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Abstract: Integration of fiber reinforcement in high-performance cementitious materials has become
widely applied in many fields of construction. One of the most investigated advantages of steel fiber
reinforced concrete (SFRC) is the deceleration of crack growth and hence its improved sustainability.
Additional benefits are associated with its structural properties, as fibers can significantly increase
the ductility and the tensile strength of concrete. In some applications it is even possible to entirely
replace the conventional reinforcement, leading to significant logistical and environmental benefits.
Fiber reinforcement can, however, have critical disadvantages and even hinder the performance
of concrete, since it can induce an anisotropic material behavior of the mixture if the fibers are not
appropriately oriented. For a safe use of SFRC in the future, reliable non-destructive testing (NDT)
methods need to be identified to assess the fibers” orientation in hardened concrete. In this study,
ultrasonic material testing, electrical impedance testing, and X-ray computed tomography have
been investigated for this purpose using specially produced samples with biased or random fiber
orientations. We demonstrate the capabilities of each of these NDT techniques for fiber orientation
measurements and draw conclusions based on these results about the most promising areas for future
research and development.

Keywords: steel fiber reinforced concrete; fiber orientation; non-destructive testing; micro-computed
tomography; ultrasound; spectral induced polarization

1. Introduction

In recent decades, the addition of short fibers in modern structural concrete has been
a preferred option for improving the composite material’s performance under tensile
stress states. In relation to plain concrete, steel fiber-reinforced concrete (SFRC) shows
not only higher resistance to crack growth, and hence improved resistance to aggressive
substance diffusion and increased durability [1], but also enhanced tensile strength and
ductility. Frequent industrial applications of SFRC include high-performance slabs (such
as industrial floors, pile-supported foundation rafts and slabs on grade), tunnel linings,
refractory structures, silos, containers, impact-proof defence structures and prefabricated—
often prestressed—structural components. Because of the increasing trend for the use of
SFRC in several types of engineering structures, advanced knowledge and standardisation
with respect to this material becomes essential. The increasing interest in design guidance
for SFRC is reflected in, besides numerous scientific publications and dedicated conferences,
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the emerging guidelines and standards, e.g., in the fib Model Code 2010 and 2020 [2,3],
the German standard DIN 1045 and the associated DAfStb-Richtlinie Stahlfaserbeton [4],
the ACI 544.4 Guide to Design with Fiber-Reinforced Concrete [5] and, most importantly, in
the inclusion of provisions for the design with SFRC in the next generation of Eurocode 2 [6].
The design with SFRC strongly depends on the properties of the fiber reinforcement, such
as the dosage of the fibers (typically expressed in weight of fibers per total volume of
concrete), the material (steel, natural, synthetic), the dimensions (length and cross-section)
and the shape of the fibers (straight, crimped, hooked, etc.) Furthermore, modern design
concepts strongly rely on consistent and predictable overall distribution and orientation
characteristics for fibers in the hardened concrete mix, since the amount and inclination of
the fibers relative to the internal stress directions of the structural component have been
shown to significantly influence its load-bearing performance [7]. Alignment of fibers in a
parallel direction to the prevailing tensile stresses understandably increases the composite
matrix’s resistance in tensile rupture, and unfavorable fiber distributions and orientations
can even hinder the structural performance of concrete by inducing anisotropy and weak
regions in the material.

