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Molecular simulation results on organic maturity (mature and immature kerogen as the two
asymptotic cases) are introduced into a continuum micromechanics based model for organic-
rich shales. Through a fundamental functional relationship that constrains microporous
kerogen density and elasticity variable spaces and within the framework of effective media
theory; the model bridges the gap between asymptotic cases of organic maturity with texture
as the overriding theme, specifically a matrix/inclusion (Mori-Tanaka) texture for immature
systems and a granular (self-consistent) texture for mature ones. The utility of the molecular
results merged into a continuum framework is demonstrated by estimating kerogen's mi-
croporosity (<2 nm) from nanoindentation measurements. The effect of burial and diagenetic
processes on the effective poroelasticity of these porous, naturally occurring geocomposites
are captured by introduction of imperfect interfaces. Finally, the performance of the model is
fully characterized by ranking the normalized contribution of uncertainty of input to the

overall behavior and parameters of interest to geophysicists and geomechanicians such as
degree of anisotropy and in situ stresses.
© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Due to their abundance, organic-rich shales are playing a critical role in re-defining the world's energy landscape and in
re-formulating the global geopolitics. However, technological challenges and environmental concerns continue to con-
tribute to the slow growth of organic-rich shale exploration and exploitation worldwide. The highly heterogeneous nature
and anisotropic behavior (mechanical and transport) of these porous organic/inorganic composites leave many open
questions regarding their characterization, modeling and engineering design. Our objective is to link organic maturity and
its elasticity to the effective elastic and poroelastic behavior of these intricate, naturally occurring geocomposites with
texture as the overriding theme. The significant body of literature on modeling shales and organic-rich shales (see e.g.
Vernik and Nur, 1992; Hornby et al.,, 1994; Ulm et al., 2004; Ortega et al., 2009b; Vernik and Kachanov, 2010; Sayers, 2013;
Khadeeva and Vernik, 2014); does not explore the effect of organic maturity on the overall poroelastic behavior of these
source rocks. In addition, the elasticity and the density of the organics are often assumed a priori; failing to account for
variations in structural, physical and chemical properties of these organics.

In a hypothesis testing approach, we attribute the first-order contribution of organic maturity on overall elasticity for low
total organic carbon (TOC <1 mass%) shales to a texture effect while for high TOC systems, kerogen elastic properties assume
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a role of first-order nature. Assuming all organics to be microporous kerogen, we utilize a functional relationship obtained
from molecular simulations on these microporous organics (Bousige et al., 2015) to constrain kerogen stiffness and its
density variable spaces; avoiding any assumptions a priori for these parameters. The simulations of Bousige et al. (2015)
were performed on re-constructed microporous kerogen samples and thus the kerogen phase referred throughout this work
is a microporous organic solid. The elastic and the fracture behavior of three re-constructed microporous kerogen samples
with different levels of maturity using a hybrid experimental-simulation technique were explored by Bousige et al. (2015).
Their results suggest that kerogen's Poisson's ratio has a low sensitivity with respect to its density and the state of maturity.
A nearly constant (vkerogen ; 0.25) Poisson's ratio from molecular simulations of Bousige et al. (2015) leaves one degree of
freedom associated with the isotropic elasticity of kerogen that is constrained through a fundamental functional relation-
ship with the density of kerogen, p*™%°" (see Fig. 6). The low sensitivity of L*¢™8" to the state of maturity seems to be a
consequence of the amorphous structure of kerogen and the randomness of the network that connects these organic
macromolecules.

As an application we estimate kerogen's microporosity from elastic measurements, in this case instrumented na-
noindentation data. The incorporation of the molecular simulation results into a mean field based framework shows pro-
mise in providing an unprecedented insight into subsurface rock properties from elastic based measurements e.g. seismic
and sonic wave velocities.

Lastly, we employ Spearman's partial rank correlation coefficient (SPRCC) to fully characterize the sensitivity of our
model to uncertainty in input parameters. The results can be of interest to geoscientists to better manage confidence in their
calculations by characterizing parameters with the highest contribution.

2. Theoretical tools
2.1. Homogenization and inclusion based effective estimates

The fourth-order homogenized stiffness tensor, Ch°™, associated with a defined representative elementary volume, rev,
denoted by £2, can be obtained from (Zaoui, 2002):

chom = (€7(x): A'(x)), VxeQ M

where (---), implies volume averaging over £2 and 2 = Q' u 2% U Q3 U - U Q" where " represents the rth subdomain, all
mutually exclusive. The scale separability condition requires the characteristic size of a micro-homogeneous phase in £2,
denoted by d, to be much smaller than the characteristic length of the rev, #, for homogenization (Zaoui, 2002). C" is the
stiffness tensor of the rth micro-homogeneous phase and A’ is the fourth-order strain localization tensor. Due to Eshelby's
celebrated solution (Eshelby, 1957), in linear elasticity one can define the strain concentration tensor for phase r, A", as
follows (Dormieux et al., 2006):
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wherel = [ = %((31k(3j{ + 636y is the fourth-order identity tensor, C° denotes the background matrix stiffness tensor, and P
is the fourth-order Hill concentration tensor. The generalized expression for Hill concentration tensor reads (Zaoui, 2002):
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with (ij)(kl) implying indices symmetrization and G;(x — x) representing the second order Green's tensor for a generalized
linear, elastic, anisotropic medium that characterizes displacement at point xdue to a Dirac delta type point force at x'. Hill
concentration tensor is related to Eshelby tensor, SEh, in the following way:

N 3

SEsh = p: (CO)! 4

There are different ways to approximate Eq. (2) since aside from volume fractions, statistical distribution of higher order
textural parameters is almost never available for a random media. The two approximation schemes, with some physically
meaningful interpretations, are the self-consistent and the Mori-Tanaka. The self-consistent approximation scheme was
introduced and developed by Hershey (1954), Kroner (1958), Budiansky (1965) and Hill (1965). In the self-consistent
scheme, €0 in Eq. (2) is set equal to €™ resulting in an implicit expression. This implies that no particular phase plays a
dominant role in contributing to the effective stiffness of the composite. The Mori-Tanaka approximation scheme was
initially proposed by Mori and Tanaka (1973) and further developed by Beneviste (1987). The Mori-Tanaka approximation
scheme can be achieved by setting €° in Eq. (2) equal to CM, where €M is the stiffness of the dominant matrix phase. Mori-
Tanaka is often associated with a “swiss-cheese”/matrix-inclusion texture.
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2.2. Imperfect interfaces

In most continuum mechanics treatments, interfaces are assumed to be perfect. However, in reality, interfaces may play a
significant role on the effective elasticity of a composite. Thus, typical continuum mechanics approaches need to get refined
by accounting for the presence of these imperfect interfaces. The interface model employed here introduces a spring layer of
vanishing thickness, with a characteristics compliance, wjj = adj + (8 — a)n;n;, between the inclusion (£2nc) and the matrix
(Qu, 1993a,b). Decomposing @y into tangential, @, and normal, 3, components allows one to consider relative sliding. One
can recover a perfect interface, i.e. full bonding between the inclusion and the matrix, by setting w;=0, while w;j— oo
represents a complete de-bonding between inclusion and matrix.

Eshelby's solution (Eshelby, 1957) for total strain in an ellipsoidal inclusion can be refined to account for imperfect
bonding by introducing a surface integral over the interface to collect contributions due to interface “imperfections” (Qu,
1993b). The modified Eshelby tensor for an ellipsoidal inclusion, SMEsh, for small w, i.e. slightly weakened interface, reads
(Qu, 1993b):

1
%;‘:Sh = / 55:?;1 Q‘)inan() = Silglh + (Iiqu - 51%2) X HpqrsCrsmn(Imnkl - Srf;:l%;d)
1Qinc! J Qinc )

where Hjj = aTjj + (8 — a)Qjq embeds the interface compliance. For the special case of spheroidal inclusions, Ty = %(Ijjkl)

and Q= %(211714 + 8ii81) (Qu, 1993a). The inclusion grain radius, ‘@’, introduces a length scale into our continuum micro-
mechanical model. Finally, invoking Eq. (4), one can obtain the modified Hill concentration tensor, PM:

PM — §MEsh. (Co)fl ®)

The modified Hill concentration tensor allows us to account for imperfect (to be precised: slightly weakened) interfaces in
our micromechanics based framework.

3. Materials

The model was calibrated and validated with two comprehensive data sets belonging to Woodford (A1-A5) (Abous-
leiman et al., 2007; Bobko, 2008) and Haynesville (B1-B6) shales. The Woodford samples are classified as immature (Ro-
mero and Philp, 2012) while the Haynesville samples are considered to be mature from RockEval analysis (Hydrogen Index
(HI) =17 S2 x 100/TOC and Oxygen Index (OI) =9 S3 x 100/TOC). For calibration, macroscopic elasticity is utilized while the
validation step employs nanoindentation data on the same samples. The mineralogy, porosity, organic content and mac-
roscopic elasticity used for calibration in addition to measured indentation data employed for validation are summarized in
Table A1 and Table A2, respectively. The utility of our original modeling approach is demonstrated through estimation of
kerogen's bulk modulus, K681, pkerogen and kerogen's microporosity, ™, from elasticity; in this case nanoindentation
data on samples from Barnett (C1), Antrim (D1), Marcellus (F1-F5) and Fayetteville (G1). The mineralogy of these samples,
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Fig. 1. Clay type distribution in the studied samples. Illite is the main clay component in all the samples used in this study. Illite/IS stands for mixed layers
of illite-smectite.
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Table 1
Linear thermal expansion coefficients for various geomaterials.

Material ath[(mm/m)/,C°]
Degassed charcoal® 4.50
Charcoal (glassy)” 4401
Charcoal (rubbery)” 6+1
Green River kerogen-MD simulation® 292 +25
Green River Kerogen-Experiment® 104 +8
Kaolinite (x3)¢ 18.6 +1.3
Kaolinite (x1)¢ 52417
Chlorite (x3)¢ 9423
Chlorite (x3)° 111+14
a-Quartz® 243
Feldspar® 14.1-15.6

2 Bangham and Franklin (1946).
b Zhang et al. (2007).

€ Zhang and Leboeuf (2007).

4 McKinstry (1965).

€ Houtari and Kukkonen (2004).

porosity and organic content as well as measured indentation modulus (Abedi et al., 2015) are summarized in Table B1 and
Table B2, respectively. Fig. 1 shows the distribution of different clay types for all data, hinting at the dominance of illite.

4. Model developments

The poroelastic behavior of any porous composite can be described by the classical poroelastic state equations (Dormieux
et al., 2006):

T =Chom E —ap @

- b
(¢_¢O)—a-E+N (8)
(¢ — ¢p) is the Lagrangian porosity change, & denotes the second-order tensor of Biot pore pressure coefficients, and N is the
solid Biot modulus. In what follows, we will first present a structural and textural thought model which forms the backbone

for our model development. Then, the expressions for the effective stiffness and the poroelastic constants are presented.

