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●ABSTRACT

Over the past few years Sandia National Laboratories
has been moving toward an increased dependence on
model- or physics-based analyses as a means to assess
the impact of long-term storage on the nuclear weapons
stockpile. These deterministic models have also been

usedtoevaluatereplacementsforagingsystems,often
involvingcommercialoff-the-shelfcomponents
(COTS). In addition, the models have been used to
assess the performance of replacement components

manufactured via unique, small-lot production runs. In
either case, the limited amount of available test data
dictates that the only logical course of action to
characterize the reliability of these components is to
specifically consider the uncertainties in material
properties, operating environment etc. within the
physics-based (deterministic) model. ‘Ilk not only
provides the ability to statistically characterize the
expected performance of the component or system, but
also provides direction regarding the benefits of
additional testing on specific components within the
system. An effort was therefore initiated to evaluate the
capabilities of existing probabilistic methods and, if
required, to develop new analysis methods to support
the inclusion of uncertainty in the classical design tools
used by analysts and design engineers at Sandia. The
primary result of thk effort is the CMX (Cassandra
Exoskeleton) reliability analysis software.

INTRODUCTION

Traditional reliability methods depend on the collection

ofa largenumberofsamplesorobservationsto
characterize the existing condition of the weapons
stockpile. These tests provide a snapshot of the existing
reliability characteristics of the system. A major
objective of recent research is to develop mathematical
techniques and computer analysis tools to anticir)ate
stockpile problems before they become critical issues
[see Figure l.]. The assessment of new materials,
manufacturing techniques have, in the pas~ depended
on ‘average’ characterization using deterministic
modeling tools. Recent research, however, has focused
on developing mathematical methods for incorpotiting
uncertainty in traditional deterministic modeling, in
particular, the advanced phenomenological modeling

*This is paper is declared a work of the U.S.

Government and is not subject to copyright protection
in the United States.
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and simulation tectilques used to characterize e
physics of the underlying failure processes.

Of particular concern was the development of an
analysis capability that would be applicable over the
entire life-cycle of the system. An essential element
was the ability to incorporate both test data and
engineering judgement into the reliabiMy

characterizationofthematerialorcomponentbeing
evaluated.Finally,it wasimportantthatthemethod
address the sensitivity of the system performance to the
uncertainties in the various internal and external model

parameters.

An effort was initiated to evaluate the capabilities of
existing probabilistic methods and, if required, to
develop new analysis methods and software to support
the inclusion of uncertainty in the classical design tools
used by engineers at Sandla Natiomd Laboratories. A
series of surveys are being prepared that document the
review of existing tectilques. The fmt of these has
been completed summarizing the analytical methods
developed behveen 1956-19861. The primary result of
this effort was the CRAX analysis software.
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Figure 1. Reliabtity-based vs Deterministic
Performance Analysis

SOFTWARE ELEMENTS

There are three major elements to CRAX 1) the
uncertainty analysis engine - Cassandra, 2) the user
interface - also called CRAX, and 3) the physical
model. The relationship between these three elements
is depicted in Figure 2.

The heart oftheCRAXsoftwareis theCassandra
uncertainty analysis engine. This engine consists of a
number of sollsvare routines that permit the user to
select a variety of methods for includlng uncertainty in
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Abstract. We present advances in the application of laser
scanning confocal microscopy (LSCM) to image,
reconstruct, and characterize statistically the
microgeometry of porous geologic and engineering
materials. We discuss technical and practical aspects of this
imaging technique, including both its advantages and
limitations. Confocal imaging can be used to optically
seetion a material, with sub-micron resolution possible in
the lateral and axial planes. The resultant volumetric image
data, consisting of fluorescence intensities for typically -50
million voxels in XYZ space, can be used to reconstruct the
three-dimensional structure of the two-phase medium. We
present several examples of this application, including
studying pore geometry in sandstone, characterizing brittle
failure processes in low-porosity rock deformed under
triaxial loading conditions in the laboratory, and analyzing
the microstructure of porous ceramic insulations. We then
describe approaches to extract statistical microgeom@ric
descriptions from volumetric image data, and present
results derived from confocal volumetric data sets. Finally,
we develop the use of confocal image data to automatically
generate a three-dimensional mesh for numerical pore-scale
flow simulations.

1 Introduction

Natural as well as many engineering materials exhibit
complex pore structures which greatly influence their bulk
physical and mechanical properties, including elastic
moduli, compressibility, seismic velocity, permeability,
electrical conductivity, thermal conductivity, poroelastic
parameters, strength, and failure behavior. The extent to

Correspondence to: J.T. Fredrich, Mail Stop 0751, Sandia
National Laboratories, Albuquerque, NM 87185-0751 (e-
mail: fredrich@sandia. gov)

which the macroscopic properties of an arbitrarily complex
porous medium can be predicted using a microscale
modeling approach follows directly from the sophistication
of the model, which in turn relies on the completeness of
the microgeometric description available as input.

