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Figure 10. Tomographic sections of ruptured specimens.

5.1.2. 3D data analysis. The vast field of digital image
processing provides us with an abundance of tools for
quantitative data analysis[4, 2]. In the work described here,
we have two objectives: measure the total surface area (within
our limits of resolution) of the complex crack system and
count the number of fragments created. Both objectives are
realized through simple image segmentation combined with a
3D connectivity analysis.

In this application of image segmentation, we simply
wish to isolate the solid material from the background. As
the tomographic scan is simply a 3D greyscale intensity
image, I (x, y, z), where intensity, I is proportional to x-ray
absorption, we can simply employ a threshold-based approach
as illustrated in figure 11. Included in figure 11 is an intensity
histogram that illustrates the selection of the threshold value.
We choose the threshold to be the minimum between the two
peaks as a way to minimize segmentation error (interpretation
of solid to be void, and interpretation of void to be solid.) The
result is that voxels having an intensity above the threshold
are interpreted to be solid, while all others are interpreted to
be void.

The critical step in our image analysis is the object
connectivity analysis. In this work we employed a routine
developed by Franklin [74] that allows rapid analysis of large
(1000 × 1000 × 1000 voxels or greater) volumes. The code
identifies adjacent voxels as being part of the same object
if they share either a face (6 connectivity), or a corner (26
connectivity), as prescribed by the user. Once each object
is identified, its volume is measured by simply counting the
number of voxels in the object, and its surface area is measured

by counting the number of free or border voxel faces. In this
work 6 connectivity was employed. Of note is that we find
tens or even hundreds of thousands of 3D objects. However,
most of these objects are only a few voxels in size.

Our measurement of the number of discrete fragments
created during fracture required an additional step. The
connectivity analysis described in the previous paragraph
defines objects to be connected no matter how small that
connection might be. As a result, two large and otherwise
discrete fragments, each containing hundreds of thousands
of voxels, are considered to be a single object even if their
connection is a single voxel. The nature of the fracture might
lead to hundreds of discrete fragments, but the connectivity
analysis may tag it as a single object because of inter-fragment
contact. To remedy this issue, we employed a 3D watershed
algorithm that separates objects that are connected, but have
identifiable segments [75]. The name comes from the 2D
analogy with catch basins on a topographic map.

5.1.3. Experimental results. The results of the 3D image
analysis can be combined with the measured load–deformation
response to calculate the energy associated with fracture of
these small specimens. Using the plots shown in figure 9,
the work of load was established by taking the area under the
loading curve up to fracture, and subtracting the residual elastic
energy manifested in the unloading segment. This quantity
represents the energy consumed by fracture. Specific fracture
energy can be determined by dividing by the surface area
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