4.1. Structural and microtextural thought model

We consider a multi-scale thought model that allows us to define a representative elementary volume (rev) at each
considered length scale following the framework established by Ulm et al. (2004) and its continuation by Ortega et al.
(2009b). The building block of the model, at level 0, is considered to be a microporous kerogen. Level I of the model
corresponds to the length scale associated with nanoindentation (10~7-10~% m) with its rev denoted by £2; associated with
the composite response of a porous inorganic phase, i.e. clay, and a porous organic phase, i.e. kerogen. The effective stiffness
associated with this porous composite is denoted by C°™. Anisotropy is introduced to the model as an intrinsic char-
acteristic of clay with its stiffness, €%, considered to be transversely isotropic with xs parallel to the axis of rotational
symmetry and x; parallel to the direction of the bedding planes. For the immature system, all measured porosity is assumed
to be in the clay phase while microporous kerogen forms a continuous matrix leading to a matrix/inclusion texture and thus
a Mori-Tanaka homogenization scheme. The measured porosity does not include the micropores of the kerogen phase. As
maturity progresses, kerogen pockets are reduced in size and become dispersed in the matrix (Prasad et al., 2009; Ahmadov,
2011). This implies more contact between stiff inorganic components leading to a continuous set of possible contact forces,
characteristic of a granular system (Radjai et al., 1996), best captured by a self-consistent homogenization scheme (Ulm and
Abousleiman, 2006). As a consequence of a self-consistent texture, porosity in mature system is assumed to be self-con-
sistently distributed, in both organic and inorganic phases. This implies that all solid phases in each level of the model
possess the same porosity. This is consistent with experimental observations suggesting the prevalence of porosity in
mature kerogen relative to immature ones (Curtis et al., 2013). In the case of mature system, the self-consistent distribution
of porosity leads to additional porosity in the microporous kerogen phase. Moreover, while characterizing pore size dis-
tribution (PSD) to validate their molecular model for mature and immature kerogen with experimental PSD, Bousige et al.
(2015) report that mature samples possess larger pores (pore size > 2 nm) compared to immature ones.

Vernik and Kachanov (2010) report that Mori-Tanaka scheme is a powerful tool for capturing poorly consolidated sands.
Indeed, one can think of kerogen maturation as a “consolidation” process induced not by physical but chemical processes



190 S. Monfared, F-J. Ulm / J. Mech. Phys. Solids 88 (2016) 186-203

since the process of kerogen maturation entails a volume change in the organics phase, a phenomenon that has been
extensively studied (see e.g. Yakobson, 1991; Malthe-Srenssen et al., 2006). At level II of the model with its rev denoted by
2y, we account for the contribution of silt inclusions to the effective elasticity. This level of the model corresponds to a
length scale of relevance to sonic and ultra-sonic frequencies (10~7-10~% m). The stiffness associated with this level of the
model is denoted by C}i°™. A literature survey on mechanical characterization of organic-rich shales suggests the prevalence
of discontinuities in mature organic-rich shales relative to immature ones (see e.g. Vernik and Nur, 1992; Vernik, 1993;
Vernik and Landis, 1996; Vernik and Xingzhou, 1997). In addition, it has been observed that texture has a more significant
contribution to velocity anisotropy compared to micro-cracks (Prasad et al.,, 2009). To account for the presence of dis-
continuities and microtextural anisotropy, we introduce imperfect interfaces between silt inclusion grains and its sur-
rounding matrix in the mature system. The rational for existence of imperfect interfaces can be further explored by con-
sidering the expression for radial stresses in a thermoelastic formulation between the interface of a matrix and an inclusion:

3Kinc x 4GM

e 4 acw @t — aff)a0

or(r=a)=

(C))

A positive value of radial stress, o, at the inclusion/matrix boundary, i.e. r=a, implies a tensile stress field. Here, super-
scripts M and inc denote quantities associated with matrix and inclusions, respectively. at, represent the coefficient of

Level II:
Organic-Rich Shale

Porous Silt
Inclusions
Level I:
Porous Clay-
Kerogen Composite
(Pore Size > 2 nm)

Porous Clay

Pore Size > 2 nm
Level 0:

Nano-Porous
Kerogen
(Pore Size <2 nm)

Log[m]

Mature System Immature System

Fig. 2. Schematics for the multi-scale maturity dependent model for organic-rich shales. At level 0, microporous kerogen forms the building block of the
model. Level I of the model corresponds to the length scale relevant to nanoindentation representing the composite response of porous clay and porous
kerogen phases (different porosity distributions for each system); homogenized in intermediary homogenization steps, each shown by a circle. The
macroscopic response, level II of the model, is captured by accounting for the contribution of inclusion silt grains to the effective poroelasticity. The self-
consistent texture of mature systems implies a self-consistent porosity distribution in each phase, as shown on the left side of this schematics.
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linear thermal expansion and A¢ is the change in temperature. Assuming that change of temperature is positive during
burial/diagentic processes over geological times (i.e. A9 > 0), one can readily see that a positive radial stress occurs when
thermal expansion of the matrix becomes larger than that of the inclusion, producing a tensile stress field. Characteristic
values of thermal expansion coefficients for some constituent of organic-rich shale are given in Table 1. For inclusions,
taking charcoal as an asymptotic case for mature kerogen and Green River, an immature example, as well as kaolinite as the
mineral making up the inorganic matrix; one can readily observe that at some point in geological times, the physical and
chemical changes in kerogen structure and composition lead to (o — ajf) > 0 which in turn leads to partial de-bonding at
the interfaces between organic and inorganic constituents. This illustrates the significance of burial/diagenetic processes on
overall anisotropic poroelasticity of organic-rich shales. Finally, in our approach, we consider grains and pores to be
spheroidal. This is based on the notion that aspect ratios and grain orientations do not seem to have a first-order con-
tribution on the overall poroelastic behavior of organic-rich shales, specifically in a porous solid with a high packing density
(Ortega et al., 2009a). Vernik and Kachanov (2010) argue that in seismic and sonic frequency range for low porosity rocks,
i.e. high solid packing density, (pore or crack) aspect ratios do not play a significant role.

In summary, for immature systems, Q= Qpc U Qerogen and 2y = Q" U Qjp.. Similarly, for the mature case,
Q1= Qpe U Qpx and Q = 21 U Qpinc. Porous clay is denoted by ‘pc’, porous kerogen is represented by ‘pk’, porous inclusion is
shown by ‘pinc’ and ;" is the upscaled poroelastic response of £2; which is homogenized with porous inclusions. The
schematic representation of the model is shown in Fig. 2.