The transport properties in particular depend critically on
the geometry of the void space (e.g., Adler, 1992; Dullien,
1992; Sahimi, 1995). The size, shape, connectivity, and
tortuosity of the pore space can in fact affect the
permeability of a porous medium more strongly than the
total void fraction available to transmit that flow. As an
example, consider a typical quartz sandstone such as Berea
with a bulk porosity of -20-2570 and a permeability of
-200-800 millidarcy. Contrast that with a sedimentary
diatomaceous rock with more than twice the porosity
(-60%), but a permeability that is lower by well over two
orders of magnitude (-O. 1-1 millidmcy). This dramatic
inversion of the usual trend between porosity and
permeability is a direct consequence of differences in the
geometry of the pore space for the two rocks.

A fundamental understanding of flow processes in
complex porous media requires both statistical
characterization of the geometry of the porous
microstructure, as well as study of the geometry of the flow
itself. The former aspect can in principle be addressed
experimentally; however, the geometry of the flow through
a complex porous medium is difficult to ascertain in the
laboratory, but amenable to numerical investigation, Using
idealized network models, David (1993) demonstrated the
complexity of hydraulic flow paths in heterogeneous
porous media, and that the critical paths for hydraulic flow
are not necessarily identical to those for electric current.

A variety of geoscience and engineering applications
stand to benefit significantly from an improved
understanding of transport processes in geometrically
complex porous media. Geoscience applications include
understanding the displacement of oil from the pore space
during water flooding or enhanced oil recovery processes,



and predicting the transport of contaminants in an
underground aquifer. Understanding the physics of

microscale flow processes is likewise central to many
chemical, materials, and thermal engineering applications,
including porous bed chemical reactors, powder

compaction and sintering, gas flow in thermal protection
systems, heat dissipation in microelectronic components,
and fluid and thermal flows in MicroElectroMechanical
Systems (MEMS).

We believe that an improved understanding requires
simultaneous progress on two fronts: 1) new experimental
techniques to characterize the three-dimensional
rnicrogeometry of complex porous media, and 2) efficient
and accurate numerical methods to model and simulate
mass and heat transfer processes in complex porous media.
This paper summarizes our progress in the first area, and
O ‘Connor and Fredrich (this volume) describe our recent
work in the latter.

2 Microstructural characterization of porous media

The simplest geometric attribute of a porous material is its
porosity, or void fraction, $ This property can be measured
on bulk samples to high accuracy using gas porosimetry
techniques based on Boyle’s Law, although less precise
imbibition (saturation) techniques are also commonly
applied. Specific surface area SA, defined as the grain-void
interface area normalized by the total volume, is the next
most elementary property characterizing a porous medium.
S~ as well can be readily measured on a bulk sample using
gas adsorption techniques such as the BET method
(Brunauer et al,, 1938). Lhnited additional geometric
information can be obtained from bulk samples using
mercury porosimetry (e.g., Van Brakel et al., 1981), small-
angle scattering (Wong et al., 1986; Hall et al., 1986),
adsorption-desorption or other extensions of the basic gas
adsorption technique (e.g., Avnir et al., 1984), or nuclear
magnetic resonance (Cohen and Jfendelson, 1982;
Mendleson, 1982). For geologic materials, mercury
porosimetry is probably the most commonly applied
indirect technique; information concerning “effective” pore
sizes can be derived from the capillary pressure record.
However, the geometric complexity of the pore space (i.e.
its interconnectivity, geometric irregularity, etc.) leads to
ambiguities in the physical interpretation of mercury
capillary data, and the other indirect methods likewise
require certain geometric assumptions that complicate their
interpretation.

Imaging methods offer the possibility to characterize
unambiguously, and completely, the microstructure of a
porous material. Conventional techniques include reflected
or transmitted light microscopy (LM) and scanning electron
microscopy (SEM) of planar sections. Quantitative
stereological methods (Underwood, 1970; Russ, 1986) can
be applied to determine geometric parameters such as
porosity and specific surface area directly from
measurements made on planar sections (e.g., Wong, 1985).
Similarly, stereological measurements of chord length can

Fig. 1. Scanning electron micrographs of (top) Berea sandstone
(backscattered imaging mode), and (bottom) a porous rigid fibrous
refractory insulation. The sandstone has a grain size of -150 micron, and
the pore space has been impregnated with epoxy (black). There is no
continuous path through the pore phase in tie imaging plane. The
insulation is composed of ceramic fibers that occupy less than -20% of the
bulk volume, and that have a diameter of several microns. The image
reveaIs the complex geometry of both the solid and pore phases, but it is
unfeasible to extract a quantitative description of the three-dimensional
microstructure, (Bottom image courtesy of NASA Ames Research Center,
Thermrd Protection Materials and Systems Branch)

be used to infer pore and crack size distributions (Krohn,
1988; Wong et al., 1989; Fredrich et al., 1993).
Alternatively, both porosity and specific surface area can be
calculated from the 2-point probability function (defined
later) that can be measured from rnicrographs of polished
sections that have been processed to yield binary data
(Berryman, 1985; Berryman and Blair, 1986). Methods
have also been devised to characterize the fractal properties
of the pore space using measurements made on images of
polished sections (Thompson, 1991), as well as from
images of rough fracture surfaces (Krohn and Thompson,
1986).
An important handicap of the traditional imaging

approaches (Figure l), however, is that one is restricted to
examining a two-dimensional (2D) representation of a
three-dimensional (3D) object, which greatly complicates,
if not precludes, a determination of the true three-
dimensional structure. As was pointed out by Bernabe



