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A Visual Approach to Efficient Analysis and Quantification of
Ductile Iron and Reinforced Sprayed Concrete

Laura Fritz, Markus Hadwiger, Georg Geier, Gerhard Pittino, and M. Eduard Gréller
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Fig. 1. CT-based visualization of drill cores from Steel Fibre Reinforced Sprayed Concrete (SFRSpC) enables inspection and analysis
of the distribution of the steel fibres’ directions, which is crucial for the material’s mechanical properties. (a) Frequency of occurrence
of directions color-coded in a Direction Sphere Histogram (red: highest, blue: lowest); (b) Frontal view; (c) Top-down view.

Abstract—This paper describes advanced volume visualization and quantification for applications in non-destructive testing (NDT),
which results in novel and highly effective interactive workflows for NDT practitioners. We employ a visual approach to explore and
quantify the features of interest, based on transfer functions in the parameter spaces of specific application scenarios. Examples are
the orientations of fibres or the roundness of particles. The applicability and effectiveness of our approach is illustrated using two
specific scenarios of high practical relevance. First, we discuss the analysis of Steel Fibre Reinforced Sprayed Concrete (SFRSpC).
We investigate the orientations of the enclosed steel fibres and their distribution, depending on the concrete’s application direction.
This is a crucial step in assessing the material’s behavior under mechanical stress, which is still in its infancy and therefore a hot topic
in the building industry. The second application scenario is the designation of the microstructure of ductile cast irons with respect
to the contained graphite. This corresponds to the requirements of the ISO standard 945-1, which deals with 2D metallographic
samples. We illustrate how the necessary analysis steps can be carried out much more efficiently using our system for 3D volumes.
Overall, we show that a visual approach with custom transfer functions in specific application domains offers significant benefits and
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has the potential of greatly improving and optimizing the workflows of domain scientists and engineers.

Index Terms—Non-Destructive Testing, Multi-Dimensional Transfer Functions, Direction Visualization, Volume Rendering.

1 INTRODUCTION

In recent years, the introduction and rapidly increasing use of 3D com-
puted tomography in non-destructive testing (NDT) applications has
opened up many powerful possibilities for analyzing and testing indus-
trial parts such as cast metal without destroying them. However, many
important tasks in this area such as designating the microstructure of
ductile cast irons are still routinely carried out using a (destructive)
metallographic approach and subsequent manual visual analysis. The
metal under inspection is examined by sequentially removing layers
via grinding or etching, and taking microscopic photographs. Due to
the complexity of the observed structures, in current practice the clas-
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sification of important properties such as the form of graphite particles
that are crucial for ductility is performed by human visual analysis and
manual comparison with reference images. This process could be sim-
plified tremendously by using computed tomography (CT) and power-
ful visual tools. However, currently there is a clear lack in visualiza-
tion solutions that provide sufficient flexibility for exploration and in-
spection, as well as ultimately quantification. Moreover, the use of CT
in non-destructive testing is increasingly employed for non-metallic
or compound materials. For example, concrete is probably the most
widely used non-natural material worldwide, and the use of CT for the
inspection of concrete is becoming more widespread. However, the
subsequent analyses are very time-consuming and in current practice
still involve a considerable amount of manual work due to insufficient
tools. In this paper, we describe novel visual workflows that are cus-
tomized for specific applications with a high relevance for NDT prac-
titioners. The presented approaches have been developed jointly with
expert users from this domain, both from a more practical engineer-
ing and testing perspective, as well as from a materials research point
of view. The first application scenario that we describe (Section 3) is
the analysis of SFRSpC, illustrated in Figure 1, which is of very high
importance in the building industry. We are concerned with the exami-
nation and analysis of the enclosed steel fibres with respect to their ori-
entations and distribution relative to the application direction in which
the concrete has been sprayed. SFRSpC is a relatively new material
that is used in various applications in geotechnics. Although the dis-
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Fig. 2. Multi-pass region growing in a pre-processing step (left) results in detected features, which can then be explored and quantified interactively
(right). The specific requirements of either application scenario are accommodated by pre-computing additional global as well as per-feature
statistics for steel fibres or graphite microstructure, respectively. Default TFs for the exploration phase are also generated. The user explores
features and feature classes by changing TFs, interactive exploration of statistical parameters, and the 3D volume view. The selected steel fibres
are visualized in a Direction Sphere Histogram, whereas the graphite microstructure is classified according to ISO standard requirements.

tribution of fibre directions could strongly influence the mechanical
properties of the material, they have not been properly explored yet.
Instead, a continuous distribution was assumed. A preferred orienta-
tion of the fibres, however, can result from the application process of
the concrete, which could significantly alter its mechanical behavior.
Our solution provides an interactive exploration and automatic statisti-
cal analysis, based on automatic detection of the enclosed steel fibres,
and the specification of transfer functions in the space of fibre direc-
tions. The second application scenario (Section 4) is the designation of
the graphite microstructure in ductile cast irons, corresponding to the
ISO standard 945-1. We illustrate how the analysis steps required by
this established standard can be met much more efficiently by our sys-
tem than the standard workflow of testing practitioners. We compute
application-specific information such as histograms of particle diame-
ter or roundness over density, which can then be explored interactively
using transfer functions in these domains. This allows for interactive
exploration and quantification in line with the requirements of the ISO
standard. Transfer function presets enable easy classification accord-
ing to whether the cast iron is vermicular, intermediate, or nodular, for
example. Additionally, we compute properties such as the nodularity
according to ISO standard 1611.

