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Abstract. Volumetric imaging is used to determine the
three-dimensional topology of natural fracture networks in
coal subjected to reservoir conditions. Com puterized X-ray
tomographic data and bulk porosity measurements are
combined with image processing techniques to quantify the
porosity distribution of three-dimensional fracture networks
in two coal cores. Under in-situ conditions, the porosity of
the fracture networks in the cores is less than one-tenth of a
percent. In addition, the porosity varies by + 10% over depth
intervals of approximately 16 mm.

Introduction

The transport of fluids through a fractured rock mass is
intimately related to the geometry of the fracture network.
Numerical models for simulating fluid flow through a fracture
network in three dimensions require data on the geometry of
the network, such as spatial correlations, interconnectivity,
fracture aperture, fracture length and orientation (Long et al.,
1985 & 1991). While the flow models are sophisticated,
direct data on the three-dimensional topology of fracture
networks have been lacking. Typically, the geometry of real
fracture networks are only measurable as two-dimensional
planes or cross-sections, such as in rock outcrops, tunnel or
eXxcavation walls, or as thin sections after destruction of a rock
sample. The difficulty in characterizing natural fracture
networks in rock arises because three-dimensional networks
are imbedded in a rock matrix that is opaque to almost all
probes. Advanced seismic techniques are currently being
studied as a means of remote non-destructive detection of
fractures (Pyrak-Nolte, 1990; Nihei et al, 1994). However,
significantly more theoretical and technological development
is needed to reconstruct the complex three-dimensional
network geometry of natural fracture systems using seismic
analysis.

An integrated fracture measurement and analysis system has
been developed to examine the relationship between fracture
network geometry and the physical properties of the medium.
In this paper, we use X-ray computerized tomography (CT)
analysis and three-dimensional image analysis to investigate
the three-dimensional geometry of fracture networks in coal,
and measure the variation in porosity of the connected fracture
network as a function of distance along the core axis.
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Experimental Technique

Two coal cores were used in this investigation. Coal cores
AA and BB were drilled from blocks of coal from Seam #1 in
the Sundance Pit at the La Plata coal mine, San Juan County,
New Mexico (Pyrak-Nolte et al., 1993). Core AA was drilled
perpendicular to the bedding planes while Core BB was drilled
parallel to the bedding planes and to the prominent fracture
orientation.

The bulk porosity of the fracture network was measured
using two techniques: a helium-water drive method, and a metal
injection method. In the helium-water drive, the coal core is
saturated with brine that is subsequently displaced with
humidified helium. The volumes of helium and brine produced
are recorded and used to establish the porosity of the sample
(Gash, 1991; Gash et al,, 1992). A Wood's metal injection
method was used to capture the geomelry of natural fracture
networks under in-situ reservoir conditions, The high surface
tension of Wood's metal (Table 1) enables the size of fracture
aperture accessed to be controlled by the injection pressures,
and ensures that the injected metal conforms to the geometry
of the void space. In addition, the Wood's metal in the
fractures provides a large density contrast between the rock
matrix and the metal-filled fractures, X-ray computerized
tomography (CT) utilizes the density difference between the
coal matrix and the Wood's-metal filled fractures to image the
three-dimensional geometry of the fracture networks.

To inject a coal sample with Wood's metal (Pyrak-Nolte,
1991), the sample is placed in a hydrostatic pressure vessel
and subjected to the desired stress. The sample is heated to 95
OC while a nitrogen back pressure is maintained. The nitrogen
back pressure reduces the potential for oxidation of the coal
and provides a constant pressure front for the invading metal.
The confining pressure and nitrogen pressure used for each
core are given in Table 2. When the sample has reached the
desired temperature, metal is injected into the sample. After
injection, the sample is allowed to cool causing the metal lo
solidify and form a metal cast of the fracture network.
Gravimetric measurements are used to determine the metal-
filled void volume and to calculate effective network porosity.
Computerized x-ray tomography (CT) of the metal-filled coal
specimens provides information on the geometry of the
network such as number of fractures and fracture orientation.
For coal cores AA and BB, 42 and 92 CT slices were taken
respectively. The CT slices represent sections 1.05 mm and
1.217 mm in thickness for cores AA and BB, respectively.

