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Abstract Although concrete itself is not a combustible material, concrete mixtures
with high density, such has high-performance concretes (HPCs), are susceptible to
significant damage during fires due to explosive spalling. Past research has shown
that the inclusion of polymer fibres in high density concrete can significantly mitigate
this fire damage. The exact mechanisms causing this increased spalling resistance
are not yet fully understood, but it is thought that the fibres facilitate moisture trans-
port during fire exposure, which in turn contributes to relief of internal stresses in
the spalling-susceptible region. In this study, X-ray Computed Tomography (CT)
was applied to observe the interaction between polymer fibres and cracking dur-
ing thermal exposure. For this purpose, two concrete samples containing different
polymer fibre types were subjected to incremental application of a defined thermal
exposure. CT images were acquired before and after each thermal exposure and pow-
erful image processing tools were used to segment the various material components.
This enabled a detailed analysis of crack formation and propagation as well as the
visualization and quantification of polymer fibre characteristics within the concrete.
The results demonstrated that the orientation of both fibres and cracks in polymer-
fibre reinforced concrete tend to be anisotropic. The results also indicated that crack
geometry characteristics may be correlated with fibre orientation, with cracks tend-
ing to run parallel to fibre beds. Clear quantitative relationships were also observed
between heating and increasing cracking levels, expressed in terms of both crack
surface area and crack volume.
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1 Introduction

1.1 Performance of Concrete During Fire

Although concrete itself is not a combustible material, concrete structural compo-
nents are susceptible to explosive spalling during fire. The investigation and control
of this phenomenon is very important since the spalling of individual components
can have a significant effect on the overall fire resistance of structures. Structural
fire resistance, in turn, has major implications both to the safety of first responders
during fires as well as the costs associated with structural repair following a fire.

It has been demonstrated that this spalling behaviour is at least partially related to
the presence of moisture within the concrete material [9, 28]. Spalling behaviour is
also increased for high-strength concretes (HSCs), which generally possess a higher
overall density and lower permeability [7, 27]. The increase in the popularity and
use of these high-strength concretes in building construction heightens the urgency
of developing better methods for predicting and mitigating the effects of this spalling
behaviour [1].

Fibre-reinforced concretes have been used in building construction since at least
the 1970s [30]. Fibres have generally been used in these concrete mixes to improve the
ductility and durability of the material [13, 33]. Polymer fibres have also been shown,
however, to significantly contribute to spall resistance within concrete components
during fire [8, 9].

The exact mechanisms causing this increased spalling resistance are not yet fully
understood, but it is thought that the fibres facilitate moisture transport during fire
exposure, which in turn contributes to relief of internal stresses in the spalling-
susceptible region [9, 25]. The formation of a fibre-induced micro-cracking network
has been identified as one important aspect of this process [25]. At the present time,
there is also no comprehensive understanding of how fibre properties, such as polymer
type, diameter, length, shape, and density, affect overall spalling performance of
concrete members during fire. Optimization of these parameters will need to be
completed before polymer-fibre reinforced concretes are adopted into widespread
use for fire protection.

1.2 X-Ray Computed Tomography

X-ray computed tomography (CT) has been used in non-destructive concrete research
applications for more than 30 years [15, 19]. In this scanning method, a sample
is placed on a rotating table between an X-ray source and an X-ray detector [4].
This causes an X-ray attenuation image of the sample to be projected upon the
detector. By recording these projected images during the 360° rotation of the sam-
ple, mathematically-based reconstruction algorithms can be used to produce a three
dimensional representation of X-ray attenuation within the sample [3]. The X-ray
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Fig.1 Scanning Electron Microscope (SEM) images of polymer fibres before (left) and after (right)
heating to 300°C

attenuation, which is roughly correlated with density, of individual component mate-
rials within the sample can then be identified and objects made from these component
materials can be individually separated and analysed.

1.3 Objectives and Significance

Previous research has shown that small cracks develop in the mortar that surrounds
the fibres during curing (Fig. 1). One goal of this research was to investigate to what
extent these curing cracks contribute to overall material permeability prior to and
during heating.

Another goal of this research was to identify the presence of correlations between
fibre and cracking orientation characteristics and to quantitatively define the strength
of those correlations. Previous research has demonstrated that the fibre fields in FRCs
tend to be highly anisotropic because of flow during the casting process [5, 6, 17,
18, 20-22, 26]. It is thought that this anisotropy could have a major effect on fire
resistance and, if properly controlled, may serve as a means of significantly improving
spalling resistance.