The basis for the application-specific approaches in this paper is
a pipeline for interactive exploration and quantification of industrial
CT data [8]. This pipeline employs an interactive, visualization-driven
approach for feature detection, exploration, and quantification. This
is made possible by pre-computing a family of feature segmentations
over parameter domains instead of fixed parameter settings. The pre-
computation has to be performed only once for a given data set. It is
based on region growing that is computed in multiple passes, where
the main region growing parameter such as the density variance al-
lowed in a region is successively increased from pass to pass. The
resulting features and their changes are tracked and stored in com-
pact form in an additional feature volume and feature size curves [8].
Moreover, in contrast to the usual approach of segmenting only a sin-
gle type of feature, in our system users can explore different feature
classes simultaneously. In this paper, we extend this basic pipeline
for the specific requirements of the two application scenarios outlined
above through specialized transfer functions in feature space and ad-
ditional visualization and quantification capabilities. Specifically, the
novel application-triggered technical contributions of this paper are:

e The orientations of the steel fibres in SFRSpC are computed au-
tomatically in the pre-computation phase. Their distribution is
visualized interactively in a Direction Sphere Histogram (DSH)
that color-codes the frequency of occurrence of directions.

e Fibres are selected and visualized according to direction transfer
Sfunctions (DTFs) in the domain of angles ¢ and 7y relative to the
application direction of the concrete, as well as material density.
DTFs interactively determine the 2D and 3D visualization, as
well as the set of fibres selected for depiction in the DSH.

e In addition to the size or volume of features, we have integrated
the specific properties of feature diameter and feature round-
ness that are required by the ISO standards for classification of
the graphite microstructure of ductile cast iron. These are used
in application-specific transfer function domains, which enable
the advantages of interactive exploration and quantification to be
combined with the requirements of the respective standards.

e The classification of the microstructure of ductile cast irons is ac-
complished with respect to the contained graphite. This includes
the nodularity and is done according to the requirements of the
ISO 945-1 and ISO 16112 standards for single 2D slice images,
as well as in 3D.

Overall, we illustrate the large potential of customized, visual work-
flows to improve the daily routine of NDT practitioners, as well as
opening up entirely new possibilities for exploration and analysis.

2 RELATED WORK

We first review related work in the application domains used in this
paper. The first international standard on graphite classification by vi-
sual analysis was adopted in 1975 as ISO 945:1975. It was left nearly
unaltered until 2000, when work started on the first part of a revised
version that was published as ISO 945-1:2008. The use of image anal-
ysis systems in many production laboratories of foundries that could
lead to a more impartial classification of the graphite morphology re-
quired appropriate standards for their application. Currently, there is
no information published when this part will become available. To
evaluate the 3D shape of the graphite particles, metallographic serial
sectioning techniques [17] can be used. For the special case of flake
graphite, a 3D approach using focused ion beam (FIB) is used to in-
vestigate the whole network of spatially interconnected particles [20].
But as the sample is sectioned slice-wise, its integrity is lost. Fur-
thermore, the data acquisition process is quite tedious. The resolu-
tion achieved with the FIB tomography is very high due to the imag-
ing with scanning electron microscopy, but the acquired volume is
quite small, especially with respect to the size of the graphite parti-
cles that are analyzed. The need for impartial classification and eval-
uation of the graphite microstructure has led to the development of
several suggestions to analyze the form of graphite in metallographic
sections [11, 16, 19]. These processes are based on different evalua-
tion schemes such as image analytical parameters, shape parameters,
or morphological transformations. However, fully automatic methods
are very susceptible to the choice of parameters. In contrast to the case
of ductile cast iron, the norm-guidelines for SFRSpC were evaluated
by the European Committee for Standardization (CEN) in the last few
years. This has resulted in general standards for sprayed concrete and
steel fibres, and for their control [15]. These standardization efforts
are under constant further development, where also national institu-
tions such as concrete or construction societies are involved. We are
not aware of any analysis of the influence of the fibre distribution in
SFRSpC, except almost completely manual approaches [3].
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System features MAVI [14] | VG [21] | Our system
Region growing feature detection X X X
Multi-pass region growing - - X
Direction calculations in SFRSpC X - X
Direction distribution visualization - - X
Feature quantification X X X
Feature ISO std quantification - - X

Table 1. High-level comparison of the features of our system to two
wide-spread existing systems: MAVI [14], and VGStudio MAX [21].

