to an overlap from the ductile to brittle rupture
mechanisms [24]. In addition, micropores are formed during kerogen
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Fig. 1. Kerogen for MD simulations, (a) The SEM of shale, (b) Established
kerogen molecular group. Kerogen carbon skeleton from C;o—Csoo-

decomposition into gas and oil, and micro-fractures are generated due to
the crustal stress and pore pressure [25-27]. This makes the asymptotic
failure of kerogen caused by micro-fractures to be possible [28] The
research on the mechanical properties of kerogen is mainly based on
nano-indentation and AFM to study the moduli of kerogen. However, it
is difficult to obtain the dynamic mechanical response of kerogen under
loading.

The mechanical behaviour of kerogen can be estimated by the mo-
lecular dynamics (MD) simulation during the loading process based on
the constructed kerogen model [5]. However, traditional MD simulation
cannot be obtained the breakage/formation of chemical bonds, so the
change of chemical bonds during deformation is missing in the study of
mechanical properties of materials using MD simulations. As an alter-
native method, the reactive force field MD (Reaxff-MD) can simulate the
bonds formation and breaking, which can be performed to study the
mechanical behaviour of kerogen. For example, the elastic response of
crosslinked epoxy has been generated by Reaxff-MD. The method was
proved to be valuable for the prediction of yield point [29]. And the
fracture mechanism of the calcium sulfate column during stretching was
explained at the atomic scale by observing the breaking process of
chemical bonds [30]. Reaxff-MD has been used in the mechanical study
of graphene, metal systems, and polymers. The elastic modulus and
fracture characteristics were obtained [31-33]. For polymer, the tensile
moduli simulated by MD with Compass and Dreiding force field were
much higher than those obtained by experiments, while the results of
Reaxff-MD had very good correlation with those of experiments [34-36].
To ensure the accuracy of results of the simulations, the structural model
of kerogen should be reasonable. However, the structures of kerogen
were mostly built by one type of kerogen molecules, resulting in an ir-
rational molecular weight distribution [5, 37, 38].

In this study, a large-scale kerogen molecular aggregate is estab-
lished, which contains the structure information from experiments. The
molecules of the aggregate are with a molecular weight conforming to
the Gaussian distribution. The dynamic response of kerogen with
different strain rates is obtained by Reaxff-MD simulations. And we
observe the relation between the mechanical behaviour and atomic scale
structural changes. Then the nonlinear elasticity of kerogen is described
by the established compressible hyper-viscoelastic constitutive model.
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Fig. 2. Information of (a) the structure of kerogen aggregate (b) temperature of
the model relaxation for (a).

The results provide a model basis for understanding the mechanical
behaviour of shale as a complex medium.

2. Material and methods
2.1. Molecular group preparation

Kerogen was extracted from the shale sample which was taken from
2650 m underground in the Ordos basin as shown in Fig. 1(a). Kerogen
was scattered in the shale, in which microfractures could be observed.
Based on kerogen macromolecules model that we constructed before
[39], a molecular group was established (Fig. 1(b)). 16 molecules were
contained, of which the molecular weight is the Gaussian distribution.
The information to construct those molecules was obtained by a series of
experiments [40].The average molecular weight is about 5000 g/mol,
which is consistent with the experimental results. [40, 41] The total
carbon atom number is 5061, which means the molecular group is a
large-scale model for kerogen. The structure contains reasonable
chemical bonds, pyrolysis products and non-degradable experimental
information. Compared to kerogen aggregates composed of just one type
molecules, this structure is more reasonable to study its mechanical
properties.