4.2. Volume fractions

4.2.1. Immature system
Based on the thought model presented in Section 4.1, the volume fractions associated with the phases that contribute to

the poroelastic behavior of organic-rich shales at macroscopic length scale can be written as: fclay 4 fkerogen | finc | 5 — 1,
The measured porosity is denoted by ¢ while f13V, fkerogen apqd finc represent volume fractions associated with clay, kerogen
and silt inclusion phases, respectively. The volume fraction of the rth solid phase at level II is defined as:

ml’ r

fr=a- ¢)P7/p§i

i—1Mp, 10)
where m' is the mass percent of the rth phase, py is the grain density associated with this phase and p stands for all minerals
present plus kerogen. The silt grain inclusion volume fraction, f™°, consists of all inorganic minerals excluding clay. It is
defined as follows:

koo
Comilpd

e = 1 - p 2
i=1 M7 an

with k representing all none clay inorganics (silt grains). At level I of the model, the solid volume fraction associated with
the rth solid phase, 7", reads:

g I
1 - finc 12
And similarly, porosity at level I, ¢ reads:
__ ¢
7= 1 fne 13)
1
Furthermore, in order to estimate C,. associated with £2,.; we define the following volume fractions: qnday = c?:yai
7 @

[

Pn ,Iclay +o °

4.2.2. Mature system
For the mature model, granular microtexture and consequently a self-consistent porosity distribution result in a slightly
different set of definitions for volume fractions. The volume fractions corresponding to the phases that contribute to the
poroelastic behavior of mature organic-rich shale macroscopically are: fclay 4 fkerogen 4 finc 4 ginc 4 pker o pclay — 1; where:

fr

r —
9= finc +fker + fclay¢ (14
The measured porosity, ¢ = ¢V 4 gkerogen 1 pinc where ¢p" (r=inc, kerogen, clay) is the self-consistent porosity associated
with the solid phases. f'% and f<¢r°¢°" are defined by Eq. (10) while f"° is expressed by Eq. (11). The solid volume fraction of
the rth phase, #', and the porosity, ¢, at level I of the model can be obtained from:
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N i
m= 1 _fpinc (15)
o ¢
7 =1 = fine (16)

Where fpinc = finc 4 pinc Additionally, the normalized kerogen volume fraction and the porosity associated with domain

. kerogen kerogen . . .
£k is defined as: r;,{‘e“’ge“ = 1 and qz,i‘e“’ge“ = » For the domain associated with porous clay, €2,

,7l<erogen + wkerogen ”kerogen + wkerogen °

day _ day _ _ oM . . .. . .
T = ey e and ¢S = Ty 1 0 Finally, for the purpose of computing the effective elasticity of porous silt inclusion,
one can define f] = W (r=quartz, calcite). Lastly, in a separate step to account for porosity in the inclusion phase,

+
. . ginc _ _finc inc _ _ ¢\"c
we define: fi' = Tl 1 gt and ¢, = Fic 5 i

4.3. Level I: effective elasticity

4.3.1. Immature system
The effective stiffness of the porous composite at level I of the model for immature organic-rich shale can be obtained by
invoking Eqs. (1) and (2) as follows:

Clom = (C": A)g 17

where Q) = Q,c U Qyerogen and 2pc = Qay U 2,. The stiffness of porous clay can be computed using: Cpc = (C": A’)QPC. All the
relevant volume fractions are defined in Section 4.2.1. The exact expression for strain localization tensor, Eq. (2), depends on
the homogenization scheme used. Thus, in a Mori-Tanaka scheme for immature organic-rich shales, €° in Eq. (2) should be
replaced with ckerogen when implementing Eq. (17). Additionally, estimation of Cy requires replacing €° with €“% in Eq. (2).

4.3.2. Mature system

Similar to the case of immature organic-rich shale model, the expression for effective stiffness at level I of the mature
model, €°™, looks exactly like Eq. (17) however with a different porosity distribution in the organic and inorganic phases in
addition to a granular microtexture. These differences need to be considered when estimating C°™, C,. and Cpy. The re-
levant volume fractions are defined in Section 4.2.2.

4.4. Level II: effective elasticity

4.4.1. Immature system

The rev defined for the level II of the model includes two domains: the porous composite upscaled from level I and
denoted by 2; = (1 — fin)@;; as well as the inclusion domain, Qi,c = f"Qy;. Similar to Eq. (17), the expression for estimating
the effective drained stiffness at level II reads:

Cliom = (C": A, (18)

In a Mori-Tanaka homogenization scheme, when implementing Eq. (18), €° in Eq. (2) should be replaced with ¢°™, Fur-
thermore, CI"¢ = 3Kn¢) 4 2GinK with J = %(5ij5kl) and K =1 - J. K™ and G'" were obtained by homogenizing bulk and shear

moduli of pyrite (KPYrite = 138.9 GPa, GPY'*®=112.3 GPa) and quartz (K9¥'*?=37.9 GPa, G4z = 443 GPa) (Mavko et al,,
2003).

4.4.2. Mature system

For the macroscopic response of the mature system, one needs to account for the effective behavior of two porous
systems; with a uniform pore pressure field prevailing inside them. Additionally, the effect of weakened interfaces between
silt inclusion grains and the matrix needs to be considered. This can be done by replacing P in (2) with (6). The expression
for ci°™ is the same as (19) though the defined rev includes porous inclusions with its matrix elasticity obtained from
homogenizing quartz and calcite (K¢alite = 58.2 GPa, G<'“*®=28.3 GPa) (Mavko et al., 2003) in a self-consistent manner.