In visualization, the previous work most directly related to ours are
size-based transfer functions [5], and specifying transfer functions
over volume density, feature size, and region growing parameter [8].
The former computes a local size of the region surrounding any given
voxel using scale space analysis. The latter detects connected regions
and enables transfer functions over the size of these regions. We build
on the second approach since it directly enables quantification of the
features of interest, which is crucial in our application context. In our
system, the detection of features such as steel fibres or graphite parti-
cles is performed using region growing [22]. The specification of seed
points is crucial and can be tackled by evaluating multiple seed points
at the same time [1], iteratively specifying seed points for region of in-
terest selection [4], or allowing each voxel in the volume to potentially
become a seed [8]. Gyulassi et al. [7] have presented two methods for
the generation of topologically clean distance fields for the analysis
of the filament structure of a porous material in molecular dynamics
simulations. Using morse theory or an advancing front method they
extract a stable core structure of the porous solid which is used for
identifying material properties and comparing simulation results over
different time steps. The two most related commercial tools that han-
dle quantification of industrial CT data are MAVI [14], and VGStudio
MAX [21]. Table 1 gives a high-level comparison of available features
of these systems to the features of the system presented in this paper.

For volume visualization, we use GPU-based ray-casting [13, 18]
with 3D textures and multi-dimensional transfer functions [12]. This
allows for real-time rendering combined with considerable flexibility,
including efficient memory managment for large volumes [2]. Re-
gion growing techniques have been integrated into volume visualiza-
tion systems [9], which can also be used to define two-dimensional
transfer functions that highlight the regions selected by region grow-
ing. This has also been demonstrated to be very useful in the context of
industrial CT data [10]. However, the result is only an approximation
and in general cannot reproduce the exact set of voxels of any given
feature. In our context, it is crucial that all voxels are included in a
feature to enable accurate quantification.

3 STEEL FIBRE REINFORCED SPRAYED CONCRETE

SFRSpC is a very important composite material that is used for var-
ious applications in geotechnics. It combines the high compressive
strength of sprayed concrete with the strength after cracking through
the addition of steel fibres. The material is brittle until a crack starts
and becomes ductile through the steel fibres afterwards. Ideally, the
steel fibres represent a continuous reinforcement if the fibres are ran-
domly and homogeneously distributed. SFRSpC is used, for example,
when a quick application of a shell is needed, e.g., when walls or rocks
have to be secured, since then no steel mashes have to be applied be-
fore. SFRSpC can endure higher displacements of the rock due to the
quasi-ductility of the material. Furthermore, the characteristics of the
SFRSpC increase the safety for the workers, as cracks can be seen long
before material failure.

3.1

Although the mechanical properties of SFRSpC are generally a well
studied problem, the steel fibres’ orientation and distribution were dis-
regarded in the past. Especially the orientation of the fibres has a great
influence on the bearing capacity after the formation of cracks. The
aim of this special study, realized at the Institute for Subsurface En-
gineering at the University of Leoben, is a statistical evaluation of the
steel fibres’ alignment in SFRSpC applied on a tunnel wall. The goal
is to find out whether there is a prevailing characteristic orientation of

Application Scenario
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the fibres that is due to the application direction of the sprayed con-
crete. Drill core samples are taken from the tunnel lining and are an-
alyzed by means of industrial CT. In the previous, completely manual
approach [3], the CT volume was loaded into a software tool where for
each single steel fibre the coordinates of both ends had to be selected
manually. For this, it was important that each steel fibre was processed
sequentially in order to keep the storage order. Additionally, several
formatting steps were required to finally get suitable coordinates for
other tools to accomplish the statistical interpretation and direction vi-
sualization. The time needed for the individual required steps and the
whole manual quantification process is summarized in Table 3. This
process was very tedious and time-consuming, and required the use
of several different software tools, which are also listed in Table 3.
In contrast, our visualization-driven solution simplifies the steel fibre
evaluation significantly, because it automatically computes and visual-
izes the directions of the fibres, and also provides different possibilities
for statistical evaluation.

3.2 Processing Pipeline

The main stages of the processing pipeline are shown in Figure 2. The
specific calculations required for this application are described in Sec-
tion 3.2.2. They are performed in the automatic pre-processing phase,
which is the basis for the interactive exploration and quantification de-
scribed in Section 3.2.3.

3.2.1

The samples used in this section are core samples of a sprayed concrete
shell of a tunnel. When drilling the cores, the axis of the cylindrical
sample was aligned with the surface normal of the inner tunnel lin-
ing. This direction can be assumed to be the direction along which
the sprayed concrete has been applied. It is mapped to the z-direction
in our application. The data sets have been acquired from core sam-
ples using a microfocus x-ray CT-system scanned on a Phoenix|x-ray
v|tome|x ¢ of GE Sensing & Inspection Technologies. For these sam-
ples, the resolution has to be high enough to correctly identify the steel
fibres, which have a high x-ray absorption compared to the concrete
matrix. A single fibre should be detected as one feature, and the detec-
tion of fibre fragments should be avoided because these can influence
the detected orientations. We have investigated two drill cores in par-
ticular, denoted as SFRSpC 1 and SFRSpC 2, respectively. Figures 1
and 4 depict SFRSpC 1, and Figures 3 and 5 depict SFRSpC 2. See
also Table 6.