The third goal of this research was to quantitatively measure the crack growth
during incremental heating through the use of X-ray computed tomography (CT).
This CT-based data would be particularly well suited for the calibration and validation
of computational models of the spalling phenomenon.



54 T. Oesch et al.

2 Materials and Sample Preparation

The investigated specimens were made of HSC and were reinforced with different
amounts and types of polypropylene (PP) fibres (Table 1). The mixture HSC / PPa2
contained 2 kg/m? conventional PP-fibres. In contrast, for HSC / PPb1 only 1 kg/m?
pre-treated PP-fibres was added. The PPb-fibres were pre-treated during the man-
ufacturing process using electron irradiation. This leads to a decreased fibre-melt
viscosity [24] and improves the fire performance of the concrete, despite the reduced
amount of added PP-fibres.

Initially, cubes (100 x 100 x 100 mm?) were cast for both mixtures. After
demoulding on the next day, these cubes were stored under water for six days and
subsequently in a climate chamber at 20°C and 65 % relative humidity for a mini-
mum of 83 days. Subsequently, cylindrical specimens with diameters of 12 mm and
lengths of 100 mm were extracted from the cubes. A single cylindrical sample from
each of the two cubes was selected for heating and CT analysis. These two samples
will henceforward be referred to as sample PPb1 and sample PPa2, in reference to
their composition. Before the first CT-measurement was carried out, these cylinders
were fixed firmly within a customized set of mobile clamps, which ensured consistent
mounting positions during repetitive CT measurements.

Table 1 HSC mixture

Content [kg/m®] in concrete type
Component
HSC / PPa-2 HSC / PPb-1
Cement CEM 42,5R 580
Water (w/c =0,33) 173
0/2 744
Aggregate |, 0 | [mm] 223
(quarzitic)
4/8 521
Silica fume 63,8
Superplasticizer 27,8
PP-fibre type a 2 -
(@ 15,4 um, L =6 mm) b R 1

Where:
PPa = conventional polypropylene fibres
PPb = pre-treated polypropylene fibres



Non-destructive Evaluation of the Contribution of Polymer-Fibre Orientation . . . 55

3 Test Methods

After preparing and mounting the concrete cylinders, a CT-measurement was com-
pleted. Thereby, the initial structure of the concrete was analysed. Afterwards, the
clamped concrete cylinders were heated using a special heating regime to reach
specific maximum temperatures (see Thermal Loading). Subsequent to each heat-
ing/cooling phase, a further CT-measurement was carried out to investigate the crack
formation in the fibre-reinforced HSC as a result of the thermal exposure.

3.1 Thermal Loading

During the test series, the specimens were heated to certain target temperatures (150,
160, 170, 180, 190, 200, 250, 300 °C) using an electrical furnace (Fig. 2). During
thermal testing, the heat was increased at a rate of 1 K/min until the respective target
temperature was reached. The target temperature was then sustained for one hour,
followed by cooling at a maximum rate of —0,5 K/min to room temperature prior to
CT-scanning.

The used electrical furnace is controlled by a temperature controller. The oven
temperature is determined on the basis of the temperature measurement of a ther-
mocouple, which is fixed in the rear wall of the furnace. Figure 3 shows an exam-
ple temperature curve measured with an additional installed thermocouple near the

Fig. 2 Electrical furnace containing a typical clamped specimen
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specimen in comparison with the target temperature curve. Thereby it can be seen
that the temperature in the furnace is controlled very well during heating phase.
During the cooling phase the actual cooling rate is slower than the prescribed one
because of the nonlinearity of the natural cooling process.

3.2 CT Scanning

During this research program, an acceleration voltage of 60 kV and current of 130 pA
were used for the X-ray source. The X-ray beam was also filtered using a 1 mm thick
Aluminium plate immediately upon leaving the source in order to remove unwanted
bandwidths from the X-ray beam and, in turn, make the resulting images more clear.
The flat panel detector used for this scanning contained a 2048 x 2048 pixel field.
The resolution of the resulting CT images of the samples was 6.18 pm.