Fiber reinforcement in concrete aims to mainly arrest the concrete crack formation and
propagation, which generally results in an increased tensile strength, ductility, and durabil-
ity of the material. As seen in Figure 1, this effect is strongly dependent on the location of
the fibers within the concrete matrix with respect to the cracking, which in turn forms in a
nearly perpendicular direction to the tensile stresses in the material. These stresses are in
turn bridged through the fibers intersecting the crack. Obviously, this behavior is strongly
influenced by the orientation of fibers in relation to the principal tensile stresses (repre-
sented by the black arrows) and the resulting cracking planes. The fibers can, for example,
have an orientation parallel to the cracking plane (blue), they can have a random orientation
distribution in relation to the stress and crack planes (yellow), or be aligned parallel to the
tensile forces and perpendicularly to the crack plane (red). In the last case (red), an opti-
mum utilisation of the fibers’ cross section is expected, and hence the load-displacement
response can exhibit substantial ductility and possibly higher strength than plain concrete,
which would otherwise fail in a quasi-brittle manner after the crack initiation. The yellow
fibers represent the random distribution, which can still exhibit cracking stress retention
and, hence, ductility. In the most suboptimal (blue) case, fibers essentially do not contribute
to crack bridging, and, hence, concrete tends to behave similarly to a plain unreinforced
material. In fact, fibers in this latter orientation can even act as discontinuities in the
matrix and accelerate cracking. The fiber distribution and orientation strongly depends on
the casting conditions of the fresh mix as well as geometric constraints, and the effect of
casting-induced variations in fiber orientations on SFRC structural performance has been
shown in previous research [8-11]. Some methods to control the fiber alignment in fresh
concrete have also been proposed, e.g., by [12,13]. The effect of the fiber orientations on the
load-bearing performance of concrete is accounted for in current design guidelines [2,14] by
introducing a so-called fiber orientation factor, which reduces the nominal tensile strength
value of fiber reinforced concrete, accounting for favorable and unfavorable fiber alignment
effects as well as isotropy.

Figure 1. Indicative alignment of fibers in relation to tensile stresses and cracking in concrete, from left
to right: most favorable, with fibers (red) aligned with the tensile stresses; random (yellow), leading
to isotropic performance; and unfavorable (blue) with no fibers (effectively) bridging the crack.
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Given the critical effect that fiber orientation and distribution have on the strength
and failure pattern of SFRC structural components, NDT methods for evaluating fiber
orientation and distribution are needed. In addition to measurement systems that can
be applied in the lab on small samples, e.g., in [15], in situ testing techniques for large
structures need to be developed.

In this study, we focus on the application of methods, which have already shown some
value in this regard but have not yet really been systematically applied on samples with
defined amounts of fibers in different orientations.

Previous research has indicated that electrical resistivity could be a suitable tool for the
measurement of fiber orientations [16] and fiber-volume fractions in larger SFRC structural
components [17,18]. Dry cementitious materials are typically electrical insulators. However,
conducting materials added to the concrete, such as steel fibers, significantly decrease its
electrical resistivity. Nontheless, further research is still needed in order to precisely define
quantitative values of steel fiber distribution and orientation based on electrical resistivity
data. The frequency dependency of the electrical resistivity and, hence, the polarizability of
SFRC in the low frequency range has not yet been studied. It is conceivable that looking
at both the capability of a medium to conduct and to store electrical charges will give
deeper insight for material characterization. This can, for example, be done when the
spectral induced polarization (SIP) method is used for measuring the electrical properties
of a medium.

Recent research has also indicated that ultrasonic techniques may be useful for as-
sessing fiber orientation characteristics [19]. If such an ultrasonic-based method could be
validated, it would hold great potential, since ultrasound measurement techniques are al-
ready widespread within the civil engineering community and the capability of measuring
ultrasonic properties up to several meters in depth has been successfully demonstrated [20].
However, further research is still needed to determine the sensitivity and accuracy of
ultrasound for fiber orientation measurement, including ultrasound measurement quality
and consistency for varying fiber types, structural shapes, and concrete mixtures.

One of the most popular NDT methods for measuring the spatial distribution and
directional orientation of fibers in concrete in the lab is X-ray computed tomography
(CT) [21-23]. When used for analysis of SFRC, this method typically relies on the fact
that the fibers have significantly higher X-ray attenuations than the surrounding concrete
material. The primary drawbacks of this method are, however, that specimen sizes tend to
be limited and that X-ray CT cannot easily be used on-site in actual structures. Regardless,
the accuracy of fiber measurement using X-ray CT on small specimens makes it an ideal
method for calibrating or validating fiber measurements using other NDT techniques.