(1991), certain pore types (such as tubular pores) are
difficult to identify in 2D images. Likewise, it is impossible
to determine the connectivity of a pore network from a 2D
image. A quick examination of a 2D micrograph (Figure 1,
Top) from a typical sandstone shows that the pore phase is
discontinuous in the two-dimensional plane of the image;
however, we know with certainty by the presence of the
epoxy that the pore phase is in actuality connected in three
dimensions.

Several innovative techniques have been developed by
researchers to circumvent this limitation. Pore casts have
been formed by impregnating a rock with an acid-resistant
epoxy and then dissolving away the mineral matrix with
acid (Pittrnan and Duschatko, 1970). The pore casts can
then be imaged using SEM, and while they provide useful
insight (e.g., Bourbie and Zinszner, 1985; A4yer et al.,
1992; Zinszner et al., 1997), the stereoscopic images are
difficult to quantify. The same problem arises during a
SEM study of the rough or irregular surface of a porous
material itself (Figure 1, Bottom). Difficulties may also be
encountered in impregnating and preserving the delicate
pore structure of low porosity samples (Lin et al., 1986).

Koplik et al. (1984) made sequential optical micrographs
of a planar section after incrementally removing as little as
1 ~m of material by polishing. Lin et al. (1986) coupled
such serial sectioning with image processing techniques to
generate 3D images of porosity in a tight gas sand using
conventional optical microscopy. Although effective, this
technique is time consuming and tedious.

In the past ten or so years several new approaches have
emerged for imaging the 3D structure of porous media. X-
ray computed tomography (CT), originally developed by
the medical community, can be used to measure porosity
and to image porosity distribution in bulk porous samples
(e.g., Wellington and Vinegar, 1987). However,

quantitative measurements are complicated greatly by the
need for beam hardening corrections that arise due to the
polychromatic nature of X-ray sources, and that are
particularly challenging for heterogeneous materials
(Brown et al., 1993; Fredrich et al., 1994). Moreover, the
typical resolution of 0.1-1 mm is not sufficient for detailed
characterization of most porous media of interest in the
gee- and materials- sciences. Brown et al. (1993) described
a gamma ray CT system that relied on a monochromatic
source, thereby obviating the need for complicated beam
hardening relationships. However, the system resolution of
1 mm again indicates that while conventional X-ray and
gamma ray CT are useful techniques for studying transport
in fractured rock, they are not generally effective for
characterizing porous media.

Nuclear magnetic resonance imaging (MRI), also

developed primarily for medical uses, has seen increasing
application for characterizing the structure of porous
materials (Baldwin et al., 1996; Doughty and Tomutsa,
1997). However, while significantly higher resolution than
X-ray CT, the current maximum resolution of -25 pm is
not sufficient to capture the narrow pore throats
characteristic of most geologic media. For example, even in
porous sandstone such as Berea or Fontainebleau, pore

throats as narrow as a few microns are statistically
significant (Doyen, 1988; Fredrich et al., 1993). Besides
being thought to control bulk transport properties such as
permeability (e.g., Yale, 1985; Doyen, 1988; Bernabe,

1991), the compliant pore throats also impact critically the
evolution of permeability with changes in pore or confining
pressure (e.g., Walsh and Brace, 1984), an application of
considerable importance in the geosciences.

3D imaging of porous media has recently been
accomplished using synchrotrons computed

microtomography, with data at a resolution of 10 pm
reported by Spanne et al. (1994), and data at a resolution of

7.5 pm reported by both Auzerais et al. (1996) and Coker et
al. (1996). This resolution is only slightly greater than the
resolution of 1-3 pm that is probably optimal for
characterizing rocks such as sandstone. The tomographic
reconstruction process favors the use of cylindrical samples
and to obtain the quoted resolutions, the above workers
used epoxy-impregnated samples ranging from 3 to 3.5 mm
in diameter. While increased resolution is desirable and
potentially feasible (e.g., Coker et al., 1996), probably the
most important factor limiting routine application of this
technique is facility access and the availability of beam-line
time.

Laser scanning confocal microscopy (LSCM) is a
relatively new optical imaging technique that has been
exploited extensively in the biological community over the
past decade (Pawley, 1990). Although the theoretical
conception dates back over thirty years to Marvin Minski,
routine application has only been made possible by recent
advances in optical and electronic technology (Inoue,
1990). Three-dimensional imaging is possible because
LSCM can be used to nondestructively “slice” thin optical
sections with high axial resolution and precise registration.