4.5. Poroelastic coefficients and poroelasticity

The poroelastic response of a porous composite can be obtained by superimposing the solution to two boundary value
problems. One involves the response of the system when an eigenstress, 67, is imposed in the pore space, while keeping a
zero displacement boundary condition. The other accounts for the response of the system when a displacement boundary
condition is imposed. The application of Hill Lemma and Levin's theorem enables one to obtain and to upscale the Biot solid
modulus, N, and Biot tensor of pore pressure coefficients, @. With these at hand, assuming full saturation, one can obtain the
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Table 2
Poroelastic coefficients for the immature system for each defined rev.

Cpe apc = gp1: A?n
1
o=t S (ape — ¢, 1)
pc
2 aj = ¢l: A?
1 1- ,]kerogen
ﬁ[ - T + apct (cPe — Ckerogen)—l: (—ar+(1 - nkerogen)upc)
pc
Q an=ai: (I — fincAinC)
1 1 _finc . .
Mo N (€pom — ¢iney=1: (— gy + (1 - fi%)ay)

undrained behavior of a porous composite as follows (Dormieux et al., 2006):

C‘l}gm — Chom + (Ma ® a) (19)
1_1_ 9
M N K (20)

The saturating fluid was assumed to be water with a bulk modulus, K’ of 2.3 GPa. The final expressions for poroelastic
coefficients are summarized in Table 2 for the immature system and Table 3 for the mature one.

5. Results
5.1. Calibration procedure

The calibration of the model was performed by downscaling the macroscopic elasticity of both Woodford (immature)
and Haynesville (mature) data sets by minimizing the Frobenius norm of the measured values and the predicted undrained
elasticity, C%}ﬂﬂ‘,; as mathematically summarized in Eq. (21). The degrees of freedom associated with this multi-objective
minimization problem are outlined in Eq. (22). The silt inclusion grain radius for weakened interface model was estimated

from a SEM image on Haynesville sample (see Fig. 3). The transversely isotropic clay elasticity, C9%V, was constrained to

Table 3
Poroelastic coefficients for the mature system for each defined rev.

Qpk ka
apk =1 - Tokerogen
Kkerogen
1 _apk - (p#erogen
Npk Kkerogen
Qpc y

i cla
apc = pp1: A%n

Nipc =1: scay; (apc — q)rf]ay‘l)

kel )= ((pclay + nclay)apc + ((pkemgen + ﬂkerogen)apk
1 1 . 1
2 = (wclay + ”clay)_ + ((/)kerogen + nkelogen)
Ni Npc Npk
pinc Kpinc
QApinc = 1-—
Kinc
1 _ Qpinc — (ﬂ;ilnc
Npinc Kinc
Qlup. aluP‘ =al: @ _fpincApinC)
1 1= pinc .
NOp- = N{:p. + o (o™ — Cpine) ™! (- o"P + (1 - fPN) P
1 I
@ it = [P apine + (1 = fPM)a?
1 i 1 i 1
— = fpinc + (1 — fpincy

N Npinc NIUP'




S. Monfared, F-J. Ulm / J. Mech. Phys. Solids 88 (2016) 186-203

194

Fig. 3. A Scanning Electron Microscope (SEM) image on Haynesville sample. An average inclusion grain radius of 2 pm, input for imperfect interface model,

was chosen. This image is courtesy of Amer Deirieh.

ensure its positive definiteness. Furthermore, kerogen bulk modulus, K*¢™2°", was introduced as the sole degree of freedom
associated with kerogen. This is justified from the results of Bousige et al. (2015) which suggest vkerosen ~ 0,25, independent
of pkerogen or jts state of maturity. This is done utilizing the functional relationship, as displayed in Fig. 6, to constrain density
and bulk modulus variable spaces - based on maturity. This allows us to avoid any assumptions a priori regarding elasticity,
density and consequently volume fraction of the kerogen phase. For the mature system we used simulation results of
Bousige et al. (2015) on re-constructed Marcellus kerogen (MAR) with a vitrinite reflectance of %R, = 2.2; while for the
immature one, we utilized the reported values of Bousige et al. (2015) on Middle East Kerogen (MEK) with a vitrinite

reflectance of %Rg = 0.55:
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- Cﬁ:;rrl(e)sville ”F]
21

. h immature h
minf Y| (chm) - ORI+ > I (Clom
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Fig. 4. Calibration quality check by comparing predicted macroscopic values (drained and undrained) for Woodford on the left and Haynesville on the right

against the measured values.
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Table 4
Available reported anisotropic clay elasticity obtained from a combination of experimental (laboratory/simulation) techniques.

Clay type Cy1 (GPa) Cq2 (GPa) Cy3 (GPa) C33 (GPa) Caq (GPa)
Muscovite? 178 42.40 14.50 54.90 12.20
Muscovite® 184.30 48.30 23.80 59.10 16
Kaolinite® 171.50 38.90 26.90 52.60 14.80
Muscovite® 250 60 35 80 35
Chlorite® 181.80 56.80 90.10 96.80 11.40

Illite (ReaxFF)® 216+ 5 76+9 29+4 93+1 10.8 + 0.4
Illite (ClayFF)° 292.5+0.5 1283+ 0.4 16.67 + 0.08 489+0.1 9.82 +0.04

2 Aleksandrov and Ryzhova (1961).
b Vaughan and Guggenheim (1986).
€ Katahara (1996).

9 Seo et al. (1999).

€ Hantal et al. (2014).

d — (C]c%ay' C]c%ay’ Cclay Cclay Cclay Kkerogen Kkerogen a, ﬂ)

13 » >33 » ~44 » *Woodford’ "“Haynesville’ (22)

5.2. Calibration and validation results

Calibration results can be summarized as follows: C{% = 103.0 GPa, C& = 41.6 GPa, C}Y = 34.1 GPa, (5 = 43.3 GPa,

ColY = 7.7 GPa, Kio%eh | = 4.2 GPa, K{oe8h, = 1.4GPa, a = 1.53 x 10~ GPa ', and = 1.17x~7 GPa™ . As a quality check,
the measured values are plotted against predictions using the calibrated results, displayed in Fig. 4. The grain scale in-

dentation moduli of clay were calculated, using (Delafargue and Ulm, 2013):

1
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Fig. 5. Validation by means of nanoindentation for Woodford on the left and Haynesville on the right against the measured values.
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Table 5
Means and standard deviations of relative error between measured and predicted indentation moduli (level I). For Haynesville data, same sample size for
the reported measurements is assumed.