The study described in this paper was undertaken in order to assess the general
sensitivity of the ultrasonic and SIP methods for fiber orientation measurement and to
identify promising areas for future research. To accomplish these goals, specimens with
varying controlled, casting-induced fiber orientation characteristics were fabricated and
subsequently measured using ultrasonic and SIP measurement systems. Following these
measurements, the specimens were scanned using X-ray CT and fiber orientation analyses
of the resulting CT images were carried out. The goal of these CT-based analyses was to
provide precise fiber orientation data for validation of the results of the ultrasonic and
SIP measurements.

2. Materials and Methods
2.1. Sample Material

In the framework of the investigations presented herein, five samples with varying
fiber alignments were produced and tested. For the sample examinations, it was required to
create samples with randomly distributed fibers, and with fibers aligned parallel and trans-
versely to the sample main axis. Depending on the test type and configuration, different
sample dimensions were required: the samples used for ultrasound testing were prismatic
with dimensions of 80 x 80 x 300 mm, while the SIP- and CT-based evaluations used
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smaller cylindrical samples with a diameter of 50 mm and a length of 150 mm. The pris-
matic samples were initially cast as described below. Following ultrasonic measurement,
the cylindrical samples were extracted from these prisms through diamond core drilling
along their longitudinal axis.

The material used was identical for all samples: a concrete of class C35/45 having a
target mean compressive strength of 50 MPa. The mix included CEM 142.5 R cement from
the producer Phoenix Zementwerke Krogbeumker Holding GmbH & Co. KG at 344 kg/m?,
added water at 147 kg/m? (w/c =0.43), aggregates from the Rhine river plant of Hiilskens
GmbH & Co. KG with grading of 0/2, 2/8 and 8/16 mm at 779, 574, and 571 kg/m?
(or 40%, 30%, and 30%), respectively, and no further admixtures. Furthermore, hooked-
ended 5D Dramix® fibers 5D 65/60 BG (with 62 mm length and 0.9 mm diameter ([24])
and fy = 2300 N/mm?) were used. Fiber dosages of 80 kg/m? (or 1 vol.%) and 40 kg/m?
(or 0.5 vol.%) were realised in the samples (Figure 2, right). One sample was cast without
any fibers for reference. The air void content in all samples was estimated as ca. 1.5% per
mix volume.

Figure 2. Photograph of steel fibers Dramix 5D (left) and photograph during the sequential concrete
and fiber laying for orthotropic samples at the laboratory of the TU Dortmund (right).

In order to produce the samples, the concrete material was mechanically mixed in
a small laboratory concreting barrel without fibers. A portion was separated and kept
without fibers, then fibers were added in the rest of the mix and it was further mixed in
order to obtain a homogeneous spatial and orientational distribution of the fibers. This latter
material was then directly cast in prismatic moulds. In order to produce the samples with
orthotropically aligned fibers, the withheld plain concrete portion was cast sequentially in
layers, followed by a manual placement of the fibers in the desired alignment (Figure 2,
right). At intervals, the samples were compacted on a vibrating plate.

A photo of all prepared samples is shown in Figure 3. However, in this paper, we
will investigate and explain in detail the potential of the NDT methods using five selected
specimens as examples. These are three specimens with 40 kg/m? fiber content, where
the fibers are distributed longitudinally, transversely as well as randomly. Furthermore,
the results of a sample with 80 kg/m? fibers arranged longitudinally to the sample axis
and a sample without fibers are discussed. The samples with random fiber distribution,
and with fibers aligned parallel and transversely to the longitudinal sample axis are denoted
throughout the paper using the specifications *, | | |, and —, respectively. The fiber dosage
is stated in the sample name as either 40 or 80 according to their amount of fibers in
kg/m3. The specimen preparation was performed in the concreting facilities of the Building
Research Lab at the TU Dortmund. All samples discussed in the following are colour coded
in Figure 3. This colour coding will be further used throughout the paper consistently in
the presentation of results.