Data Acquisition

3.2.2 Pre-computation

The computations necessary for the direction estimation of the steel
fibres are performed during the region growing step in the pre-
processing phase. After region growing, for each segmented feature
an object oriented bounding box (OBB) is computed using principal
component analysis (PCA). An OBB is a rectangular bounding box

Z = application direction application direction application direction
1809

gamma

Fig. 3. Drill core SFRSpC 2 taken from the tunnel lining. (a) The longest
axis of the OBB (black rectangle) enclosing the fibre (yellow) represents
the feature’s main direction. The angles o and y are required for the
direction quantification of the steel fibres. (b) DSH of all fibres. (c) The
color coding from the DSH can be used in the 3D volume view for in-
spection of fibres according to orientation.
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Fig. 4. The DTFs for a (a) and y (d), where the x axes show the density, and the y axes show the angle distribution of the steel fibres. For this
application, it was sufficient to select the 2D histogram corresponding to a single suitable region growing parameter [8]. The 3D volume view
immediately shows the fibres selected by widgets in the a-DTF (b), or the y-DTF (e), as well as their distributions in the DSHs, (c) and (f).

that approximates the arbitrary orientation of an object in 3D space [6].
PCA yields the three eigenvectors for the main axes, where the largest
eigenvalue corresponds to the principal axis. The principal axis of the
feature’s OBB is used as direction vector in additional orientation cal-
culations, as shown in Figure 3(a). To check the samples for preferred
orientations of the contained fibres according to the requirements of
the real-world analysis to be performed, we compute two main angles:

e Alpha () is the angle in the xy-plane normal to the concrete’s
application direction. It is in the range [0°,180°], since a half-
circle covers all orientations. See Figure 3.

e Gamma (y) is the angle between the z-axis (the application di-
rection of the sprayed concrete) and the feature direction in 3D.
The range for y is [0°,180°] as well. See Figure 3.

For each angle, a 3D histogram is created that corresponds to the dis-
tribution of angles, voxel densities, and region growing parameter. See
Figure 4(a) for an example a-density histogram, and Figure 4(d) for
the corresponding y-density histogram. In these figures, the horizontal
axes show the density distribution, the vertical axis the angle distribu-
tion and the third dimension (not shown) corresponds to the change
of the main region growing parameter such as variance [8]. The color
coding indicates the number of voxels, where red indicates a high, and
blue a low occurrence of feature voxels at a specific density and angle.
These histograms are the domains of transfer functions for interactive
exploration and quantification described below.

3.2.3 Interactive Exploration and Quantification

The distribution of directions of the steel fibres can be explored via
DTFs in the domains of density and either o (Figure 4(a)) or y (Fig-
ure 4(d)), or both ¢ and y (Figure 5(a)). For each desired feature class,
a 2D TF widget can be specified interactively, which also specifies the
color and opacity of the corresponding fibres in the 3D volume view
(Figures 4(b), 4(e), and 5(b)). For each feature class, additional in-
formation like angular range, number of fibres, and the percentage of
the volume covered by fibres of this class, is displayed and constantly
updated. This enables quantification and guidance for exploration (Ta-
ble 2). The 3D volume view allows one to inspect the current selection
at any time, and determine if it is satisfactory. The mean and standard
deviation of the selected features’ angles are also calculated, and the

angleot 7
66.4° 93.4° 1054° 180 v ()

11° 3307

Fig. 5. (a) The DTF for o (x-axis) and vy (y-axis). (b) The 3D volume view
shows the selected steel fibres in the respective colors of the widgets,
whereas (c) their direction distribution is visualized in the DSH.

frequency distribution of the selected fibres’ directions are color-coded
in DSHs (Figures 4(c), 4(f), and 5(c)). These histograms depict the fre-
quency of directions of the selected fibres, which is described in detail
below. Figure 1(a) shows the DSH for all features in the SFRSpC 1
sample, where red color indicates a high frequency and blue color a
low one. Because the two angles o and ¥ are in the range [0°,180°],
it is sufficient to plot the directions on a hemi-sphere. The mapping
of the two angles ¢ and 7y onto the hemi-sphere, relative to the appli-
cation direction of the sprayed concrete, is illustrated in Figures 1(a)
and 3(b). The color coding of the DSH can also be used in the 3D vol-
ume view, where each fibre is assigned a color corresponding to the
number of fibres in the same direction (Figures 1(b) and (c)).

3.2.4 Direction Sphere Histogram (DSH) Computation

For the DSHs displayed by our system and depicted in Figures 1(a),
3(b), 4(c,f), and 5(c) we use a tessellated sphere as the domain. Each
vertex of the tessellation comprises a histogram bin with a correspond-
ing floating point count that can easily be mapped to a color using a
simple 1D color table. The spheres are rendered using OpenGL, where
the colors are mapped to vertex colors and interpolation is used within
each triangle. For each fibre selected by means of a DTF, its direction
must be counted in the DSH. In order to generate smooth histograms,
for each fibre we splat a Gaussian kernel centered at the fibre’s direc-
tion onto the spherical domain. The histogram count of every vertex
that is covered by a (truncated) Gaussian splat kernel is incremented
according to the spherical distance of the vertex to the center of the
Gaussian, i.e., the fibre’s original direction. This distributes the fibre’s
direction smoothly in a small neighborhood of bins around it. Since
the integral of the Gaussian kernel is 1.0, this results in a good trade-
off between accuracy and smooth histogram appearance.

