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ABSTRACT

Computed tomography is presented as a highly suitable non-destructive method to
study the micro structure, behaviour and other characteristics of different objects and
materials for the use in the field of civil engineering. The method and workflow are
introduced and its potential is shown on selected examples.

Besides the many advantages of CT in civil engineering, there are some obstacles that
need to be overcome. The selected examples present two of the main obstacles and
offer solutions for how to deal with them.

The first discussed aspect is the correlation between sample size and achievable voxel
size. The voxel size determines the size of details that can be detected by the CT-
system. It is often necessary to take small sub-samples, however this may limit the
representativeness of the sample. The second discussed aspect is segmentation of CT
datasets. Often artefacts and low contrast complicate the process of segmentation.
Different algorithms can be used to overcome this obstacle; two possible approaches
are presented.

Keywords: Computed tomography, building materials.

INTRODUCTION

To study the micro structure, behaviour and other characteristics of different objects
and materials often non-destructive methods are needed which also enable the 3-
dimensional imaging of the specimen. In many cases of such scientific issues
computed tomography is a highly suitable technique. Computed tomography (CT) is
based on X-ray and is used in different scientific sectors like medical science, biology,
mechanical engineering and archaeology. [1-12] Also in the field of material research
this method gets more and more important.

There are different configurations of CT-systems available. The configuration
significantly determines the kind of materials and the kind of research questions that
can be analysed.

This paper introduces the possibilities and limitations of the sub-p-CT-system
,hanotom m research I edition” constructed by GE. The potentials of the application
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of this system for materials research and other aspects of civil engineering are
demonstrated by selected examples.

METHOD AND WORKFLOW

Computed tomography is a non-destructive imaging method based on two-
dimensional X-ray images. By means of different algorithms image stacks consisting
of two-dimensional X-ray images are reconstructed to a three-dimensional volume
data set.

The system mainly consists of four components:

1. X-ray source emitting X-rays. The parameter of the X-ray system, physical
filter and scan parameter determine the quality of the generated images. They
are mainly dependent on material type and research issue. The emitted X-rays
are attenuated by the object depending on the density and thickness of the
material.

2. Rotating sample stage with mounted specimen. The sample stage is rotating
stepwise through 360 degrees. One image is taken at every position.

3. Detector. The detector registers the attenuated X-ray and converts it into a two-
dimensional X-ray image.

4. Computer system. The three-dimensional volume data set is computed by the
use of different algorithms.

Figure 1 shows the arrangement of the main components of the CT-system for non-
medical purposes.
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Figure 1: Principle of a CT-system



For the scientific issues studied at the Bauhaus-Universitidt Weimar the GE “nanotom
m research I edition” is used.
Figure 2 shows the device and the opened measuring cabin.
The main features of the system are
e temperature stabilized digital detector (3.072 x 2.400 pixels)
e granite-based manipulator for high stability
e parameter:

- max. voltage 180 kV

- min. voxel size <300 nm

- geom. magnification 1.5x - 300x
- max. sample diameter 240 mm

- max. sample height 250 mm

- max. sample weight 3 kg

Figure 2: CT-system nanotom m used at the Bauhaus-Universitat Weimar

The achievable minimum voxel size mainly depends on material density and thickness.
To roughly calculate the voxel size the longest path the X-rays take trough the
specimen is divided by 1000. Therefore, the smaller the specimen the smaller the
achievable voxel size is [12]. Often the size of the specimen is a compromise between
getting a high resolution and having a representative size of specimen.

SELECTED EXAMPLES

CT for Understanding Complex Damaging Chemical Processes — ASR in
Concrete

In order to understand the underlying processes of alkali-silica-reaction (ASR) it is
crucial not only to analyse 2-dimensional images from microscopy but also to observe
the phenomena in 3-dimensional datasets. In [8] cracks as a result of damage caused
by ASR are analysed by CT. The next step in understanding the underlying processes
is to have a closer look at the microscopic structure of the ASR-gel. The main problem
is the correlation between achievable voxel size and sample size.



To detect the microscopic structures of ASR-gel, a very small sample size is needed.
To obtain a representative part of sample which also contains a pore with ASR-
deposits the specimen size is reduced stepwise. The smaller the object size the
smaller the voxel size and the better the detail detectability is.

Figure 3 the effects of the reduction of the sample size on the resolution and the
resulting voxel size respectively are shown.
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Figure 3: Effects of reducing object size

To analyse the structures of the ASR-gel deposit inside the pore clipping tool of the
visualisation software was used. The specimen is virtually cut open to get a view inside
the selected pore. Figure 4 shows the rendered and clipped specimen. On the left side,
there is a classical rendering algorithm (Isosurface) used with the same grey value for
every voxel. Density differences are not displayed. In order to give the object a 3-
dimensional appearance, virtual light sources are applied and shadows generated.
Information about differences in density is included in the dataset.

There are also rendering algorithms which allow visualization of differences in density
by varying the grey values of the voxels, for instance Phong-Shading. In case of
irregular structures, it is not the method of choice because the human eye struggles in
distinguishing between differences in density and rendered shadows. To get the
maximum information out of the data false-colour rendering is used, like demonstrated
on the right (Figure 4). Here every grey value is assigned a corresponding colour. Now
it is much easier to distinguish between differences in density and rendered shadows.