Ultrasonic (US) measurements generally have to be performed on relatively large
specimens in order to allow undisturbed wave propagation. Hence, the US tests were
performed first on the largest available test specimens, which in our case where the prisms
with 300 mm length and 40 mm edge length. Subsequently, cylindrical sub-samples were
extracted from these prisms, which were then used for the investigations with X-ray CT and
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SIP. Table 1 summarizes the properties of all samples discussed in this paper. Again, it has
to be noted that the cylinders are all sub-samples of the corresponding prisms (Figure 3).

Table 1. Summary of the SFRC samples used in this study, their geometric properties, fiber dosages
and fiber inclinations relatie to the longitudinal sample axis. Cylinders are sub-samples of prisms, as
shown in Figure 3.

Fiber Dosage Length Width/Diameter Fiber Inclination
Sample

[kg/m3] [mm] [mm] [deg]
Q40—Prism 40 300 80 90
Q40 | I | Prism 40 300 80 0

(40 B-40* Cylinder 40 150 50 random
Q40—Cylinder 40 150 50 90
Q40 | Il Cylinder 40 150 50 0
QOF Cylinder 0 150 50 -
Q80 I I'I Cylinder 80 150 50 0

Figure 3. Photograph of the cast prismatic specimens (following being cut halfway along their
length) and the extracted cylindrical sub-samples (left). The samples discussed in further detail are
color-coded. Close-up on a selection of cylindrical sub-samples (right).

2.2. Methods
2.2.1. X-ray Computed Tomography

The CT examinations were performed using a micro-CT system designed by BAM.
The system has a 225kV microfocus X-ray tube and a flat detector with 2048 x 2048 pixels
(Figure 4). From the 2000 projection images, taken during a 360-degree rotation of the
sample, a volume data set with 1001 x 1001 x 1981 voxels (i.e., 3D-pixels) is generated in
the subsequent image reconstruction. During each CT scan, an entire specimen was imaged,
which, given the specimen size, resulted in a resolution (voxel size) of 80 um. The X-ray CT
measurements were collected on all cylindrical specimens presented in Table 1.

Figure 4. Schematic of the X-ray CT measurement principle (left) and photograph of the used CT
system with SFRC sample placed on the rotating table (right).
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2.2.2. Spectral Induced Polarization

The resistivity measurements or, as typically referred to in geophysics, spectral induced
polarization (SIP) measurements were performed using a SIP-ZEL (Zentralinstitut fiir
Elektronik) device [25]. Electrical four-point measurements in Wenner configuration were
performed over a frequency range from 1 mHz to 45kHz. A sample holder similar to
the one described in [26] was used, the only difference being that it was larger and could
accommodate cylindrical samples of 50 mm diameter and 150 mm length (Figure 5, right).
An alternating electrical current was introduced across the outer steel caps and the potential
decay across the inner ring wires was recorded. The measured electrical resistivities are
complex values and can either be expressed as spectra of amplitude and phase or real and
imaginary parts. In the following sections, both amplitude and phase of the resistivity
as well as real and imaginary parts of the conductivity of our samples will be presented
(Figure 5, left). As the drilling of the cylindrical sub-samples from the originally longer,
prismatic samples required water cooling, all samples were dried at 40 °C for 24 h prior
to the measurement. For the galvanic coupling between the electrodes and the sample in
the SIP sample holder, we used 1.5% agar-agar gel. The SIP data were measured on all
cylindrical samples given in Table 1.

voltage V magnitude |p|

time shift At: ¢ = At-2n
current A T

signal

£
a
=
)
°
3
2
h)
c
o
©
€

phase [mrad]

S | S

1 1
frequency [Hz] frequency [Hz]

Figure 5. SIP signal for a distinct frequency (top left). The applied voltage V causes a subsequent
current A signal, which is shifted in time. The amplitude ratio of the two signals is the resistivity
magnitude |p| (in Om due to geometrical considerations of sample diameter and length) and their
time shift is related to as phase angle ® (in mrad or °) (bottom left). SIP 4-point measurement cell,
where the sample is placed in the middle and the electrodes are galvanically coupled with gel (right).

