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Preface

Composites containing short fibers are important in many technological fields, and
the used composites range from fiber plastics to fiber concretes. Especially in
the building industry, fiber composites are gaining importance, as they may increase
the building speed and improve material properties. The used fibers include steel,
basalt, carbon, and polymer fibers, of many different shapes and aspect ratios. The
target of including fibers also differs, including improving tensile strength,
post-cracking behavior (ductility), and temperature resistance. In all cases, the
microstructure and spatial and orientational distribution of the fibers are important.
At this colloquium, different methods and results for the analysis of microstructure
and fiber orientation analysis in cementitious building materials containing fibers,
among them concretes and refractory composites, have been presented. The goal
of the colloquium was to present a platform for the exchange of ideas between
different fields with similar problems. While having different chemical compositions
and length scales, cementitious composited and ceramics reinforced with short fibers
share similar mechanical properties and theoretical problems. Especially, the addi-
tion of the short fibers makes the composite stochastically anisotropic and inho-
mogeneous, since several macro- and mesoscale properties depend on the spatial and
orientational distribution of fibers. An important aspect is the microstructure around
the fibers and the adhesion of the matrix to the fibers, which has large influence on
mechanical properties. There were altogether 19 participants and 14 presentations,
among these three keynote talks, given by Daniele Casucci (Kaiserslautern), Johan
L. Silfwerbrand (Stockholm), and Akke Suiker (Eindhoven). This volume contains
selected papers from participants and members of the scientific committee.

We thank Euromech for accepting the proposal of this colloquium and for
supporting it, both financially and by hosting the website. Support by the Estonian
Research Council’s exploratory research grant PUT1146 is gratefully acknowl-
edged. Furthermore, we thank Holm Altenbach (as series editor) and Christoph
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Baumann (Springer) for supporting this book proposal. For their help with orga-
nizational matters, we thank Kristi Juske, Mare Saago, Oksana Goidyk, and Andres
Braunbriick. Finally, we thank TUT Mektory for providing the rooms for the
colloquium.

Tallinn, Estonia Heiko Herrmann
Kaiserslautern, Germany Jiirgen Schnell
June 2018
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Study of Crack Patterns )
of Fiber-Reinforced Concrete (FRC) oosk ko
Specimens Subjected to Static

and Fatigue Testings Using C'T-Scan
Technology

Miguel A. Vicente, Gonzalo Ruiz, Dorys C. Gonzalez, Jesis Minguez,
Manuel Tarifa and Xiaoxing Zhang

Abstract This paper demonstrates the widely accepted hypothesis that the com-
pressive testing is a particular case of a cyclic test where failure occurs during the
first cycle. To perform this, a test on 32 fiber-reinforced high-performance concrete
specimens have been carried out. Sixteen of them have been tested under low-cycle
fatigue compressive loading up to failure. Eight of them have been tested under
monotonic compressive loading, until failure too. And the last eight specimens have
remained intact. All of them have been scanned using a Computed Tomography (CT)
Scan in order to define the pattern of their damage, which includes voids and cracks.
The results show that the average damage maps of monotonic and fatigue series are
statistically identical, which confirms the hypothesis previously described. In addi-
tion, both series are different to the intact series, which means that not a random
damage distribution occurs when specimens collapse.
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1 Introduction

During the last years, the progressive increase of the strength of concrete is leading to
slender structures, where cyclic loads have a more relevant influence. Thus, fatigue
phenomena in concrete are of increasing interest and the development of accurate
predictive models has a great scientific interest.

A significant amount of fatigue models for concrete have been developed until
now. They establish a relationship between the maximum and the minimum stress
ratio of the cyclic load with the number of cycles up to failure (usually called as
“fatigue life”) [1, 4, 7, 11, 12, 15, 18, 19].

Most fatigue models consider the hypothesis of convergence to the “initial dis-
tribution”, which means that the static testing is a particular case of cyclic testing
where the fatigue life is equal to 1. This hypothesis is supported by the fact that the
crack patterns obtained in both cases are equal.

The aim of the research conducted by the authors is to check if this hypothesis is
true or false. To perform this, the Computed Tomography (CT) technology is used,
in combination with a homemade post-processing software, in order to define the
crack pattern within the specimens.

Computed tomography is a nondestructive technique, based on absorbing X-rays,
that permits the visualization of the internal microstructure of material up to micro-
range resolution.

The field of application is very wide. This is a well-known technology in medicine,
because of its enormous advantages, but it is also very useful in other fields. For
example, this technology is also very common in veterinarian, or paleontology. In
materials engineering, this technology is starting to be widely used to analyse the
internal microstructure of a wide variety of materials: metals, rocks, composites, etc.

This technology is also very useful for the study of concrete microstructure. Most
of the macroscopic responses of concrete elements can be explained through the
understanding of the microstructure. For example, the freeze-thaw behavior of con-
crete strongly depends on pore sizes and pore distribution. Moreover, in case of
fiber-reinforced concrete, the use of CT-Scan can provide useful information related
to the fiber distribution and orientation, which strongly influences its macroscopic
response [5, 9, 10, 14, 16].

In recent years, many research have been conducted in order to study the internal
microstructure of concrete using this technology [2, 3, 5, 6, 8-10, 13, 14, 17].

The research shown in this paper uses the CT-Scan or detect internal “damage”
of concrete, which includes pores and cracks. This technology is able to define the
density of each specimen voxel by assigning a shade of a grey. Light shades of grey
correspond to high density and dark shades of grey correspond to low density. A
more detailed explanation of the CT-Scan technology can be found in [17].
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Table 1 Specimens tested under cyclic load (cyclic series)
Cycles for omax = 0.82- f¢; omin = 0.36-f,

Specimen | Cycles Specimen | Cycles Specimen | Cycles Specimen | Cycles

If 1066 5f 1115686* | of 19186 13f 2700

2f 3128 6f 25 10f 90 14f 88

3f 214 7f 111 11f 144 15f 152076

4f 29189 8f 460 12f 3305 16f 1
4Run-out

2 Experimental Procedure

Next, the experimental procedure and the scanning procedure are described.

2.1 Materials Characterization

In this case, fiber reinforced high performance concrete cubic specimens were per-
formed. Their shape was cubic with 40 mm in edge-length, cut from prism of 150 x
150 x 700 mm.

The concrete compressive strength f. was 101 MPa, with a standard deviation of
3 MPa.

A total of three series of concrete cubes were performed, named “intact”, “mono-
tonic” and “cyclic”. The intact and the monotonic series were composed by 8 speci-
mens each. The cyclic series was composed by 16 specimens. A total of 32 specimens
were performed.

Specimens belonging to monotonic series were subjected to a monotonic com-
pressive load up to failure. Specimens belonging to cyclic series were subjected to
a low-cycle cyclic load up to failure. Finally, specimens belonging to intact series
were not tested.

2.2 Fatigue Tests

Specimens belonging to cyclic series were subjected to low-cycle cyclic load up to
failure. The tests were carried out at a loading frequency of 10 Hz under sinusoidal
stress cycles, varying between 0.36 - f. and 0.82 - f;.. Table 1 shows the fatigue life
of all the specimens.

The tests were carried out using a hydraulic jack with a load capacity of +250 kN.
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Fig. 1 CT-Scan: Y.CT COMPACT with a YXlon tube of 225 kV/30mA at University of Burgos
(Spain)

The results show a wide scatter in the service life of the test specimens. This is
very common in concrete and it is due to the inherent scatter of the material, which
particularly conducts to a wide scatter in terms of service life.

2.3 Scanning of the Specimens

Once the specimens belonging to the monotonic and the cyclic series had been tested,
they were scanned using a CT-Scan. In addition, the specimens belonging to the intact
series were also scanned.

The CT-Scan used was a Y.CT COMPACT device of the University of Burgos
(Spain). It is equipped with a YXlon tube of 225 kV/30mA (Fig. 1). The CT-Scan has
a post-processing software which provides 2D slices of 1024 x 1024 pixels. Thus,
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Fig. 2 CT-Scan slide

for a section of 40 x 40 mm?, the resolution of the scanner is 55 x 55 umz. The
vertical distance between slices is 100 wm. The amount of slices per specimen is
401. The voxel has a volume of 55 x 55 x 100 pm?.

Each voxel is identified by its center of gravity (coordinates X, Y and Z) and a
grey color belonging to a grey scale, from black to white depending on the voxel
density. A total amount of 256 grey colors are identified in the grey scale.

Light grey corresponds to high density and dark grey corresponds to low density.
Figure 2 shows a slice of a specimen. The total number of voxel is approximately
4.2 -108.

The post-processing methodology is as follows.

First, once all the voxels had been identified, the ones belonging to damage were
extracted. These “damaged” voxels (or empty voxels) are the ones with a density
(i.e. a grey color) below a threshold. The result is a 3D image containing only the
empty voxels, i.e. the voxels belonging to pores or cracks (Fig. 3).

The average number of empty voxels per specimen in every series is shown in
Table 2. In case of intact series, empty voxels belongs only to voids, meanwhile in
case of monotonic and cyclic series, empty voxels belongs to voids and cracks.

It should be noted that the number of empty voxels belonging to the intact series
are significantly smaller than the ones belonging to monotonic and cyclic series.
That is because empty voxels in intact series belong to pores only, meanwhile empty
voxels in monotonic and cyclic series includes pores and cracks.



Fig. 3 Example of empty voxels distribution

Table 2 Empty voxels per specimen in every series

M. A. Vicente et al.

Series Intact Monotonic Cyclic
Number of Specimens 8 8 16
Voxels Mean 73,254 1,472,215 1,089,281
Std. Dev. 26,134 238,492 438,796
% Voxels Mean 0.02% 0.35% 0.26%
Std. Dev. 0.01% 0.06% 0.10%

In order to compare the empty voxel distributions (crack patterns) from the dif-
ferent series, a novel numerical procedure, designed by the authors, have been devel-
oped, named “Circumferential test”. Next, this procedure is explained.

2.4 Circumferential Test

The circumferential test is the procedure for analyzing the raw data from the CT-scan
in order to disclose the extent of damage generated in the mechanical tests.
Next, the steps for analyzing the data are exposed:



Study of Crack Patterns of Fiber-Reinforced Concrete (FRC) Specimens . . . 7

First, the coordinates Xx;, y; and z; of each individual voxel are normalized accord-
ing to the following expression:

2 x;
Xrel,i = — (13)
Xmax
2.y
Vreti = =2 (1b)
y'na,x
Zi
Zrel,i = : (1c)

where Xmax, Ymax and Zmax are the real dimensions of each individual specimen.

Next, each voxel is identified by a pair of coordinates, the normalized distance of
the voxel to the center of gravity of the cross-section where the voxel is placed d;
and the height of the voxel h;, according to the following expressions (Fig. 4):

di = \/(xrel,i - xG,rel,i)2 + (yrel,[ - yG,rel,i)2 (2)
hi = Zreli 3)

where Xg re1i and yg re1i are the normalized coordinates of the center of gravity of
the considered section. Coordinate d; varies from O to /2 while h; varies from O to 1.
Coordinates d and h are divided into twenty subdivisions each, so that the vox-
els are clustered for all the combinations of d and h coordinates. Thus, the whole
cube volume is divided into 400 sub-volumes. For each, the relative frequency of
occurrence of empty voxels is calculated, according to the following expression:

N;
Relative frequency, i = ¥ 4)
t

where N; is the number of empty voxels belonging to each individual sub-volume
and N is the total number of empty voxel of the specimen.

In addition, a random damage distribution was simulated inside a theoretical
40 mm edge-length using a Monte Carlo model with 10° points. This theoretical
distribution was used to compare it with the real distribution in order to decide if
empty voxels in real specimens are randomly distributed or not.

3 Results and Discussion

Next, the results of CT-Scan are shown. First, the results are shown by means of 3D
histograms of each specimen. In addition, the histogram of the random distribution is
shown. Second, the results are compressed and shown by means of 2D histograms in
the d direction first and in the h directions next, in order to be analyzed appropriately.
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Fig. 4 Voxel coordinates

Fig. 5 Theoretical 3D THEORETICAL HISTOGRAM
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3.1 3D Histograms

Using all the information explained above, a 3D histogram can be drawn, where x-
axis is the parameter h, y-axis is the parameter d and z-axis is the relative frequency.
Figures 5, 6, 7 and 8 show all the 3D histograms.

Note than random histogram shows a triangular shape along d parameter, with a
maximum at d = 1, since such sub-volume corresponds to the longest ring inside the
cube.

Histograms belonging to intact series specimens show high peaks. These ones
represent the presence of large pores with a great amount of empty voxels.
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In case of monotonic and cyclic series specimens, less peaks are observed. That is
because of the presence of cracks, which show more distributed empty pores along
the specimen. In consequence, the presence of pores is mitigated.

3.2 2D Histograms Along the H Direction

In order to easily analyze the results, the 3D histograms were aggregated along
the h direction, obtaining 2D histograms which represent the relative frequency
of occurrence of empty voxels along the d coordinate, i.e., transverse to the load
direction. Figures 9, 10 and 11 show the 2D histograms of the different series. Each
histogram show the individual data of the specimens (drawn as bar diagrams) and

also the average histogram. Additionally, the

histogram belonging to the random

distribution is shown, in order to be able to compare real and theoretical distributions.

Figures 11, 12 and 13 show the comparison between the theoretical distribution
and the real distributions of intact, monotonic and cyclic series. Additionally, the
90% confidence interval is defined by the upper and the lower limits.
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Figure 12 shows that theoretical histogram is, in general, inside the confidence
interval. This means that, from a statistical point of view, it can be assumed that both
distributions are equal, i.e., intact series follow a random distribution. Empty voxel,
i.e., pores, are randomly distributed inside the specimens along the d direction.

On the contrary, Figs. 13 and 14 show that theoretical histogram is partially outside
the confidence interval. This means that, from a statistical point of view, it can be
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assumed that both monotonic and cyclic series do not follow a random distribution
along the d direction. In consequence, it can be affirmed that cracks are not randomly

distributed inside the specimens.

In case of monotonic and cyclic series, the behavior is quite similar. Between
d=0 and d=0.8 approximately, real damage is below theoretical damage. On the
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contrary, between d = 0.8 and d = +/2, real damage is above theoretical damage. This
means that cracks appear mostly on the edge of the specimens.

Figure 15 show the comparison between the real distributions of monotonic and
cyclic series. Additionally, the 90% confidence interval is defined by the upper and
the lower limits.

Figure 15 shows that the average monotonic histogram is inside the confidence
interval of cyclic series and viceversa. This means that, from a statistical point of
view, it can be assumed that both distributions are equal, i.e., the crack pattern of
both monotonic and cyclic series are equal along the d direction.

3.3 2D Histograms Along the D Direction

Similarly to the previous case, the 3D histograms were aggregated along the d direc-
tion, obtaining 2D histograms which represent the relative frequency of occurrence
of empty voxels along the h coordinate, i.e., parallel to the load direction. Figures 16,
17 and 18 show the 2D histograms of the different series. As occurs in the previ-
ous case, each histogram show the individual data of the specimens (drawn as bar
diagrams) and also the average histogram. Additionally, the histogram belonging to
the random distribution is shown, in order to be able to compare real and theoretical
distributions.

Figures 19, 20 and 21 show the comparison between the theoretical distribution
and the real distributions of intact, monotonic and cyclic series. Additionally, the
90% confidence interval is defined by the upper and the lower limits.

Figures 19, 20 and 21 shows that theoretical histogram is, in general, inside the
confidence interval for all series. This means that, from a statistical point of view, it
can be assumed that all the distributions are equal, i.e., intact, monotonic and cyclic
series follow a random distribution. Empty voxel, i.e., pores, are randomly distributed
inside the specimens along the height of the specimens.
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Figure 22 shows the comparison between the real distributions of monotonic and
cyclic series. Additionally, the 90% confidence interval is defined by the upper and

the lower limits.

In concordance with the information shown in Figs. 20, 21 and 22 shows that
the average monotonic histogram is inside the confidence interval of cyclic series
and viceversa. This means that, from a statistical point of view, it can be assumed
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that both distributions are equal, i.e., the crack pattern of both monotonic and cyclic
series are equal along the h direction.

Considering the information provided by Figs. 14 and 21 it can be affirmed that
monotonic and cyclic distributions are equal, which demonstrate the hypothesis
shown at the beginning of this paper.
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4 Summary and Conclusions

The CT-Scan combined with a specific post-processing software is a useful tool to
measure the internal damage of concrete specimens. In case of intact specimens,
damage refers to pores, while in case of tested specimens, damage refers to pores
and cracks.

In this paper, the Circumferential Test is shown. This is a specific protocol, devel-
oped by the authors, to measure the damage distribution. Using the data provided by
the CT-Scan it is possible to check if damage follows a random distribution or not.
In addition, a theoretical random distribution was simulated, using a Monte Carlo
model. This simulation was used as the random distribution reference.

Results provided by CT-Scan and later analyzed with the Circumferential Test
show that damage (i.e. pores) inside the intact series specimens follow a random
distribution, while damage (i.e. pores and cracks) inside the monotonic and cyclic
series specimens do not follow a random distribution.

