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A B S T R A C T

Computation of shale permeability is challenging owing to the complicated physics of gas flow and the small-
scale heterogeneity in nanometer pores. In this study, a statistical-coupled model (SCM), based on the combi-
nation of FIB/SEM and SEM imaging measurements and statistical analysis is proposed to bridge the nanopore-
scale with the organic representative elementary volume (oREV)-scale. FIB/SEM imaging is adopted to get the
nanometer pores properties in organic matter (OM), and SEM imaging is used to get the OM content distribution.
With the analysis of nanopores of a Longmaxi shale sample from the Chongqing Province, China, it is demon-
strated that the pore size distribution obtained from FIB/SEM images of typical samples is representative con-
sidering the principal parts of the pore radii are similar comparing with 2D SEM image. Then, the SCM is
constructed based on the combination of the statistical method, the series-parallel model and the equivalent
model for microstructures, and the rationality of SCM are also investigated. The obtained characteristic para-
meters show an excellent performance in calculating the SCM element permeability with a small deviation of less
than 3% and a significantly faster computation speed comparing with the previous literature by approximately
400 times. Using the SCM, a method for the construction of oREV and the determination of oREV-scale per-
meability for the organic-rich shale is presented. Finally, the sensitivity analyses of oREV-scale permeability are
conducted and the results show that the permeability is sensitive to the OM content distribution, the district of
shale sample and the permeability of IOM. The influence of OM permeability on macroscale is also analyzed. The
new model can advance the understanding of the multiscale phenomena and establish a relationship between
microscale properties and macroscale behavior.

1. Introduction

Organic-rich shale has attracted significant attention to meet world's
increasing energy demand. Differing from conventional reservoirs, gas
shale, is rich in nanopores with extremely low porosity and perme-
ability. Special techniques are necessary to be used in the gas ex-
ploitation for the unconventional reservoirs. For a shale reservoir, hy-
draulic fracturing is widely used which causes a complex multiscale
system for gas transport (Chen et al., 2015b; Osiptsov et al., 2017; Yang
et al., 2017; Zhiming et al., 2014). And the strong heterogeneity of
organic matter (OM) and inorganic matter (IOM) in shale also adds
significant complexities into the multiscale problem (Yan et al., 2018).
The macroscopic properties of shale such as porosity, permeability and
adsorption are dependent on its micro-structures, components and flow
regimes. It is of significant importance to get the properties of the re-
presentative elementary volume (REV) which serves as the bridge of
microscale and macroscale. Over several years since the concept of REV
was floated by Bear, it is known that REV is the volume at which the

averaging of the reservoir attribute becomes stable (Bear, 1972). An
REV can be defined for each porous medium property or system con-
dition of interest such as porosity, moisture saturation, permeability
(Costanza-Robinson et al., 2011). In recent years, several approaches
are proposed for determining the REV. Lake and Srinivasan (2004)
presented a method to determine the REV of an attribute from a log-log
plot of the variance of attribute's linear average vs. length scale. Singh
et al. proposed a sophisticated approaches to estimate REV using var-
iance-based approach (Singh, 2014, 2017; Singh and Srinivasan, 2014).
It is hypothesized that accurate assessment of the scaling characteristics
of reactive-transport processes in reservoirs requires analysis of the
spatiotemporal variability of the underlying rock properties of the re-
servoir. A semi-analytical model considering both the spatial and
temporal characteristics of the reservoir attribute is used to derive the
REV of attribute in combined space and time. Naraghi and Javadpour
(2015) compared the sensitivity of the total apparent permeability to
the local heterogeneity by changing the sample size. They calculated
the mean permeability and the standard deviation of several stochastic
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realizations to determine the REV when the standard deviation goes
approximately to zero. In this study, the REV is defined for the volume
that is sufficient to involve the heterogeneity caused by organic matter,
referred to as organic REV (oREV). As the flow scale in shale spans
widely, a reasonable approach for its multiscale modeling involves
obtaining the oREV-scale permeability from a micro- or pore-scale and
then followed by substituted into larger scale simulators, which can
convert the complex multiscale phenomena into a computer-tolerable
simulation model. Recently, numerous researchers have noticed the
superior performance of multiscale models and applied them to in-
vestigate gas flow in shale (Akkutlu et al., 2017; Cao et al., 2017; Chen,
2016; Geng et al., 2016; Jiang et al., 2017; Singh and Javadpour, 2016;
Song et al., 2016; Talonov and Vasilyeva, 2016).