2.2.3. Ultrasound

An ultrasonic measuring system, consisting of a PC, a rectangular transmitter, a DAQ-
Pad (manufactured by NI) for data acquisition and two dry contact probes (manufactured
by ACS Group) for generation and reception of ultrasonic transverse waves was used. The
ultrasonic transmission pulse is emitted by the transmitter (T), passes through the test body
and is received at the receiver (R)s ( see Figure 6). The signal is then digitized using an
analogue-to-digital converter (A /D) and transferred to the PC via the USB interface. The
probes require no coupling agent and are pressed against the concrete surface of the test
specimens by spring force alone. The polarization of the ultrasonic wave in the concrete test
specimen can be altered by rotating the probes, as shown schematically for two polarization
states in Figure 6 (right). The probes have a centre frequency of fj; =50 kHz and are excited
with a bipolar square wave signal of up, =300 V. The measurements were carried out on
all the prismatic specimens shown in Table 1. Each specimen is measured with different
angles of polarization (0°, 45°, 90°, 180°, 225° and 270°). In particular, variations in the
signal spectra due to changes in the polarization of the ultrasonic waves were studied.
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Figure 6. Ultrasonic measuring system: block diagram (left), photo of the measurement set-up
(centre) and close-up, of the ultrasonic probes (right). In the close-up the polarization P of the
transmitters is shown in red.

3. Results
3.1. X-ray Computed Tomography (CT)

Fiber identification and orientation analysis was completed using the program VGStu-
dioMAX 3.3 (Volume Graphics GmbH). The results of the analysis are presented in terms
of spherical coordinates (Figure 7, top left). As the fibers are oriented in all three spatial
directions, this representation is the most suitable. In our opinion, a cylindrical coordinate
system (using polar coordinates supplemented by a Cartesian coordinate for the height)
would have been better to represent the data layer by layer focussing then only on the fiber
orientation within one respective cylindrical section in 2D. In this study, though, we aim to
analyse all fiber orientations in one sample in 3D.

In the spherical coordinate system we use, orientations are characterized by angles ©
and @. In the Cartesian coordinate system used for these measurements, the cylindrical
axis of the sample is denoted as the z-axis. The angle © represents the azimuthal angle in
the x-y plane from the x-axis, with 0 < ® < 360°. The angle ® represents the polar angle
from the positive z-axis, with 0 < ® < 180°.

Figure 7 provides fiber renderings and orientation histograms for all five cylindrical
samples shown in Table 1. The orientation histograms are shown in the form of orthographic
projections, where the centre of the projection is the z-axis (i.e., the cylindrical axis). Thus,
these projections represent, effectively, the portion of the fiber orientation histogram plotted
on the upper half of the sphere shown in the upper left of Figure 7. Since the fibers are
considered to be symmetric about their lengths, it is assumed that differences between the
lower and upper halves of the histogram sphere are negligible, which has also been verified
visually during data analysis.

During fiber orientation analysis, the fibers were not individually identified, separated
and analysed. Rather, composite orientation information was calculated for all steel fiber
material in the specimens. This means that the resulting orientation measurements contain
not only orientation data related to the primary axis of the fibers, but also orientation data
related to the hooked ends of the fibers. Although this effect introduces a partial distortion
of the data, the hook-based effects are considered to be acceptable given the relatively small
size of the fiber hooks in comparison to the overall fiber dimensions.

The “Fiber Composite Analysis” module automatically scales the colour coding in the
polar colour plot to the deviations found from the orientation with the highest frequency.
Since there is no fibre material in sample QOF, the module scales the colour coding to the
orientation values determined on dense aggregates. These aggregate related orientation
values are no longer visible in the samples containing fibres with the same parameter
setting. Therefore, the colour coding for QOF was manually adjusted so that the colour scale
is comparable with the other polar plot representations. Clear differences in the histogram
characteristics can, for instance, be observed between the three samples Q40—, Q401 | |
and Q40* in Figure 7.