In addition, results show that both monotonic and cyclic follow the same dam-
age distribution. This conclusion demonstrate the hypothesis of convergence to the
“initial distribution”, which means that the static testing is a particular case of cyclic
testing where the fatigue life is equal to 1.
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Experimental Investigation on Bending )
Creep in Cracked UHPFRC e

Daniene Casucci, Catherina Thiele and Jiirgen Schnell

Abstract Investigations on ordinary fibre-reinforced concrete showed that the time-
dependent deformations under tensile load in cracked concrete are larger than the
deformations in uncracked concrete. The so-called tensile creep in the cracked cross
section depends on some different factors like type of fibres, fibre content, load level,
concrete mix, environmental condition, etc. Given the lack of sufficient data about
tensile creep in ultra-high performance fibre-reinforced concrete (UHPFRC), a large
experimental program financed by the DFG (Deutsche Forschungsgemeinschaft) was
started at the University of Kaiserslautern.

1 Introduction

Depending on the fibre content, UHPFRC has often a strain-hardening behaviour.
This means that in a tensile or in a bending test, after the formation of the first crack,
it is possible to increase the applied load. The concrete full tensile capacity is reached
with multiple fine cracks and the material is usually designed in cracked condition.
The contribution of the fibres to the tensile strength is so high, that in some cases,
it seems reasonable to avoid or reduce the amount of conventional reinforcement.
Therefore it is necessary to investigate also the tensile long-term behaviour of the
cracked UHPFRC.
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The aim of this research project, which has been started at the University of
Kaiserslautern, is to evaluate the long-term durability and reliability of this material,
to estimate the deformations under sustained loads and to find out whether a load
limitation has to be imposed in the future design codes. In this paper, besides the
adopted test method, some results of the first year of measurements and observation
are reported. An overall safe behaviour of steel fibres up to relatively high sustained
loads (with respect to the tensile strength in static tests) could be observed.

While the literature concerning tensile creep in ordinary fibre-reinforced concrete
has increased in the past years, such literature concerning UHPFRC is still very rare.
A large part of the research concerning time-dependent strain in UHPFRC is oriented
to the creep in uncracked cross sections and in early age behaviour. This is important
to evaluate the internal stress during the hardening phase in restrained conditions for
the possibility of cracking [3]. Recent studies concerning the tensile-creep behaviour
of high and ultra-high performance concrete may be found in the literature [3, 6-9,
12, 13, 15]. This topic is difficult to investigate since the experiments are complex and
the tensile-creep deformations have the same order of magnitude as the shrinkage [7].
The most important parameters of influence, beside the cuing condition [6], are the
water-cement ratio [7], the content of silica [3, 6, 7, 15] the age of loading 3, 6, 7, 15]
and of course the magnitude of the load [3, 6, 7, 12, 15]. Concerning the magnitude
of the tensile creep, is very difficult to make a comparison of the literature, since the
testing parameters varies a lot and results vary significantly. While according Rossi
[13] tensile creep is smaller than the compressive, it is, according to Kordina of the
same size or slightly larger [8]. In Garas [6] it was found that the tensile creep can
be even larger than the compressive one. The non-linear behaviour between tensile
stress and creep deformation, was found in tension for higher stress/strength ratio
than for compression, i.e. of 60-70% [7, 8, 15]. Moreover, it seems that under tensile
load the shrinkage has also a different behaviour. Reinhardt et al. [12] discovered that
an increase of shrinkage for high performance concrete under tension corresponded
with increasing compressive strength.

Concerning the tensile creep in cracked cross sections, an overview of the present
literature can be found in [9] or [14]. The tensile creep may be caused by the fibre
creep, by a time dependent fibre pullout and by the creep of the cementitious matrix.
While polymeric fibres, depending on the material of the polymers, tend to be sen-
sitive to the tensile fibre creep, steel fibres show a more stable behaviour since steel
has much lower relaxation. Conventional hooked-end macro-steel fibres engages via
a mechanical interlock with the concrete matrix, but show also an increase of the
tensile deformation over the time in correspondence with cracks. Nieuwoudt [10]
connects this increase to the compressive creep of concrete in the areas of high con-
tact pressure of the fibre hook. Even if a failure is unlikely, the deformations and
micro cracking of concrete enable the fibre hook to “slide” and this results in the
macroscopic observed time-dependent deformations.

In comparison with the typical hooked-end fibres, UHPFRC steel fibres are usually
smaller, with diameter between 0.1 and 0.3 mm, lengths between 6 and 20 mm [2]
and are straight and smooth [4]. One of the first investigations of uniaxial tensile
creep in UHPFRC specimens with smooth micro-steel fibres was made by Garas [6].
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Besides the uncracked specimens used for the tensile creep experiments, he also
investigated some pre-cracked specimens. Garas observed a quick stabilization of
the tensile creep deformations and failure only for load level above 80% of the static
resistance in the first minutes after the reloading in the sustained load test rig. Bérbos
[1] found a positive influence of the fibres for the tensile creep of UHPFRC beams
with conventional reinforcement. Also in this case, the displacements showed a quick
stabilisation. He attributed the creep deformation to the formation of new cracks and
not to the widening of the existing ones. Nishiwaki [11] investigated a UHPFRC with
a cocktail of short and long hocked-end fibres and observed, beside the formation of
new cracks, also a slight widening of the existing ones. No failure occurred and with
a creep factor of ca. 0.3 after 28 days, the deformations were very small.

2 Experimental Investigation

Uniaxial and bending tensile sustained load tests with over 60 pre-cracked specimens
were started. Some of the specimens were unloaded after a period of about 6 months
and tested for the residual strength. Some others are still under load and will remain
under observation for the next years. Several parameters have been investigated such
as the influence of different load levels, age of loading, the specimen pre-damaging
level, fibre volume and fibre length-diameter. Shrinkage, and compressive creep were
measured in additional tests in order to identify the contribution of the tensile creep
to the bending deformations. This paper will focus only on the results of the bending
experiments.

2.1 Experimental Procedure

A standard for these kinds of tests is unfortunately still missing. However, in most of
the literature reported in [9] or [14], the method is similar. A schematic representation
of the testing procedure is given in Fig. 1. First the specimens are pre-loaded up to a
certain load or deformation in a common testing machine (step 1), then are unloaded
and installed in a creep test rig (step 2), where they remain under sustained load over
a certain time. After that, the sustained load is removed and the specimens are tested
up to failure for the determination of the residual strength (step 3). The sustained
load is defined as a percentage of the load at the final point of the pre-loading phase.

2.2 Specimens and Test Rigs

The tests were performed in non-notched beams with a four-point bending setup.
The four-point bending setup enables the observation of the average deformation of
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Fig. 2 Sustained load bending tests rig

a larger area of the material compared to notched three-point bending. In the case of
a strain-hardening material, it is more advantageous to observe distributed cracking
over a large region of the sample than to observe only the small local area around a
notch. The beams had a cross-section of 70 x 70 mm, in accordance with the French
guideline [4] for the adopted fibre length of 12.5 mm. The span was increased to a
length of 940 mm and the central part with constant bending moment was 340 mm
long. Besides enabling the observation of a large portion of the material, the larger
length was also useful in reducing the required dead load. The vertical displacement
was measured with two precision indicators, fixed on both sides in the mid-span of
the beams. For the four-point bending tests, eight separate stacks containing three to
four specimens each were constructed, as represented in Fig. 2.
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fl'able.l Mix design of the Material Content (kg/m?)
investigated UHPFRC

Cement CEM 52.5 N 728

Water 80

Sand DM 0.125/0.5 816

Quartz flour 510

Microsilica suspension 226

Super plasticizer 29.7

Steel fibre (2% or 4%) 164 /328

2.3 Concrete Mix

The adopted concrete mix is indicated in the Table 1. The steel fibres are manufactured
by the company Krampeharex® and are straight brass alloy coated steel wires. Brass
alloy coated fibres are the most common and guarantee a good connection with the
concrete paste [10]. The water-cement ratio, under consideration of the water in the
silica suspension, is 0.265 and the overall water-binder ratio is 0.23. A heat treatment
for 48 h at 90 °C was performed two days after casting of the specimens. The concrete
had a compressive strength of 150-160 MPa if cured in laboratory conditions and
180-190 MPa after the heat treatment.

2.4 Test Program

A “reference” combination of 12 beams was tested extensively with scheduled sus-
tained loads 40, 60, 80 and 90% of the residual strength in the pre-loading tests
(series 1). The bending creep in non-cracked concrete was measured with two beams
loaded at 40 and 60% of the residual strength in the pre-loading tests (series 2).
Unfortunately, with loads higher than 60% of the residual strength in the pre-loading
tests, cracks would appear making difficult the evaluation of the results.

The influence of fibre slenderness was investigated in four beams containing fibres
with 0.400 mm diameter. These fibres have the same length of 12.5 mm as the fibres
used in the other experiments, but had a length-diameter ratio of 31.3 instead of 71.4
of the 0.175 mm diameter fibres (series 3).

For investigating the effect of the fibre content, four tests with 4% fibre volume
and sustained load levels of 40 and 80% were performed (series 4).

The heat treatment minimizes the effects of creep and shrinkage. However, a
test series on specimens without heat treatment was also performed. A total of four
specimens were cured in laboratory conditions, with humidity of about 50% and
other three were cured in water and sealed with wet cloth (series 5 and 6). This
measure was intended to avoid any kind of drying shrinkage.
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Table 2 Sustained load test program
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Series | Investigated parameter Fibre length; Sustained load Number of tests
Diameter; content | [%] (scheduled
load)
1. Load level 12.5;0.175;2% |40/60 /80 /90 5/3/21/2
2. Bending creep in 12.5;0.175;2% | (Ca. 40/ 60) 1/1
uncracked concrete without pre
loading
3. Length / diameter ratio 12.5;0.40; 2% 40/ 80 2/2
4. Fibre content 12.5;0.175; 4% | 60 2
5. ‘Without heat treatment 12.5;0.175; 2% |40/ 80 3/1
6. Water curing and sealing | 12.5; 0.175; 2% | 40% / without pre |2/ 1
loading
7. Concrete age in cracked 12.5;0.175;2% | 50% / without pre |4 /2
and non-cracked concrete loading
Total 33

Additionally, three specimens were also tested at ages of 2 and other three at
the ages of 13 days. Two of these specimens were pre-loaded and one not. Also in
this case the load was only 50% of the residual strength, not to induce cracks in the
uncracked specimens (series 7).

Six dog-bone shaped specimens and six beams were tested for each different con-
crete mix according to the French guideline [2]. With these tests, a deformation level
for the pre-loading phase was defined. This deformation was a vertical displacement
of 1.5 mm for the beams with 0.40 mm diameter fibres and of 4 mm for the beams
with 0.175 mm fibres. These values were chosen so that the UHPFRC would have
a well-developed crack pattern during the experiments and so that at the same time
the residual strength would still be considerable, larger than 70% of the maximum
load.

Since the specimens were piled, more specimens received the same external load.
Therefore the actual load in test differed from the scheduled indicated in Table 2.

The test program for the sustained load tests on beams is summarized in Table 2.
Here the fibre length, diameter, fibre content and the load level are given. A total of
33 bending creep tests were performed.

2.5 Compressive Creep and Shrinkage

To estimate the contribution of the compressive creep to the deformation of the beam
specimens, 27 cylinders with a diameter of 104 mm were tested for a period between
two weeks and four months. The tests were performed with three load levels of 0.25,
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Table 3 Naming of the specimens

No. Significance
Specimen number PKO1, PKO02, ...
2. Curing Wh.: heat treatment curing W.: water curing k. B.:

curing in laboratory condition

3. Additional parameters n. Vb.: without pre load Wb.:

2T: age at load beginning of two days

13T: age at load beginning of thirteen days

sealed: sealed specimen

0.49: fibre diameter of 0.4 mm instead of 0.175 mm
4%: fibre content of 4% instead of 2%

4. Load level L = XX%: load level

0.45 and 0.65 f, with a concrete age of 2, 13 and 28 days. For each combination, a
sealed specimen, an unsealed specimen and a heat-treated specimen were tested.

3 Test Results

In this section, some representative results of the creep tests will be shown in order
to draw the first conclusion of this experimental test program. The following Table 3
illustrate the naming adopted in the following paragraphs for the single specimens.

3.1 Bending Tests

Figure 3 shows the creep deformations of all the specimens of test series 1. Despite
the large scatter, a slight correlation between the load level and the bending creep
deformation could be observed. One of the specimens (PKO5SWb. in Fig. 3) collapsed
after 23 days with a load of 79% of the residual strength at the end of the pre-loading
phase. During the pre-loading, this specimen exhibited a dramatic decrease in resis-
tance after having reached the maximum load. An examination of the cross section
after the collapse showed a particularly unfavourable fibre-orientation characteris-
tics. Fibres were indeed laying almost parallel to the crack plane without offering an
effective crack bridging (Fig. 4). Other specimens contained within the same stack
as specimen PKO5SWb (for instance PKO7Wb.) were also affected by this collapse.

Figure 5 shows a comparison between cracked and non-cracked specimens. In this
diagram, only specimens that can be directly compared for charge and load levels
are shown. The pre-cracked UHPFRC showed always larger creep deflection than
the uncracked ones.
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Fig. 3 Creep deflection for specimens in test series 1 of Table 2

Fig. 4 Cross section of the collapsed specimen PKO5SWb

Figure 6 shows the results of the specimens with age of 2 and 13 days. These
results indicate that increasing deformation is present within samples of lesser age
as compared to samples of greater age. A clear difference between the deformation
levels of pre-cracked and non-cracked samples was again visible within this dataset,
however the difference between non-cracked and pre-cracked concrete remains of
the same proportion. This suggest that deformations in cracked concrete are mainly
due to the creep of the compression area.

The sealing of the specimens seems not to have a pronounced influence on the
beams as shown in Fig. 7 for two different load level of about 40 and 60%. Specimens
with 0.4 mm fibre diameter showed slightly smaller creep deflections than those with
0.175 mm (Fig. 8).
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Fig. 5 Creep deflection for cracked and non-cracked specimens (series 2 of Table 2)
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Fig. 6 Creep deflection for specimens of series 2 of Table 2 (these specimens were cured in
laboratory conditions)

In general, a stabilization of the displacements occurred within the first 30 days.
Some of the specimens were unloaded after 147 days and residual strength tests
were performed. Although the largest displacements occurred within the first month,
a continuous increase could be stated for the whole observation period.

3.2 Residual Strength Tests

Currently, only a few number of specimens were unloaded and tested for the residual
strength. These were the specimens with the lower sustained load levels. Indeed in
the creep deformation was more stable and a collapse on long term was unlikely.
The load displacement curve in the residual strength tests continued the envelope
of the pre-load curve. This indicated a good state of the material and the capacity
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Fig. 7 Creep deflection for specimens of series 6 in Table 2

Fig. 8 Creep deflection for
specimens with 0.4 mm fibre
diameter (series 3 in Table 2)
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to sustain the designed loads also after the sustained load. Figure 9 shows some
of the load displacement curves including the pre-load, sustained load and residual
strength tests. The only cases in which the residual strength load displacement curve
was lower than expected observing the pre-loading curve, were those where the
pre-loading was ending in a steeply descending branch. An example of that is the
PKO1Wb.0.4 or PKO1Wb. 4% of Fig. 9.

3.3 Compressive Creep and Shrinkage

Figure 10 reports the basic creep coefficient gy (t,ty) for some of sealed specimens.
The ¢y (t,tp) is defined according the following equation:

gce(t, 19) = 0 (t0) [ (1, 10)]1/ Ec (D
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Fig. 9 Residual strength tests on heat-threated beams (naming of the specimens defined in Figs. 3,
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Fig.10 Compressive creep, at the age of 2, 8 and 28 days. The dashed lines indicate the progression
according to the experimental method of EN 1992-1-2

whereby e..(t,tp) is the strain, o (ty) is the compressive stress, E. elasticity modulus
of concrete, and t the age of the concrete at the beginning of the loading. The results
were extrapolated with the equation of the experimental method of EN 1992-1-2 [5].
The dashed lines in Fig. 10 indicates this approximation. In Fig. 10 one can observe
that the basic creep reduces significantly as the age of the sample at the time of
loading increases from 2 to 28 days. The results indicate that the stress-deformation
non-linearity limit rises with the age of the concrete for values below 0.65 f.. This
can be observed in Fig. 10 from the slight difference between the specimen loaded
with 0.25 and 0.45 f, and the larger difference between these lower loads and that
of 0.65 f.. Figure 11 shows the test rig for the compressive creep and the basic and
drying shrink age.
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Fig. 11 Compressive creep test rig (left and centre) and deformation diagram (right) of the Shrink-
age in sealed specimens (blue) and non-sealed specimens (yellow). The dashed lines indicate the
profile according the EN 1992-1-2

4 Conclusions

For an investigation of the creep behaviour of concrete, a few months are not usually
enough to gain an exhaustive knowledge of the material. However, it seems that
UHPFRC exhibits a stabilization of the time dependent deformation in a relatively
short time, even in cracked condition. That means that the working principle of
the fibres seems not to be subject to degradation over the time. The only collapsed
specimen was a one with an unfavourable fibre orientation and a high sustained load of
79% of the residual strength after pre-loading. This indicates that the fibre orientation
has also arelevance for the creep deformation and ultimate resistance. This parameter,
although difficult to investigate, should somehow be taken into account. One possible
way is correlating it to the post crack behaviour of the specimens.

The effect of the load level was found to be low. At this time, no further conclusions
about the effects of loading can be drawn given the scatter within the data of the
cracked specimens.