For efficient run-time computation of DSHs, we pre-compute a
sampling of the weights of a Gaussian distribution with a user-defined
standard deviation ¢ that controls the size of the splat. For the full size
of the truncated Gaussian kernel, we use a radius of 40. For simple
implementation, the function values according to the distance from the
center of the Gaussian kernel are stored in a 1D gauss_array. This is
shown in Figure 6(b), and used during splatting. While tessellating the
sphere, the angular distances and number of steps between two succes-
sive longitudes or latitudes, respectively, of the tessellation are stored
in a sphere_distance_array. This enables fast computation of the area
on the sphere that is covered by a Gaussian of a given size.

To calculate the values for the histogram bins, the contributions of
the directions of all selected fibres are summed up. All fibres’ main
directions are retrieved from the previously calculated OBBs, and the

angle range feature count | % of part vol.

o 53 0.14

Fig. 4 (a,b,c) - 37 0.08
Y 80°- 110° 234 0.60

Fig. 4 (def) | PRIGENERN 9 0.02

Table 2. Quantification of the steel fibres in SFRSpC 1 selected by the
classification widgets shown in Figure 4.
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Fig. 6. The domain of a DSH is a sphere (or hemi-sphere) tessellated using a simple latitude/longitude tessellation. The directions of steel fibres
are counted in the histogram by splatting a Gaussian kernel centered at each direction vector onto the sphere’s vertices (a). This is simplified by
using a 1D look-up table for one half of a Gaussian (b), which is accessed twice to obtain a 2D Gaussian distribution via tensor product (c,d). At
each vertex, the contribution of the surrounding fibres is summed up, which results in the corresponding color distributions on the DSH (e,f).

vertices covered by the truncated Gaussian centered at each direction
are computed. The histogram bin counts are then updated according to
their distance to the center of the Gaussian (Figure 6(c,d)). Figure 6(a)
shows this procedure for one fibre, whose Gaussian splat covers a cer-
tain area in longitude and latitude on the sphere. The sum of multiple
fibres yields the corresponding distribution in the DSH as shown in
Figure 6(e). Finally, the histogram values on the entire sphere are
mapped to colors (Figure 6(f)). This technique ensures a fast recal-
culation of the DSH when the selection of fibres has changed. Only
the counts at the vertices have to be computed again, using simple
look-ups in the gauss_array according to the distance looked up in the
sphere_distance_array. Full re-computation is only required when the
size/standard deviation ¢ of the Gaussian splats is changed by the user.

3.3 Discussion and Results

The final quantification of steel fibre directions is often needed for all
fibres in the volume, for which a single classification widget in any of
the possible DTF domains is sufficient. For example, in the direction
quantifications depicted in Figures 1 and 3, a single classification wid-
get was used to mark all steel fibres in the volume. Even in this case in-
teractively moving and changing the widget in any of the DTFs allows
users to quickly and effectively gain an overview and understanding of
the fibre distribution in the volume, while inspecting various angular
ranges of interest. However, assigning different angular ranges to dif-
ferent feature classes by using multiple classification widgets allows
for a much more fine-grained analysis. An example of such a selective
classification is shown in Figure 4. There, only a subset of the steel fi-
bres has been selected by the user via classification widgets, resulting
in the quantification of individual feature classes given in Table 2.

For practical evaluation of our system we have made a comparison
with the results generated by the completely manual approach per-
formed at the Institute for Subsurface Engineering at the University
of Leoben [3]. The result of our system was exactly the same as the
manual approach. However, it could be achieved in a fraction of the
time, as illustrated in Table 3. It also provided the domain experts with
many additional possibilities for real-time exploration of the data set.
The distributions in the y-DTF (Figure 4(d)) as well as in the DSH
(Figure 1(a)), clearly show that there occurs a high fibre concentra-
tion at about Y = 90°, which is close to a right angle with respect to
the concrete’s application direction. Also for the ¢-direction, the DTF
(Figure 4(a)) and the DSH (Figure 1(a)) show a preferred orientation
between a = 10° and o = 90°. Our expert collaborators assume that
the application direction in reality was not exactly orthogonal to the
tunnel lining, which has led to the observed orientation according to o.
As was often tested by using flexural tension tests, SFRSpC keeps a
part of its strength after the building of cracks because the steel fibres

processing steps manual automatic
Automatic pre-computation - 1.7 min
Selection of steel fibres 30 h (View Expert) 5 sec
Statistical analysis 20 h (Microsoft Excel) | immediate
Direction visualization 5 min (Stereo 32) immediate
Total time for vis. and quant. ~50h < 2 min

Table 3. Times for the manual approach (tools in parentheses) vs. our
automatic method for direction analysis of steel fibres in SFRSpC.