4 Image Processing

4.1 Initial Processing Procedures

All image processing was completed using the program MATLAB [16]. The images
were first corrected for beam hardening, which is a CT phenomenon causing the
outer edges of the sample to appear brighter than its centre. During subsequent data
analysis, it was found that the full sized sample image, which was 2048 x 2048
x 2048 voxels (a voxel is a 3D pixel), was much too large for the available image
processing algorithms and computer system. Thus, a cubic sub-volume of 1200 x
1200 x 1200 voxels was digitally extracted from the centre of the original image and
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used for all subsequent analysis. Through the use of this sub-volume, all resulting
computational demands and run times were reduced by a factor of approximately
five times.

To enable the density and orientation analysis of the fibres and cracks, these
materials first needed to be identified and separated within the images. Although
individual component materials can generally be separated within CT images using
grayscale segmentation methods that was not sufficient for these sample images. The
reason for this complication was that the X-ray attenuation levels of the air pores,
the cracks, and the polymer fibres were found to all be very similar and partially
overlapping. Thus, more complex methods of fibre and crack detection needed to be
developed.

4.2 Fibre Identification

Initially, template matching methods were used in an attempt to identify the polymer
fibres, but with only limited success. One reason for the failure of this method may
have been that the fibres had such a small size within the images (only approxi-
mately 2.5 voxels in diameter) that their shape was not sufficiently well-defined to
consistently match the template characteristics. Another problem with this method
was that the polymer fibres often exhibited significant bending within the material,
which made it even more difficult to define and match a consistent fibre shape.

To overcome these limitations, a customized multi-step approach was developed
for fibre identification that exhibited considerable versatility and accuracy. The indi-
vidual steps of this analysis procedure will be outlined in the description below:

Step 1. The triangle segmentation method [34, 35] was used to identify a boundary
between low attenuation elements within the sample, including air pores, cracks, and
polymer fibres, and high attenuation elements, including aggregate and mortar, on
the voxel intensity histogram (Fig. 4). Using this attenuation threshold, a sample
image containing only air pores, cracks, and fibres could be created and used for
further analysis (Fig. 5).

Step 2. All objects within the low-attenuation image were individually analysed
and those with a volume less than 16% of the standard individual fibre volume were
removed from the image (Fig. 5). This was done in order to eliminate both noise
and micro-pores from the image. The reason that some objects with less than 100%
of the fibre volume were retained within the image was that, since the analysis was
conducted upon a cubic sub-volume, many partial fibres existed along the image edge.
It was desirable to retain these partial fibre segments for subsequent analysis steps
as they were expected to contribute significantly to overall sample performance. The
volume limitation of 16% was found through trial and error to produce a good balance
between elimination of unwanted objects and retention of partial fibre segments.

Step 3. The objects within the image were contracted and then subsequently
dilated by an amount equivalent to the fibre radius (rounded upward). This resulted
in an image containing only objects larger in diameter than fibres. These macro-pores
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Fig. 5 Image of low-attenuation materials in sample PPb1 after step 1 (left) and step 2 (right)

were subsequently removed from the image produced by step 2 in order to reduce
the number of non-fibre objects (Fig. 6).

Through the removal of all objects with diameter larger than and volume smaller
than that of the fibres in steps 2 and 3, it was originally thought that a clear, fibre-
only image would result. It was soon found, however, that the samples contained may
small micro-cracks of width similar to the fibre diameter even prior to the application
of heat. Closer inspection revealed that these micro-cracks were almost exclusively
present within the aggregate, rather than the mortar.

Step 4. Since the fibres, in contrast to the cracks, are only present within the mortar,
and never within aggregates, it was possible to develop an algorithm for separating
the fibres from the remaining cracks. In this algorithm, each object was dilated by
an amount equivalent to the fibre radius (rounded upward) and the attenuation of
this dilated region was analysed. If the attenuation of the dilated region around an
individual object corresponded to that representative of mortar (Figs. 7 and 8), the
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Low-Density Aggregate

Mortar

High-Density Aggregate/
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Fig. 7 Attenuation image of the fibre-reinforced concrete material visually demonstrating the
attenuation differences between aggregate and mortar

object was considered a fibre and retained. All other objects were considered as
micro-cracks within the aggregate and eliminated (Fig. 9).

The resulting fibre images for samples PPb1 and PPa2 can be compared in Fig. 10.
Although these images still contain some non-fibre objects, the overall contribution of
these objects to the measured fibre characteristics is assumed to be small. These non-
fibre objects are thought to primarily consist of cracks or small voids that intersect
with fibres as well as ring artefacts.