3 Principles of laser scanning confocal microscopy

The unique optical sectioning capability of LSCM results
from fundamental differences in image formation as
compared to conventional light microscopy (LM). The
essential feature of LSCM (Figure 2) is that both
illumination and detection are confined to a single location
on the specimen at any one time. This is achieved by the
use of an hourglass-shaped beam to illuminate only a small
volume at any single time, and by the insertion of a pinhole,
or confocal, aperture in the returning optical path that
blocks light emanating from planes above and below the
focal plane. Because the confocal aperture admits light
from only a specific plane of interest, thin optical sections
can be resolved by varying the depth of the focal plane in
the sample. (Conversely, light from both above and below
the focal plane is admitted for image formation in
conventional LM; this precludes the possibility for depth
discrimination and also results in significant image
degradation.) Because each point in the focal (image) plane
is examined individually in LSCM (in the absence of light
scattered from neighboring points), the lateral (in-plane, or
x-y) resolution is greatly enhanced. (In conventional LM, an
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Fig. 2. Schematic illustrating the principle of laser scanning confocal
microscopy.

object is viewed under uniform illumination and the point
to point resolution is degraded by scattering). In LSCM,
imaging of a plane (or volume) is accomplished by
scanning sequentially in a point to point manner. The
scanning of the laser in the horizontal (x-y) plane is
typically accomplished with a set of mirrors, whereas the
vertical position of the stage (and therefore focal plane) is
controlled with a precision stepper motor. Finally, the use
of a laser light source in confocal systems further enhances
resolution because lasers offer a high degree of
monochromaticity, small divergence, high brightness, high
degree of spatial and temporal coherence and plane
polarized emission (Grattoiz and vandeVen, 1990).

The resultant lateral resolution R is considerably improved
over conventional LM, and has been demonstrated
(Brakenhofl et al., 1979, 1989; Gard, 1993) to essentially
reach the theoretical limit set by diftlaction as defined by
the Rayleigh criterion:

R=o.611/NA (1)

where k is the wavelength and NA the numerical aperture of
the objective.

The numerical aperture also determines the “thickness” of
the optical section, with higher NA yielding “thinner”
optical sections. In reality, the optical section does not have
a discrete thickness, and is instead typically defined as the
distance z% between the focus positions at which the
collected intensity decays to one-half the peak value. As
discussed above, the function of the confocal aperture is to
exclude light emitted from above and below the focus
plane, and the opening of the confocal aperture thus
influences directly the vertical resolution of the optical
section. The axial resolution is always less than the lateral
resolution, and in practice (Brakenhofl et al., 1979; Gard,
1993) the maximum axial resolution (i.e., smallest ZY2 or
narrowest optical section) achieved in confocal systems
varies from -3-10 times the theoretical lateral resolution.

Table 1. Lateral resolution R @q. 1) and optical section thickness at

k514 mu for various settings of the confocal aperture

Objective R (pm) Section thickness (~m)
M iVA Open 1/3 2J3 Closed
Xlo 0.45 0.71 38 25 13 7.0
X20 0.75 0.42 14 10 6.7 5.0
X40 1.0 0.31 6.1 4.2 2.6 1.4
x60 1.4 0.22 3.7 2.0 1.0 0.7

With an objective of sufficiently high NA, sub-micron
resolution in both the lateral and axial planes can be
achieved (Wilson, 1989). Table 1 reproduces the optical
section thickness experimentally measured by Gard (1993)
on a confocal imaging system manufactured by Bio-Rad
(MRC-600) and fitted to a Nikon Optiphot for various
openings of the confocal aperture at 1.=514 nm. In the
MRC-600, the “closed” position corresponds to a minimum
physical opening of 0.6 mm, whereas the “open” setting
corresponds to the maximum opening of 8 mm.

4 Technical and practical considerations

Fredrich et al. (1993, 1995) and Montoto et al. (1995)
independently described a technique for applying LSCM to
image the void space of porous media. Here we provide
additional technical details and discuss practical aspects
important to consider for imaging porous materials.

Our technique consists of saturating the pore space of a
bulk sample with a very low viscosity, slow-curing epoxy
that is doped with a suitable fluorochrome. The wetting
characteristics of the sample are generally improved if the
sample is first flushed with a solvent such as acetone.
Following vacuum drying of the sample, either vacuum
impregnation or pressure impregnation can be used to force
the epoxy into the void space.

We are partial to a four-component epoxy attributed to
Spun- (1969) that has a viscosity of -60 cps and an
extended pot-life that approaches 24 hours (available from
Ted Pella, Inc., Redding CA). Thorough mixing of the four
components and dissolution of the fluorochrome (added as
a powder) may take up to an hour, and air is typically
incorporated during the process. The extended pot-life thus
allows sufficient time both for complete degassing of the
epoxy under vacuum prior to sample impregnation, and for
the epoxy to penetrate completely into the void space
during vacuum- or pressure- impregnation of the sample.
Typically the sample is left overnight before curing at
60”C. Finally, the sample is slabbed using a diamond
wafering saw, mounted on a glass slide, and a polished
planar surface is prepared using standard abrasive polishing

techniques, typically to a final finish with 0.05 pm alumina.
The thickness is irrelevant. We have verified by direct
observation that this procedure is sufficient to ensure epoxy
penetration into cracks and pores at the resolution limit of
the microscope (-200 nm) for one-inch diameter cores of
geologic samples ranging from sandstone to granite.