The sustained load had almost no impact on the residual strengths. More impor-
tant seems to be the post-cracking behaviour and how fast the load displacement
curve drops at the unloading point. In the bending tests, no influence of sealing was
observed. Tests of samples containing higher fibre content and different fibre diam-
eters did not exhibit any significantly different load performance than the standard
reference samples.
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of the Fiber Orientation on the Fracture Gt
Behavior of Steel Fiber Reinforced
Self-Compacting Concrete

Heiko Herrmann, Andres Braunbriick, Tanel Tuisk,
Oksana Goidyk and Hendrik Naar

Abstract This paper presents a report about work in progress of research on the
influence of the fiber orientations on the tensile strength of steel fiber concrete.
Different fiber orientations in different parts of a structural element are caused by
the casting process. Here, as an example, a small plate was cast of self-compacting
concrete containing hooked-end steel fibers. The plate was cut into three beams,
which in turn have been subjected to X-ray Computed Tomography scanning to
obtain fiber orientations and to three-point bending test, to assess the tensile strength
and fracture behaviour.

1 Introduction

During the past decades fiber concrete has become a material construction companies
are more and more interested in, due to its potential to form a ductile concrete. This,
in turn, has also created interest among researchers from different universities across
the world to better understand the material. Due to the short fibers being introduced
to the concrete mass at the mixing stage, the otherwise (mostly) homogeneuous and
isotropic concrete becomes inhomogeneuous and anisotropic depending on the spa-
tial and orientational distribution of the fibers [1-3]. For construction companies
these effects are unpleasant companions in the “field use” of the material. Inhomo-
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geneity and anisotropy make the material much more challenging to understand and
introduce an additional level of complexity into the theoretical description.

In this paper, we present an ongoing study, similar to [4, 5], with the target of
comparing the experimental behaviour of fiber concrete under bending load with
different theoretical frameworks. Here, only the initial setup of the study and initial
outcomes are presented, the comparison with theoretical models is future work.

1.1 Theoretical Work

So far, several theoretical models have been presented by researchers involving dif-
ferent levels of information about the fiber orientations [2, 3, 6—11]. In these, the
level of fiber orientation information taken into account varies greatly, from only fiber
amount, over average projected length (orientation number) [6], orientation profile
[3] to orientation or alignment tensors and derived orientation parameters [2, 8, 9,
11, 12].

Some countries have developed (draft) guidelines for fiber concrete use in con-
struction, among these Denmark [13], Germany [14], Sweden [15], USA [16, 17],
Russia [18, 19] and Austria [20]; where the Austrian guideline is valid only against
old national building code, and effectively defunct since Eurocode-2 was adopted.
An international approach is [21].

The Swedish standard, for example, only allows the use of fiber concrete in load
bearing structures with additional reinforcement. In general, the production method,
i.e. the casting method, and its influence on fiber orientations is not taken into account
in the standards. This shows, that there is still need for more research.

1.2 Overview of Testing Methods

Several non-destructive methods have been proposed that allow the estimation of
the micro-structure, such as the fiber orientation and distribution inside the concrete
matrix or damage. These methods include x-ray computed tomography scan (CT)
[22-27], image analysis [28], conductometric (AC-IS) [29], electromagnetic [30,
31], ultrasonic [32] and acoustic analysis. However, these methods are not easily
implemented in real life [22, 28, 33]. After successful application of non-destructive
methods in medical research, they have been increasingly used in the investigation
of cementitious composites due to their accuracy, efficiency and non-destructive
nature [24].

Currently, assessment of the fiber distribution, its orientation inside the matrix and
influence on the mechanical properties of concrete have been accepted as fundamental
challenges because of the time- and resource-consuming processes [34, 35]. The
majority of obstacles are connected with inability to observe the fiber orientation
and distribution within concrete mass immediately after casting.
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The appearance and widespread use of steel fiber concrete have aroused interest
to investigate the material by new non-destructive testing (NDT) methods for inner
microstructure analysis and evaluation of the bonds between aggregates, cement paste
and steel fibers. NDT techniques are used widely for a long time, but specifically to
be applied in civil engineering not too many are available [36]. These methods have
been used during more than three decades to evaluate the condition of a structure and
to acquire precise information about the concrete samples. Their main advantages
are higher reliability, effectiveness and avoidance of material damage during testing.

The majority of researchers have pointed out that it is essential to apply different
NDT methods to fiber cementitious materials. These methods vary from very simple
to technically complicated depending on the purpose, including CT, conductometric
(AC-IS), electromagnetic, ultrasonic, and acoustic emission methods. This section
reviews the main NDT methods applied on concrete structures.

Propagation and reflection of various rays, such as CT scan, through a structure,
may be also used to study the amount of damage experienced by concrete structures
[22, 23, 28, 37]. An in-depth analysis by Liu et al. [24] using micro-CT technique
proves that the influence of size and quantity of aggregate on fiber orientation in
cementitious materials is more significant than the influence on spacial distribution
of fibers. According to Ponikiewski et al. [22], there is an exponential distribution of
the fiber angles with respect to the beam main axis. Moreover, CT scan allows the
automatic air pore segmentation, provides data on the position and shape properties
and evaluation of orientation of steel fibers. Promentilla et al. [23] demonstrate the use
of CT technique in the microstructure studies of cement-based materials in relation
to the durability performance of these materials.

Another method for detection of fiber density and orientation is the Alternat-
ing Current Impedance Spectroscopy (AC-IS) that make use of the electromagnetic
properties of steel fibers with a probe designed for this purpose. Ferrara et al. [29]
report that the local average concentration and orientation of the steel fibers can be
assessed by measuring the variation of the probe inductance. According to his study,
the method is easy to implement: a probe is brought in contact with the specimen,
without any particular care about the quality of the contact, nevertheless the test
results are repeatable with low uncertainties.

Among other electromagnetic testing methods for steel fiber concrete is surface
electromagnetic sensor technique [38]. This method requires access to one surface
and uses a radio wave system that is able to measure steel fiber distribution, concen-
tration and orientation in the concrete [38].

In Electrical Resistance Tomography (ERT) several electrodes are connected to the
specimen surface, that both send alternating currents to the specimen and also record
the resulting voltages from the specimen. The measured data allows to recreate this
conductivity distribution of the whole specimen volume [30]. Steel reinforcement
bars or metallic fibers, cracks, air voids, changes in moisture, distribution of chloride,
all influence conductivity [30].

The main idea of the inductive method proposed by Torrents et al. [31] is to
measure the variation in self-induction while the specimen is turned with respect to
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three orthogonal axes. As a rough estimate, the average of the three measurements
is considered independent of the fiber orientation [31].

With regard to concrete structures, ultrasound has been used for the detection of
cracks and corrosion and also for thickness measurements [36]. Schickert et al. [32]
have reported about Ultrasonic Synthetic Aperture Focusing Technique (SAFT).
From many pulse-echo measurements a tomographic image is constructed [32]. For
concrete with distributed damage a nonlinear ultrasonic technique is developed [39].
Ultrasound attenuation and the appearance of the second harmonic are used to char-
acterise distributed damage [39]. These techniques can be used not only to investigate
the microstructure of the material but with recent developments like direct-sequence
spread-spectrum ultrasonic evaluation (DSSSUE) changes in properties after dam-
age of the material like shape, density, homogeneity and acoustic velocity may be
detected in large and complicated structures [36].

The working principle of acoustic emission (AE) is that a crack is detected the
moment it appears, because a propagating crack generates high frequency sound
waves and if these waves are extracted from the background noise, the condition of
the structure is monitored [36]. AE is very sensitive technique and is able to pick up
microscopic changes in the material [36]. During monitoring, the AE sensors of AE
work continuously but passively. Unlike other NDE techniques —like radiography,
ultrasound, eddy current—AE does not need much preparation time to be set up and
is therefore cost-efficient.

In addition, Grosse et al. [40] have pointed out that AE gives us the complete
timeline of the damage process without any additional manipulations to the specimen,
AE is able to determine the fracture type, size, energy and crack orientation.

The presented various NDT methods are based on different theories, principles
and applications, with their advantages and disadvantages. NDT methods have been
shown to play a significant role in the assessment and investigation of the microstruc-
ture of building materials. Generally, the main advantage of the NDT techniques is the
ability to examine the matrix of cementitious materials and reveal hidden defects and
acquire data about fiber orientation and distribution without causing damage to the
specimen. To achieve better assessment and precise results, it is required to combine
several methods. Based on experience, theory and purposes, the best combination of
the NDT techniques can be selected for diagnostics of concrete structures.

2 Materials and Methods

To investigate the influence of fiber orientations on the fracture behaviour of fiber
concrete, three beam specimen have been prepared by casting a small plate of self-
compacting fiber concrete and cutting it into beams. The beams have been subjected
to x-ray computed tomography scanning to obtain information about fiber placement
and orientation, and to three point bending tests to obtain the stress-strain diagrams.
The methods are described in detail below.
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Table 1 Data of used fibers:

e Length 60 mm

Semtu WireFib 80/60; -

amount used 25kg/m3 Diameter 0.75 mm
Aspect ratio 80
Number of fibers/kg n. 4600
Tensile strength >1000 MPa
Coating Uncoated
Steel quality EN 10016-2 C9

Table 2 Concrete data Casting day 30.09.16
Slump (diameter) 750 mm
of concrete
Temperature 20°C
Density and 2470kg/m> 48.2MPa
Compressive
strength at 3 day
Density and 2460kg/m? 61.1 MPa
Compressive
strength at 7 day
Density and 2470kg/m> 71.2MPa
Compressive 2470kg/m> 67.5MPa
strength at 28 day

2.1 Fresh Concrete

A self-compacting concrete mix was prepared according to a recipe by the producer.
Steel fibers of 60 mm length and 0.75 mm diameter with hooked ends (see Table 1)
have been added at the mixing stage and mixed with the concrete according to the
data sheet.

Cubes for compression tests have been prepared according to the usual procedure,
the test results are presented in Table 2.

2.2 Casting of a Small Plate

To test the influence of the fiber orientation on the mechanical properties of the fiber
concrete, especially on the peak load and post-cracking behaviour, a small plate has
been cast. The size of the plate was (L x W x H)90cm x 60cm x 20cm.

The plate was cast from one end with a 10cm wide inlet and flow directed along
the length of the plate. This casting was chosen to enable comparison with the fluid
simulations and “simulation experiments” (see [41, 42]). As mentioned before, the
concrete was self-leveling concrete and the slump-test had a diameter of 75 cm.
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2.3 Preparing Beams from the Plate

This plate has been cut into three beams of size (L x W x H) 90cm x 19.5cm
x 19.5cm (see Fig. 1). According to the computer simulations and “simulation
experiments” (see [41, 42]) the outer beams should have the fibers mostly oriented
along the main axis of the beam, while in the middle beam the fibers should be mostly
perpendicular to the main axis.

2.4 Drilling of Cylinders

After the mechanical testing of the beams, cylinder samples were drilled out of the
beams (see Fig. 2), to enable a better tomography scanning of some areas, especially
of the crack area, and also to perform split-tests (see Sect. 4.2).
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3 Fiber Orientations Measurement by X-Ray Computed
Tomography

X-ray computed tomography has become an efficient and reliable method to obtain
information about the inner structure of materials. It can be used on the macro and
down to the nano scale, depending on the sample size and x-ray attenuation of the
scanned objects. Previous studies have used x-ray computed tomography to obtain
information about aggregates, porosity [43, 44] and fiber positions and orientations
[25-27, 42, 45-48].

In this study, fiber orientations in a small plate are of interest. The plate was
cut into beams and later, after bending tests, cylinders have been drilled from the
beams. The beams and cylinders have been subjected to x-ray computed tomography
scanning using medical scanners. The devices used and results are discussed in the
following.

3.1 X-Ray CT of the Beams

The beams have been scanned using a GE Medical Systems “Discovery STE”, the
reconstruction of the volume was performed with 0.6 mm resolution, Table 3 sum-
marizes the parameters. The size of the beams (cross section 19.5 cm x 19.5 cm)
turned out to be slightly above the attenuation limit for this scanner, fibers can only be
clearly identified close to the surfaces of the beam, not in the inner region. The fibers
in the bottom layer of the beams can be seen in Fig. 3. Visually the fiber orientations
coincide with the expectations from a casting into a slippery formwork [4, 41, 42].

From the orientation ellipses shown in Fig. 4d, f one can see, that the orientation
is more favourable to take tension stresses in the outer regions of the plate, namely
the left side of beam 3 and the right side of beam 1, while in the center region of the
plate (beam 2) the fiber orientation distribution is more isotropic with a tendency to
alignment perpendicular to the tension stress.

The numbers of fibers per beam segment and per cell in the beams differ from 11
to 29, with the highest numbers in the central beam (beam 2), see Fig. 4g, h, i.

3.2 X-Ray CT of the Cylinders

Due to the problems with separating fibers from the matrix in the CT scans of the
beams, cylinders have been drilled from the beams after the bending tests, to identify
fiber orientations in the bulk and in the crack plane. The scans were again performed
using a medical CT scanner, but this time a GE Medical Systems “Discovery CT750
HD” was used. The parameters of the scan are summarized in Table 4.
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Table 3 Scanning and reconstruction parameters used for beams
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Manufacturer

GE MEDICAL SYSTEMS

Manufacturers model name

Discovery STE

Full fidelity

CT_LIGHTSPEED

Acquisition group length 412

Scan options HELICAL MODE
Slice thickness 0.625000

Data collection diameter 500.000000
Reconstruction diameter 317.000000

X Ray tube current 400

Filter type BODY FILTER
Convolution kernel BONEPLUS
Single collimation width 0.625

Total collimation width 40

Table feed per rotation 20.625

Spiral pitch factor 0.515625

Rows 512

Columns 512

Pixel spacing 0.619141/0.619141
Bits allocated 16

Bits stored 16

High bit 15

Pixel representation Signed

An example of the data received from the CT scan is given in Fig. 5. The volume
image is thresholded to show only the greylevel corresponding to fibers, but as one
can see, some aggregate particles have almost the same attenuation, and therefore

greylevel, as the fibers.

4 Strength Experiments and Results

Two types of mechanical tests have been performed: three-point bending tests of
the beam specimen and splitting tests on cylinders drilled from the beams after the

bending tests.
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(a) beam 3 (b) beam 2 (c) beam 1

Fig.3 Bottom layer of the central section of the beams in x-ray CT, the volume image is thresholded
to show the fibers in the bottom layer

4.1 Bending Test

The three-point bending tests of the fiber-concrete beam specimens was performed
on Zwick Roell 7250 strength testing machine. Three beams with dimensions 90 x
19.5 x 19.5 cm were tested. The two vertical supports A and B were L = 0.78 m
apart, each being positioned 6 cm inward from the end of the beam, Fig. 6. The
line-load F was applied at the mid cross-section C (Fig. 7).
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Fig. 4 CT image of center
parts of beams thresholded to
show fibers in bottom layer,
fiber orientation ellipses and
fiber amount per cell in the
three beams; beam 1: 137
fibers; beam 2: 198; beam 3:
156

(a) CT, beam 3

(b) CT, beam 2
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(c) CT, beam 1
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Table 4 Scanning and reconstruction parameters used for cylinders

Manufacturer GE MEDICAL SYSTEMS
Rows 512
Columns 512

Bits allocated 16

Bits stored 16

High bit 15

Pixel representation Signed

X Ray tube current in micro amps 300000.00
Acquisition type SPIRAL
Single collimation width 0.62

Total collimation width 40

Spiral pitch factor 0.52

Fig. 5 Volume and slice images of a CT scanned cylinder

19.5cm

19.5cm

Y 1/2=0.39m

Fig. 6 Bending test setup
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Fig. 7 Photo of the bending
test showing a beam sample
in the testing machine with
the frame for displacement
measurements and
displacement sensors

The recorded force-displacement curves are presented in Fig. 8 where the max-
imum force value before cracking is F; = 45.36 kN, F, = 44.06 kN and F; =
43.18 kN for beams 1, 2, and 3, respectively. The formula to calculate the maximum
bending stresses in a cross-section is o™ = * that we apply in the cross-section
C where the bending moment is given by M, = F'L/4 and the section modulus is
given by W, = (wh?)/6.

Flexural fracture strength (in MPa):

w. M, FL 6

y =Y - = 1
7 W, 4 wxh? W
_I.S*F*L @

s = w * h2

with F maximum force at cracking (in N) , L length between supports (in mm), w
the width of the sample (in mm) and % the height of the sample (in mm).
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Table5 Flexural fracture strength of the three beams; the average was oMy = 6.97 with a standard-
deviation of 0.18

Beam max. force in N FFS in MPa
1 45364.7 7.16
2 44058.4 6.95
3 43178.6 6.81

. . .M,
For a cross-section of 19.5 x 19.5 cm the maximum stress is o, * = 7.16 MPa,

O'2M 7 = 6.95 MPa, U3My = 6.81 MPa for beams 1, 2, and 3, respectively, see Table 5.
Over the three experiments we get the averaged maximum stress 5" = 6.97 MPa.

Comparing the results of the bending test with the number and orientation of fibers
in the immediate bottom layer, one can note the following: (1) the peak-strength
shows no obvious correlation with the fiber amount in/near the crack-region, (2)
though beam 2 has the highest number of fibers in the cells next to the crack, it
shows the weakest post-cracking, (3) though having the highest number of fibers,
their orientations is the least beneficial in beam 2, this seems to show correlation with
the post-cracking behaviour. Taking both fiber amount and orientation into account
one can note: beam 1 and 3 have both similar orientation distributions and beam 3
has a higher number of fibers, beam 3 also shows the best post-cracking behaviour
of the three beams.