As previously described, the sample PPa2 was fabricated to contain a fibre volume
twice that of sample PPb1l. The differences in fibre volume between the analysed
sub-volumes of the two samples shown in Fig. 10, however, exhibit a much larger
volume difference. The fibre volume percentage within each analysed sub-volume
could be calculated by summing the number of voxels of fibre material and dividing
that number by the total number of voxels in the image. Using this method a fibre-
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Fig. 9 Image of low-attenuation materials in sample PPb1 after step 3 (left) and after step 4 (right)

volume percentage of 0.202% was measured for the PPa2 sub-volume, which was
very close to the 0.22% fibre-volume percentage used in the mix design.

For the PPbl sub-volume, however, a fibre-volume percentage of only 0.044%
was measured as opposed to the 0.11% fibre-volume percentage used in the mix
design. There are many possible reasons for such a discrepancy. The most likely
causes are inhomogeneity of fibre distribution within the sample and the presence
of large aggregates or air-voids within the sub-volume selected for analysis. Both of
these sources of error would be significantly reduced through the selection of larger
sub-volumes for analysis. There is, thus, an impetus for further development of these
image processing algorithms in order to reduce their computational requirements and
enable the analysis of larger sub-volumes in future scanning and analysis efforts.
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Fig. 10 Fibre images for samples PPb1 (left) and PPa2 (right)

4.3 Fibre Analysis

Once the fibres had been identified and isolated within the images, they were then
analysed for both density and orientation characteristics. The orientation analysis
was completed using the Hessian-based method [6, 14]. In this method, the grayscale
images resulting from CT are considered to be three-dimensional functions that are
twice differentiable in all directions [10]. By calculating the Hessian matrix at a given
voxel within a fibre, partial second derivatives can be computed:

At )
ax2  9xdy 0xdz
_ 21 %1 ¥
H = dydx dyr 0dydz (1)
%1 %1 I
0zdx 0zdy 972

with H = Hessian Matrix and / = Grayscale Sample Image Matrix.

At this point, the second derivative in the direction of the longitudinal axis of the
fibre will be much less than those in the transverse directions. The orientation of
fibres can, thus, be assessed by computing the eigenvalues and eigenvectors of the
Hessian matrix at each voxel within a fibre (Fig. 11). The primary fibre orientation
recorded at a single fibre voxel, therefore, is the eigenvector corresponding to the
smallest eigenvalue [29].

For the fibre density analysis method, a small cell size was selected, comprising
a cube with 120 voxel (742 pm) long sides. The fibre image was broken up into an
array of these cells, and the number of white (i.e., fibre) voxels in each was counted.
By dividing the number of fibre voxels in each cell by the total number of cell voxels,
estimates of local fibre density within the sample could be obtained.

The cell size used for the density analysis was selected such that the length of each
cube side represented about a 10th of the overall length of a typical image array side.



62 T. Oesch et al.

Fig. 11 Eigenvectors of the Hessian matrix at two points within a fibre

This meant that a sufficient number of cells (1000) would be available for analysis
to enable meaningful statistical evaluation. This is because for a pseudo-random
phenomenon, such as fibre density variation, a large number of samples need to be
collected to observe meaningful trends within the statistical data. At the same time,
however, there was a desire to avoid cell sizes that were too small because they might
be too highly influenced by the presence of single fibres.

4.4 Cracking Analysis

The lack of a consistent size or shape for the crack geometry also made template
matching techniques of limited use for crack identification. These characteristics
made the use of a customized isolation approach similar to that used for the fibres
unsuitable as well.

Past research has demonstrated, however, that many cracking characteristics can
be measured through the observation of changes in void properties in images of
progressively damaged samples [21, 23]. In this approach, all void characteristics,
including volume, surface area, and orientation, within the initial, undamaged scan
of a sample are assumed to be related to entrained and entrapped air. Thus, any
change in these void characteristics, such as volume and surface area growth, seen
in later scans of damaged samples can be assumed to be due to cracking and, thus,
represented as crack characteristics.