The choice of fluorochrome is significant (Wilson, 1990),
and the absorption peak of the fluorochrome should be well



matched to the imaging wavelength. Confocal systems most
commonly come equipped with either an argon ion laser
with lines at 488 nm and 514 nm, or a krypton-argon mixed
gas laser with lines at 488 nm, 568 nm, and 647 nm. In our
work, we have used Rhodamine B (available from
Polysciences Inc., Warrington PA), a popular fluorochrome
that dissolves well in epoxy, usually at a concentration of
1:200 (rhodamine: total epoxy components) by mass.

Rhodamine B is relatively resistant to photobleaching, and
although it can be excited with the 514 nm line of an argon
ion laser, it is excited more effectively with the 568 nm line
of a krypton-argon mixed gas laser. The wider separation of
lines possible with the krypton-argon mixed gas laser also
facilitates dual excitation imaging. For example, one might
impregnate the pore space with two different epoxies or
resins that have been doped with different fluorochromes
that are then both excited and distinguished individually
using the 488 nm and 568 nm lines simultaneously.

During image collection, the fluorescence intensity as the
laser is scanned point-to-point across the field of view is
recorded. We find that data acquired at 8-bit resolution (O-
255 gray levels) is sufficient for our interests. Besides the
obvious influence of fluorochrome concentration, there are
three primary factors affecting the gray level, or brightness,
of an image the opening of the confocal aperture, the laser
intensity, and the gain of the photomultiplier. The user must
balance each of these simultaneously to arrive at an optimal
solution. For example, a larger confocal aperture yields a
brighter image, because a thicker optical section is being
imaged. Increasing the laser intensity likewise increases
image brightness; however, fluorochromes generally
saturate at low laser intensity, and a high laser intensity also
increases the risk of photobleaching (fading) of the
fluorochrome. Finally, image brightness is improved by
increasing the gain of the photomultiplier, but this also
results in increased noise.

For the applications considered here there are two
additional considerations. First, a major interest is to exploit
the capability for optical sectioning, and clearly the laser is
attenuated with depth due to both absorption and scattering
by the material lying above the focal plane, so that greater
laser intensity leads to greater penetration depth. Second,
we are generally interested in minimizing the optical
section thickness (Table 1) so that it is comparable to the
lateral resolution. (As we discuss later on, subsequent
image processing is facilitated if the data are collected to
yield cubic voxels, a voxel being a three-dimensional
volume element, i.e., the volumetric equivalent to the two-
dimensional pixel, or picture element.)

For the fluorochrome concentrations used in our work,
filtering the laser to only 10% transmission results in
observable photobleaching (using a krypton-argon mixed
gas laser with about 5 mW emitted power on the 568 nm
line). However, 3’%0 transmission results in no noticeable
bleaching, and we generally operate with the laser filtered
to either 390 or 1%. To compensate for the reduced
intensity that results from the minimized opening of the
confocal aperture, we increase the gain of the
photomultiplier, and to compensate for the resultant

increase in noise, we perform Kalman filtering during
image collection so that each image is integrated over
multiple scans (usually three).

For optimal resolution and image accuracy, data in the
image plane should ideally be collected with a pixel size
equal to one-half or less the theoretical lateral resolution
imposed by the objective NA (hue, 1986; Gard, 1993). In
confocal imaging systems, the lateral pixel dimension can
be adjusted effortlessly using the microscope’s
computerized control software. (Physically, the angle at
which the laser hits the sample is changed, so that the
illuminated area is reduced. For example, with a x60
objective, one can achieve a final magnification equivalent
to that achieved with a x1OO objective using conventional
light microscopy). But as noted above, the vertical
resolution of confocal imaging systems is always less than
the theoretical lateral resolution, and yet we would like to
gather data such that the axial voxel dimension is equal to
the lateral dimension. In our work we have generally sought
to maximize the vertical resolution and accuracy.

In our experience, the vertical depths to which optical
sectioning can be performed are variable and a function of
the imaged material. For example, penetration depths of
hundreds of microns (-250 ~m) can be achieved with
sandstone before significant image degradation is apparent.
However, we observed penetration depths of only tens of
microns (-50 pm) during our imaging of very fine fibrous
insulations where the typical fiber dimension is only
slightly larger than the excitation wavelength of the light
source (see next section).

In comparison to the alternative porous media

characterization methods discussed earlier, the confocal
imaging technique has several advantages. First, confocal
imaging currently offers the highest resolution of any of the
3D imaging methods available. Furthermore, confocal
systems are relatively inexpensive and therefore more
widely available. Sample preparation is simple, and the
rapid data acquisition time and absence of facility time
restrictions expedites analysis of multiple samples and/or
sample sub-volumes. Finally, post-processing is relatively
straightforward since image data are acquired on a voxel-
by-voxel basis, and because the data are intrinsically binary
even in multiphase rocks. However, a significant limitation
of LSCM compared to other direct imaging techniques such
as MRI and synchrotrons microtomography is the limit on
the z-extent of the imaged volume due to absorption and
scattering of the laser by the material overlying the optical
plane.