2.2. Kerogen aggregate by MD simulations

Kerogen macromolecules were optimized by molecular mechanics
and annealing algorithm to eliminate the unreasonable bond and obtain
the structures with the minimized global energy. The specific optimi-
zation steps were shown in the previous work [39]. Then, the macro-
molecules were placed in a lattice to minimize the energy of the entire
molecular group. The annealing algorithm was performed again. The
initial configuration of kerogen aggregates is shown in Fig. 2(a). Next,
Reaxff-MD was used to conduct kerogen compression. The group was
compressed to a structure with 1.13 g/cm® density through the
isothermal-isobaric (NPT) ensemble, of which the density is similar to
the experimental results [42]. The structure was relaxed by simulations
of the canonical (NVT) and NPT ensemble to eliminate the local het-
erogeneities. As shown in Fig. 2(b), we used NVT ensemble for the
heating and cooling process, while the NPT ensemble was employed for
thermostatic steps. The time step was 0.25 fs. At last, we used the NPT
ensemble at 300 K. The pressure was 0 MPa, and the simulation time was
1 ns to eliminate the residual stress in the structure. We can find that the
volume occupied by macropores is reduced after the annealing algo-
rithm (the probe sphere radius > 2.8 A). That means chemical chain is
more relaxed in the structure, occupying the free volume in the initial
model, and the density distribution is more uniform. The final density of
kerogen was 1.14 g/cm®. We chose the CHONSSi-lg.ff as the basic force
field, which includes the long-range-correction terms [43]. But it cannot
describe the interaction between S and O atoms well. Thus, we modify
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Fig. 3. The final configuration of kerogen aggregate.
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Ecoulomb are the nonbonded van der Waals interactions energy and
Coulomb interaction energy, respectively. The van der Waals interaction
is the Morse-potential [43].

2.3. The uniaxial stretching by MD simulations

The volume of kerogen was 4.8 x 5 x 4.8 nm in Fig. 3. The stretching
simulations were with periodic boundary condition using Reaxff-MD.
The CHONS-lg was chosen as the force field. The Young’s moduli ob-
tained by Reaxff-MD are accurate enough comparing with the experi-
mental results [34], so it can be used to study mechanical properties.
The temperature, time and method were 300 K, 2 ns and NPT Berendsen,
respectively. The lattice was stretched in the x direction. The de-
formations per step are fixed. The changes of each step of simulations
were set as 1.19 x 107® nm, 5.94 x 107° nm, and 1.19 x 107> nm, of

@) 05F dening sl which the three strain rates were ¢;, é; and és, respectively (¢ = 1 x
04 108571, &5 = 5x 108571, &3 =1 x 10%s~! at the beginning of deforma-
;::? ’ tion). The size changes with free boundaries in the y and z directions.
O 03
S" 02 3. Results and discussion
3
S ol 3.1. Mechanical behaviour of kerogen aggregate

strain hardening

00 02 04 06 08 1.0 12
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As an organic polymer, kerogen is the soft part in shale, which may
be the initiation point of hydraulic fracturing and natural fractures.

(b) () Strain & (d) Fig. 1(a) shows a microfracture in kerogen. The mechanical responses of
=04 E =0 ;‘ kerogen under different strain rates are obtained in Fig. 4. The stress-
§ 0.3 Yieff{ﬁ'i"' e 10 2-4’ yield point ::, “'4} vield point /J strain curves of kerogen deviate from the linear relationship before
5702 /,f NS S§ 0'; S E:: e 5 the yielding point. The local softening is related to the appearance of
Zo1 é o1l Z ol / microfracture. And intermolecular interactions are disrupted, such as
B 0L 3 the H bond and #-r interaction broken. the After the yielding point, the
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Fig. 4. Mechanical behaviour of kerogen under different strain rates by MD
simulations. (a) The total stress-strain curves. The smooth curves of data points
are obtained by adjacent average method. The simulation times are 0.84 ns,
0.46 ns and 0.23 ns with the strain rate ¢;, &, and ¢3, respectively (red points,
purple points, and blue points, the fracture occurrs). The local curve including
strain hardening stage under (b) é;, (c) & and (d) &s. The curves of (b)—(d) are
obtained by the polynomial fitting to characterize the trend of strain.

the SO function parameter to make it suitable for our structure
(CHONS-1g). The structure was fully relaxed to eliminate unreasonable
structure. The potential function of Reaxff-MD is

strain hardening appears. The greater the strain rate is, the more obvious
strain hardening effect is, and larger the ultimate strength is. Then, the
stress fluctuates with the increasing strain, but the stress does not have a
trend-change with the strain until fracture. The yield strengths, ultimate
strengths, and fracture stresses, yield strains, and fracture strains were
listed in Table 1 under three strain rates. With the increase of strain rate,
the strains of kerogen at yield point and fracture point decrease.