Figure 4: Inner structure of pore (classical rendering vs. false-colour rendering)

CT for Geotechnical Purposes - Segmentation of Sphere Packing

The research of characteristics and behaviour of soil structures, especially suffusion in
case of water flow is done by combining laboratory experiments and numerical
simulations. The main question of interest is to determine how the positions of the
spheres (i.e. particles) change due to the flow of water through the particle packing. In
order to reduce the amount of data, spheres are used to represent the particles of the
soil. Otherwise it would not be possible to do the simulations in a finite time or with
an adequate number of elements. To verify the simulation results, experiments with
glass spheres are carried out. Computed tomography is used to determine the structure
of sphere packing before and after the experiments.

Because of the high number of elements, it is insufficient to match the two datasets
manually. It is necessary to automatically locate and segment the spheres in the CT-
datasets.

Segmentation means the process of generating connected regions of voxels belonging
to the same object. There are different methods to segment CT-datasets. [12] These
methods are divided into five categories: pixel-based, edge-based, region-based,
template-based and texture-based. The selected method depends on different factors
like the quality and quantity of data, the power of the used computer, the available
time, the image contrast, the object structure and texture, the resolution and the signal-
to-noise-ratio.

In [12] different methods are presented, with the help of which it is possible to evaluate
the quality of the different segmentation algorithms. In the experiments presented here,
we concentrated on the quality of segmentation of particularly critical areas.

Besides the conventional algorithms mentioned above, the spectrum of possibilities
given by the software VG Studio MAX was used in this study. As with the other
methods the segmentation results will improve with the image quality is. The original
data sets used for the flow experiments contained a large number of spheres and also
artefacts as shown in Figure 5.



Figure 5: left: Part of the experimental setting containing the spheres
right: Detail of a reconstructed cross-sectional image

Therefore, a smaller sample was used to test the methods for automated segmentation.
Figure 6 shows the rendered scene. Details of the reconstruction process and filtering
steps will not be discussed.

Figure 6 (left) shows the rendered scene. To get a free view of the spheres the container
is hidden by adjusting the threshold for transparent materials. Contrast, resolution and
detail detectability seem to high quality as can be seen at the cross-sectional images

(right).

Figure 6: Reconstructed scene with hidden container



Figure 7 shows the scene after automated segmentation. For this purpose, an additional
commercial software module is used. Because the interface between two spheres is
very thin and often low in contrast care must be taken when selecting a suitable
segmentation algorithm or software module.

The big spheres were segmented as expected. The segmented spheres match the
original spheres very well as can be seen in Figure 7. The algorithm found 9908
spheres in 4 sizes. The spheres are colour-coded according to their diameter. Table 1
shows size, colour and number of detected spheres.

Figure 7: Segmented spheres colored by cell size

Table 1: Size colour and number of automated segmented spheres

size (diameter) [mm] | color number of detected spheres
16 blue 2
8 yellow 7
4 red 19
2 red 114
<2 red 9766

It can be observed that the bigger spheres were easier to segment by the software. The
smaller the spheres are, the higher the probability of being considered as a part of
another sphere is.



Figure 8 shows under-segmented spheres, which means that several smaller spheres
are combined to one larger sphere. The surface is not as smooth as expected.

Figure 8: Examples for automated segmented spheres (under-segmentation)

Sometimes the spheres are divided into 2 or more parts by the software. This effect is
called over-segmentation and is shown in Figure 9.
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Figure 9: Sphere divided in 2 parts by segmentation algorithm (over-segmentation)

To get an overview of the number of spheres and their size distribution the automated
algorithm works well. It segments the data set into spheres and determines different
properties of every single element, such as the position, volume and sphericity.
However, in order to use the data to validate numerical experiments more accurate
segmentation is needed.



Another approach of more accurate segmentation is to use the information that the
elements the algorithm has to find are all spheres. The software needs only two or
three points near the surface and then it defines the best fitting sphere considering the
contrast between material and air. The method is very accurate but time consuming
because the above-mentioned points on the object surface need to be selected
manually. For instance, applying this method to the beforehand discussed example
and assuming that five seconds are needed to define one sphere by clicking three
points by hand, 14 hours are needed to detect 9908 spheres.

Figure 10 shows the same specimen segmented by this semi-automated algorithm.
Only a part of the spheres is segmented to show how this method works. To be able to
investigate sample sizes relevant for research purposes, further work an automation is

necessary.

Figure 10: Partially segmented specimen with algorithm using geometry information

The method was also tested on a bigger specimen with more spheres and more
artifacts. Some of the spheres were not perfectly circular. The algorithm wrapped the
best fitting sphere around the elements. Figure 11 shows such a case.

V=

Figure 11: 2D slice (specimen container with spheres). Imperfect sphere wrapped in
best fitting spheres.



It can be shown that the deviation caused in imperfect spheres and artefacts in this
method is smaller than the deviation caused by over- and under-segmentation in the
previous shown method.

CT for Geotechnical Purposes - Segmentation of Sand

To analyse real soil structures, also scanning of sand and gravel is possible. In the
following example, Pakistani sand was analysed by CT. The particular interest was in
determining the sphericity of the particles and the grain size distribution.

Figure 12: Different 3D-Renderings and segmented coloured sand grain

The same automated algorithm was used like in the case of the glass spheres. Here the
problem with under-segmentation was not observed. The problem with over-
segmentation also occurred in particularly cases.

The frequency distribution of the sphericity was as expected. The results of the
segmentation of the CT-data were compared to the results of photo-optical analysis.
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Figure 13: Sphericity of grain — coloured scene and frequency distribution

CONCLUSIONS

The selected examples have shown that computed tomography is a useful supplement
to conventional methods of microstructure analysis of building materials. With the CT-
system used in this study a wide range of research questions regarding 3D-analysis of
building materials can be covered and additional information on different scales can
be generated.
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