4.2 Split Test

The split test was performed with a Matest IT Tech Cyber Plus Evlolution testing
machine on a single specimen that was drilled out from the intact part of the beam
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load

support

Plywood strip

5 % _ failure plane

sample cylinder

Plywood strip

tension compression
support

Fig. 9 Schematic of split test

Fig. 10 Split test

sample after the three-point bending test. The cylinder specimen had the average
diameter d = 74 mm and height / = 195 mm. In addition to the regular setup of a
concrete split test a special epoxy glue interlayer was prepared on two opposite sides
of the cylinder to facilitate a smoother distribution of loads over the cylinder surface,
Fig.9.

The maximum force during the split test was P = 126160 N, Fig. 10. The splitting
tensile strength o in MPa may be calculated as [49]:
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2P 2-126160 N
wld 7 -74-195 mm?

= 5.57 MPa 3)

with P the maximum applied load in N, / the length im mm and d the diameter in
mm.
For our sample a splitting tensile strength o = 5.57 MPa resulted.

5 Future Work

The casting of a larger plate, from which more beams with similar to identical fiber
orientation distributions can be cut, is underway. Also, for this casting at the same
time more reference samples for compression tests of pure concrete and fiber concrete
will be cast, additionally a reference plate out of pure concrete will be cast to produce
reference beams for the bending tests. This will improve statistics and provide error
margins.

6 Conclusion

In this preliminary study the contribution of fiber orientation on the strength of
steel fiber reinforced concrete was investigated. Three-point bending tests have been
performed on beam samples and special attention has been paid to the fiber amount
and orientation distribution in the bottom layer. While the results give no conclusive
evidence that the peak strength depends on the amount or orientation of fibers, the
post-cracking behaviour shows dependence on fiber orientations and amount. The
following has been noted: the beam with the highest amount of fibers in the bottom
layer (highest tensile stress) showed the weakest post-cracking behaviour, it had also
the least beneficial fiber orientation distribution. Two beams with similar beneficial
fiber orientation distributions showed better post-cracking behaviour, the one with a
slightly higher fiber count was the stronger one among the two in the post-cracking
regime.
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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.
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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
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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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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.
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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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Mechanical Characteristics of SFRC )
Reinforced by New Engineered Steel L
Fibre

Tomasz Ponikiewski and Jacek Katzer

Abstract The last five decades have seen a large research effort focused on fibre
reinforced concrete. Most of the research studies have been devoted to the use of steel
fibre and mechanical characteristics of fibre reinforced concrete. Only a limited num-
ber of research programmes dealt with properties (both geometrical and mechanical)
and development of steel fibre. In this paper a new type of engineered steel fibre
will be analysed in comparison to commercially available fibre. Properties of con-
cretes reinforced by a small volume of fibre were of special interest. Conducted tests
covered both fresh mix behaviour and strength characteristics of hardened concrete.

1 Introduction

Since the invention of modern steel fibre reinforced concrete (SFRC) in 1874 [7] new
types of steel fibre have been engineered every year. Currently, the most popular type
of engineered steel fibre is hooked fibre [6], which is produced globally by numerous
companies in different sizes and shapes of hook [4]. Other popular types of steel fibre
are crimped, coned and fibre with roughened surface [7, 9, 18]. Over the years new
types of steel fibre were proposed (e.g. double hooked fibre or twisted fibre) but
they did not catch-up construction industry [8]. Research programmes dealing with
SFRC usually target high and very high mechanical properties. In such cases, using
sophisticated engineered steel fibre which is more expensive than ordinary hooked
steel fibre is a sustainable solution. Nevertheless, on a daily basis huge majority
of cast SFRC is modified by relatively small volume of fibre and characterized by
average compressive strength. The most common fibre dosages range between 25
and 45kg per cubic meter. In such cases benefits achieved by replacing traditional

T. Ponikiewski
Silesian University of Technology, Gliwice, Poland
e-mail: tomasz.ponikiewski @polsl.pl

J. Katzer (<)
Koszalin University of Technology, Koszalin, Poland
e-mail: katzer @tu.koszalin.pl

© Springer Nature Switzerland AG 2019 75
H. Herrmann and J. Schnell (eds.), Short Fibre Reinforced Cementitious

Composites and Ceramics, Advanced Structured Materials 95,
https://doi.org/10.1007/978-3-030-00868-0_5


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-00868-0_5&domain=pdf
mailto:tomasz.ponikiewski@polsl.pl
mailto:katzer@tu.koszalin.pl
https://doi.org/10.1007/978-3-030-00868-0_5

76 T. Ponikiewski and J. Katzer

steel fibre by new type of engineered steel fibre are usually not noticeable. In authors
opinion there is a need for new engineered steel fibre, but the benefits of using it must
be clearly “visible” in case of low volumes of added fibre. Properties of the fresh
mix are also very important—one prefers to utilize ordinary compaction techniques.
Keeping all above facts in mind the research programme was planned and conducted
using a new type of fibre.

2 Materials

The composition of a concrete mix was fixed. Portland cement CEM I 32.5 R was
used as a binder. The amount of utilized aggregate was equal to 1953kg per cubic
meter. The aggregate was in a form of sand, fine gravel (2-8 mm) and coarse gravel
(8-16mm). All aggregates were of natural origin. The mix was modified by super-
plasticizer based on polycarboxylate ether characterized by pH=8 and density of
1160 £ 30kg/m>. The superplasticizer was dosed in amount of 2% (by weight of
binder). The targeted strength class and consistency was C30/37 and S2 respectively,
according to EN 206. The water-cement ration was equal to 0.48. The detailed con-
crete mix composition is presented in Table 1.

The research programme was conducted using two types of engineered steel fibre.
Fibre 50 was chosen as a reference reinforcement. This fibre is hooked, produced
on mass scale and commercially available. It is successfully used for both ordinary
and self-compacting concretes [10, 11]. Fibre 55 is a new type of fibre with complex
hooked and crimped geometry. This fibre is in final phase of experimental develop-
ment just before entering mass scale production.

Due to its elaborate shape the extra gains in mechanical characteristics of SFRC
based on Fibre 55 are expected. The main properties of both fibres are presented in
Table 2. The fibre dosage was ranging from 0.0 to 0.57% by volume. Such a small
volume of added fibre was chosen deliberately to mirror the most commonly utilized
fibre dosage of 25, 35 and 45 kg/m? in construction industry in Central Europe. The
fibre dosage is described in details in Table 3.

Table 1_ .Concrete ;nix Ingredient Amount (kg)
composition of 1 m

CEMI325R 350.0

Superplasticizer 7.0

Water 168.0

Sand 0-2 mm 635.0

Gravel 2-8 mm 830.0

Gravel §-16 mm 488.0

Steel fibre 0.0-45.0
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Table 2 Engineered steel fibre

Code name | Length | Diameter | Cross section | Shape

(mm) (mm)
Fibre 50 50 0.65 Circle Hooked i el ﬂ
Fibre 55 55 0.65 Circle Hooked & Crimped

Table 3 Fibre dosage m (kg) 25.0 35.0 45.0

Vi (%) 0.32 0.45 0.57

3 Methods

Concrete mixes were prepared in lab conditions. Cast specimens were kept in moulds
for the first 24 h of curing. The moulds were tightly wrapped with polyethylene sheet
to maintain high moisture conditions. Subsequently, the specimens were demoulded
and placed in a water tank (temp. +20 °C pm 0.5 °C) for the next 27 days. The
specimens were in a form of cubes (150mm x 150mm x 150mm) and prisms
(150mm x 150mm x 550 mm). Cubes were used for establishing the density and
for the compressive test. Flexural characteristics of the concretes in question was
obtained through the tests of the prisms according to EN 14651 (LOP method) [1].
Flexural tensile strength f;op and residual flexural tensile strengths fri, fr2, fr3
and fr4 were acquired during this test. The values of equivalent strengths f, >
and f,, 3 were also established (according to RILEM TC 162-TDF). The needed
notches (25 mm deep) located on the bottom surface of the prisms were cut just
before the test. A prismatic specimen with a notch during the flexural test is presented
in Fig. 1.

Fig.1 A prismatic specimen
with a notch during the
flexural test (LOP method)
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The flexural test was conducted with constant growth of deflection (§). The values
of crack mouth opening displacement (CMOD) were calculated using the Eq. 1
provided by EN 14651.

8 = 0.85 x CMOD + 0.04 (1

Due to unknown behaviour of Fibre 55 during mixing, casting and compaction
of fresh concrete mix, its spacing in hardened SFRC was a significant concern.
Therefore the additional non-destructive test of SFRC with Fibre 55 was planned.
X-ray computed tomography (CT) as a proven method for testing fibre spacing
[5, 10, 15-17] was harnessed for this task. Each specimen was subjected to

CT scanning using 64-row scanner and acquisition protocol: 140kV cathode volt-
age, 450mA X-ray tube current and using helical mode. Through the tomography
reconstruction procedure volumetric images (512 x 512 x 1500) with 12-bit grey-
scale were obtained. Used CT apparatus, procedures and software were thoroughly
described in previous publications [11]. As the result of the test images with fibre
spacing were obtained and its analysis was enabled. Spacing of Fibre 50 was tested
with the help of CT multiple times and was described in numerous publications
[10, 11] thus unnecessary to be repeated.

4 Results

Consistency of fresh mix was the first tested property. The results of the slump test
are presented in Fig. 2. The concrete matrix was characterized by slump h=50 mm,
which is a very minimum value to be classified as consistency class S2. The addition
of both types of fibre influenced the consistency. SFRC reinforced by Fibre 50 was
characterized by slump of 50, 30 and 20mm for volume of fibre of 0.32, 0.45 and
0.57% respectively. It can be stated that all SFRC modified by Fibre 50 were fulfilling
the requirements of consistency class S1. The slump of all tested concretes with
Fibre 55 was smaller than adequate concrete with Fibre 50. SFRC reinforced by
Fibre 55 was characterized by slump of 35, 25 and 10mm for volume of fibre of
0.32, 0.45 and 0.57% respectively. SFRC with 0.32% and 0.45% of Fibre 55 can be
classified as consistency class S1. The slump of SFRC with 0.57% of Fibre 55 is
out of classification scale defined by EN 206 [2], thus the consistency class can’t be
assigned.

All cube specimens were used (measured and weighted) to get the apparent density
of prepared concretes. The achieved results are presented in Table 4. The apparent
density of concrete matrix was equal to 2346 kg/m?. Adding steel fibre was increasing
the apparent density which reached the maximum value of 2378kg/m? in case of
concrete with 0.57% of Fibre 50. This is a difference of 1.4% and should be considered
as irrelevant for the analysis of other properties.

The lowest compressive strength tested on cubes was registered for concrete
matrix. The compressive strength was getting higher alongside added fibre.
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Fig. 2 Consistency 60
m Fibre 50 = Fibre 55
50
40 +
E
£ 30+
=
20 +
10 + I
0 [ 2 | — 2 B
0.32 0.45 0.57
Vi (%)
Table 4 Compressive strength and density
Matrix Fibre 50 Fibre 55
Vi (%) 0.00 0.32 0.45 0.57 0.32 0.45 0.57
Je,cube 56.6 60.1 62.8 63.6 61.6 61.5 66.0
(MPa)
p (kg/m?) | 2346 2352 2365 2378 2339 2359 2375

The highest values were achieved by concretes reinforced by 0.57% of fibre. The
largest difference of strength between concrete matrix and concrete with maximum
added volume of Fibre 55 was equal to 16.6%. Registered strength values allowed
to assign concrete strength classes according to EN 206 [2]. Concrete matrix can be
assigned to concrete strength class C40/50 and concrete with 0.57% of Fibre 55 can
be assigned to concrete strength class C50/60. All other tested concretes are assigned
to concrete strength class C45/55 (Fig. 3).

The values of f70p and equivalent flexural strengths f., > and f., 3 are presented
in Figs. 4 and 5 respectively. The addition of fibre significantly influences both
flexural strengths. In case of strength f,, > the addition of 0.57% of Fibre 50 improves
the achieved value by 480% and the addition of Fibre 55 by 529% in comparison to
concrete matrix. The largest differences in efficiency of Fibre 50 and Fibre 55 can
be observed for the smallest volume of added fibre. In case of V; = 0.32% of Fibre
50, feq,2 increased by 14% and in case of Fibre 55 by 260%.

It is also worth noticing, that equivalent flexural tensile strength f,, > achieved
by concrete with the addition of 0.45% of Fibre 50 is only 15% higher than strength
of concrete with the addition of 0.32% of Fibre 55. Similar relations characterize
values of f,, 3. Fibre 55 proves to be more efficient reinforcement than Fibre 50 for
all fibre volumes. There is also a huge visible difference in strength values for the
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smallest amount of fibre. Concrete with Fibre 55 is basically twice “stronger” then
concrete with Fibre 50. Results of flexural tensile strength f; ¢ p and all four residual
strengths are presented in Table 5. Residual strengths corresponding to different
values of the CMOD are fairly difficult to incorporate to SFRC designing methods
[12]. It is commonly assumed that residual strength fz; and fg3 are associated
with serviceability limit states (SLS) and ultimate limit states (ULS) respectively.
According to fib Model Code fibre concrete behaviour at ULS is related to the
behaviour at SLS through the ratioof fg3/fr;. This ratio is used for classification
of SFRC. Post-cracking residual strength is described by two parameters: fr—
representing the strength interval and a letter a, b, ¢ or d representing the fr3/fg1
ratio. Such a classification mirrors four most common cases of SFRC softening and
hardening. The fib Model Code allows to assess possible traditional reinforcement
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Fig. 5 Equivalent flexural 5.5 - -
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Table 5 Flexural tensile strength and residual strengths

Vi % frop fR1MPa| fro MPa| fp3 MPa | fra MPa | fr3/fr1 | fri/fLop | Strength | Reinfo-
MPa (> 0.5) (>04) class rcement
substitu-
tion
Matrix 0.00 2.54 n/a n/a n/a n/a - - - -
Fibre 50 | 0.32 4.14 1.40 1.02 0.74 0.63 0.528 0.338 la Disabled
Fibre 50 | 0.45 4.28 3.25 2.11 1.57 0.96 0.483 0.759 - Disabled
Fibre 50 | 0.57 4.68 4.35 3.12 222 1.50 0.510 0.929 4a Enabled
Fibre 55 | 0.32 4.39 2.63 1.88 1.25 3.45 0.475 0.599 - Disabled
Fibre 55 | 0.45 4.57 3.81 2.94 1.64 1.11 0.430 0.834 - Disabled
Fibre 55 | 0.57 5.12 4.74 3.54 2.39 1.73 0.504 0.926 4a Enabled

(re-bars and stirrups) substitution by fibre. The assessment is based on two ratios
fri/frop and fr3/fr1. In Table 5 both ratios are presented and compared with
minimum requirements. Only three out of six tested SFRC fulfilled the minimum
requirements to be assigned a strength class. The crucial factor for this task was the
value of ratio fg3/fr;. Only two out of six tested SFRC are enabled to substitute
traditional reinforcement (both with V; = 0.57%).

5 Discussion

New hooked and crimped types of engineered steel fibre proved to be more efficient
than traditional hooked fibre. All tested and calculated strength parameters were
higher in case of concretes with Fibre 55. The largest differences were noted for
smallest volumes of added fibre. This phenomenon is very important for construction
industry due to a common practice of using small volumes of fibre. On the other
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hand only concretes with V; = 0.57% were characterized by mechanical properties
enabling strength class assignment and reinforcement substitution. Thus, only these
SFRC would have a structural significance. Both SFRC with V; = 0.57% were
described by strength class 4a. It is again proven that the minimum volume of added
fibre should be over 0.5% [3]. All attempts to minimalize the volume of fibre are not
sustainable form the structural point of view. The only disadvantage associated with
Fibre 55 is consistency. Mixes with Fibre 55 are characterized by lower slump in
comparison to mixes with Fibre 50. The largest difference was observed for SFRC
with 0.32% of fibre. Nevertheless, the differences range from 10 to 15mm and in
majority of cases the same consistency class is maintained.

Non-destructive CT test (see Fig. 6) allowed assessment of spacing of Fibre 55. In
general Fibre 55 is uniformly distributed in the concrete volume. Spacing of hooked
and crimped fibre is similar to spacing of hooked 50 (which was described in previous
publications [10, 11]). Therefore all modelling [13, 14] and design approaches which
were useful in case of hooked fibre should be valid for Fibre 55.