5 Application to porous media

To illustrate some of the unique capabilities of confocal
imaging, here we show several examples of its application.
All of the data sets shown were collected with a Bio-Rad
MRC-600 confocal imaging system fitted to a Nikon
Diaphot, with a 568 nm excitor filter, YHS filter block, and
with the opening of the confocal aperture at or very close to



Fig. 3. 3D volume renderings of pore space in Berea sandstone. The pore
phase is opaque, and solid grains we translucent. The images are 512 x
512 x 71 voxels, with (x x y x z) volumes of 0.526 x 0.526 x 0.071 mm3.

Fig. 4. (Top) 3D volume rendering of crack damage in a triaxiafly
deformed rock (Spruce Pine dunite). The fine crack network in the upper
right comer would not be resolvable using conventional LM. The image is
768 x 512x71 voxels, with an image volume of 430 x 287 x 14.4 p13.
(Bottom) A 2D image stice from the 3D data set. The relationship of the
cracks trending NE-SW to the grain boundary (mrming diagonally NW-
SE) is indisputable in the 3D image, but less so in the 2D slice.

its minimal setting (0.6 mm). Collection times for the
volumetric data arrays were in all cases <1 hour. The tbree-
dimensional reconstructions were performed using

VoxelView@ 2.5 (Vital Images, Inc.) on a Silicon Graphics
High Impact workstation.

Figure 3 shows two data sets acquired from a Berea
sandstone sample with cubic voxels with dimension 1 p,m.
For clarity in visualizing the microgeometry of the pore
space, the pore phase is shown as opaque, whereas the solid
grains are translucent. The data illustrate clearly the fine
structure and complicated topology and geometry of the
pore space. Particularly conspicuous are the thin pore necks
(throats) that connect the larger (nodal) pore bodies, and the
generally irregular geometry of the larger pore bodies. As
an example of the qualitative insights that can be derived
consider that it is only with the addition of a third
dimension that can we distinguish with certainty the nodal
pore bodies from the channels connecting those nodal
pores. A specific example is in the upper corner of the top
image, where a prominent tubular pore connects two nodal
pore bodies; this tubular pore would be indistinguishable
from a spherical pore in any single two-dimensional image.

In Figure 4 we show a confocal volumetric image (top)
from a low-porosity crystalline rock stressed under
deviatoric all-compressive loading conditions in a triaxial
deformation apparatus at very high confining pressure. The
lateral voxel dimension is 0.56 pm, and the spacing

between sections is 0.2 pm. With the addition of the third
dimension it is clearly revealed that the micromechanical
response is dominated by the growth of tensile cracks, with
a remarkably fine crack spacing that is highly variable
locally. The true crack geometry is difficult to infer from a
single 2D image (bottom) because of the fine crack
apertures and extremely high crack density. Moreover,
using conventional LM, the sub-micron microcrack
structure in the upper right would likely yield an undulatory
texture suggestive of crystalline plasticity as opposed to
brittle crack growth (e.g., Tunis and Yurzd, 1992). ‘

In Figure 5 we demonstrate application to a porous
engineering material that forms part of the Thermal
Protection System (TPS) of hypersonic vehicles and
spacecraft. Note that in these reconstructions, the solid
phase is shown as opaque, whereas the pore phase in
translucent. The insulation is made from a slurry of ceramic
fibers that are pressed and then fired to yield a rigid
material (Figure 1) with a bulk porosity of >8070 and a
complex, anisotropic microstructure (A4arschall and Miles,
1997). Central to the performance of TPS insulations is the
maximization of their insulative properties with the
minimization of their density, and quantitative
characterization of the microstructure is thus critical for
TPS modeling, development, and optimization. Because of
the very fine microstructure (fiber diameters of a few
microns with lengths of tens of microns), confocal
microscopy is currently the only feasible technique for
obtaining quantitative descriptions of the 3D
microgeometry of both the solid and void phases. The
confocal data (Figure 5) resolve clearly the complex



6 Statistical microgeometric characterization

Fig. 5. 3D volume renderings of the solid phase in two rigid ceramic
insulations. Each image is 768 x 512 x 85 voxels, with cubic voxels with
dimension 0.3 pm (230 x 154 x 25.2 ~m3). The two insulations are
composed of the same three fiber constituents, but have been pressed to
different fmat densities. The insulation shown at top has a butk density of
0.35 g/cc and bufk porosity of 0.86, whereas that shown at bottom has a
bulk density of 0.19 ~cc and bulk porosity of 0.92.
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Fig. 6. Two-point correlation function S2 calculated from 3D confocsd
image data for Berea sandstone. The 3D data set is 768 x 512 x 101 voxek
in size with cubic voxels of dimension 1 ~. The average porosity for the
image volume (equat to the y-intercept) is 28%, and the specific surface
area (inversely proportional to the slope at the origin) is 23 mm2/mm3.The
upper and lower CUfVeSrepresent one standard deviation. The point at
which .SZreaches an asymptotic values defines a characteristic length for
the microstructure (- 250 pm).

topology of the fibrous microstructure, and, ultimately, can
be used to quantify the microgeometry (Fr-edrich and
Marschall, 1999).