The process of kerogen stretching with the strain rate é; is studied, as
shown in Fig. 5(a). Kerogen molecules contain aromatic clusters that are
the rigid part (compared to the long aliphatic chain). Micropores exist in
kerogen, which lead to a not completely uniform structure, even if the
unreasonable density part of the structure is eliminated by relaxation.
The slippage between molecules and breaking of hydrogen bonds (H

E = Epona + Egver + Eunder + Eva + Epen + Econ bonds) are likely to occur near a micropore. The micropore volume in-
atomover— /under—coordination oncemalotorm creases with stretching on the fracture surface. And there is a small
+Eiors + Ec> + Euip + Econj + Enpona + Eip + Evaw + Ecoutomn @ amount of chemical bond changes during the stretching, which can be

specific non—bondedenergy

where Epong is the bond energy, Eover/Eunder are the penalty energies for
the over-/under-coordinated atoms, Eyaj, Epen, and Ec,, are the valence
angle energy, the penalty energy for handling atoms with two double
bonds, and the coalition (three-body conjugation) energy, Eis is the
torsion angle energy, Ec2, Etip, Econj> Enbond> and Eip, are the C2 correc-
tion, the triple bond energy correction, the four body conjugation term,
the hydrogen bond energy, and the lone-pairs bond energy,E,q, and

Table 1
The mechanical parameters of kerogen under different strain rates.

obtained by Reaxff-MD. The fracture is mainly composed of the inter-
molecular slippage with the breaking of the H bond. There are a large
number of z bonds in type III kerogen. Due to the z-7 interaction, the
aromatic cluster is arranged mainly in parallel-stacking and a small part
in the edge-to-face stacking. Near the fracture plane, the plane of aro-
matic ring is parallel to the stretching direction, and the aliphatic chains
are straightened along the stretching direction. When the fracture oc-
curs, the z-z interaction is broken. As shown in Fig. 5(b), H bonds are
formed and broken during the stretching. After the fracture occurs, the
straight long chain is back to curl state and aromatic ring returns to the

The yield point The ultimate strength The fracture

& & &3 & & &3 & & £3
Stress o, (GPa) 0.29 0.29 0.24 0.30 0.32 0.35 0.29-0 0.24-0 0.31-0
Strain &y 0.21 0.17 0.12 - 0.42 0.26 0.90-1.13 0.70-0.85 0.56-0.76
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Fig. 5. The analysis of kerogen mechanical behaviour, (a)
deformation process of kerogen, (b) H bond breaking on the
fracture surface, (c) the microfracture of kerogen, (d) the
fracture plane of kerogen aggregate. The bright green part are
the atoms at the fracture surface. The periodic cells are shown
to exhibit the fracture surface (3 x 3 x 3). (e) The number of H
bond (x 10%) versus stress, (f) the strong H bond number
versus stress. The simulation time is 0.5 ns with a strain rate of
& =5 x 108571, with an engineering strain of 1.25 (part of the
2 ns).
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parallel stacking. Microfracture forms during stretching as shown in
Fig. 5(c) and (d). The oscillation behaviour of kerogen is closely related
to the H bonds. In the elastic phase, as the strain increases, the number of
H bonds decreases. In the plastic range, the stress oscillation appears. We
think that this phenomenon is related to the breaking and formation of H
bonds. The results in Fig. 5(e) and (f) show that the oscillation trend of
the number of H bonds is very similar to that of stress. Strain hardening
occurs as the number of strong H bond increases. As the number of H
bonds decreases, the stress drops because some H bonds are broken
during the stretching process. Thus, part of the long chain and aromatic
structure return to equilibrium from the stretched state, during which
time stress is relieved. As the stress is released, part of the structure
shrinks, and new H bonds are formed. Therefore, the strain hardening
occurs. The phenomenon is called as a stress oscillation event.

