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Today’s Menu

• Multiscale concept in porous rocks

• Multiscale flow in porous materials

• Multiscale deformation in porous materials

• Conclusion



FIELD SCALE SPECIMEN SCALE MESO SCALE GRAIN SCALE

COMPACTION
BAND

 -3 -2 -1 0 >1LOG (m)

DENSE 

PACKING

LOOSE 

PACKING

k?
c
ep

?

Multiple scales in sandstones: CO2 repositories



Flow: from Boltzmann to 
Darcy

Based on synchrotron data from Argonne 



x-rays on Valley of Fire sandstone



tools: X-R CT, 
level sets, 

graph theory
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tools: X-R CT, 
level sets, 

graph theory
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 From Boltzmann
 to Darcy...



Micromechanical 
features
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outside cb inside cb

k11 ≈ 10−12 k11 ≈ 10−13

φ ≈ 0.2 φ ≈ 0.15

in-situ permeability calculations with LB (m^2)
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porosity vertical velocity
pressure

Homogenization using finite elements: specimen scale



Strength: from Newton 
to Cauchy

based on data from ESRF, Grenoble France



Hierarchical multiscale scheme
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5�mm

experiments calculations

extract strains=>
dilatancy

extract strains=>
dilatancy

AND
extract stress=>

frictionUnit cell concept: experiments 
Vs. calculations 
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In-situ X-ray CT data from Grenoble



STAGE 7STAGE 5

scale:

STAGE 6STAGE 4

εs < 0.15 0.15 < εs < 0.30 εs > 0.30

Original Displacement Field Smooth Displacement Field

Plate and/or membrane effect
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shear band region 

inside shear band
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Strain fields and dilatancy



Strain prediction Vs. experiment

EXPERIMENT MULTISCALE
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Conclusions

• New X-ray characterization can show 
microstructure & grain kinematics

• New models needed to harness powerful 
data for better prediction

• Modeling+characterization=prediction 
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[1] Tomographic images taken inside and outside a com-
paction band in a field specimen of Aztec sandstone are ana-
lyzed by using numerical methods such as graph theory,
level sets, and hybrid lattice Boltzmann/finite element tech-
niques. The results reveal approximately an order of magni-
tude permeability reduction within the compaction band.
This is less than the several orders of magnitude reduction
measured from hydraulic experiments on compaction bands
formed in laboratory experiments and about one order of
magnitude less than inferences from two‐dimensional
images of Aztec sandstone. Geometrical analysis concludes
that the elimination of connected pore space and increased
tortuosities due to the porosity decrease are the major factors
contributing to the permeability reduction. In addition, the
multiscale flow simulations also indicate that permeability
is fairly isotropic inside and outside the compaction band.
Citation: Sun, W., J. E. Andrade, J. W. Rudnicki, and P. Eichhubl
(2011), Connecting microstructural attributes and permeability from
3D tomographic images of in situ shear‐enhanced compaction bands
using multiscale computations, Geophys. Res. Lett., 38, L10302,
doi:10.1029/2011GL047683.

1. Introduction

[2] Compaction bands are thin tabular zones of localized
compactive inelastic deformation and significant porosity
reduction. They have been observed in a few field locations,
including the upper domain of the Aztec Sandstone at Valley
of Fire, Nevada [ Hill, 1989;Mollema and Antonellini, 1996;
Sternlof et al., 2004; Eichhubl et al., 2010], and Navajo
Sandstone at the Kaibab monocline, Utah [Solum et al.,
2010]. Previous research suggested that compaction bands
are much less permeable than the host rock and hence could
act as barriers to fluid flow. This feature is important to
applications involving injection or withdrawal of pore‐fluids,
such as CO2 sequestration, energy storage and retrieval, and
aquifer management.
[3] In this paper, we use numerical techniques to interpret

three‐dimensional tomographic images of Aztec sandstone.
The cores used here are taken from a band described as a
shear‐enhanced compaction band (SCB) by Eichhubl et al.
[2010]. Based on field structural and microtextural observa-

tions, they inferred that this band accommodated about
equal amounts of shear displacement and band‐perpendicular
shortening, and distinguished this band from pure compac-
tion bands that lack any component of shear displacement.
[4] Samples were scanned at the synchrotron APS facility

in Argonne National Labs as described by Lenoir et al.
[2010]. The presented techniques afford us unprecedented
access to determine grain size distributions, occluded and
connected porosities and geometrical tortuosity of samples
from the compaction band and the outside matrix. These
features are then linked to macroscopic effective permeability
tensors using a multiscale lattice Boltzmann/finite element
scheme.
[5] Keehm et al. [2006] calculated permeabilities from 3D

pore geometry statistically reconstructed from 2D images
of deformation bands found in the field. A drawback of
this approach is that the permeability calculation strongly
depends on the quality of pore geometry reconstruction
[Adler, 1992]. Hence, the accuracy of the permeability cal-
culation can be compromised if the reconstruction from 2D
images does not provide realistic three dimensional struc-
tures. Alternatively, Fredrich et al. [2006] used massively‐
parallel lattice Boltzmann simulations to extract effective
permeability directly from 3D tomographic images of Castle-
gate sandstone. Permeabilities calculated from the lattice
Boltzmann simulations were found by Fredrich et al. [2006]
to be consistent with laboratory measurements on specimens
without deformation bands.
[6] The numerical techniques used here are described

in more detail by Sun et al. [2011]. They are improved and
computationally more efficient versions of those previously
used in the literature. An important step to calculate the
micro‐structural attributes is to obtain the 3D medial axes.
Lindquist et al. [1996] described constructions of medial axes
and used them to determine geometrical tortuosities of several
rock types, including a sandstone. Here, we use graph theory
and level set‐based techniques to calculate 3D medial axes
more efficiently.

2. Three‐Dimensional Tomographic Images
and Numerical Methods

[7] The Aztec Sandstone is a sedimentary rock composed
mainly of weakly cemented, well‐sorted, well‐rounded
quartz grains [Eichhubl et al., 2010]. Here, we use tomo-
graphic images taken inside and outside a SCB in Aztec
sandstone to extract geometrical attributes and effective
permeabilities. The converted binary tomographic images
used in this study are described by Lenoir et al. [2010]. An
efficient method to characterize the pore space is to replace
it by a structure of medial axes. This method was first used
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