Although the reconstructions provide important qualitative
insights into the microstructure, an important application of
the 3D image data is quantitative characterization of the
pore space. Extracting statistical descriptions of the
microgeometry from the volumetric image data requires
rigorously segmenting the data on a voxel-by-voxel basis
into solid or pore space. Quantitative analysis is
complicated greatly by the finite voxel resolution that
results in some voxels encompassing both solid and void
space. This leads to a non-binary data distribution so that
the fluorescence data are distributed across the available (8-
bit) range of O-255. This “partial voxel” problem is intrinsic
to all imaging and tomographic techniques. A related
difficulty caused by the finite voxel resolution is the
blurring of edges.

Fredrich and Lindquist (1997) described the approaches
that we have applied for segmenting 3D confocal data. A
three-dimensional anisotropic diffusion algorithm that
assumes Gaussian blurring is used to first “sharpen” the
image data, and the data can then be segmented using either
a uniform thresholding criteria, or, preferably, based upon a
characteristic feature of the fluorescence histogram such as
identification of a local minima. More recently, Oh and
Lindquist (1998) have implemented a 3D kriging-based
algorithm that relies on a local determination of the two-
point correlation function given a priori identification of a
portion of the voxel population as void and solid phases.
Our recent work with the latter approach has been
particularly encouraging. All three methods are
implemented in the 3dma code developed by Lindquist and
co-workers (Lindquist et al., 1996; Lindquist and
Venkatarangan, this volume) that we use to analyze our
confocal image data.

Once the data have been segmented (i.e., binarized), f~st-
order descriptions of the microgeometry, that is, the

porosity r) and specific surface area S~, can be calculated
readily using the n-point probability functions (e.g.,
Berryman, 1985). The one-point probability function SI is
the probability that a voxel is located in the void phase. It is
thus equal to the volume fraction of the void phase ($), and
can be determined by a straight voxel count. The two-point
correlation function S2 is the probability that any two points
separated by a distance r lie in the same phase:

S2(r)=(f(x)f(x+r)) (2)

where the brackets denote volume averaging over the
position vector x, and where the function f is equal to O if x
lies in the solid phase and 1 if x lies in the void phase. S2
has the important attributes:

S2(0)=SI=41

fS2(r) =+SA

r=o

(3)

(4)



Fig. 7. (Top) 3D volume rendering of pore space in Berea sandstone. The data set is 768 x 512 x 101 voxels in size, with cubic voxels of dimension 1 ~m.
The 2-point correlation function calculated for thk volume is shown in Fig. 6. (Bottom) The correspondhrg mexthl axis calculated for the pore phase. The
medird axis encodes the distance to the pore-solid interface, so that the geometry of the origintd structure is retained, and it consists of a series of “links” (or
“paths”) that connect and/or fork at “branch points” (or “branch clusters”). For example, consider a regular 2D cubic network consisting of nodes and bonds;
in a mediat axis representation, the nodes would correspond to branch clusters and the bonds to paths. In like manner, a three-dlmensionat geometrical y
complex (real) porous medium such as the sandstone considered here reduces to a topoIogicatly complex medkd axis that consists of an irregular network of
pore patls that interconnect at branch clusters.

Sz can be calculated in ID, 2D, or 3D (Figure 6), and
variation in S2 along the primary x, y, and z axes can be
used to test for isotropy, or conversely, to quantify
anisotropy. Finally, the shape of the correlation function S2
defines a characteristic length of the microstructure.

Developing efficient approaches and defining metrics to
characterize the three-dimensional geometry and topology
of porous media is challenging (e.g., Adler, 1992; Thovert
et al., 1993). To derive higher order statistical metrics that
characterize spatially distributed geometric aspects of the
pore space, we have adopted the medial axis analysis (Lee
et al,. 1994) as implemented computationally by Lindquist
et al. (1996).

The medial axis of a volume-tilling object can be thought
of as the skeleton of the object running along its

geometrical middle, and it retains both the topology and
geometry of the original structure. The medial axis can be
calculated for both the solid or pore phase, and it can be
probed much more efficiently than the original object to
obtain statistical descriptions of the three-dimensional
microgeometry. In Figure 7 we show another 3D pore
volume rendering for Berea sandstone, and the
corresponding medial axis calculated for this pore volume.