It is important to note, however, that when analysing the orientation of cracks, a
modified version of the approach used for fibre orientation analysis must be applied.
Since cracks are planar objects, they cannot be characterized by a single, parallel
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vector in the way that fibres can. Rather, the cracks must be characterised by a vector
which is perpendicular to the plane of the crack. Thus, in the Hessian character-
ization of crack orientation, the orientation angle represented by the eigenvector
corresponding to the largest eigenvalue of the Hessian matrix must be used.

5 Results and Discussion

5.1 Results of Fibre Analysis

Various methods exist to depict and analyse orientation data in three dimensions. For
the present analysis, coordinates have been converted from a Cartesian to a spherical
system [32]:

r=+yx2+y?+22, )

6 = tan~! (;) , 3)
¢ = cos™" (;) . @)

In this spherical coordinate system, orientations are characterized by angles 8 and
¢ (Fig. 12). The angle 6 represents the azimuthal angle in the x-y plane from the
x-axis (in this context the cylindrical axis of the sample is denoted as the z-axis), with
0 < 6 < 360° (Eq. 3). The angle ¢ represents the polar angle from the positive z-
axis. Since the fibres are fully symmetric, a symmetry condition is likewise imposed
on ¢, with 0 < ¢ < 90° (Eq. 4).

Fig. 12 Spherical Z
coordinate system
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Fig. 13 Orthogonal projections of fibre orientation for samples PPb1 (left) and PPa2 (right). Pro-
jection radius: 0 < ¢ < 90°; projection circumference: 0 < 6 < 360°

Figure 13 provides orthogonal projections of the fibre orientation data for samples
PPb1 and PPa2. The depiction of three-dimensional data on a two-dimensional plane
makes these projections unsuitable for evaluating isotropy along the ¢-axis but the
projections can be used very effectively for evaluating isotropy along the 6-axis. For
sample PPb1, there appeared to be an anisotropic orientation of fibres along roughly
the & = 30°/210° axis. A similar, although less clear anisotropy also appeared in the
projection for sample PPa2. The darker colours of the PPa2 projection were caused
by the higher fibre-volume content already discussed.

Fibre density results can be displayed in the form of histograms (Figs. 14 and 15).
For clarity, the y-axis in these histograms has been depicted in logarithmic scale.
This is necessary since the vast majority of cubic sub-volumes contain no fibres or
only a few fibre voxels. These histograms confirm the higher fibre-volume content
of sample PPa2.

5.2 Results of Cracking Analysis

The void data were also analysed using spherical coordinates and changes in void
orientation characteristics, which correspond to crack orientation characteristics, can
be depicted using orthogonal projections (Fig. 16).

Recalling that the crack orientations were measured in terms of orientation normal
to the cracking plane, it can be observed that for both PPbl and PPa2, there appears
to be an anisotropy along roughly the 6 =130°/310° plane. This indicates that the
primary orientation of the cracks is parallel to the primary fibre orientation. This is
because the primary normal orientation of the cracks (depicted in Fig. 16) is roughly
orthogonal to the primary fibre orientation (depicted in Fig. 13), which is typical for
a plane running parallel to a line.
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Fig. 14 Histogram of fibre
density for sample PPbl

Fig. 15 Histogram of fibre
density for sample PPa2
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5.3 Comparison of Fibre and Cracking Characteristics

Comparison of fibre and cracking characteristics based purely on Figs. 13 and 16 is
rather qualitative and difficult, however. In order to provide a more amenable means
for direct comparison, histograms of fibre and crack-normal orientation were created
and overlaid (Figs. 17 and 18).

The relationship between the 6-orientations of the fibres and the normal vectors
to the cracking plane for PPb1 exhibit behaviour typical of cracks running along the
primary fibre orientation direction, with very few fibres oriented along the direc-
tions normal to the cracking plane. This correlation is less clear for the PPa2 data.
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Fig. 16 Orthogonal projections of the normal orientation vectors measured for the cracks in sam-
ples PPbl (left) and PPa2 (right) after 300 °C heating. Projection radius: 0 < ¢ < 90°; projection
circumference: 0 < 6 < 360°
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The reasons for this are unclear, but may be related to the higher volume of fibres
contained within this sample. This increase in fibre volume may lead to more con-
certed behaviour of fibres through their combination in bundles as opposed to the
less dense fibres in PPb1, which are more likely to interact with the concrete material
individually. The presence of crack or ring artefacts within the fibre images could
also contribute to this inconsistency.