Results from Wood's Metal Method

Table 2 contains the results of the Wood's metal injection
experiments. The volume of metal injected divided by the bulk
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Table 1. Properties of Wood's Metal (Cerrosafe®)

Components:

Bismuth 42.5 %

Lead 37.7 %

Tin 11.3 %

Cadmium 8.5 %
Melting Temperature Range (°C) 70 °C - 88 °C
Surface Tension (d({vnesfcm) 485 + 17
Density (gram/cm-) 9.8
Contact Angle on Coal 130° + 21°
Young's Modulus (GPa) 9.7

volume of the sample gives the porosity of the fracture
network. The porosity of the fracture network determined from
the Wood's metal method is less than the porosity determined
from the helium-water drive (Table 3). Because of the high
surface tension of Woods metal, the size of the pores accessed
is limited to pores larger in size than the pores accessed by
helium. For Core AA and Core BB, the Wood's metal method
yields the porosity of the fracture network for apertures greater
than 2 microns. However, both techniques yield a fracture
network porosity on the order of one-tenth of a percent.

Image Analysis

In addition to the data from the Wood's metal method and
the helium-water drive, the x-ray computerized tomographic
images yield information on the geometry of the fracture
network. To study the variation of porosity with depth, image
processing was performed to determine the aperture size of the
fractures in the network. Because the x-ray sources of CT

Table 2. Data from Wood's Metal Injection Experiments on
Coal Samples AA and BB from Seam #1 in the Sundance Pit at
the La Plata Coal Mine, San Juan County, New Mexico
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Table 3. Comparison of porosity (%) measurements using
different methods

Measurement Method AA BB
Unsteady-State (17 0.11
Gravimetric 0.082 0.094

Sample Number AA BB
Orientation of Drill Core Perpendicular Parallel to Face
to Bedding Cleat & Bedding
Planes Planes
Sample Dimensions:
Diameter (cm) 8.89 8.89
Length (cm) 4.41 1B
Bulk Volume (cm?) 274 694
Confining Pressure at 4.89 5.54
Solidification (MPa)
Nitrogen Pressure at 0.49 0.44
Solidification (MPa)
Weight of Injected Wood's 2.14 6.19
Melal (grams)
Radius of the Minimum 1.22 + 0.59 1.37 + 0.65
Aperture Filled with
Wood's Metal{ (um)
Volume of Connected 0.22 + 0.005 0.65 + 0.013
Voids with Aperture >
Minimum Aperture
Accessed? (cm3)
Effective Fracture 0.082 + 0.002 0.094 + 0.002

Polrosity2 (%)

LError from deviations in surface tension and contact angle of
Wood's metal 2Error from deviations in the density of
Wood's metal

scanners typically do not produce a monochromatic beam of
photons, selective attenuation of photons of different
energies results in the generation of beam hardening artifacts
(Kak & Slaney, 1988) that are clearly evident in the
reconstructed two-dimensional images (Figure 1). These
artifacts are most pronounced in regions with a highest
density gradient, such as the interface between the Wood's
metal-filled fracture and the coal matrix. In these experiments,
beam hardening reduced the achievable resolution of the two-
dimensional CT scans from 0.3 mm to greater than 1 mm.

Visual examination of a Wood's metal-filled coal core
established that the fracture aperture is typically less than 0.1
mm, much less than the optimal 0.3 m resolution of the CT
scanner. Because each fracture aperture is less than the
resolution of the CT images, a 0.3 mm by 0.3 mm pixel can
only establish whether or not a fracture intersects the pixel.
The geometry of a fracture aperture cannot be directly resolved.
However, because the fracture apertures were smaller than the
dimensions of one pixel, the imaged fractures where reduced
using an erosion and dilation morphological procedure (Jain,
1989) to a width of 1 pixel within each two-dimensional scan
and the position of each fracture was established to an accuracy
of 0.3 mm (Figure 2).