aligned orthogonal to the crack interact against the bending direction.
Due to the observed preferred orientation of the fibres, its effective-
ness increases if they lie parallel to the surface, and decreases if they
lie parallel to the spraying direction, i.e., normal to the surface. A di-
rection visualization of the second drill core sample (SFRSpC 2) taken
from the same tunnel lining, including more steel fibres, is shown in
Figure 3. This analysis emphasizes the observations described above.
The guidelines (EFNARC European Specification for Sprayed Con-
crete 1996) and standards (EN 14488-7) for sprayed concrete currently
only provide the examination of the fibre content in fresh or already
hardened probes. In fresh concrete, the fibres must be washed out. In
already hardened concrete, the fibres have to be mechanically quarried
out of the concrete and cleaned afterwards. Only then the number of
fibres in the sample can be estimated. With our system, it is now possi-
ble to estimate not only the number of fibres, but also their orientation
in the sample at hand. Because the fibres’ orientation has a significant
impact on the mechanical behavior of SFRSpC, our domain expert
collaborators think that in general the quantification of SFRSpC and
the analyses of the related properties can be improved tremendously
in the future by using such a system, as well as enabling new scientific
discoveries in this engineering discipline.

4 DuCTILE CAST IRON

In ductile iron, the majority of the carbon is present as graphite spheres
in the microstructure, which exhibits higher strength and ductility than
for lamellar shaped graphite particles. The main share of ductile cast
iron is used in the production of pressure pipes, followed by automo-
tive parts and different parts for mechanical engineering. To achieve
desired material properties, an appropriate microstructure has to be
ensured during production. One major influence is the formation of
the graphite. Ideally, the microstructure consists of small, finely dis-
persed spheres of graphite all over the casting which provides the high-
est strength and ductility as well as high fatigue strength at the same
time. Due to different production constraints, this cannot be achieved
in every casting or even in every part of the casting. For this rea-
son, the examination of the graphite formation is often required in
quality specifications. To harmonize these examinations, the standard
ISO 945-1 (ICS: 77.080.10) was established. The classification of the
graphite’s microstructure in cast irons is based on a visual compar-
ison. In quality specifications for castings, minimum requirements
concerning graphite form, particle density, and maximum particle size
are common in the casting industry.

4.1 Application Scenario

During the designation of microstructure in cast irons according to
the requirements of the standard ISO 945-1, the metallographic sam-
ples of ductile cast iron materials are examined under a microscope.
The graphite inclusions are classified by its (1) form, (2) distribution,
and (3) size. The graphite distribution designation is only specified
for a form that is not allowed to occur in ductile cast iron, and is
therefore ignored in our process. The standard ISO 945-1 provides
reference images of schematic microstructures of cast iron as a basis
for classification. Form and size of the graphite inclusions observed
on the sample’s surface are determined via comparison with the ref-
erence images that resemble them most closely. However, depending
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Fig. 7. The quantification of ductile cast iron according to ISO 945-1 and
ISO 16112 is currently accomplished on the basis of 2D microscopic
slice images (a), where a representative section is selected for quantifi-
cation (red frame). For evaluation, we also compare CT results in 2D
with a segmentation obtained via VGStudio MAX [21] on the same data
(b). Our system is also able to perform quantification fully in 3D (c).

on the location where the metallographic samples were taken, the re-
sults can show a significant variation. Additionally, the preparation
of the sample itself is very important. Careful grinding and polish-
ing of the sample is crucial. The graphite particles should appear in
their original form and size, so that an unacceptable alteration of the
microstructure is avoided. The whole conventional quantification pro-
cess is limited to 2D, where the comparison of the actual microstruc-
tures with the schematic images depends on the subjective impression
of the metallographer. Our 3D approach via CT-scanning and interac-
tive visualization-driven exploration of the whole data set, can over-
come the drawbacks of the conventional, manual approach. A higher
number of individual particles are taken into account, and scattered
graphite particle deviations can be found more easily. Additionally,
our 3D approach should help to resolve the statistical aberrations oc-
curring when calculating the form factor of an inherently 3D graphite
inclusion by means of a single 2D slice image. By automating the
quantification step, the results are no longer constrained to the metal-
lographers’ subjectivity.

4.2 Processing Pipeline

An overview of the individual stages of the processing pipeline for the
quantification of ductile cast iron is shown in Figure 2.

4.2.1

The sample presented in this section was taken from a thin walled
casting from serial production, which had to be checked for its cast-
ing quality. The data have been acquired from material samples using
a microfocus x-ray CT system. The resolution must be chosen high
enough to ensure that the graphite particles can be represented by sev-
eral voxels in the reconstructed volume. The accuracy of the analysis
also depends on the average number of voxels per graphite particle.

Data Acquisition

4.2.2 Pre-computation

The parameters required for graphite microstructure quantification are
computed in the pre-computation phase during region growing. The
relevant indications for quantifying the graphite spheres according to
the ISO 945-1 standard are their size, form, and nodule count. These
are measured by means of the smallest sphere enclosing a particle. In
the ISO standard, the form of each graphite particle is denoted by the
roundness of the particle. The nodularity is calculated as a parame-
ter of the dominant form in the microstructure, according to the ISO
standard 16112, from the percentages of the different graphite forms
in the sample. For each particle, we estimate the smallest enclosing
bounding sphere. In this context, the size of a particle is defined as
the diameter of its enclosing sphere. Figure 8(d) describes the sizes
according to the classes defined in ISO 945-1. To estimate the form
factor for a given graphite particle, we have to calculate its roundness,
which is computed in 3D as follows:
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3Vparticle

4r3r
where Vgrricle 18 the volume of the particle, and r is the radius of the
smallest enclosing bounding sphere. The roundness therefore is the
ratio between the volume of the particle and the volume of the en-
closing sphere. According to this property, the particles are classified
as belonging to one of three relevant (of six overall) different forms,
representing the typical types of graphite particles in such data:

Roundness =

M

e vermicular (form factor III): 0.0 < Roundness < 0.525.
e intermediate (form factor V): 0.525 < Roundness < 0.625.
nodular (form factor VI): 0.625 < Roundness < 1.0.