Indentation moduli Immature system Mature system

e es e €5
M, 0.36 0.35 —0.03 0.50
Ms 0.05 0.21 —0.58 0.55

We obtain m; = 62.3 GPa and ms = 29.2 GPa, in x; and x3 directions, respectively. A number of published transversely iso-
tropic clay elastic values are reported in Table 4 and agree well with our results. For further validation, the predicted
indentation moduli at level I of the model are compared to the measured values on Woodford and Haynesville samples. The
results are displayed in Fig. 5. The quality of this validation step is quantified using the mean, €, and the standard deviation,

e,, of relative error, e;; computed as follows (Hellmich and Ulm, 2005): e¢; = (X'Y;Y‘) é= % Yeande, = ﬁ > (e; — €)?; where
2 .

X; and Y; represent model predictions and measurements, respectively and n represents the number of samples in the data set.

The calculated é and e, are reported in Table 5. The obtained values for compliances are consistent with derivation of imperfect

interface model by Qu (1993a,b) for small compliances, hence slightly weakened interfaces. Additionally, the order of magnitude

for a and f compares well with reported normal and tangential compliances of a crack complied by Prioul et al. (2007).

5.3. Application: kerogen density and microporosity estimations

The unique approach in accounting for microtextural transition of source rocks with maturity via a mean field theory
enriched with data from molecular simulations enables us to indirectly access microtextural information from elastic
measurements. An important parameter for exploration geophysicists is kerogen density, p*°"°%", This density reflects the
degree of maturity of the organics and it carries information pertaining to its microporosity, ™", Having access to g™
from elastic based field measurements such as seismic or sonic wave velocities can revolutionize the current reserves
estimation techniques.

We estimated kerogen's bulk modulus and consequently its density utilizing indentation data on both mature (Marcellus,
Fayetteville) and immature (Barnett, Antrim) formations (see Appendix B) via:

35 ' ' '
—MEK fit

30 | ® MEK simulated ]
---MAR fit

250 ™ MAR simulated ]

kerogen
poOE

g/cc]

Fig. 6. Bulk modulus of kerogen against density for two of the samples studied by Bousige et al. (2015) using a Molecular Dynamics (MD) Hybrid Reverse
Monte-Carlo simulation (HRMC) method. MAR refers to a mature kerogen extracted from a sample of Marcellus shale and MEK is the kerogen extracted
from an organic-rich shale sample from the Middle East, classified as immature kerogen. The fit is a power-law of the form y = a + be®* with aMAR = 1,2278,
bMAR = 0,0016, cMAR = 6.0783, aMEK = _ 32886, bMEK = 0,2997 and cMEK = 3,2070.
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Table 6
Estimated kerogen density and microporosity of kerogen from elasticity.

Estimations C1 D1 F1 F2 F3 F4 F5 G1
from
elasticity
Kkerosen (Gpa) 4.1 6.4 35.0 35.0 9.0 6.1 7.7 5.2
PHeroE (gfcc) 1.0 11 16 16 14 13 14 13
P™ (%) 56 52 28 28 38 42 40 43
70
60 [ b
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Fig. 7. Application of the outlined methodology to estimate kerogen density. The predicted values reflect model's prediction after using the estimated
kerogen bulk modulus obtained by downscaling nanoindentation data.

{2})&" Z ” Mpredlcted _ Mmeasured ||F
K formation (25)

Then, assuming a graphite based organic backbone with a density, p;‘*“’ge“ = 2.26 g/cc (Pierson, 1993); we can estimate

@™IT0 yia: pkerogen — (] _ ¢micr0)pge"°ge“. The results are reported in Table 6 and the quality of the fit is displayed in Fig. 7. The
predicted kerogen densities are consistent with our expectations of higher values for mature systems. The high values for
kerogen bulk modulus for F1 and F2 are a consequence of low TOC for these two samples (0.5 and 1 by mass %, respectively).
This confirms our hypothesis of capturing the first-order contribution of organic maturity on effective elasticity as a texture
effect. For example, for the case of F1, the measured indentation moduli, M; =50.3 GPa and M3=38.4 GPa, agree well with
predictions using a vanishing kerogen stiffness, M;=46.1 GPa and M3=22.4 GPa; not that different compared to predictions
using a kerogen bulk modulus of 35 GPa: M;=50.2 GPa and M3;=24.8 GPa. Furthermore, utilizing available data for Hy-
drogen Index (HI) of kerogen in the studied samples, a linear relationship between kerogen density and HI is established, as
displayed in Fig. 8. Additional data points on this plot, combined with other maturity indicators such as e.g. vitrinite re-
flectance, sp?/sp3 ratio (Bousige et al., 2015) and normalizing these variable spaces by the values for a material representing
the upper end of maturity (e.g. pyrobitumen, graphite); would provide an indirect technique to relate kerogen density to the
degree of maturity.