Fibre-cracking histograms have also been created relative to the ¢-orientation
(Figs. 19 and 20). Direct evaluation of these histograms is complicated by the fact
that fibre density is not uniform along the ¢-axis due to exponential growth of volume
in the unit sphere corresponding with linear increases in ¢-angle. Very similar trends
in ¢-orientation are observable for the fibre and crack-normal data of both samples
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PPb1 and PPa2. These figures provide confirmation that an offset between the fibre
and crack-normal orientation exists. Although not clearly orthogonal to one another,
as would be expected for perfectly parallel cracks and fibres, this orientation offset
does indicate that the cracks tend to orient themselves more strongly parallel to fibres

than perpendicular to them.

A detailed analysis of fiber-crack interactions within localized regions of these
samples can also be found in [31].
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5.4 Correlation between Heating and Cracking
Characteristics

Much clearer trends can be observed in the growth of cracking relative to temperature
increase. Figures 21, 22, 23 and 24 depict the growth of cracking relative to applied
heating for both samples PPb1 and PPa2. In these figures, two different measurements
are used to evaluate cracking growth. Figures 21 and 22 are plotted relative to crack
volume while Figs. 23 and 24 are plotted relative to crack surface area.
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In each of these figures, clear trends are visible between cracking and heating
characteristics. These quantitative trends offer great promise for the calibration and
validation of fire-damage models within finite element analysis codes for concrete.
Basic fracture mechanics uses crack surface area as one parameter for calculating
fracture energy [2]. This may make crack surface area the optimal damage parameter
for use in numerical modelling.
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Crack volumes have, however, also previously been shown to follow clear trends
relative to work-of-load and stiffness reduction [11, 12]. The optimal numerical
approach might be to develop a calibration and validation approach that combines
the measurements of both of these cracking characteristics.

6 Conclusions

The results of this research effort have demonstrated that the orientation of both fibres
and cracks in polymer-fibre reinforced concrete tend to be anisotropic. It is thought
that this anisotropy is predominantly influenced by casting method, but can also be
affected by the presence of large aggregates or voids within the sample. The results
of the orientation analysis also indicated that crack geometry characteristics may be
correlated with fibre orientation, with cracks tending to run parallel to fibre beds.
This could have major implications for structural level performance since it would
indicate that fire resistance may be related to casting method.

Clear quantitative relationships were also observed between heating and increas-
ing cracking levels, expressed in terms of both crack surface area and crack volume.
These relationships can serve as the basis for calibration and validation of finite
element models used for simulating heat-related spalling behaviour.
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7 Future Work

Future research is needed both to improve the accuracy and reliability of the analysis
procedures used in this research and to develop new analysis procedures for evalu-
ating phenomena of relevance to the spalling behaviour of concrete. One reason that
only aggregated cracking and fibre characteristics could be measured in this research
was the lack of accurate digital volume correlation (DVC) tools. The development
and application of such tools would enable direct comparison, including subtraction,
of individual image features among multiple images in a heating or loading series.
This would not only make it easier to distinguish crack growth and fibre failure, but it
would also enable more accurate measurements of crack-fibre property correlation.
Up to the present time it has been very difficult to develop accurate DVC tools for
concrete analysis because of the cracking discontinuities typical of concrete failure,
which are generally more difficult for DVC methods to accommodate than the simple
strains typical of plastically deforming materials.

New methods also need to be developed for assessing the cross-linking of fibre
beds during heat-related cracking. Although this phenomenon has been observed
using SEM, it has been difficult to develop a method that accurately quantifies the
material behaviour. This is further complicated by the fact that many of the con-
necting cracks observed during SEM scanning appear to be below the resolution of
most laboratory CT systems. It is believed that significant progress could be made
in measuring this phenomenon through the skilled application of synchrotron-CT
scanning in combination with DVC image processing tools.

Finally, further development of the image processing algorithms detailed in this
paper is needed. These algorithms should be streamlined to enable orientation analy-
sis of larger regions of interest within samples, which would minimize the magnitude
of error introduced by individual material features, such as single stones or voids.
Further research is also needed to improve the precision of the fibre-cracking ori-
entation comparison and to statistically quantify the correlation level. Only through
the accurate measurement of statistical correlation between fibre and cracking ori-
entation can firm conclusions be drawn about the optimal casting procedures for the
construction of fire-resistant building components.
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