Fig.6 CT images of SFRC specimens’ cross-sections with Fibre 55 (from left Vy = 0.32%, 0.45%,
0.57%)
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6

Conclusions

The conducted research programme allow to draw following conclusions:

The new type of fibre with complex hooked and crimped geometry is more efficient
reinforcement than traditional hooked fibre,

Hooked and crimped fibre is especially efficient reinforcement when added in
small volumes in comparison to hooked fibre,

Hooked and crimped fibre influences the consistency of fresh concrete mix in a
more significant way than hooked fibre,

Research programme focused on concretes with larger volumes of hooked and
crimped fibre should be conducted,

Properties of SFRC with hooked and crimped fibre should be compared with
concretes with crimped fibre and other hooked fibre.
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Short Composite Fibres for Concrete )
Disperse Reinforcement i

Arturs Lukasenoks, Andrejs Krasnikovs, Arturs MacanovskKis,
Olga Kononova and Videvuds Lapsa

Abstract Short composite fibres are a relatively new product for concrete disperse
reinforcement. In this experimental research, 14 different composite fibres were
developed and single fibre pull-out micromechanics was investigated. Three main
groups of composite fibre were—composite glass fibres (GF), composite carbon
fibres (CF) and hybrid fibres (HF). Composite fibre manufacturing consisted of glass,
carbon or combined fibre filament preparation, impregnation with epoxy resin, epoxy
curing, quality control and cutting in short discrete macro- fibres. All three composite
fibre groups were manufactured with straight, uneven and undulated geometries.
Fibre surface finish was smooth and rough. Uneven fibre geometry was achieved
by not aligning all fibre filaments in fibre tow. Undulated geometry was a result of
interlaced fibres. The rough fibre outer surface finish was achieved by adding an extra
layer of epoxy resin containing fine quartz grains. All macro-fibres were cutin 50 mm
length. Single fibre pull-out samples with a pre-defined crack between two concrete
parts were prepared to investigate fibre pull-out behaviour. Fibre pull-out laws were
obtained and analysed. Composite fibre improvement geometry and surface with
roughening outer surface made a huge impact on fibre pull-out resistance.
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1 Introduction

Development of composite fibres is very important due to many problems related to
polymer, glass and carbon fibre usage in concrete for disperse reinforcement. There is
anecessity to use large volume fractions 2—2.5% of polymer fibre to achieve a tangible
increase in load bearing performance of low strength concretes [1]. Large amounts
of fibres significantly worsen concrete consistency, a new approach for concrete
design with target consistency is necessary. Fibres with higher strength and elasticity
modulus are necessary for higher strength concretes. Due to fibre small diameter
glass, basalt or carbon fibres have significant problems with introducing in concrete.
When fibres are introduced into the concrete mix, fibre rolls and clews are formed—
problems with fibre homogeneity in the concrete occurs. Each fibre roll or clew
with air voids is another defect in the concrete which reduces strength. Difficulties
with fibre introduction become more pronounced with fibre volume fraction increase.
Mentioned fibres can be introduced in concrete mixes produced in high-speed mixers,
unfortunately, high mixing energy and shear forces brakes and mills fibres in shorter
parts [2]. Small fibres can work bridging only small crack openings.

Glass, basalt and carbon fibres are used more widely due to advanced manufac-
turing technologies and reduced cost. Several attempts to introduce glass, basalt and
carbon fibres in the construction industry were found—Ilong carbon fibres and com-
mercial product Minibar [3, 4]. Basalt Minibar fibres are recommended to use in high
volume fractions (1.5-3%) to achieve tangible results. Long carbon fibre composite
fibres were used for increasing concrete plate’s impact load resistance [4, 5].

In the present investigation, short composite macro-fibres were manufactured as
unidirectional carbon and glass composite rods. Rods were cut in discrete fibres with
L/d ratio from 18.1 to 56.1. A varying number of filaments in macro-fibre (changing
filament volume fraction V¢ in composite fibre) as well as using different material
filaments in one macro-fibre it is possible to obtain reinforcing fibres with different
strengths and elastic properties. Composite fibres can be developed for very specific
use; composite fibres with a smooth surface for high strength concretes to increase
ductility, fibres with a rough surface or uneven geometry results in good anchorage
for low and average strength concrete reinforcement [6]. Higher fibre anchorage in
concrete can be also achieved by making fibre outer surface rough [7].

2 Materials and Methods

Overview of Experimental program for composite fibres and different concrete matri-
ces is shown in Table 1.
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Table 1 Concrete mixture proportions

Fibre type Fibre Concrete matrix Depth, angle
denomination configuration

M1 M2 M3

Composite GF1 - - X 25 mm depth,
glass fibres 0-degree angle
to pull-out
force

GF2 X X
GF3 - -
GF4 - -
GF5 - -

Composite CF1 X X
carbon fibres

oL R x|

CF1-A X
CF1-B X
CF2 X
X
X

CF2-A
CF2-B
CF3 -
Hybrid fibres | GC1 -
CGl - -

Ll R R I R

| o [ e | e e e | e | ¢

3 Concrete Materials and Mix Design

Portland cement Aalborg White CEM I 52.5R is used as binder in experimental
mixes, naturally fractioned and washed quartz sand O—-1 mm as main aggregate.
Quartz powder and silica fume was used as micro filler. Poly-carboxylate based high
range water reducing admixture was used to control mix workability. Tree types of
concrete mixtures were designed (mixture proportions are presented in Table 2). First
type concrete mixture is high strength concrete (M 1) with cement content 800 kg/m?),
with silica fume, water to cement w/c ratio 0.25. The second type concrete mixture
is normal strength concrete (M2) with cement content 550kg/m?, having silica fume
and with w/c ratio equal to 0.55. The third type concrete mixture was low strength
(M3) with cement content 400 kg/m3, without silica fume, and having water to cement
ratio w/c equal to 0.7. The amount of micro-filler was adjusted in order to achieve
paste content 550 1 £ 7% in all cases.

All three concrete types were designed to achieve target compressive strength and
have good workability and stability in fresh stage. Workability was defined to have
slump flow classes measured in accordance with EN 12350-8: 580 mm.
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Table 2 Concrete mixture proportions

A. Lukasenoks et al.

Material Density, M1 M2 M3
t/m>

Cement CEM 1 52,5R (Aalborg White)| 3,13 800 550 400
Water 1 200 300 300
Sand 0-1 mm (SaulkalneS) 2,65 1100 1200 1400
Microsilica (Elkem 920D) 2,22 133,3 50 0
Quartz powder 0—120 mk (Anyksciai) |2,65 66,5 250 250
HRWR (Sika D400) 1,07 25 6,5 3
w/c ratio 0,25 0,55 0,75
paste volume, [ 605,5 611,4 516

4 Fibres

Composite fibres were developed using filament tows—glass, carbon and combined
both. Different types of fibres were manufactured—with smooth, rough and undu-

lated surface.

There were used several manufacturing techniques to achieve different fibre geom-
etry and surface, but general approach was—fixing tow with fibre filaments in setup,
impregnation with epoxy resin, curing and cutting into 50 mm long discrete fibres.
Summary of fibre types and properties can be found in Table 3.

Table 3 Fibre properties

Fibre type Fibre Fibre geometry, Diameter, L/d ratio Reinforcement | Specific
denomina- surface mm ratio weight,
tion kg/m3

Composite | GF1 Uneven, smooth 2,18 229 0,534 1195

glass fibres
GF2 Straight, smooth 1,52 329 0,751 1746
GF3 Straight, rough 2,04 24,5 0,482 1507
GF4 Undulated, smooth 1,88 26,6 0,657 1310
GF5 Undulated, smooth 1,85 27,0 0,696 1270

Composite CF1 Straight, smooth 1,77 28,3 0,578 1129

carbon fibres
CF1-A Straight, smooth 1,30 38,6 0,635 1291
CF1-B Straight, smooth 0,89 56,1 0,551 1569
CF2 Straight, rough 2,10 23,8 0,335 1397
CF2-A Straight, rough 1,79 279 0,321 1330
CF2-B Straight, rough 1,57 31,8 0,235 1183
CF3 Undulated, smooth 1,82 275 0,566 1101

Hybrid fibres | GC1 Undulated, smooth 2,60 19,2 0,755 997
CG1 Undulated, smooth 2,76 18,1 0,748 894
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5 Composite Glass Fibres

Five types of fibres (GF1-GF5) were developed using glass filaments. Manufacturing
of GF1 fibres is simplest—fibres were tied in the upper part of the fibre tow and
fibre filaments were free falling during the epoxy resin impregnation. Several fibre
filaments were dropping out from perfect order and uneven fibre geometry was
created. Manufacturing of GF2 was more complicated—each fibre filament was
aligned to fit perfectly in the fibre tow, so straight fibre was created. Slight fibre
pre-stress was realized with springs, before epoxy resin was applied. Fibre pre-stress
was made to ensure fibre straight geometry and smooth surface. Fibres GF1 and GF2
are shown in Fig. 1.

Manufacturing of GF3 is the same as GF2, but the main difference is final epoxy
resin layer creating fibre surface finish rough. After fibre filament impregnation with
epoxy resin another part of epoxy was prepared with fine quartz grains and applied.
Final layer applied on the fibre surface using brush. Manufacturing of GF4 and GF5
is the same, main difference is preparing fibre tows. GF4 and GF5 fibres are made
from interlaced fibre filaments. GF4 fibre was made of interlaced fibre tows creating
14 braids and GF5 had interlacing much looser creating 7 braids (Fig. 2).

6 Composite Carbon Fibres

Manufacturing of carbon fibres CF1, CF1-A and CF1-B is the same—fibre filament
tow was tied in manufacturing setup and impregnated with epoxy resin. CF1 has 24 k
carbon fibre filaments, CF1-A has 16k and CF1-B has 8k fibre filaments.

Fig.1 Composite glass fibres—GF1 on the left and GF2 on the right
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Fig. 2 Composite glass fibres—GF3 on the left and GF4 on the right

Fig. 3 Composite carbon fibres—CF1 on the left and CF2 on the right

Group of CF2 fibres (CF2, CF2-A, CF2-B) was manufactured in the same way as
the group of CF1 fibres, but the main difference was final layer of epoxy. Similarly, to
manufacturing of GF3, epoxy resin was prepared with fine quartz grains and applied
on fibres CF2, CF2-A and CF2-B as final coating on the fibre surface (Fig.3).

Manufacturing of CF3 consists of 24 k filament fibre tow preparation, dividing in
three equal parts and interlacing creating 7 braids on one 50 mm long fibre. Prepared
fibre tow with interlaced braids was tied in manufacturing setup, epoxy resin was
applied and cured. Brush was used to apply epoxy resin due to fibre fluted surface
(Fig.4).
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Fig. 4 Composite carbon fibres CF3

7 Hybrid Fibres

Manufacturing of hybrid fibres CG1 and GC1 consisted of combining two types of
fibre filaments (glass and carbon) in one composite fibre. These fibres were manu-
factured by making a braid from one type of fibres and during the process another
fibre is weaved into with certain step to form a hybrid fibre. The first objective for
combining fibre types was to strengthen glass fibres with carbon fibre filaments.
Second objective was to create uneven un undulating surface to improve hybrid fibre
and concrete matrix bond and grip during pull-out process (Fig. 5).
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Fig. 5 Hybrid fibres—CG1 on the left, both CG1 and GC1 fibres hanging before epoxy resin
application on the right

8 Samples

Single fibre pull-out experiments were carried out to investigate fibre resistance to
pull-out from concrete matrix. There different concretes were developed to inves-
tigate fibre pull-out behaviour in concretes with various strengths. Fibres were
embedded—25 mm in depth.

All experimental tests are performed at 28-day age of concrete cured in normal
conditions RH > 95%, 20°C. Concrete compressive strength was tested. Single
fibre pull-out tests were carried out using testing machine Zwick Z150. Pull-out dis-
placement was measured using non-contact measuring device—video extensometer
Messphysik. Loading rate—5 mm/min was used for all specimen pull-out tests. Test
specimens are made with pre-defined crack, configured in depth and angle. Pre-
defined crack ensures that only fibre bridges forces between two concrete parts.

9 Results and Discussion

Average fresh concrete slump flow and compressive strength results for concrete
matrix types M1, M2 and M3 are presented in Table 4.

Average pull-out curves for composite fibres are calculated and presented in
Figs.6, 7, 8 and 9. Stress and deformation is plotted on the charts to show force
and fibre cross section area influence on the pull-out process. Composite fibres CF1,
CF1-A, CF1-B, CF2, CF2-A, CF2-B, CF3 and GF?2 are tested in all three concrete
matrices M1, M2 and M3. Fibres GF1, GF3, GF4, GF5, CG1 and GC1 are tested in
matrix M3.
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Table 4 Concrete matrix properties

Concrete property M1 M2 M3
Fresh concrete consistency—slump flow, mm 768 743 580
Concrete compressive strength 28-day age, MPa 124.44 71.9 34.09
Fig. 6 Average single fibre 1200
pull-out behaviour curves CF1_M1_25
(stress—deformation) for 1000 CF1A_MI_25
group of carbon fibres ,l N - gg ;Bﬁl\f 1525
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(GF2), embedded in 25 mm < \ N SFZA o 523
depth. Concrete matrix: M1 E. 600 e ==
o ’\ . CF2A_M1 25 f
400 N CF2B M1 25 f
CF3 M1 25 f
200 X GF2 M1 25
0 SSSsee..
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u,,mm

Smooth composite carbon fibres have different stress levels when pulling out from
all three concrete matrices. Pull-out stress curve is lowest for composite fibre CF1
and curve peak increasing 1.3 times for CF1-A and 1.95 times CF2-B.

Results from the Fig. 6 show that fibres CF2-A in M1 with increased roughness
on the outer surface can achieve the same stress level as CF1-A and some of the
tested fibres even failed because of achieving higher grip with concrete matrix. In
the same way, CF2-A in M1 has faster pull-out resistance drop compared to CF1-
A due to external layer peeling off. Force level is still high, but due to reduction
in diameter calculation takes in account initial diameter. Performance of the same
fibres are dramatically different in concrete matrix M2 due to high relation between
smooth fibre pull-out resistance and concrete strength. CF2-A fibre has more than
twice higher stress level during the initial pull-out and dropping at Smm to nearly
the same as CF1-A.

GF2 fibre in M3 is the only glass fibre with high fibre delamination stress. This fibre
has the smoothest surface compared to other glass fibre surfaces. GF1, GF4 and GF5
fibre fails at different stress levels (250-312 MPa), these fibres have one common
feature—their geometry is complicated which results in high fibre anchorage in
concrete matrix. GF1 has uneven shape due to manufacturing process and GF4, GF5
have undulated shape due to interlacing fibre braids.

From the Figs. 8 and 9 it can be seen that higher resistance can be achieved when
hybrid fibre manufactured with central glass fibre filaments and circumjacent carbon
fibres—CG1. Hybrid fibre CG1 has 15% higher peak resistance compared to GC1.
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Fig. 7 Average single fibre
pull-out behaviour curves
(stress—deformation) for
group of carbon fibres
(CF1-CF3) and glass fibre
(GF2), embedded in 25 mm
depth. Concrete matrix: M2

Fig. 8 Average single fibre
pull-out behaviour curves
(stress—deformation) for
group of carbon fibres
(CF1-CF3) and hybrid fibre
(GC1), embedded in 25 mm
depth. Concrete matrix: M3

Fig. 9 Average single fibre
pull-out behaviour curves
(stress—deformation) for
group of glass fibres
(GF1-GF5) and hybrid fibre
(CG1), embedded in 25 mm
depth. Concrete matrix: M3
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10 Conclusion

Mechanical load bearing capacity of the novel type of disperse concrete
reinforcement—short polymer composite fibres was investigated experimentally per-
forming single fibre pull-out tests. Results demonstrate that particular composite
fibre pulling out of the concrete force is dependent on concrete matrix compressive
strength, concrete matrix shrinkage during maturing, different fibres strength, fibres
geometry and each fibre outer interlayer mechanical properties. Concrete compres-
sive strength increase is leading to higher values of pull-out force. Adding fibre outer
surface roughness is increasing pull-out force and for some type of fibres are leading
to fibre rupture. Depending on concrete compressive strength and shrinkage, opti-
mal composite fibre structure can be obtained (length, diameter and outer interlayer
thickness).
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Influence of the Flow of Self-Compacting )
Steel Fiber Reinforced Concrete er
on the Fiber Orientations, a Report

on Work in Progress

Heiko Herrmann, Oksana Goidyk and Andres Braunbriick

Abstract This paper presents a report about work in progress of research on the
influence of the flow of SCFRC on the fiber orientations. Mechanical properties of
the short steel fiber reinforced cementitious materials mostly depend on the fiber
orientation and spatial dispersion. Many studies have shown that it is possible to
achieve the desired fiber orientation by optimizing the parameters of rheological
properties or the casting process. In order to improve the key mechanical properties,
multiple statistical experiments with various factors are needed. This paper analyzes
the influence of casting velocity and formwork surface quality on the fiber distribution
and orientation. A suitable technique for our method was to replace Steel Fiber
Reinforced Self-Compacting Concrete (SFRSCC) by a transparent polymer with
similar rheological properties as SFRSCC. Preliminary analysis of the experimental
results shows that the fibers tend to orient mostly perpendicular to the flow direction
and turn their orientation longitudinally near the walls. Experiments showed that the
fiber spatial distribution was affected by the casting velocity. Faster casting velocities
provided more preferable homogeneous distribution. Moreover, the roughness of the
bottom of the formwork demonstrated some influence on the fiber orientations but no
significant impact on the spatial dispersion. In addition, we used the image analysis
method to estimate fiber orientation and distribution.

1 Introduction

Steel fiber reinforced self-compacting concrete (SFRSCC) is increasingly used in
today’s building industry because of its alleged advantages over ordinary concrete,
however, the use in load-bearing structures requires additional reinforcement. Self-
compacting concrete (SCC) itself simplifies the casting process significantly due to
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the compacting capacity to entirely fill the formwork under own weight. The essential
advantage of using SCC is that it produces materials free of air voids and honeycombs
without using additional vibration [1, 2]. According to many studies, the use of short
steel fibers for reinforcing concrete has some advantages in the properties of the
material, for example, reduced brittleness, improved ductility, flexural and shear
strength of the material. Moreover, the fibers reduce cracking, drying shrinkage and
permeability of concrete and bridge cracks during loading and transfer of the load
[3-8].