6. Sensitivity analysis

A comprehensive sensitivity analysis of the model by means of Spearman's partial Rank Correlation Coefficient (SPRCC)
(Gibbons and Chakraborti, 2003) is presented to assess the sensitivity of the normalized variance of the model output with
regard to uncertainty associated with each input parameter. Specifically, the sensitivity of the undrained macroscopic
elasticity, the anisotropy parameters (Thomsen, 1986) and the minimum in situ horizontal stress to variations in model
input;namely €, ¢h, K*8°" organic content (TOC), and fluid bulk modulus, K, are studied. Additionally, for the mature
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Fig. 8. The fit between Hydrogen Index (HI) and kerogen density is in a linear form: y = ax + b, where a = — 3022.2, b=3867.2 and R? = 0.96. Other
maturity indicator such as %Ro, sp?/sp3, and Oxygen Index can be used to establish such relationship that are useful for the assessment of the degree of
maturity of kerogen from elasticity.

model, the sensitivity of output to tangential, &, and normal, j, interface compliances as well as silt inclusion grain radius

(radius or ‘a’) is explored. The Thomsen parameters are defined as (Thomsen, 1986): e = q;@c;g‘ 7= ng’c" %4 apd
§* = —[2(G3 + C44)? — (G3 — Ca2)(G1 + G3 — 2C4q)]. The solution for the minimum in situ horlzontal stress 1r1 a transversely

1sotro%fc formation reads (Thiercelin and Plumb, 1994): ¢, = C;z (63— a3By) + 1P, + (G1 - C; Yea + (Ga — 23)8], where P,
denotes pore pressure and ¢, represents tectonically induced strains (assumed to be zeroﬁ. To perform the sensitivity
analysis, each input parameter was introduced stochastically with a normal distribution, as follows:

X ~N, o) (26)

N denotes a normal distribution. ¢ and ¢ represent the mean and standard deviation needed to characterize a normally
distributed random variable, X. All distributions were defined using a coefficient of variation, V = < = 0.10. The stochastic
inputs are summarized in Table 7. The analysis was performed by means of 1500 Monte Carlo simulations ensuring the
convergence of the result. The results are displayed in Fig. 10 for the mature system and in Fig. 9 for the immature case.

g::JEaZtically defined input for Spearman's partial rank correlation coefficient analysis by means of 1500 Monte Carlo simulations.

Input Distribution " 2 14
parameters types

Cﬂ"y (GPa) Normal 103.0 10.3 0.1
C]céay (GPa) Normal 41.6 4.2 0.1
C]céay (GPa) Normal 34.12 3.4 0.1
C3cl3ay (GPa) Normal 433 4.3 0.1
Cflify (GPa) Normal 7.7 0.77 0.1
¢ (%) Normal 13 13 0.1
TOC (mass%) Normal 15.7 157 0.1
Kkerogen (GPpa) Normal 1.69 0.16 0.1
a (GPay™! Normal 153 x10-7 153 x 10-8 0.1
$ (GPay~! Normal 1.17 x 107 117 x 108 01

Radius (a) (m) Normal 2% 106 4 % 107 0.1
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Fig. 10. SPRCC results for mature organic-rich shale model.

The SPRCC analyses for the immature model suggest that TOC, and K™ are the most influential parameters on the
effective undrained macroscopic elasticity while for Thomsen parameters and ¢, clay elasticity, €, seems to play the
dominant role. Same trends can be observed for the mature model. Furthermore, the parameters associated with weakened
interface model, namely tangential and normal interface compliance, @ and f, respectively, as well as silt inclusion grain
radius have negligible contribution to the normalized variance of the output.

7. Discussions

The combination of micro-textural transition of organic-rich shale with maturity and the results of maturity dependent
molecular studies on kerogen led us to a set of elastic values in relatively good agreement with published transversely
isotropic results (see Table 4), hinting at the existence of an effective set of illite-rich clay elasticity for similar depositional
environments. The model presented captures asymptotic cases for organic maturity. To model intermediate maturity levels,
one would need tools beyond mean field theory in order to incorporate higher order statistical distribution of microtextural
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parameters, i.e. beyond volume fraction information. The porous silt inclusions for the case of mature model arises as a
consequence of a self-consistently distributed porosity in all solid phases. This is a first-order approach to distinguish
porosity distribution in mature vs. immature systems. Further quantitative lab characterization with regard to porosity
distribution in various phases can be easily incorporated into the model once available. Lastly, a larger data sets for cali-
bration would result in improved values, though the framework established remains rigorous.

Furthermore, the contribution of burial and diagenetic processes on the evolution of organic matter and on overall
elasticity of organic-rich shales is captured by introducing slightly weakened interfaces. In reality, organic-rich shale de-
posits, over geological time, not only go through burial; but also uplifting and erosion, entailing a Ad < 0. In addition, the
geothermal gradient at the geological time and burial location become a critical factor in terms of kerogen maturation and
its effect on overall poroelastic behavior of organic-rich shales. Kerogen maturation is a complex function of exposure time,
pressure, temperature and composition that is going over rapid physical and chemical changes (in geological time scale) as it
generates hydrocarbons. Some may argue that any discontinuities created in the subsurface such as micro-cracks and
weakened interfaces would re-cement over geological times and thus should not be considered in a modeling framework.
However, one needs to be aware that organic-rich shales are more intricate than other sedimentary rocks due to the
presence of both organics and inorganics. Both cementation and maturation occur over geological time scales, though the
kinetics involved in these processes and the characteristic time scale associated with them are not well understood. Chances
are that these processes occur on time scales that are orders of magnitude apart - though still within the same geological
time scale. It is also important to recognize that inorganics, e.g. quartz, for the most part remain physically, chemically and
structurally inert when exposed to pressure and temperature, in the range relative to subsurface exploration (Sorrell et al.,
1974). On the other hand, kerogen seems to go through chemical, physical and structural changes - and possibly a glass
transition - during maturation. A parameter that we identified in our rationalization was the coefficient of linear thermal
expansion, ary. For inorganics such as quartz, ar, seems to not change much over the temperature range of our interest
(Sorrell et al., 1974), however, organics seem to be sensitive to the exposed temperature, pressure and more robustly, the
maturation state; which partly addresses the existence of weakened interfaces.

With molecular simulation results at the heart of our model, we are able to link kerogen maturity, elasticity and density
rigorously, promising a new horizon in subsurface characterization using elastic based measurements. The choice of a
ykerogen — 0,25 s based on the result of molecular simulations which itself follows fundamental principles of physics.