3.2. Spectral Induced Polarization

The SIP data collected on all five cylindrical samples listed in Table 1 and the measured
real and imaginary electrical conductivities along with the amplitude and phase spectra
are plotted in Figure 8. Though all samples were measured in a dry state (meaning that
there is no significant pore fluid and electrical conductivity was not possible due to ion
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movement), we measured relatively low electrical resistivities between 10 and 800 Ohm*m
(Figure 8, left). Most of the samples, besides QOF which does not contain steel fibers,
moreover showed distinct polarization behaviour with absolute phase values well above
20 mrad. As could be expected, the sample Q80 | | | showed, due to its high fiber content,
the lowest resistivity magnitude and highest polarizability. These characteristics were
less pronounced for the three samples with 40 kg/m?3 fiber content. When comparing the
results of these latter three samples, Q401 | |, where the steel fibers are oriented along the
sample axis (and along the electrically induced current flow within the SIP sample holder),
features the lowest electrical resistivity amplitude. For the sample Q40%, where the steel
fibers are randomly distributed, the electrical resistivity increases and for sample Q40—,
where steel fibers are oriented perpendicularly to the induced current flow, we measure the
highest resistivity values for a sample containing fibers. Furthermore, from their electrical
polarization behavior, these three samples can clearly be differentiated. The sample Q401 | |

Cylinder is most polarizable, with up to —400 mrad. When the steel fibers are randomly
distributed (i.e., Q40* Cylinder), the electrical polarizability decreases to about —350 mrad
and when the fibers are perpendicular to the sample axis (and induced electrical field) (i.e.,
Q40—Cylinder), the polarizability becomes less than —50 mrad.

Figure 7. Spherical coordinate system , reproduced from Oesch et al. 2018 under the terms of the
Creative Commons Attribution 4.0 International License (https:/ /creativecommons.org/licenses/
by/4.0/, accessed on 28 November 2021), (top left) ). Fiber renderings and orientation histograms
for sample QOF Cylinder (top centre), Q80 | | | Cylinder (top right), Q40—Cylinder (bottom left),
Q40 | I | Cylinder (bottom centre), Q40* Cylinder (bottom right). Histogram radius: 0 < ® < 90°;
histogram circumference: 0 < ® < 360°.
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Figure 8. Spectral Induced Polarization spectra of steel fiber reinforced concrete samples Q80 | | |
Cylinder, Q40 | | | Cylinder, Q40* Cylinder, Q40—Cylinder and QOF Cylinder. Real and quadrature
parts of electrical conductivity (top) and resistivity amplitudes and phases (bottom).

Given that the concrete mix and the dosage of steel fibers within these three samples
was constant, we can assume that the observed differences in the electrical resistivity
behavior are due to the fiber orientation. Thus, we can observe, for instance, that the
position of the phase peak slightly shifts towards higher frequencies with increasing
amount of steel fibers tilted away from the direction of the induced electrical current flow
(which coincides with the long axis of the cylindrical samples).

3.3. Ultrasound

The greatest influence on the ultrasonic signals was expected from the specimen where
the steel fibres were oriented perpendicular to the sound propagation (specimen Q40—,
Figure 9 top). During the first measurement, the polarization of the ultrasonic waves is
0° and the fibre orientation is 90° (Figure 9, top left). The spectrum shows the centre
frequency of the probe at about 50 kHz and strong indications at about 42 kHz and 55 kHz.
In this figure, 15(f) | denotes the magnitude of the spectral density in arbitrary units (a.u.).
Then, the polarization of the ultrasonic waves was rotated by 90° from 0° (i.e., probe
polarization 90°, fibre orientation 90°, Figure 9, top right). Thus, the polarization of the
ultrasonic waves and the steel fibres are oriented parallel to each other. The magnitude
of the spectrum at about 50 kHz is lower and the higher frequency components are more
attenuated. In the Q40 | | | test specimen, the steel fibers are oriented in the direction of
sound propagation (Figure 9, bottom). By using a rotation of the polarization, changes in
the spectrum are also visible, but the influence on the test frequency and on the higher
frequency components is lower. While these measurements do suggest that fibre orientation
may have an influence on polarization-induced ultrasonic signal variations, the observed
correlations have a limited transferability. A more general validation would require a more
thorough measurement program.
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Figure 9. Probe polarization and fibre alignment (schematic), spectrum of the corresponding received
signals for the samples Q40—Prism (top) and Q401! | | Prism (bottom).