Many studies have attempted to estimate the significance of fibers inside the
concrete matrix [7-10]. To evaluate this significance properly, it is essential to take
into account many factors. The properties of the short steel fiber concrete largely
depend on the full cycle of stages of producing SFRSCC from the mixing to the
hardening state. Firstly, the recipe of a mixture, the fiber content, fiber aspect ratio,
type, geometry and sizes of fibers are crucial. Secondly, it is required to consider the
rheological properties of concrete in a fresh state before casting (flowability, viscosity,
compacting ability, etc.). Thirdly, the casting and flow parameters, velocity, possible
vibrations and fiber orientations inside the concrete matrix after casting have major
influence on the properties of concrete [1, 9, 11-14]. In its turn, the fiber orientations
are also largely influenced by the flow of concrete, which depends on the formwork
geometry and formwork surface quality. Supposedly, a rough and sticky formwork
surface produces a different fiber distribution and orientation compared to a smooth
and non-sticky one [12, 15].

To obtain the desired fiber orientation that provides the improved mechanical
properties of material, the optimization of casting process is needed. For this pur-
pose, to detect the defects of the internal structure of the materials and to evaluate
the fiber orientation and distribution inside the cementitious composites, large vari-
ety of non-destructive and destructive methods have been proposed. The current
research mostly focuses on the non-destructive methods for estimation of fiber ori-
entation and distribution due to some significant benefits. The crucial advantages
of non-destructive methods in comparison with destructive are accuracy, reliability,
efficiency, cost saving and safety. The last benefit is extremely important, because of
most tests are completely harmless to people and all testing methods leave examined
samples totally undamaged. The most popular and frequently applicable in practice
in the testing of cementitious materials are x-ray Computed Tomography scanning
[9, 16-20], image analysis [10], conductometric (AC-IS) [21], electromagnetic [22,
23], ultrasonic [24] and acoustic [25-27] methods.

Together with non-destructive fiber orientation control methods, numerical sim-
ulations of fiber concrete and modeling the cracking behavior are widely used in
cementitious materials research.

Computational fluid dynamics (CFD) simulations are starting to become used
in the planning of SCC castings to investigate if the SCC flows around reinforce-
ment bars and can fill the complete formwork. CFD simulations need to be cali-
brated to benchmark cases, to make sure the numerical scheme works. For SCC
those benchmark cases have been proposed in [28]. However, only the final result,
not the filling velocity was compared. For SFRSCC the situation is much more



Influence of the Flow of Self-Compacting Steel Fiber ... 99

complex and factors that influence the fiber orientation and spatial distribution need to
be determined in order to propose relevant benchmark cases. Promising simulations
have been performed by Svec et al. [12], using a Lattice-Boltzmann approach and
immersed particles, and by Herrmann and Lees [15], using a Finite Volume scheme
for a Bingham-plastic and a tensorial equation for the fiber orientation distribution.
However, before these methods can be used on an everyday basis in production it
must be certain that the influential parameters in the casting process are identified.
The main purpose of the current research is to identify those parameters by analyz-
ing experimentally the fiber orientation under different casting factors and establish
the correlation between the fiber orientation, formwork surface quality and casting
velocity; moreover, to compare different casting methods and conditions.

Therefore, in this study numerical and experimental “simulations” of the fibers
inside of concrete mass are compared to real castings. The essence of this approach is
that the opaque concrete is replaced by a transparent and viscous polymer solution that
is similar to the rheological properties and parameters of the fresh self-compacting
concrete. For an initial comparison a small concrete plate was produced and subjected
to x-ray Computed Tomography to evaluate the fiber distribution and orientation. The
results obtained from the casting experiments with the transparent polymer matrix
in this research and those from the experiments with a concrete sample will be
compared.

2 Materials and Methods

In this section we will describe two different approaches to estimate the fiber ori-
entation and distribution: the first one is focused on the experiments with SFRSCC
specimens and further x-ray computed tomography technique (Sect. 2.1), the second
approach are “simulation experiments” and are concerned with a transparent polymer
mixture as replacement for the opaque concrete (Sect. 2.2).

2.1 Concrete Experiments: Fresh Concrete

In this study, we examined a slab of steel fiber reinforced self-compacting concrete
(SFRSCC) of dimensions 90cm x 60 cm x 20cm. The casting process was con-
ducted from a hopper positioned in the middle of the edge of the formwork. The
point of slump was located at one of the 60 cm edges, see Fig. 1. The formwork was
sprayed with a thin layer of oil before casting to simplify the further demolding pro-
cess. One side of the form was equipped with lifting anchors to simplify the lifting
of the slab.

The mix proportion of self-compacting concrete have been chosen by the producer.
Hooked end steel fibers were gradually added to the self-compacting concrete and
mixed. The fiber volume ratio was 0.5%. The fiber length and the fiber diameter were
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Fig. 1 Casting of a small
plate using a bucket and
half-funnel

Table 1 Fiber concrete data

Casting day 30.09.16
Slump (diameter) of concrete 75cm
Temperature 20°C
Density and Compressive strength at 3 day 2470kg/m> 48.2MPa
Density and Compressive strength at 7 day 2460 kg/m? 61.1 MPa
Density and Compressive strength at 28 day 2470 kg/m? 71.2MPa
2470 kg/m? 67.5MPa

60mm and 0.75 mm, respectively; the fiber properties are summarized in Table 2.
The properties of the hardened concrete are given in Table 1.

After hardening in order to make an orientation analysis with x-ray CT possible,
the slab was cut into three beams of 90 cm x 19.5 cm x 19.5 cm using a diamond
saw, as indicated in Fig. 2. The arrows represent the flow direction of concrete. One
of the beams contains the lifting anchors.
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Table 2 .Datr?l of used fibers: Length 60mm

Semtu WireFib 80/60; -

amount used 25 kg/m3 Diameter 0.75 mm
Aspect ratio 80
Number of fibers/kg n 4600
Tensile strength >1000 MPa
Coating uncoated
Steel quality EN 10016-2 C9

2.2 Simulation Experiments: Transparent Replacement
Matrix

The method used in this research is similar to that in [8, 29]. It is based on replacing
of SFRSCC by transparent polymer mixture, allowing observation of fiber orien-
tation and distribution during and immediately after the casting process. For this
experiment, a mixture was produced according to the manufacturer’s guidelines of
the Sodium PVM/MA Stabilizer. The experimental mixture consists of a stabilizer
powder, water and sodium hydroxide (NaOH). The mixture is produced in two main
stages. In the first stage, the stabilizer powder is dissolved in the water at room tem-
perature and the obtained mixture is neutralized with NaOH. The mixture should be
regularly shaken/stirred to achieve a better homogeneity and dispersion with minimal
amount of air voids and bubbles. The second stage ensures higher transparency and
gel viscosity of the experimental fluid. Finally, after multiple adding of NaOH and
frequent shaking, the PH of the obtained mixture was equal to 7. Then the mixture
was left for a couple of days to achieve better viscosity and transparency.

Before the casting experiments, the rheological properties of the mixture were
tested by means of the standardized slump flow test. The suitable mixture should
represent a homogeneous and visco-plastic fluid (shows Bingham plastic behavior).

Fig. 2 Layout of %
beam-cutting of small plate N %
A - =
~
Inlet = £
B B o
E = &
= £
e Ny = b S
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Fig. 3 Casting using a
bucket. 1: plastic box,
2: polymer with fibers,
3: 12 1 bucket

When the mixture was ready, the matchsticks fibers were gradually added in a
proportion of 3%. The length of the matchstick fibers was 50 mm and the aspect ratio
(fiber length/fiber diameter) was 25.

The main aim of the casting experiments was to investigate the correlation between
the casting conditions—e.g. formwork surface quality—fiber orientation and distri-
bution experimentally. For that purpose, the following series of experiments with
different casting conditions and formwork surface quality was performed:

1. Experiment with rough formwork surface and using a fixed pipe located in the
middle of the formwork edge;

2. Experiment with smooth formwork surface and using a fixed pipe located in the
middle of the formwork edge;

3. Experiment with rough formwork surface and using a bucket located in the
middle of the formwork edge;

4. Experiment with smooth formwork surface and using a bucket located in the
middle of the formwork edge;

5. Experiment with smooth formwork surface and using a bucket moving back and
forth along the formwork edge;

6. Experiment with rough formwork surface and using a bucket moving back and
forth along the formwork edge (Fig. 3).

2.3 Fiber Position and Orientation Measurement

Fiber position and orientations in real world are 3D, but here we only consider a
thin layer, the bottom layer and therefore use a 2D description, namely x and y
coordinates, and one angle 6, the angle between the fiber and the x-axis, counted
counter-clockwise.
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To describe the fiber orientation' and alignment” mathematically, several mea-
sures are common, the orientation factor, orientation number which are closely related
and based on a pre-set cross-section or preference direction. Mathematically more
sophisticated measures exist in the form of the orientation or alignment tensor and
the scalar order parameter [30-32].

The orientation factor relates the average fiber orientation to the number of fibers
crossing a given cross-section, e.g. a crack-plane:

NsA
=121 (D
Acvf

where A, is the cross-section area of the concrete under consideration, N is the
number of fibers in the cross-section A., A is the fiber cross-section and v is the
volume fraction of the fibers.

The orientation number calculates the average projected length of a fiber onto a
given direction, e.g. the normal to the crack-plane:

1 N
nzﬁZcos&, (2)

i=1

where 6; is the angle between the i-th fiber and a given axis, e.g. the x-axis.

The tensor-based orientation and alignment measures are based on the use of
spherical harmonical functions and an orientation distribution on a unit sphere, for
details, see [30-32]. The scalar order parameter is given as:
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where < - > denotes the ensemble average over all N fibers, d is the space dimension
and ¢; is the angle between the i-th fiber and the average orientation. The average
orientation can be obtained from the eigenvectors and eigenvalues of the second
order orientation tensor.

The scalar order parameter is independent of a pre-defined direction, as it describes
how well the fibers are aligned with each other. The eigenvectors of the alignment
tensor describe in which direction the fibers are oriented.

Fiber orientations and their alignment can be visualized by orientation ellipses,
whose major axes are oriented according to the eigenvectors and the scaling of the

1Orientation as in oriented in a (certain) direction.
2 Alignment as in aligned with each other.
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axes is according to the eigenvalues of the second order orientation or alignment
tensor.

(efx)* | (e3x)* _
() (&)

or, with all ellipses having the same major axis (assuming A; is the smaller eigen-
value)

(6)

(e{lx)z ((esz)zz —1. (7)
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3 Results of Casting Experiments

In this section the results of the analysis of the spatial and orientational distribution
of the fibers for the SFRC and for the “simulation” experiments with the polymer
matrix will be presented. The fiber orientations have been obtained from images of
the cast material. In the case of the SFRC, this has been x-ray CT images, and in the
case of the polymer matrix, photos have been taken after the casting. In both cases,
the fibers have been analyzed using the measurement tool from ImageJ [33].

3.1 Casting of a Small SFRC Plate: Fiber Orientations
and Spatial Distribution

The three beams have been scanned using a medical x-ray CT scanner. The bottom
layer of the volume images was then thresholded to show the fibers. In the resulting
image, the fibers were measured using the measurement tool of ImageJ with manual
identification of the fibers. This was necessary, as automatic fiber analysis was diffi-
cult due to the low resolution of the scanner compared to the fiber diameter and the
large sample diameter, which had caused noise and artifacts together with a strong
cupping effect.

The orientation and position analysis of the received data was performed using
self-developed scripts [34] in R [35] calculating the orientation tensor and its eigen-
values and eigenvectors and finally plotting [36] the orientation ellipses.

Figure 4 shows the results of the orientation and spatial distribution analysis.
As can be seen, the orientation distribution resembles one predicted for a slippery
formwork [15]. Especially the fibers are oriented mostly perpendicular to the flow
velocity.
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Fig. 4 Bottom layer of the beams in x-ray CT. Casting point was at the top of the middle beam.
The fibers are mostly oriented parallel to the flow front, meaning perpendicular to the flow velocity
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3.2 Replacement Castings: Fiber Orientations and Spatial
Distribution

Preliminary observations were obtained immediately after each experiment, which
show that the fiber orientation is mainly perpendicular to the flow direction but their
spatial distribution is quite different.

After each series of experiments, we obtained the images from above, which were
subjected to further image analysis. A typical image obtained during the experiment
is presented in Table 3.

The results of the spatial and orientational analysis for the different casting
schemes are presented in Figs. 5, 6, 7 and 8. As can be seen, the fibers are mainly
oriented perpendicular to the flow direction. The dependence of the orientational

Table 3 Matrix of experiments
bottom slow fast

smooth dry

smooth wet

rough dry
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Fig. 6 Fiber orientations, smooth bottom, slow casting
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Fig. 8 Fiber orientations, rough bottom, fast casting

(c) Fiber count per area

(c) Fiber count per area

(c) Fiber count per area

distribution on the smoothness of the formwork bottom is inconclusive. The spatial
distribution show a dependence on the casting velocity, with the fibers concentrating

in a narrower channel in cases of very slow casting.
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4 Conclusion

Several factors influencing the fiber orientations and placement in fiber reinforced
materials have been experimentally investigated. The experiments showed a surpris-
ing influence of the casting velocity on the spatial distribution of fibers, while only
small influence on the orientational distribution. The roughness of the formwork
bottom showed some influence on the fiber orientations but no significant influence
on the spatial dispersion. While some influences have been identified in this initial
study, further investigations are necessary.
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Image Data Processing to Obtain Fibre )
Orientation in Fibre-Reinforced L
Elements Using Computed Tomography

Scan

Jestis Minguez, Miguel A. Vicente and Dorys C. Gonzalez

Abstract Computed tomography (CT) technique is of increasing interest in research
related to concrete technology. This technology provides the possibility of visualize
the internal structure of concrete, including pores, cracks, aggregates and fibres. In
this paper, the CT scan is used to determine the position and orientation of the fibres
in case of steel fibre reinforced high strength concrete elements (SFRHSC). This
paper shows a home-made numerical procedure, automated through a MATLAB
routine, which enables, fast and reliable, get the orientation of each and every one of
the fibres and their center of gravity. The procedure shown can be used with any type
of fibre reinforced material, with the only restriction that a wide difference between
density of fibres and density of matrix is needed. The algorithm is simple and robust.
The result is a fast algorithm and a routine easy to use. In addition, the validation
tests show that the error is almost zero.

1 Introduction

During the last years there have been a significant increase in the use of fibres
(metallic and/or nonmetallic) as a substitute, in whole or in part, for rebar in high
performance concrete elements. This solution provides some interesting advantages.
The most important is the manufacturing cost reduction. In addition, fibres provides,
in general, a significant increase of the ductility of hardened concrete. This property
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is highly demanded, especially in the case of concrete elements that are subjected to
cyclic loading.

The most relevant disadvantage is that fibres reduce the workability of concrete.
The reduction strongly depends on the type of fibre and quantity, but, in general, a
relevant reduction of the workability can be observed. In addition, an increase of the
scatter of the workability can be observed.

There are many factors affecting the efficiency of the fibres. The most relevant
are the bond with the cement paste, their slenderness, the degree of dispersion in the
concrete mass and, in particular, their orientation.

All the mechanical parameters of hardened concrete are influenced by fibres:
compression strength, Young’s modulus, Poisson ratio, fracture energy, etc. However,
the most affected factor is the tensile strength.

Regarding to this last parameter, it can be highlighted that it is strongly influenced
by fibre shape, amount and orientation (e.g., [6-9, 11, 13, 20, 27]).

From a structural point of view, the fibres must be aligned with the principal tensile
stress directions. If it happens, the efficiency of the fibres reaches the maximum and,
in consequence, the minimum amount of fibres is required.

Up to date, the orientation of fibres inside concrete mass is a stochastic process,
which cannot be controlled. The orientation of the fibres within a concrete mass
depends on many factors, including the shape of the formwork, the concrete pouring
process and the relative size between fibres and aggregates. Many research efforts
have been carried out during the last years in order to understand and manage the
orientation of fibres inside the concrete [10, 17, 18, 22, 28].

In recent years, several methods have been developed for determining the domi-
nant orientation of the fibres. These techniques can be classified into two main groups:
indirect methods and methods using CT-Scan technology. These one can also be clas-
sified into semi-direct methods and direct methods. Next, the most relevant of these
methods are explained.

1.1 Indirect Methods

Indirect methods measure other material parameters that are related to the fibre
orientation. Some of the most typical approaches are discussed below.

The AC Impedance Spectroscopy method [14, 15, 23, 25, 26] measures the
impedance of an induced electrical current throughout the specimens, by using two
electrodes placed on the test specimen. Impedance values vary with the path of
electric current inside the specimen and it is strongly related to the overall amount
of fibres and orientation.

Similar to the previous one is the Impedance Over-Frequency technique [3]. Com-
pared to conventional AC Impedance Spectrometry, less expensive equipment is
required. Additionally, it can not only be adopted for laboratory tests but also for the
monitoring of elements already in place.
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Other technique is the Microwave Reflectometry. This method allows measure-
ment of the fibre concentration [1]. This principle of working is that steel fibres inside
a homogeneous concrete matrix affects the effective permittivity of the mixture. This
property depends on the volume fraction of the fibres and their aspect ratios.