In gas shale reservoirs, gas is stored in interconnected pore space or
adsorbed onto OM and often sourced from the same reservoir rock
(Darabi et al., 2012). From focused ion beam scanning electron mi-
croscope (FIB/SEM) images, it is obvious that there are abundant na-
nopores in OM. Gas flow in the nanopores is of significant nonlinear
behaviors such as slip effect, Knudsen diffusion and adsorption. And the
permeability equation proposed by Javadpour (2009) which considers
the slip and Knudsen diffusion is widely used. In 2013, Mehmani et al.
(2013) implemented Javadpour's equation for the throats of pore net-
work model (PNM), then calculated the permeability of the entire pore
network. However, using PNM in the whole region of shale is un-
suitable: in IOM, the pores are highly dispersed and the main flow
channel consists of natural and hydraulic fractures; while in OM,
though the pores form pore network as the main gas storage space, the
OMs are dispersed in IOM and isolated from one another (Cao et al.,
2017). Natural gas production from shale formations involves highly
complex geological features consisting of OMs embedded spatially-
distributed in IOM. Based on the different characteristics of OM and
IOM in shale, treating them separately in a model has become a re-
cognized idea, and there are two categories of models as follows.

One category is based on abstract or direct modeling on physical
spatial images. Chen (2016) proposed a model on the basis of advanced,
multiscale CT and SEM imaging of shale samples. The study related
pore-scale information to larger-scale processes and applied sensitivity
analysis and uncertainty quantification to reduce system complexities
by characterizing the critical parameters. But it has limitations in the
upscaling process with no consideration of the influence of OM on the
macroscale permeability. Akkutlu and Fathi (2012) performed a study
on a multiscale dual-porosity model with local kerogen heterogeneity
by separating kerogen from inorganic matrix and representing both of
them using continuum. In 2015, Akkutlu et al. (2015) adopted multi-
scale asymptotic analysis method to solve an one-dimensional dual-
porosity continuum mode. The study obtained the macroscopic para-
meters with the solutions to the cell problem defined in representative
volume elements, which takes the fine-scale variations into account and
average their effects on the macroscale. Follow Akkutlu's work, in 2016,

Talonov and Vasilyeva (2016) modeled shale by generating 2D coarse
and fine grids on the SEM images, and utilized numerical homo-
genization technique to bridge the local problems to macro parameters.
However, 2D model is used without considering the 3D heterogeneity
and the continuum-scale simulator also needs the parameters obtained
from pore-scale information. Besides, Jiang et al. (2017) proposed a 3D
effective cluster-scale model to determine the characteristic parameters
of the pores and the gas transport features in the OMs of shale. The
study bridged the pore-scale morphology to cluster-scale parameters for
OM based on the nanometer-resolution FIB/SEM images in conjunction
with a high-precision pore network extraction algorithm (Axis & Ball
algorithm, AB (Yi et al., 2017)). Later, Cao et al. (2017) built a 3D
coupled model of OM and IOM based on FIB/SEM images. PNM was
utilized to represent the nanoporous OM to capture the complicated

Nomenclature

dm diameter of a gas molecule
Df surface fractal dimension
Kiom permeability of IOM
Kom permeability of OM
Kd,om absolute permeability of OM
Ke permeability of the SCM element
Ks permeability of SCM
M molecular molar mass of methane
P pressure
pL pressure when adsorption reaches half of the ultimate

adsorption amount
R universal gas constant

t time
T absolute temperature, K
Vabs,stp volume of gas adsorbed at STP
VL ultimate adsorption amount
Z compressibility factor
α TMAC
τ tortuosity
μg gas viscosity
ρ gas density
ρs shale density
Ψ OM content
μ, σ characteristic parameters of the OM content distribution
Φs porosity of shale matrix
Φf flowing porosity

Fig. 1. Definition of oREV. (a) oREV in the multiscale system in shale, (b) oREV
construction.
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