Lindquist et al. (1996; this issue) discuss various statistical
metrics that can be extracted using medial axis analysis,
including grain and pore size distribution, coordination,
pore path lengths, minimum throat size, etc. We are
currently applying medial axis analysis to analyze
systematically the microgeometry of the pore space as a
function of diagenesis in natural Fontainebleau sandstone
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Fig. 8. Number of paths versus number of branch clusters (see Fig. 7 for
definitions) for discomected segments of the mediat azis for four samples
of a pure quartz sandstone (Fontninebleau) wittr bulk porosities of 21$ZO,
16?7.,10%, and 4% (Fredrich and Lirdquist, 1997). The mediat axis for
the thrrx higher porosity samples has a single segment that dwarfs the
other segments and contains more than 3000 patls and >1000 bmnch
clusters, and that corresponds to over 99% of the pore vohrme. However,
the largest single segment of the medial axis for the lowest porosity sample
represents only 21’70of the total pore space, and contains only -500 paths
and <200 branch points, This sample lies below the transition from a
power law relationship between porosity and permeability (Zru et al.,
1995), and is in the regime where Kozeny-Carman equivalent chaoneI
models over-predict bulk permeabltity by nearly two orders of magnitude
(Fredrich et aL, 1993).

and glass bead packs sintered to varying porosity.
As an example of our results, Fredrich and Lindquist

(1997) applied medial axis analysis to 3D confocal image
data for Fontainebleau sandstone, and showed
quantitatively that the internal connectivity of the pore
space undergoes drastic evolution with decreasing porosity.
3D image data were acquired for four samples of
Fontainebleau sandstone with porosities of 21%, 16%,
107., and 4%, and following segmentation, medial axes
were calculated for the pore phase for each of the image
volumes. The medial axes for each image volume were then
analyzed to determine the number of paths and number of
branch clusters for each disconnected segment. They found
that over the scale of the imaged volumes, over 99% of the
pore space is internally connected for the three samples of
Fontainebleau sandstone with porosities of 21 ‘%, 16%, and
10%. However, the largest segment of the medial axis for
the sample with a porosity of 4% corresponds to only -22%
of the total pore volume in the imaged domain (Figure 8).
Further, this largest medial axis segment contains about an
order of magnitude fewer branch clusters and pore paths
than the largest medial axes segments in the three higher
porosity samples.

As discussed by Ziiu et al. (1995), the sample with 4%
porosity is in the regime where the power law relationship
(with an exponent -3) between porosity and permeability is
no longer obeyed, and instead permeability undergoes an
accelerating decline with porosity reduction (Fredrich et
al., 1995). Furthermore, Fredrich et al. (1993) showed that
the Kozeny-Carman equivalent channel model (Walsh and
Brace, 1984) over-predicts the bulk permeability of this

sample by nearly two orders of magnitude, implying that
the pore phase does not uniformly accommodate the bulk
fluid flow. In turn, the medial axis analysis reveals
quantitatively the decreased connectivity of the pore space,
and suggests that the accelerated permeability reduction is
due to the resultant increased tortuousity of the fluid flow
paths.

7 Summary

Understanding the physics of microscale flow processes is
central to many geoscience, chemical, materials, and
thermal engineering applications. Recent developments in
three-dimensional imaging offer an unprecedented
opportunity to determine the microgeometry of porous
media at high resolution. In this paper we have summarized
the technical and practical considerations for applying laser
scanning con focal microscopy to porous media, and
demonstrated its application to various geologic and
engineering materials. Although confocal microcopy has
limited ability to penetrate solid materials, it is nevertheless
the highest resolution technique currently available for
three-dimensional imaging. Other benefits include the wide
availability of the technology, and the relatively simple
sample preparation requirements. The size of the
volumetric data sets attainable using confocal microscopy
are in any event of sui%cient size (-50 million voxels) that
they challenge significantly the current capabilities of high-
end workstations.

We believe that besides statistical characterization of the
three-dimensional geometry of the microstructure,
fundamental understanding of flow processes in complex
porous media also requires study of the geometry of the
flow itself. Although MRI has been applied successfully to
image flow (local fluid velocity) in packed beds (Leborr et
al., 1996a,b), the current resolution of MRI is typically not
sufficient for imaging transport processes in complex
geologic media.

Numerical simulation is the most promising technique at
this time, and to this end, we have developed a process to
automatically generate compact numerical meshes from 3D
confocal image data. The principal issues regarding the
tractable computation of transport phenomena in arbitrarily
complex porous media lie in the complexity of the
geometry and the retention of this structure in the analysis.
Lattice Boltzmann methods have arisen as the most
attractive approach for simulating flow in complex
geometric domains due to the method’s unique ability to
treat simply and efficiently the multitude of discrete
boundary conditions. O ‘Connor and Fredrich (this volume)
discuss the application of Lattice Boltzmann methods for
modeling heat and mass transport processes in these data
sets. The simulations are used to predict macroscopic
properties such as permeability, and volume visualization
software can be used to study the three-dimensional flow
geometry in the complex geometric domains characteristic
of real porous media. Laboratory measurements of bulk
flow properties are also performed for direct comparison



with the numerically computed flow properties.
Ultimately, our aim is to derive new understanding of

transport and flow in complex porous media by
complimentary analyses of the 3D microgeometry,

laboratory transport experiments, and pore-scale numerical
flow simulations.
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