To determine the porosity of each CT slice, the aperture of
the fractures were determined using the density and spatial
location information from the CT data. The natural log of the
magnitude of absorption (or CT number, CT#) of an x-ray
beam is linearly proportional to the thickness of the
absorbing material. Using this relation, a constant of
proportionality, I, was calculated to relate the CT# to the
volume density of metal within a voxel using equation 1.

Xy Voxel Volume * CTN * F = (Reconstructed Volume/Bulk
Volume)* Volume of Metal Injected eq{1).
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Figure 1. Preprocessed CT image of a two-dimensional
fracture network
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Figure 2. Two-dimensional CT image of a fracture network
processed to remove beam hardening artifacts.

For cores AA and BB, the coefficient F had values of 1.45 x
10" and 192 x 10°5, espectively. The measured volume of
the fracture network from the Wood's metal experiments
constrains the porosity of the CT images, i.e. it limits the size
of the apertures of the fractures. The calculated volume
densities were remapped to the appropriate locations within
the fracture network to provide an average fracture aperture for
each pixel in the CT images that contained a fracture. The sum
of the metal volume densities is equivalent to the effective
fracture network porosity.

Figure 3 shows the histogram per slice of porosity for Core
AA and Core BB determined from the CT images of the fracture
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Figure 3. Histogram illustrating the distribution of

porosity for coal cores AA and BB.
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Figure 4. Plot of the variation of porosity as a function of
depth in coal cores AA and BB.

network. For both cores, the porosity per slice ranged from
0.02% to 0.11%. Core AA has a mean porosily of 0.080% +
0.022%. For Core BB, the mean porosity is 0.094% +
0.0195%. The distribution of porosity is strongly peaked
around the average value, but has a broad low tail from low
porosity. This indicates that some slices had anomalously
low porosities. To obtain a better understanding of the range
of porosities slice to slice and the variability for two adjacent
slices, it is necessary to track the porosity as a function of
position along the length of the core.

Figure 4 shows the variation of porosily with depth for
both samples. The very low porosities at shallow depths (0 -
8 mm for Core AA, and 0-12 mm for Core BB) correspond to
the outlet side of the sample during injection and indicate that
these portions of the samples were nol fully injected. For
positions in the cores away from these shallow depths, the
porosity maintains an average value with fluctuations that
vary over several millimeters. Within this relatively constant
range, when the rapid drop-off at the exit is excluded from the
dala set, the porosities of Core AA and Core BB are 0.0886% +
0.00823% and 0.0997% + 0.00941%. respectively. The
porosity fluctuation is approximately + 10% of the average
value. The fluctuations reflect changes in the geomelry of the
fracture network, specifically aperture and interconnectivity.
The one dimensional correlation length was used to examine
the spatial persistence of the porosity fluctuations.  Core AA
is uncorrelated along the length of the core which indicates
that ecither the fracture network is not correlated in this
direction or that the sample is smaller than the correlation
length. Analysis of other coal cores from the same basin for
the same orientation of perpendicular to bedding planes
(Pyrak-Nolte et al., 1995) exhibited correlation lengths on the
order of 4 mm to 5 mm. Core BB had a correlation length of
16 mm along the axis of the core recognizing that core BB was
oriented parallel to the bedding planes. This illustrates the
structural heterogeneity of the fracture network and presents a
qualitative indication of the length scale over which
interconnectivity is maintained.
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Summary

The use of a Wood's metal injection method and x-ray
tomographic imaging allowed us to examine the three-
dimensional structure of fracture networks in rocks. This study
examined one basic aspect of a fracture network, namely
network porosity.  Future analyses will extract three-
dimensional fracture aperture distributions, the identification
of fracture connectivity, spatial correlation analysis, and the
scaling behavior of fracture networks under reservoir
conditions.
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