4. Discussion

The X-ray CT results provide both a qualitative and a quantitative demonstration
of the variations in fiber orientation characteristics amongst the specimens. In Figure 7,
one can visually observe that nearly all fibers within specimen Q40—Cylinder are well
aligned with the x-axis of the sample (i.e., perpendicular to the cylindrical axis). This result
is confirmed by the concentrations of fiber orientations measured at (®, ®) = (0°, 90°) and
(P, ®) =(180°, 90°), which are the spherical coordinate points corresponding to alignment
along the x-axis. Similarly, Figure 7 indicates that the fibers in specimen Q40 | | | Cylinder
are well aligned with the z-axis of the specimen (i.e., the cylindrical axis). For specimen
Q40* Cylinder, a relatively random scattering of different fiber orientations can be observed
(Figure 7). These analysis results, thus, confirm the successfulness of the casting techniques
in producing the desired controlled fiber orientation characteristics and can be used as a
baseline of fiber orientation information, against which the SIP and ultrasonic measurement
results can be evaluated.

In principle, it is conceivable that the measurement results of the non-destructive test-
ing methods are influenced by systematically different (air) pore contents in the specimens
due to the manufacturing process and that the observed properties could be distorted
as a result. Therefore, the pore radius distributions and the air void contents of the five
specimens were determined and compared. Air voids were considered to be those with
pore diameters greater than 160 um, twice the voxel size of the X-ray CT studies performed
here. Mercury intrusion porosimetry (MIP) was used as a reference method (compare
also [27,28]). For this purpose, 20-30 g of sample material was manually chipped off each
of the remnants of the prisms (after the cylinder samples had been taken), dried at 105 °C,
and examined by MIP. MIP is used to detect pore sizes down to approximately 3.6 nm.
Due to its underlying physics, however, only pore throat diameters can be determined
and the volume of wide pore areas (which can only be reached via narrow pore throats) is
attributed to the pore throats.

The pore throat diameter distributions are shown in Figure 10, the corresponding total
porosities in Table 2. The total porosities of all samples range between 12.14% and 15.19%,
but no systematic differences are observed: neither directly between the three samples with
40kg/m?3 fibre content, where the fibres were manually placed in different orientations,
nor with respect to the samples with 0 or 80 kg/m? fibre content. Thus, it can be concluded
that the casting process had neither a systematic influence on the overall porosity nor on
the pore size distribution of the samples.

The MIP method is not suited, though, for the detection of larger pores, as they are
usually accessed via narrow pore throats. However, these might be assessed using X-ray
CT. To determine the pore content within the volume examined with CT, a low image
grey value threshold for pores is used. The boundary between pore (air) and material
(cement) is defined by the determined material surface. The ISO threshold value air/cement,
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automatically determined by the software from the histogram analysis, serves as the starting
value for the automatic surface detection with local threshold values. In the CT analysis,
however, only objects consisting of two or more adjacent voxels are recognized as pores
in order to exclude noise (“false pores”). Consequently, only pores with a diameter larger
than 160 pm can be detected. The results are shown in Table 2. It is striking that the two
samples with longitudinally aligned fibers (Q80 I | | and Q40 | | |) show approximately
the same and, compared to the other fiber reinforced samples, somewhat lower amount of
large pores. This could, however, be due to the better radiolucency of the fibers and the
associated reduction of artefacts that are incorrectly recognized as pores by the automatic
analysis software. In the sample without fibres, the amount of large pores is only slightly
lower. The results may, therefore, be not very reliable due to the interference caused by
the steel fibres. Strictly speaking, the pore content can only be reliably compared if the
fibre orientation is the same. Thus, it is not possible to deduce the effect of the casting
process on the volume of large pores using the measurement data listed here. However,
given that the total porosities measured using MIP did not vary strongly in relation to fiber
distribution or orientation characteristics, it appears unlikely that porosity variations had a
major influence on the results of the SIP and US investigations.