The method of Magnetic Fields [4] is the most commonly used indirect method.
It is based on the fact that concrete shows a notably higher magnetic permeability
than fibres, under a magnetic field. The effective permeability parameter is used to
determine the concentration of fibres and their orientation.

All these methods show two main limitations. First, the results are notably sen-
sitive to the testing procedure; in consequence, different technicians may obtain
different results. Second, these methods can only be used with ferromagnetic fibres.

1.2 Methods Using CT-Scan Technology

The indirect methods do not provide accurate information about the fibre orientation,
only general information about dominant direction. Furthermore, they are not able
to provide singularities inside the specimen.

Up to date, computed tomography (CT) technology is the only one which allows
visualization of the exact position of each fibre within a hardened concrete mass.

1.2.1 CT Technology

Computed Tomography (CT) is a non-destructive technique used to analyze the
internal microstructure of materials, based on the property of x-rays. The tomography
equipment is composed of an emitter, which emits a ray at a given intensity, and a
detector, which registers the reception intensity of the ray. In the analysis, the object
revolves in front of the apparatus, consisting of the emitter, emitting rays in all
directions on the plane, and the detector. Post-processing of the signal to produce
attenuation-corrected images, which coincide with the measurement of attenuation,
means that the density of each point of the specimen under study may be determined.
This process is repeated for different sections of the specimen, thereby obtaining tri-
dimensional (tomographic) information. Alternatively, a conic beam of X-rays can
be emitted that are collected on a flat detector. In this case, only the specimen has
to revolve and relative displacement between the emitter—detector apparatus and the
specimen is unnecessary.

Nowadays, the use of this technology is very wide, from the most conventional
medicine to soil mechanics or concrete, passing through paleontology, heritage,
asphalts, metals, composites, etc. [24].

Both semi-direct and direct methods use the data obtained from the CT-Scan, but
in a different way, i.e., with a different post-processing protocol. Next, both methods
are described.
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1.2.2 Semi-direct Methods

The principle of working of the semi-direct methods is to analyse fibre orientations
in an indirect way through analyzing the positions of the pixels belonging to fibres
inside the specimen.

Itis worth highlighting the work carried out by Schnell et al. [19]. They have devel-
oped a procedure for determining the orientation of fibres through the determination
of their apparent length in the three space directions through the two-dimensional
analysis of the information in each of the three space directions.

In a similar way, Stroeven and Hu [21] propose the use of the stereology. This
technique is based on fundamental principles of geometry and statistics. The main
hypothesis of stereology is that some 3-D quantities can be determined without 3-D
reconstruction.

1.2.3 Direct Methods

The semi-direct methods show a higher accuracy than the indirect ones, but they
still show some deficiencies. They are not able to define the exact orientations of the
fibres individually. In consequence, it is not possible to determine multiple dominant
directions.

Direct methods also use the information obtained from computed tomography
scans. Once the 3D image of the especimen is obtained, and the voxels belonging
to fibre are identified and extracted, it is possible to cluster them to obtain each
individual fibre. Next, it is possible to determine the spatial orientation of each fibre.

This method provides the enormous advantage that the orientation of each indi-
vidual fibre can be obtained. Next, the dominant orientation can be defined using
statistical tools. Using this technology it is possible to detect whether there are two
or more dominant orientations inside the specimen.

Moreover, it is possible to extract smaller volumes from the whole 3D model
of the specimen, and analyse the orientation of the fibres in these smaller volumes.
Thus, for example, it is possible to identify differences in fibre orientations in the
different regions of the specimen (e.g. between the border region and the inner one).

The main limitation in the use of this technology is the development of post-
processing algorithms, able to manage the huge information provided by the CT-
Scan.

Some interesting works have been developed in the last years showing post-
processing algorithms.

An interesting work in this group of methods was carried out by Krause et al. [12].
This one proposes a mathematical technique to obtain the fibre orientations in com-
posites (including fibre reinforced concrete). This technique is based on the structure
tensor, which evaluates the average gradient direction in the nearby of a point x. In
addition, the structure tensor can be used to define a direction in which the image
information is constant, if such a direction exists. This leads to the computation of
fibre orientation.
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Table 1 Mix proportions

Cement Water Water Silica fume | Fine Coarse Fibre
(kg/m3) (kg/m?) reducer (kg/m?) aggregate | aggregate
(kg/m?) (kg/m?) (kg/m?)
400 125 14 6 800 1,080 1% by
Volume

Pastorelli, Herrmann and coworkers [5, 16], have developed an interesting proto-
col based on the Hessian matrix. This procedure improves some numerical problems
shown by previous ones; for example, it solves properly the common problem of
separating touching fibres. On the contrary, the solution is requires high computer
capacity.

This paper shows a new procedure to obtain the exact orientation of each fibre
inside the concrete specimen. This method shows two advantages above other meth-
ods (mainly the indirect methods). The first one is that the test is more accurate. The
second one is that the test is much easier and faster because it does not require large
laboratory facilities but only one CT-Scan.

The procedure shown can be applied to any type of fibre reinforced composites,
whenever there is a wide difference between density of fibres and matrix. Otherwise
CT-scan is not able to identify separately the pixels belonging to fibres from the
pixels belonging to matrix.

2 Experimental Investigation

A set of eight steel-fibre reinforced concrete cylinders 100 mm diameter, 200 mm
height have been built to validate the procedure to obtain the fibre orientation. Table 1
shows the concrete proportions.

In this case, steel hooked-end fibres, 35 mm length, | mm diameter were used.
The quantity of fibres used was 1% by volume.

Each specimen was scanned using a CT-Scan model Y.CT-Compact unit from
YXLON (Hamburg, Germany), property of the University of Burgos (Spain) (Fig. 1).
It is equipped with a 450-kV X-ray source and a line detector. This facility records
sectional radiographs of the specimen at different heights (Fig. 2a), spaced 0.1 mm
or more.

The characteristics of each image are shown in Table 2.

The result of this analysis is a set of 2-D 8-bits grey-scaled slices, where each
grey tone corresponds to a density value of the pixel such that the denser regions are
shown in lighter greys, while less dense regions are shown in darker grey. A total of
256 grey tones are considered. Pixels belonging to steel fibres show lighter shades
of grey.
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Fig. 1 Testing specimen inside the CT scan

The distance between slices is 0.5 mm, which is less than the thickness of the
fibres so that no fibres are “hidden” between two planes.

The numerical procedure have been implemented using a MATLAB (Mathworks,
USA) routine, specially developed by the authors. This MATLAB routine is com-
posed by several sub-routines.

A first MATLAB sub-routine identifies the pixels belonging to fibres in each slice
by considering only the grey tone pixels that correspond to the fibres and discarding
the others. Once the pixels belonging to fibres are identified, it is possible to build a
3D image including the fibres only. The procedure to identify the pixels belonging
to fibre is through the definition of a grey-threshold value in such a way that lighter
grey pixels belong to fibres and darker grey pixels belong to matrix (Fig. 3).

Once the pixels corresponding to the fibres are extracted, they are exported as
nodes to a data file. Each pixel has the following information: X, Y and Z coordinates
and grey-scale color (Fig. 2b)
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Fig. 2 Segmentation and core grouping procedure. a Example of a CT scan cross section image.

b Fibre separated from concrete matrix. ¢ Image filtered and fibre grouping

Table 2 Scanned image

characteristics

CT: Number of projections 720
DR: Number of lines 440
Multi-Scan: Number of slices 408
Multi Slice: Distance between two slices [mm)] 0.5
Magnification (Object centre) 1.33
Pixel size [mm] 0.124
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Fig. 3 Grayscale ordinary histogram (a) and cumulative histogram (b)

Section cuts

C o x> x> x> Fiberhorizontal projection

Fig. 4 Fibre section cut horizontal projection

This data file is processed by a second MATLAB sub-routine, which identifies
and groups those nodes belonging to the same fibre. The procedure is divided into
several phases. First, pixels belonging to the same fibre are grouped, inside each
slice. The clustering algorithm uses a limit tolerance related to the pixel size in such
a way that two pixels that they are closer than the tolerance belongs to the same fibre
(Fig. 2¢).

Next, the total amount of pixels belonging to the same group is checked and if
this number is small than the expected they are discarded. This is a filtering process
in order to avoid numerical noise.

Then the groups of pixels belonging to different slices are clustered. To do it, a
search algorithm with the same tolerance as the previous phase is developed. In this
case, if the horizontal projection distance between two points belonging to different
groups in consecutive cross sections is less than the tolerance limit, then they belong
to the same fibre and they are grouped into a fibre (Fig. 4). This process is repeated
in the following cross sections until there are no pixels to group into a fibre.
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Fig. 5 Linear regression of one individual fibre

Once the nodes are grouped into fibres, a linear regression is fitted for each fibre
(Fig. 5).

The equation of the fitted line provides the spatial orientation of a single fibre. In
addition, the center of gravity of each node cloud corresponds to the center of gravity
of the fibre. Figure 6 shows a MATLAB reconstruction of the fibre orientations.

The whole process is automatized consuming an average time of three hours for
each specimen in a conventional personal computer. The program requires only the
next inputs:

e Number of pixels of the image, in order to process the slices.

Slice pixel size, to assign X and Y coordinates, and also the tolerance limit for
grouping the fibres.

e Distance between the different slices, to assign coordinates Z values. To ensure
that the procedure has a high efficiency the distance between two sections cuts
should be smaller or equal to the fibre diameter.

Percentage fibre volume, to obtain the threshold limit.

Theoretical length of the fibre.
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M-

(@ _ (b)

Fig. 6 MATLAB 3D reconstruction of the fibre distribution of a specimen. Isometric (a), XY view
(b) and XZ view (c)

The flow diagram of the whole procedure is shown in Fig. 7. It is noteworthy that
there is not any manual step (except for the input data), which guarantees that human
errors are minimized.

The MATLAB program yields the following two data:

. . g
1. Orientation vector: v= (vy, vy, v;)
2. Centre of gravity: ¢ = (cy, ¢y, ¢;)

Using this information, the fibre orientation can be obtained and can be shown
in two different coordinate systems: the global Cartesian coordinate system and
the local Cartesian coordinate system (Radial-Circumferential-Vertical Coordinate
System) (Fig. 8). Next, both systems are explained.

2.1 Global Cartesian Coordinate System

The fibre orientation according to the global Cartesian coordinate system is as fol-
lows:
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1. X-axis orientation «, : corresponding to the angle between the line and the X-axis.
2. Y-axis orientation «, : corresponding to the angle between the line and the Y-axis.
3. Z-axis orientation «, : corresponding to the angle between the line and the Z-axis.

The orientation of this fibre is obtained as follows (Eq. 1):

Vx
cos(ay) = 7=
v
Vy
cos(ay) = =+ (D
v
Ve
cos(a;) = —+
v

Using the above mentioned information, it is possible to draw the histograms for
each of the three directions X, Y and Z. In all cases, abscissa axis shows the angle
and the ordinate axis shows the frequency. The results of the angles are shown in 10°
ranges.

The dominant direction of the fibres corresponds to the angles that exhibit the
highest frequency of occurrence.

2.2 Local Cartesian Coordinate System

In some applications, it may be interesting to determine the dominant direction of
the fibres in a local Cartesian coordinate system, where the X’-axis corresponds to
the radial direction, the Y -axis corresponds to the circumferential direction and the
7. -axis corresponds to the vertical direction. This occurs, for example, in specimens
that have outer and/or inner circular contours. Use of the local Cartesian coordinate
system can show this orientation, but this phenomenon cannot be observed using a
global Cartesian coordinate system.

First of all, it is necessary to define the local Cartesian coordinate system, as
shown in Fig. 9.

—

Next, it is necessary to redefine the orientation vector v = (vx/, Vys vz/) according
to this coordinate system (Fig. 9) using the following equation (Eq. 2):

Vy cos () sin(a) O Vx
vy | = | —sin(a) cos (@) 0 |- | vy (2)
Vg 0 O 1 Vs

The fibre orientations are obtained according to the local Cartesian axes X’, Y’
and Z’.
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2.3 Efficiency Factors

Next, efficiency factors of the fibres in each of the three directions can be defined as

follows:

1. X-axis efficiency e,: according to the X-axis
2. Y-axis efficiency ey: according to the Y-axis
3. Z-axis efficiency e,: according to the Z-axis.

These values are obtained according to the following equations (Eq. 3):

Ny

ey = Z (2 fr (axi) - cos (ax.i))
i=1
Ny

ey = Z (2 fy (@) - cos (ay.i))
i—1
Ny

e, = Z (2 f. (crzi) - cos (az))

i=1

where
Nj: number of bars of the histogram.

3)

fx (ax,i): frequency of each bar of the histogram corresponding to the X-axis

orientation.
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Fig. 10 Histogram X-axis (a), Y-axis (b) and Z-axis (c). Global Cartesian coordinate system

fy (ay,i): frequency of each bar of the histogram corresponding to the Y-axis
orientation.

fz (az,i): frequency of each bar of the histogram corresponding to the Z-axis
orientation.

The range of the efficiency factors is between 0 and 2. A value of 2 means that
the fibres are completely aligned with the corresponding axis. A value of 1 means
that the fibres are not oriented to this axis at all. A value of 0 means that the fibres
are orientated orthogonally to the corresponding axis.

Figures 10 and 11 show the average histograms of the specimen results.

Table 3 shows the efficiencies of the fibres in each of the three directions.

In this particular case, the results indicate that there is not a clear dominant direc-
tion because the efficiencies of the fibres are approximately 1 in all cases. It seems
that the fibres show a tendency orthogonal to vertical direction (along Z axis). In XY
or X’Y’ coordinate planes no dominant direction is shown.

In this case, according to the local Cartesian coordinate system, it can be concluded
that the contour has no influence on the fibre orientations.



Image Data Processing to Obtain Fibre Orientation ...

(a) 50
a5
)
35
30
2
20
15
0

0 .-..lllllllllll..---

L R R R e L e R s B Bt R A R R e e
=T VOE O =0l D

Fibre percentage (%)

Fibre percentage (%)
=]

W W W
(]

—

S
W B B A
th S W D

30

Fibre percentage (%)

125

0.-||ll-llll|||lll.

nnnnnn

v

el e]

vy iy wy
v‘n\ahoooo—mmv-n\ah

—_ MTNOEENS =T D

s IIIII- |
5
lllll ——

mmmnmmmnm

Fig. 11 Histogram X’-axis (a), Y’-axis (b) and Z’-axis (c). Local Cartesian coordinate system

Table 3 Efficiency of fibres

Cartesian coordinate system Local Cartesian coordinate system

Sample ex ey e; ex ey e;

1 1.12 1.08 0.65 0.98 0.99 0.65
2 1.14 1.03 0.73 1.20 0.90 0.73
3 0.98 1.15 0.70 1.25 0.85 0.70
4 0.99 1.16 0.75 1.22 0.99 0.75
5 1.15 1.11 0.77 1.18 1.05 0.77
8 1.18 1.09 0.82 1.29 1.02 0.82
7 1.11 1.05 0.71 1.33 0.90 0.71
8 1.13 1.07 0.65 1.24 0.98 0.65
Average 1.10 1.09 0.72 1.21 0.96 0.72
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2.4 Error Analysis

Next, the error related to this procedure is analyzed. In this case, the total error of
this procedure is the sum of the errors of the CT-scan and the error of the MATLAB
routine.

The uncertainty related to the CT-Scan process depends on equipment precision,
dimension of the testing and dimension of the fibres, among others. There is an inverse
relationship between image resolution, fibre diameter and error. It is suggested to
use the following criteria to guarantee an acceptable quality of the results (Eq. 4).

Fiber diameter

4)

pixel size

In this case, a “theoretical fibre reinforced specimen” has been developed. This
specimen has been performed using a 3-D drawing software and next, the slices
have been obtained. All of them have been exported to .bmp files and next they are
analyzed using our MATLAB routine in the same way as the slices provided by the
CT-Scan. A similar method has been used in [2].

In this case, the theoretical specimen contains 104 fibres. The orientation of each
fibre is known. The results obtained using the MATLAB routine have been compared
to the theoretical results (Figs. 12 and 13). The error is estimated using a least-squares
method. In this case, the angle error obtained is £0.41°.

The correlation coefficient between theoretical and MATLAB routine histogram
is shown in Table 4.
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Table 4 Correlation coefficient between theoretical and analysis histograms

1% ry rz

0.9985 0.9988 0.9995

3 Summary and Conclusions

This paper shows a novel technique, implemented in a MATLAB routine, to obtain
the fibre orientation in concrete specimens using CT-scan technology. This is a tech-
nology with a great potential in concrete technology because it is non-destructive
and, in consequence, the specimens are not damaged.
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Up to date, the main limitation in the use of this technology is the lack of post-
processing subroutines, able to properly manage the huge amount of data provided
by the CT-Scan.

The procedure shown in this paper is totally automatized and easy to use. It
provides the individual orientation of the fibres and their center of gravity. Using this
information, it is possible to obtain the dominant fibre orientation.

In this case, two coordinate systems have been performed: a global Cartesian
coordinate system and a local Cartesian coordinate system. The first system pro-
vides information regarding the fibre orientations along the X, Y and Z directions.
The second one provides information about the fibre orientations along the radial, cir-
cumferential and Z directions. The second coordinate system is useful in the case of
concrete specimens with circular formwork (as occurs with cylindrical specimens).