The nodularity, regarding the three different morphology groups as
defined in accordance to ISO 16112, is calculated as follows:

Z Vnodular +0.5 Z Vintermediure
Z Vnodular + Z Vintermediate + Z Vvermiculur

where Y Vioduiars ¥ Vintermediate> a0d Y. Viermicutar are the number of
voxels of all particles with roundness factor nodular, intermediate,
and vermicular, respectively. To estimate the nodule count, only the
particles of form factor V and VI (see Figure 8(c)) per mm? are of rele-
vance. We extend the planimetric method to the 3D domain, such that
we compute the nodule count 1 as n = N/V,,r where N is the num-
ber of nodules (i.e., particles classified as forms V and VI) counted
in a reference subset of the whole volume chosen for measuring the
nodule count, and V,, is the volume of this subset.

To enable interactive exploration and quantification, according to
the parameters relevant for ISO 945-1 and ISO 16112 described above,
we design two new 3D TFs. Graphite particles, are classified by means
of the 3D domains of density, feature diameter or feature roundness,
and the main region growing parameter [8]. The 2D TFs of a given re-
gion growing parameter are shown in Figures 8(a) and (d). The num-
ber of features is color-coded, where red corresponds to a high, and
blue to a low occurrence of features at the current position. The back-
grounds of the histograms are color-coded according to the graphite’s
size or roundness classes, as defined by the ISO standards.

423

During exploration, the current classification is shown in real-time in a
3D volume view and three orthogonal slice views. In order to explore
and classify feature classes, the corresponding features are mapped to
color and opacity, so that the user can observe and control the selec-
tions made. The desired quantification of the ductile cast iron accord-
ing to the form parameter of the ISO standard 945-1 is specified via
the (density, feature roundness) TF shown in Figure 8(a). The form-
distribution of the graphite’s microstructure is explored via the quan-
tification widgets, where the selection of the graphite particles is con-
stantly updated in the 3D volume view. As already explained for the
SFRSpC, additional parameters like the roundness- and density range,
or the nodularity of the features, selected by the quantification widget,
are constantly displayed to help guide exploration. Our system pro-
vides automatic color coding according to the form factors defined in
the ISO standard. Figure 8(a) shows a (density, feature roundness) his-
togram. The feature’s roundness is shown on the vertical axis, where
the roundness increases from bottom to top in the range [0.0; 1.0]. The
user can select different feature classes, which are colored correspond-
ing to the widget colors and opacity. If desired, the form factor’s color
coding can be transferred to the 3D volume view to obtain a better
overall impression of the data, as shown in Figures 8(b) and (c). In
contrast to SFRSpC, the quantification of individual form-groups may
be of interest. In this case, different widgets are placed to mark the
desired areas, and they are quantified separately. For example, to es-
timate the nodule count only features of form factor V and VI are of
interest and can therefore be selected individually (see Figure 8(c)).
The same procedure, using the (density, feature diameter) TF, is per-
formed to estimate the size-distribution of the graphite particles, as

Nod[%] = 100 v @

Interactive Exploration and Quantification
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Fig. 8. To quantify the graphite microstructure according to the form and size parameters of the ISO 945-1 standard, one appropriate region
growing parameter is selected interactively: (a) and (d). The color coding according to the three form factors (b) and the eight size-classes (e) is
also applied in the 3D volume view. For the nodule count, only the graphite microstructure of forms VI and V are taken into account (c).
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Fig. 9. The same visualization and quantification principle as shown in Figure 8, but for one selected 2D slice, taken from the middle of the volume.
Here, the exploration and quantification is based on the same values, but calculated for the 2D case.

shown in Figures 8(d) and (e). With this TF, the user can explore and
quantify the different size classes defined in the ISO 945-1 standard.
The size on the vertical axis ranges from 0 (class 8) to > 100 (class 1).