Table 2. Porosities determined by X-ray CT and MIP in vol.% and BET surface area in m?/g.

0
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Sample >"160 um > 160 um > 3.6nm BET Surface Area
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Figure 10. Pore throat size distributions of all five samples determined with MIP.

The SIP measurements showed that our results support the findings of [16], which
showed that the main orientation of steel fibers in test specimens coincided with the
direction of the lowest resistivity. In the present study, we measured, however, not only the
resistivity, which has previously been evaluated by [16], but also the frequency dependency
of the complex resistivity by evaluating the polarization behavior of our samples. Our data
indicate that the phase spectra might be an even more sensitive quantity for measuring fiber
orientation than the amplitude spectra as the differences between samples with parallel
and perpendicular oriented steel fibers were even more pronounced. The works of [17,18]
both focus on the influence of fiber dosage (not their orientation) on the electrical resistivity
for samples prepared with random fiber distributions. The fibre dosage of our samples
(for instance, 0.5 vol% for Q40—, Q401 | | and Q40*) is at the lower end of what the other
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working groups used and it is conceivable that by evaluating both resistivity amplitude
and phase, we could extract information about fibre orientation and content at the same
time.

The observed changes in the ultrasound signal are not very strong and experience
has shown that this can also be caused by changes in the coupling. The test specimens are
relatively small compared to the ultrasonic wavelength. Due to reflections of the ultrasonic
waves at the sides of the test specimen and the superposition of different wave modes,
the results are not clear. Thus, further ultrasonic measurements on larger specimens are
necessary to confirm these initial promising results. The measurement of steel fiber content
and/or orientation with ultrasonic dry contact probes would have the advantage that the
concrete surface does not have to be prepared for a measurement. Other influencing vari-
ables like the grading curve, the pore structure, cracks or variations in the moisture content
of the samples were not regarded in this study. All these parameters can significantly
influence the results and sensitivity of SIP or US measurements. Therefore, further research
is needed.

5. Conclusions

SFRC is still a relatively new building material, which holds great potential for inno-
vative use and design approaches for future concrete structures. The assessment of SFRC
properties, such as fiber orientation and dosage, is still difficult, often requiring coring and
elaborate lab analysis. Our study focusses on the effectiveness of alternative methods to
extract this information non-destructively.

Evaluating the electrical behavior of SFRC samples, we found that both the resistivity
magnitude and phase (i.e., the material’s capability to polarize) are sensitive to the main
fiber orientation. It is conceivable that when both are measured, fiber orientation and
content can be assessed. Likewise, for the measured samples we saw that the transmission
amplitude of ultrasonic shear waves is slightly diminished and that higher frequency
components are attenuated when the polarization of the wave is parallel to the fibers’
direction. However, the dimensions of the test specimens have the same order of magnitude
as the ultrasound wavelength itself. This results in reflections of the ultrasonic waves from
the test body sides and a superposition of different wave modes in the received signal,
making the interpretation of the results difficult. In addition, variations in probe coupling
have an influence on the received signals. For this reason, further ultrasonic measurements
are necessary, using a larger number of test specimens with bigger dimensions, to further
investigate these first indications of an influence of the fibres on the ultrasonic signals.

The X-ray CT analysis provided quantitative measurements of fiber orientation as well
as visualizations of actual fiber distributions within the specimens. These measurements
not only verified the successfulness of the specimen casting technique in producing spec-
imens with controlled fiber orientations. They also can serve as a quantitative basis for
assessing correlations between ultrasonic or SIP measurements and actual fiber conditions.
An analysis of the statistical correlation between the quantitative fiber orientation data
measured using X-ray CT and the phase variations measured using SIP could yield useful
mathematical relationships that could be utilized as a basis for expanding fiber orientation
assessment using SIP to further applications (such as measurement of larger components
or of different fiber types). Such a statistical analysis is the planned topic of the authors’
future work in this area.
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