3.2. Basic theory

In order to study the deformation of kerogen, the reference config-
uration and the current configuration are represented by X and x,
respectively [44]. ¢ is the functional relationship between the x and X.
Then, we have

dx = p(X +dX, 1) — @(X,t) = FdX (2)
where F is the deformation gradient tensor as F = % = a%’(ei ® ex.
The Green strain tensor is defined as [44]
1
E=3 (F'F -1) (3

5 10 15
Step (x 10%)

& =1x10"s"!

| E! =1.50 GPa

& =5x10%s™

E2=225GPa

& =1x10"s"

E} =4.48GPa

Stress o, (GPa)
o o o
[\S} w N

o
=
T

0.0

0.0 0.1 02 0.0 01 02 00 0.1 02 03
Strain &,

Fig. 6. The stress-strain relationship of kerogen exhibiting small deformation
(the smooth curves obtained by adjacent average method).

The right Cauchy-Green deformation tensor is C = F'F. The prin-
cipal invariants of C are
I, =uC =3+ 2uE
b=, (£C—uc?) @)
I; = detC

The Piola-Kirchhoff 2 (PK2) stress is expressed by the strain energy
function w as
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_Odw_ dw d] Lo ow dl, +0w aJ )
TOE 0L, 0E ' 0L oE ' dJ OE

where 31 = 2I, 22 = 2(;I — C), and & =JC".

3.3. The compressible hyper-elastic equation for kerogen

The Young’s moduli of kerogen are calculated at the beginning of
loading, as shown in Fig. 6. The initial moduli are 1.50 GPa, 2.25 GPa
and 4.48 GPa, which increase significantly with the strain rate. Kerogen
shows the material hardening with the strain rate increasing and ex-
hibits nonlinear mechanical behaviour. According to the properties of
polymers, we consider the hyper-elasticity and viscoelasticity of
kerogen.

As shown in the Fig. 6, kerogen is with the nonlinear stress-strain
relationship, which is also affected by the strain rate. We consider that
kerogen is mainly composed of aromatic clusters and aliphatic long
chains. The chains are highly malleable exhibiting hyper-elasticity. In
addition, kerogen also shows the phenomenon of stress relaxation.
Hence, the hyper-viscoelastic constitutive model should be established.

Hyper-elastic models can be divided into phenomenological model
and molecular chain network model. Phenomenological model includes
the Ogden model, Mooney-Rivlin model, Yeoh model, etc. [45, 46]
Molecular chain network model includes the Neo-Hookean model based
on Gaussian chain and eight-chain non-Gaussian model and so on [47].
As a significant increase of volume during stretching of kerogen can be
observed, a compressible hyper-elastic model should be established.
Decomposing the deformation gradient tensor by multiplication, we
obtain [48]

_ Ox 0p s
6p e =F°F (6)

where p is intermediate configuration, F° is the volume preserving the
deformation gradient, and F° is the deformation gradient of bulging part.

For the three-dimensional problem, the Jacobian of F® can be
calculated as J. = detF® = 1, while the total Jacobian is

J = detF = det(F°F*) = det(FJ°T) = (J1) detF* = J, %)
For the isotropic material, the deformation gradient of bulging part

F =JP1=7"1 ®

Then F* =F, F = F°’F° = J'/°F.

Among the hyper-elastic constitutive models, the Mooney-Rivlin
model is a commonly used model suitable for small and medium de-
formations, and its strain energy function is [47]

W:COI(1173>+610(Tzf3)+D1(.’71)2 (9)
where I;, I, are the first invariant and second invariant of isochoric part
C. co1, 10 and D; are the material constants. The D; (J —1) is the strain

energy of the bulging part. The invariants of C they can be expressed by
that of C and the principle stretch 4; as

1(€) =T\ vc | =it =3 (8 + 4+ 2)

10
L (6) =73 (020 — wC?) = I, = I (B2 4 20+ ) o
J =detF = AiAAs
By substituting Eq. (10) into the Eq. (9), it can be expressed as:
w=co (JL =3) +e1o(L—3) + D (J — 1) an