8. Conclusions

Merging molecular results with continuum micromechanics in the form of constraining variable spaces promise to be a
powerful tool for capturing intricate elastic and poroelastic behavior of organic/inorganic porous composites. Our original
multi-scale modeling approach utilizes a mean field theory to account for asymptotic textural transition of organic-rich
shales with maturity. The homogenization schemes employed, namely: Mori-Tanaka and self-consistent techniques im-
plicitly provide insights into phase interactions and force transmission in these composites as their texture evolve from a
matrix/inclusion into a granular one with burial and diagenetic processes taking place over geological time scale. The ob-
tained elastic values for illite-rich clays compare well with reported values obtained with different techniques performed at
different scales. Having microporous kerogen at the heart of our model enable us to indirectly access information such as
kerogen's density and its microporosity with profound implications on reserves estimation from elastic measurements.
Finally, we have utilized Spearman's partial rank correlation coefficient for a comprehensive sensitivity analysis for our
model and introduced it as a tool for geoscientists to improve confidence in their computations.
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Elasticity, mineralogy, organic content and porosity of Woodford (Abousleiman et al.,, 2007) and Haynesville samples used in calibration of the model.

Measured Al A2 A3 A4 A5 B1 B2 B3 B4 B5 B6
quantities
Quartz (mass%) 37 31 33 34 27 30 27 16 20 32 28
Feldspar (mass%) 2 - 2 2 2 7 9 5 6 11 10
Plagioclase (mass%) 3 3 3 3 3 - - - - - -
Carbonate (mass%) 0.5 3 1 - 6 30 22 65 51 9 12
Ankerite (mass%) 2 4 2 7 8 - - - - - -
Pyrite (mass%) 9 13 10 6 3 - - - - - -
Clay (mass%) 30 28 31 36 36 30 38 11 20 43 38
Kerogen (mass%) 17 175 18 12 14 2.48 334 157 2.65 330 3.16
¢ (%) 16 21 16 19 21 6.64 7.36 4.61 5.57 716 7.59
Cppacro (GPa) 231 25.6 23.8 28 212 58.7 541 49.9 64.6 514 58.52
Cpgacro (GPa) 15.7 16 14.9 173 13.8 20.5 19.9 134 203 18.3 18.5
Cpgacro (GPa) 5.2 6.6 53 5.6 49 15.4 113 104 214 12.6 11.6
Cimacro (GPa) 8.8 7.7 7.8 83 79 33.8 331 419 58.7 303 351
Cipacro (GPa) 6.9 6.1 6.2 75 6.3 149 15.7 15.3 20.7 13.6 14.6
Table A2
Measured Woodford (Bobko, 2008) and Haynesville (Abedi et al., 2015) indentation moduli used for validation.
Samples M; (GPa) M5 (GPa)
Al 10.79 +£3.39 8.47 +2.35
A2 1195+ 3.1 9.09 +2.69
A3 10.24 +3.24 6.82 +2.12
A4 11.98 +4.24 9.82 +3.06
A5 7.33 +2.57 714 +2.63
B1 - -
23.04 +6.07
B2 - 22.51 + 6.64
24.26 +4.19
24+74
B3 - -
B4 - -
36.83 +6.24
B5 36.68 + 5.68 22.84+7.99
28.39 +6.68 2422 +9.33
348 +6.32 22.36 +7.52
19.85 +6.88
B6 29.68 +7.18 21.09 +£5.94
30.98 +6.22 2141 +6.75
Appendix B. Application data set
Table B1
Mineralogy, kerogen content, porosity and HI of samples used in application of the model for estimating kerogen microporosity.
Measured quantities C1 D1 F1 F2 F3 F4 F5 G1
Quartz (mass%) 29.7 40.9 19.7 18.7 29.6 294 36.2 28.8
Clay (mass%) 41.8 314 29.2 29.3 384 322 322 25.1
Albite (mass%) 2.2 3.5 - - - - 6.3
Calcite (mass%) 2.6 - 30.6 33 31 13.3 22.8
Microline (mass%) 3.2 - - - - - - -
Pyrite (mass%) 0.5 3.1 1.5 18 8.7 73 11.7 2.5
Gypsum (mass¥%) 7.8 - - - - - - -
Dolomite (mass%) - 4.4 44 3.6 14 24 15 8.9
Sanidine (mass%) - 7.9 - - - - - -
Plagioclase (mass%) - - 3.2 3.5 6.0 4.8 5.6 -
Siderite (mass%) - - 0.5 0.7 0.7 0.4 0.3 -
Anatase (mass%) - - 0.2 0.1 04 0.4 0.5
Barite (mass%) - - - - 15 - - -
Muscovite (mass%) - - 10.7 9.6 10.2 10.0 9.0 -
Kerogen (mass%) 12.2 9.6 0.5 1.0 7.7 7.3 8.2 492
¢ (%) 7.3 8.8 8.4 7.9 7.2 5.2 6.5 4
Hydrogen Index (HI) [S2 x 100/TOC] 824 730 - - - - - 7
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Table B2
Nanoindentation moduli used as an elastic measurement to estimate kerogen's microporosity (Abedi et al., 2015).

Samples M; (GPa) Ms5 (GPa)
C1 17.37 + 4.02 11.78 + 2.45
D1 2111 + 4.68 12.31+2.91
45.74+9.81
4170 + 6.32 34,59 + 831
F1 5337+ 732 40.95 +9.61
52.61+7.83 3774 + 6.41
57.70 + 7.12 40.50 + 8.11
28.81 +5.04
F2 50.94 +9.01 -
3530+ 6.39 19.66 + 3.44
F3 33.02 +5.59 25.17 +4.48
34.06 +7.23 23.51+4.24
F4 29.14+5.55 -
23.85 + 6.22
F5 28.17 +5.39 23.92 +5.28
29.41 +5.50 2319+ 5.51
G1 31.99 +5.91 -
30.27 £6.05
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