4.3 Discussion and Results

The established standard workflow is currently based on determining
the classification according to the ISO standards in microscopic 2D
slice images such as the one shown in Figure 7(a). Due to the signifi-
cant amount of manual work this entails, all properties are only deter-
mined in chosen 2D reference regions, for example the highlighted
rectangle in Figure 7(a). This has huge implications for the accu-
racy of the obtained results. First, the properties under investigation
can change considerably from one region in the volume to another
one. Second, properties are only determined in 2D cross-sections,
i.e., completely independent from the actual 3D shape or volume of
the contained particles. Therefore, efforts are underway to move the
whole process to 3D and leverage the possibilities provided by 3D CT
acquisition. The advantages of extending the quantification to the 3D
domain were discussed in Section 4.1. We have compared the results
obtained via our system with results obtained manually for the red box
in the 2D slice image in Figure 7(a). Table 4 gives the quantification
results for the evaluated parts shown in Figure 8 and Figure 9. The
results for 2D data are comparable considering that differences due to
different reference regions used for inspection are to be expected. Fur-
thermore, the different resolutions when comparing microscopic slice
images with CT slice images have to be taken into account. Therefore,
we have also compared the results obtained by segmenting the corre-
sponding CT slice image with VGStudio MAX shown in Figure 7(b).
Comparing with our 2D results, we see that we have similar results
concerning the nodularity, as well as the nodule count. The smaller
nodule count emerges from the fact that VGStudio MAX did not seg-
ment the small particles, which were taken into account with our sys-
tem. It was not possible to compare the properties obtained using our
system in 3D, since there are no existing reference data. However, as
explained above, the results of quantification in 2D and 3D are not
directly comparable in general. A manual quantification of the 3D
structures in the data to accurately evaluate our system is in progress.
Our results show that using the coefficients for form classification de-

fined in ISO 16112 for the 2D case have to be exhaustively reviewed
when applying this procedure to a potentially much more accurate 3D
application scenario. However, such a review can only be done using
a bigger database and is therefore an ongoing process.

Furthermore, graphite inclusions with a diameter less than three
voxels must not be included in the analysis to avoid the segmentation
of noise. Also shrinkage porosity, which is in most cases much bigger
than the graphite particles, is not relevant. Therefore, a minimum and
maximum feature size can be specified for the region growing process
to exclude a priori undesired features from quantification. This is only
an option when the user has a-priori knowledge of the data. In our
system, these undesired features can also easily be removed interac-
tively using transfer functions. Once the feature information has been
calculated in the pre-processing step, the user can quantify the sam-
ple under investigation at any desired slice position and for the whole
3D volume in real-time. This overcomes the problems mentioned in
Section 4.1, which occur during conventional sample preparation.

5 GENERAL DISCUSSION

In the case of SFRSpC (Section 3), our approach is much faster and re-
duces the required labor time considerably, since the previous method
was almost completely manual. The manual quantification process
takes hours for obtaining the same results which we have achieved,
even when the short pre-processing times given in Table 6 are consid-
ered. For the ductile cast iron (Section 4), our quantification process
takes more time than the manual 2D approach when CT acquisition
time is also considered and only one 2D slice is prepared manually.
However, high quality results can also only be achieved when multi-
ple 2D sections are prepared, which requires an additional 20 minutes
per section. Table 5 compares times of the manual and our automatic
approach. Additionally, our system provides many powerful possi-
bilities for real-time exploration that enable domain experts to gain
more insight about a given material sample. Currently, our system for
automatic quantification according to the ISO 945-1 and ISO 16112
standards in 3D is only used for research purposes. It is a first step
towards specific quantification tasks in the 3D domain, but further re-
search and refinement has to be performed in the future until the sys-
tem can be incorporated into the daily quantification process of metal-
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application form % | feature count size feature count || % nodularity | nodule count
Ductile Cast Iron Bl | so 1349 | 1B 504
automatic, 3D V: 7.44 1268 4: 2446 12.41 1653 mm =3
Fig. 8 (b,c and e) 83.87 9518 7079
6: 2064
Ductile Cast Iron Bl | 4530 1485
automatic, 2D v 15.23 286 || S 2852 52.91 102 mm=2
Fig. 9 (b,c and e) 39.47 799
Ductile Cast Iron - 46.15 n/a
manual, VGMax, 2D V. | | 23.08 wa || [ 1553 53.70 97 mm 2
Fig. 7 (b) 30.08 n/a
Ductile Cast Iron - > 90 n/a n/a
manual, microscopic, 2D V: <10 n/a 6 n/a 74.80 173 mm—2
Fig. 7 (a) 1II: traces n/a n/a

Table 4. Comparison of the quantification results from the manual 2D approach using the microscopic 2D slice image (a) and the CT data slice
image segmented with VGStudio MAX (b) in Figure 7, and the 2D and 3D results of our system, shown in Figure 8 and Figure 9.

lographers. Table 6 gives typical numbers for pre-computation times,
memory consumption, and volume rendering frame rates for the data
sets used in this paper. Performance has been measured on an Intel
Core i7 2.95GHz and an NVIDIA GeForce 285 GTX.

6 CONCLUSIONS AND FUTURE WORK

We have presented interactive exploration and quantification of fea-
tures for two real-world applications of high practical relevance in
the building industry. We have demonstrated that our system helps
to bridge the gap between visualization, feature detection and quan-
tification, and has the potential of significantly improving the current
workflow of NDT practitioners. In the future we would like to inte-
grate more possibilities for interactive measurement, as well as per-
forming further evaluations of correctness of the resulting quantifica-
tions. This can be accomplished by further comparisons of manual
quantifications, as intended for the 3D case of the graphite microstruc-
ture in ductile cast iron. The integration of sub-voxel classification to
improve quantification accuracy is also an important future goal.
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