Then the PK2 stress can be written as
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T = (27 co + 207 Peily )T = 2074} C
4 12)
+|:2D1 J—1) ffch SR —3end” 7/312}JC’
Cauchy stress 6 = 1 FTF" is obtained by Eq. (12) as
6" = (27 Peoy + 277 Peyly) B — 207 ¢,oB?
13

2 4
+ {201 (J-1) - §CO]J’5/3II - gcmﬂ/ﬁz] I

where the left Cauchy-Green deformation tensor is B = FF'. According
to the Cayley-Hamilton theorem

B —1B*+LB-LI=0 14)
the Eq. (14) can be expressed as

6" =27PeyB+27"c;p(LI-LB ™)

2 4
+ {ZDI (J—1)— gch’mIl - gcmr”ﬁz}l
15)
=2J"BeyB —207Pci B!

2 2
+ |:2Dl J—-1)— 5601]72/311 + §J77/301012} I

3.4. The compression viscoelastic equation for kerogen

This study focuses on the constitutive relation of kerogen exhibiting
small deformation. According to the Boltzmann superposition principle,
the viscoelastic stress-strain relationship of kerogen for an infinitesimal
deformation can be written as [49, 50]

c' = /jw C(r—1)

where C is the fourth order tensor of the relaxation modulus (time-
dependent), " is the viscoelastic Cauchy strain.

Assuming kerogen is an isotropic material, C is expressed as [49, 51,
52]

1e)

C(1) = [A(1)8x8pq + G(1) (8161 + 5ig01) | R € R €, R 17)

where A(t)-G(t) are the time-dependent Lamé parameters. The relaxa-
tion modulus satisfies the minor symmetry and major symmetry. There
are

18

ey =g, =€

where the s is the deviatoric strain tensor, K(t) is the time-dependent
bulk modulus, and eyis the volume strain. From Eqs. (16), (17) and
(18), we obtain the following

mm

o = / At —D)& T426G(1—)é*dr 19)

The substitution of the second formula in Eq. (18) into Eq. (19) yields

' 1
¢ = / At —1)éy1 +2G(t — 7) <s + gévl) de

—

!
= / At —1)éyI + % G(t — 1)éyI+2G(t — 7)s"dr (20)

—o0

"l
= / K(t — 7)éyI+2G(r — 7)s"dr

—o0
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hyper-elastic

viscoelastic

Fig. 7. The hyper-viscoelastic constitutive model of kerogen.
Via the given dimensionless Prony series

N
g)=gu+y e (21
i=1

the bulk modulus K(t) and shear modulus G(t) for small deformation are
generally expressed as [53]

N
G)=Go|gu+D €| =Gu+ > Ge
i=1
(22)

L o

N N
K@) =Ko|go+ > 7| =Ko+ Y Ke™
i=1 i=1

The stress can be written, by substituting Eq. (22) into Eq. (20), as

follows
' = /

't N N
= / Ko+ Ke ™ |éd+2|Go+ Y Ge ™ |s'dr
. - :

i=1

K(t —7)éyI+2G(t — 7)s"dr

i=

ot

N ot
e Teéydr | 142 Gus' + > G; / e s'dr

IS

= Kmev “er:K‘/
i=1

—o i=1

23)
3.5. The hyper-viscoelastic model of kerogen under different strain rate

The scheme of hyper-viscoelastic model of kerogen is shown in Fig. 7.
The relationships of the Cauchy stress and true strain of hyper-elastic
and viscoelastic part are

{6:0"+6h

e=¢ =¢" (24)

The total Cauchy stress is obtained by substituting Eqs. (15) and (23)
into Eq. (24), which can be written as

N !
e Téydt |T+2( Gos' + Y G; / e Tsdr

r
—o0 i=1 ©

N
6= | Kooy + ZK,-/
i=1

2 2
+2J75PcyB — 2J7PLB! 4 [ZD, J=1)- 5co,r”ll + 51*7/%,012} I
(25)
In the principal stress direction, B = Z/l?ei ® e;, then the stress of
i

hyper-elastic part is
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Table 2
The parameters of the compressible hyper-viscoelastic model.
co1 (GPa) c10 (GPa) E; (GPa) 01 (s) E,, (GPa)
0.090 0.15 3.37 4.27x10° 1 1.09x10°°
04+ &
&
/:? .
A, 03F &
@)
SN
G 02t
wn
b
5 0.1
n
0.0
0.00 0.05 0.10 0.15 0.20
Strain &

Fig. 8. The stress-strain curve of the compressible hyper-viscoelastic equation.
The points are obtained by MD simulations, and the curves are obtained by
fitting the points using the compressible hyper-elastic equation for kerogen.