This technology could help the concrete industry in developing concrete casting
processes that lead to obtain proper fibre orientations inside concrete elements.
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Tunneling—Percolation Behavior )
of Graphene-Encapsulated Whiskers oo
as Electroconductive Fillers for Ceramics

Irina Hussainova, Roman Ivanov, S. Sudhir Kale and Iwona Jasiuk

Abstract A direct single-step catalyst-free CVD technique has been used for pro-
ducing alumina nano-whiskers covered by a few layers of defective graphene. The
hybrid whiskers have been then exploited as electroconductive fillers to oxide ceram-
ics. The electrically conductive additives do not substantially change the mechanical
properties. However, the resistivity of the composites undergoes a considerable drop
turning the dielectric oxides into conductive composites by addition of 2 vol% of
fillers. Three-dimensional Monte Carlo simulation of systems of polydisperse pro-
late ellipsoids, using the critical path based tunneling-percolation model, has been
exploiting for estimation of a tunnelling length-scale. The value of percolation thresh-
old is found to be 2.23 nm for the materials under consideration, with is in a good
agreement with experimental data.

1 Introduction

Miniaturization of ceramic components with complex shapes is a great challenge in
many applications. The main limiting factors are mechanical unreliability and poor
electrical conductivity, which make the materials difficult to be processed. Electro-
discharge machining allows producing complex-shaped parts but requires the use of
materials with sufficient electrical conductivity. Particular interest is currently paid
to fillers of a high aspect ratio and decorated by conductive nano-species for adding
required functionalities. Graphene-based additives are widely used for production
of nanocomposites with an expectation to impart outstanding mechanical, electrical
and thermal properties to the bulk host material. Moreover, graphene has received
a great deal of attention as a possible filler for dielectric ceramics in order to turn
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them into the electroconductive state. The combination of mechanical stiffness of
ceramics whiskers with electroconductivity of the deposited graphene can result in
a hybrid structure with the unique combination of properties [1].

Utilization of various nanocarbon structures requires a procedure for preparation
of different objects depending on specific needs. Recent studies on the growth of
single-walled carbon nanotubes on oxide substrates have proved the suggestion that
oxides can graphitize carbon 1. Among other methods, the chemical vapor deposition
(CVD) has been demonstrated as a suitable process for the cost effective synthesis of a
metal-catalyzed growth of the large-area graphene sheets. Although great efforts have
been applied to explore the direct growth of graphene on dielectric substrates, the poor
properties of the product produced with the help of a high-temperature synthesis or a
high-cost plasma enhanced chemical vapor deposition make the catalyst-free method
challenging [1, 2].

Several approaches have been proposed to synthesize graphene directly on insu-
lating substrates without transition metals as catalysts; however, all of them required
cost and time-consuming procedures. Our approach involves a single-step catalyst-
free CVD for fabrication of alumina nano-whiskers encapsulated by 1-3 layers of
graphene for further their application as electroconductive fillers to oxide ceramics.
A range of reinforcing and toughening agents such as carbon fibers, carbon nan-
otubes and, recently, graphene nanoplatelets have been incorporated into ceramic
matrices in an attempt to produce damage tolerant ceramic-matrix composites of
suitable conductivity.

Ceramic fibers and/or whiskers have found many applications as reinforcements in
composites for enhanced thermal and mechanical properties. Among a wide variety
of whiskers available on the market, alumina nanofibers have received particular
attention due to unique high-temperature properties and chemical stability.

The electrical conductivity is strongly dependent on an inter-filler separation. Due
to the wide range of possible applications, electroconductivity of ceramics is under
an intense consideration over the past decades as an in-depth understanding of the
various factors governing the electrical behavior is a crucial step in the advancement
of nanocomposites based technology. Generally, the conductivity of otherwise insu-
lating ceramics can be increased by several orders of magnitude by addition of highly
conductive fillers through the formation of a percolating network of electrically inter-
connected additives via electron tunneling [3, 4]. Because of great difference in the
resistivity of the fillers and the matrix, the effective conductivity of the composite can
be modeled as a tunneling-percolation problem with conductive fillers distributed in
a continuous non-conductive matrix [4]. The tunneling conductance varies exponen-
tially with the interparticle distance and the effective conductivity of the whiskers
network can roughly be estimated via the critical path approximation, which allows
geometrical consideration of the conductivity.

We propose a filler for production of electroconductive hierarchically structured
oxide ceramics by SPS technique. Analytical studies on polydisperse rods, based on
the mean-field assumption [5], have demonstrated strong sensitivity of the percolation
threshold to polydispersity and aspect ratio [6]. We report on oxide ceramics added
by homogeneously distributed nanofillers of a relative uniformity in length and high



Tunneling—Percolation Behavior of Graphene-Encapsulated ... 133

aspect ratio. The resistivity of the composites has undergone a considerable drop
turning dielectric oxides into conductive composites by adding about 2 vol-% of
nano-whiskers, which can be approximated by the prolate ellipsoids.

2 Experimental

As a matrix for composites, commercially available «-alumina, Al203, (Taimei
TMDAR, Japan; particle size of 100nm) powder was used. The alumina nano-
whiskers of aspect ratio of 103 and a single fiber diameter of 10+2nm were fab-
ricated with the help of chemical vapour deposition (CVD) process as detailed in
[2, 7]. After 40 min of treatment in methane, which was used as a source of carbon,
the mass gain of the graphene encapsulated whiskers was about 17%. Control of the
deposition parameters was performed by adjustment of the ratio between a carbon
source and hydrogen.

The oxide ceramics nano-powders were added by 1-7 vol% of fillers (C) and
dispersed in ethanol by a stick ultrasound (Hielscher UP400S) following the pro-
cedure outlined in [8]. The mixture suspensions were treated in an attrition mill
with zirconia balls of 3 mm in diameter for 1h and then dried and sieved in 100
mm sieve. The composites were densified using a spark plasma sintering technique
(Dr. SinterSPS-510CE, Japan) at 1400 °C under 40 MPa pressure for 10 min.

The microstructure was examined by scanning electron microscopy (SEM, Zeiss
Gemini Ultra-55) and high-resolution transmission electron microscopy (HRTEM,
JEOL 2200-S, Japan). Raman spectra were obtained with Raman spectroscopy
(Horiba Jobin Yvon LabRAM 300) at laser excitation energy of 514 nm.

The density was measured by a conventional geometric method. The Vickers
hardness and indentation fracture toughness (IFT) were determined using the Vickers
hardness tester Indentec 5030 SKV. The IFT was determined by the measurement
of the crack lengths produced by the indent following the procedure proposed by
Niihara for the Palmqvist cracks [9]. The reported numbers represent the averaged
values of at least ten indentations.

The room temperature electrical conductivity was measured on the prismatic bars
(25 x 6 x 5 mm) machined from the original sintered disk using the 4-probe DC
method with a potentiostat/galvanostat (Autolab PGSTAT 302N). Four platinum
wires were attached to the specimen with a silver paste (Electrolube ERSCP03B)
and connected to the terminals of the device. The electrical resistance was calculated
from the linear fit of the current—voltage data points obtained from the galvanostatic
tests in the range 1-10mA with a step of 1 mA.
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3 Results and Discussion

The SEM image of the precursor powder and the TEM image of the nano-whiskers
are presented in Fig. 1a, b. Carbon deposited onto the surface of the nanofiber is
rolled over the fibers longitudinal axis with some admixture of the opened graphene-
like layers. Raman spectroscopy has revealed a well-pronounced D-peak intensity at
1337cm™! suggesting a large amount of the defective graphene sheets as this peak
is related to the breathing modes of the six-atom rings and requires a defect for its
activation [10], Fig. 1c. The similar Raman spectra have been obtained for damaged
graphene [10] or multiwalled carbon nanotubes [10, 11]. Three most pronounced
features are the G-peak at 1580cm™!, D-peak at around 1350cm~"!, and 2D (or G’)
band at 2672cm~!. The G band, related to the C—C bond stretching, is the main
Raman signature for all sp2 carbons or graphene.

Table 1 lists the basic materials properties such as the density, Vickers hardness,
and indentation fracture toughness (IFT) as well as electroconductivity of the refer-
ence alumina and the materials added by the different amount of electroconductive
nanofillers. Incorporation of graphenated fillers into ceramic matrix does not result
in significant changes in hardness, but positively affects toughness reflected by an
increase in IFT.

Evolution of the electrical conductivity of the composites as a function of fillers
load is demonstrated in Table 1. Pure alumina may be considered as an isolator.

(c)

13374

15896

Intensity [a.u.]

2672.0

1000 1500 2000 2500 3000
Raman shift [em-1]

Fig. 1 FSEM images of the powder of alumina and whiskers (a), TEM image of the graphenated
whiskers (b), and Raman spectrum of the graphenated nanostructures (c)

Table 1 Mechanical and electrical properties of materials under consideration

Material Fillers, Relative Hardness, IFT, [MPa Conductivity,
[vol.%] density, [%] [GPa] m-1/2] [S m-1]

Al203 0 99.6 19.1 £33 294 +0.5 0

Al203 - 1C 1 99.9 195+ 2.1 387+1.3 1.7 x 10-12

Al203-2C |2 99.8 1975 £3.0 |4.63+£0.7 10

Al203-3C |3 99.7 203+ 1.5 496 +£ 04 14
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The addition of 1 vol-% of graphenated fillers does not result in any detectable
electroconductivity. The remarkable boost in conductivity of 13 orders of magnitude
was measured for the composite with 2 vol-% fillers indicating a percolation threshold
for intermediate nanofillers fraction. The electrical conductivity increases sharply
as the content of fillers is close to a percolation threshold, ¢., which is found to
be around 2 vol-% of fibers for the material under consideration. This amount of
fillers corresponds to only 0.2 vol-% of carbon content in alumina. The fillers are
electrically interconnected by quantum tunneling across the graphene sheets wrapped
around the fibers and electron tunneling is the major charge transport mechanism in
such composites3.

An effective electrical conductivity of composites can be estimated from the global
tunneling network (GTN) of the conductive fillers. The tunneling conductibility
diverges exponentially with the inter-fillers distance and the effective conductiv-
ity of the GTN can be predicted using the critical path approximation. The abrupt
increase in dc conductivity of the ceramics beyond ¢, can be treated as a contin-
uum percolation problem. Given the significant difference between the resistivity of
graphene encapsulated fillers and matrix material, the focus is set only on the net-
work of fillers. Moreover, the fillers can be modeled simply as hard-core impenetrable
prolate ellipsoids.

Instead of finding the effective conductivity by numerically decimating the GTN,
the conductivity can be geometrically estimated 4 as

_pd
o X oge “F, (D

where 6/2 is the thickness of the soft penetrable shell surrounding the hard particles
and &, is the shortest distance between particles, for which the fillers at a given
volume fraction form a percolating network.

The hard-core nature of fillers ensures that the fillers do not intersect each other in
the model. Therefore, the condition for any two fillers to be conduct electricity, i.e.,
the ‘connectedness criterion’, should be defined. For the large fillers, i.e., when the
smallest filler dimension is larger than a few micrometers, the electrical connected-
ness criterion is equivalent to physical contact between two fillers. However, when
the smallest filler dimension is of the order of a few nanometers, electron tunneling
becomes an important charge carrying mechanism. As a result, fillers that are not in
direct physical contact can still be connected electrically if the separation between
the fillers is in a range of a few nanometers. The tunneling effect is captured in the
continuum percolation model by introducing an additional length-scale A to define
the connectedness criteria. It is expected that A is in the range of 1-10nm and depends
primarily on the filler-matrix material combination. The connectedness criterion is
then defined such that any two fillers are electrically connected when the smallest
separation between their surfaces is smaller than A. It is equivalent to adding a soft-
shell of constant thickness A/2 surrounding the hard-core fillers and stating that any
two fillers are electrically connected when their soft-shells overlap. Therefore, the
¢. of composite can be modeled as a continuum percolation problem of hard-core
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fillers with soft-shells of thickness A/2. Using various analytical methods or numer-
ical modeling techniques3, [12], the ¢, can be determined if all information about
filler size, shapes and spatial distribution, and A is known. However, in practice, very
limited data on filler dispersion and distribution are available and moreover, A is not
known apriori.

It should be noted that A is a model parameter and is physically related to the
strength of tunneling interactions between two given fillers in the given matrix mate-
rial. Therefore, the initial objective of the modeling efforts is to use experimental data
to calibrate A for a given filler-matrix combination. This A can then be used to make
predictions about the effect of various filler attributes on ¢.. Analytical mean-field
assumption treating polydisperse rods have shown that the percolation threshold ¢,
is extremely sensitive to polydispersity. It was found that ¢, is inversely proportional
to the weight average of the length distribution; with increasing polydispersity, the
¢, decreases even if the mean length ‘L’ is fixed [5].

The schematic representation of the fillers is drawn in Fig. 2a, b. After powder
mixture preparation, the fibers are de-agglomerated and broken into whiskers of
around 1 pm in averaged length and aspect ratio of about 1000. The nanofibers
used in this study can be best captured using hard-core cylindrical fillers as shown
in Fig. 2b. The lengths L of the prolate fillers has a narrow distribution around
1 pm, following some distribution function depending on the processing rout. The
resulting higher moments of this length distribution are well-known to affect ¢, [5,
12]. The polydispersity in filler length distribution is captured by allowing the hard-
core cylinder length L to follow a size distribution that is experimentally observed.
The first-moment of this distribution < L >, i.e., the mean length and the second-
moment of the distribution < L2 > is relevant for the model. It is assumed that
all cylindrical fillers have the same diameter D. Moreover, the fillers are assumed
to be uniformly dispersed and isotropically oriented within the matrix. These are
reasonable assumptions since no significant filler agglomeration or preferential filler
orientation is observed. However, in general, apart from the aspect ratio and filler
size polydispersity, factors such as filler agglomeration and preferential alignment
of fillers are also expected to affect the percolation threshold [13].

The continuum percolation problem for the current study is to find ¢, for a given
A and a system of polydisperse hard-core cylindrical fillers with lengths L (following
a known length-distribution) and diameter D. As volume fraction phi of the fillers
added to the matrix increases, the average size of the clusters of interconnected
fillers (according to the connectedness criteria) also increases. Eventually, at the
critical volume fraction ¢, a sample-spanning infinite cluster of interconnectedness
fillers is formed that connects opposite ends of the sample resulting in the sudden rise
in the dc conductivity. To this end, the generalized connectedness percolation theory
can be employed to find ¢, when the average cluster size diverges to infinity [12]. A
Bethe lattice mapping approach 3 can also be used and gives the same results.

For the system of polydisperse cylinders with large aspect ratios (i.e., L >> D),
the percolation threshold is given as,
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Fig. 2 Schematic representation of electroconductive filler (a); and schematic representation of
the fillers modeled as hard-core cylinder with length L and diameter D and a soft-shell of thickness
A/2 (b); the fracture surface of the composite with fillers pointed by arrows (c); and fillers after
mechanical treatment (d)

D2

¢ =L,

@)

where L, = <<LL2>> is the weight-averaged length of the nanofibers and can be calcu-

lated from fillers’ length distribution. The long fibers strongly contribute to the devel-
opment of a percolation network, especially in case of large difference in length for
the longest and the shortest fibers. This observation is captured in Eq. (2) as ¢. would
be smaller for a system with larger second-moment < L2 > even if the mean-size
< L > remains unchanged. Eq. (2) has also been compared with numerical simu-
lations of polydisperse cylindrical fillers [4, 14] and is observed to be sufficiently
accurate for mean aspect ratios larger than 50. As the aspect ratios of nanofibers
in this study are well beyond this number, Eq. (2) can be used for analyzing the
experimental data.

In this work, the length-distribution is of a log-normal type with parameters u
and o. Given a log-normally distributed random variable L, u and o are the mean
and standard deviation of In (L). For both composites considered in this study ¢, ~
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2 vol-%, average length and diameter of the nanofibers after mixing are observed
tobe L =1 um and D=10nm, respectively. Log-normal distribution with o =1 is
observed to well capture the size-distribution of the fillers. With these inputs and
Eq. (2), the value of A is 2.23 nm, which is within the expected range. In this way, the
tunneling-percolation model of Eq. (2) was calibrated for the given system. As the
polydispersity of nanofiber lengths is incorporated into the model, the quantitative
estimates of ¢, can be obtained for any changes in filler length distribution due to
changes in processing conditions and procedures. Moreover, A obtained here can be
used as a good starting assumption for making predictions on other similar systems.
Considerable efforts, costs, and resources can be saved by focusing the experimental
studies on volume fractions around the predicted ¢. from the model.

The extremely high values of electrical conductivity up to 1000S m~! have been
reported for composites added by carbon nanotubes (CNT)16; however, the CNT
load needed to form composites with that value is comparatively high. As a result,
utilization of high graphene or CNT content leads to a considerable loss in mechanical
properties of the composite as compared to the monolithic pure zirconia or alumina.
Graphene augmented ceramic fibers used in this work contribute to building a perco-
lation network, which permits decrease in required amount of carbon. Moreover, the
incorporation of graphenated nanofibres renders maintenance of hardness at a high
level.

4 Conclusions

Usage of graphenated electroconductive prolate fillers are feasible for fabrication of
electroconductive ceramic composites, which otherwise are isolators. The low perco-
lation threshold enables production of the ceramics without deterioration of mechan-
ical properties but with electroconductivity that allows electro-discharge machining.
Experimental data on prolate fillers are analysed using modelling based on connect-
edness percolation theory. Value of A can be used as a good starting assumption for
making predictions on percolation thresholds of other similar systems.
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