2 2
6? = 2.]75/36012? — 2610]77/3131;2 + 2D1(J - 1) - 56‘01]72/311 + §J77/36‘1012
(26)

For the uniaxial extension 65, = 033 = 0, the function of stress, by
elongation, can be expressed as

1
ot —oh, =207 By At =207 Pepdt — 21*2/%01/1— + 2774y 27)
1
For the viscoelastic part the stress can be written as
N ' =4 ey
o) = Kooy + ; K, /m e Teéydr + 26 (& - g) +2
N . éy
X G; T & —— |d 28
; [ R e (s 3 ) T (28)
When 69 = 033 = 0, the stress (N = 1) is
"t
o\, — 05 =2G(e11 — €2) + 2G, / e (é“ — ézz)dr (29)
Then the tensile stress is
o1 =), +0
1
= 2.]75/3(,'01/1? — 2.’71/3C1()A]72 - 2.]72/3(,'012 + 2]74/36'1011 (30)

t

+Eoo€ll +E] / eil';_lré'][df

—

where A; =1+ e11,d = dV/dV =M A2d3, €90 = —ve1, and G = %

According to the deformation of kerogen, the material is set as an
isotropic material, and its Poisson’s ratio v is calculated at three strain
rates, which is approximately 0.44. Thus, the Jacobian

J= 1112/13 ~ (1 -‘r&'[])(l +£22)(1 +€33) = (1 +511)(1 - Z/SI])Z (31)

The strain rate is considered as a constant within in the range of
elastic deformation of kerogen. Then t = ¢ /¢, and the Eq. (31) can be
calculated as
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oy = 2(1 +811)75/3(1 —0.44811)710/3 [(1 +811)2 — (1 70.448“)2]

. _aL
'[COI +C10(1 +€11)72/3(1 — 0.44811)2/3] +Ee°€11 +E191€11 1 —e @4

(32)

The mechanical behaviour of kerogen was performed by Eq. (32)
under different strain rates. cg1, ¢10, E1, 61, and E,, are the material
constants, which are obtained by global fitting of three groups of data.
The parameters of constitutive equation of kerogen have been listed in
Table 2. The calculating results are in good agreement with those of the
simulations in Fig. 8. The model can reflect the material hardening
phenomenon caused by the increase of the strain rate.

4. Conclusions

Based on the established molecular aggregate, the mechanical
properties of kerogen are studied using Reaxff-MD. The dynamic
response of kerogen from deformation to fracture is established under
uniaxial tensile loads. The results show that the higher strain rate
hardens kerogen. The elastic mechanical behaviour of kerogen is
compressible and nonlinear. Furthermore, the ultimate strength in-
creases with strain rate, while the fracture strain decreases.

The microscopic mechanism of intermolecular interactions of
kerogen was obtained during stretching. In the plastic phase, the stress
oscillation event occurs, and the micro-mechanism of which is related to
the formation and breaking of H bonds. The H bond breaking brings
partial stress release, then strain hardening occurs with some H bonds
forming. Kerogen is easier to fracture at a higher strain rate. From the
point of view of intermolecular interaction, the fracture of kerogen is
mainly caused by the z-7 interaction and H bonds broken.

A compressible hyper-viscoelastic constitutive model of kerogen is
established, which accurately describes the mechanical behaviour of
kerogen under different strain rates. The whole process of the mechan-
ical response of kerogen deformation is obtained, which is hard to be
obtained by experiments. The initial elastic moduli obtained by MD
simulations are reasonable. Thus, the mechanical properties of kerogen
obtained by Reaxff-MD are valuable for further research on the role of
kerogen in reservoir mechanical behaviour.
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