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ABSTRACT

This paper presents an investigation on the effect of magnetic orientation of steel fibers on the physical-
mechanical and electrical properties of a High Performance Fiber Reinforced Cement Composite. A sim-
plified magnetic circuit was proposed to align the reinforcement within the cementitious matrix. X-ray
Computer Tomography was employed to qualitatively access the fiber distribution in hardened speci-
mens. Physical and electrical properties were characterized by ultrasound propagation velocity and elec-
trical resistivity, while mechanical performance was evaluated by flexural and compressive tests.
Scanning electron microscopy was used to study the damage processes in the fiber-matrix interfaces.
Results showed that the magnetic circuit designed in this study was able to generate a preferential ori-
entation of the steel fibers, increasing the ultrasound propagation velocity and causing anisotropy in the
electrical properties. Furthermore, the modulus of rupture and toughness of the composite were signif-
icantly enhanced, leading to a feasible reduction in the critical fiber volume for bending when fibers are
aligned.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

The fast-evolving society has continuously demanded a signifi-
cant effort to develop advanced cement-based materials. High per-
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formance fiber reinforced cementitious composites (HPFRCC) have
been the subject of several researches, because their tailored and
multiple functionalized effectiveness may fulfill the requirements
needed for special structural projects [1,30]. The application of
these composites must overcome several challenges to achieve
the desired fresh and hardened state properties [2,3].
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HPFRCCs are particularly attractive because they may present
strain and deflection hardening behavior [4]. Due to the stabiliza-
tion of crack propagation provided by the fibers, the fracture
energy, the load bearing capacity and the pseudo-ductility of the
composite are significantly improved. The deformation of HPFRCCs
occurs by the formation and opening of multiple microcracks,
which reduce considerably the ingress of aggressive agents that
may cause detrimental chemical processes and reduce the durabil-
ity of the element [5,6].

It must be remarked that the critical steel fiber volume needed
to achieve that mechanical behavior surpasses 1% (78.5 kg/m?) [4].
Such amount of fibers may turn handling, casting and finishing
operations more complex, since the workability of the fresh mix-
ture may be reduced. Therefore, the matrix may not consolidate
properly, and fibers tend to present a random distribution, con-
tributing only partially to the load-bearing capacity of the compos-
ite [7].

Constant advancements in techniques to enhance the mechan-
ical properties of HPFRCC are crucial to overcome those concerns.
Zhang et al. [8] developed a novel device to cast HPFRCC in layers
and align the fibers, which resulted in significant increases of 24%
and 66% in first crack strength an ultimate tensile strength, respec-
tively. Huang et al. [9] developed a technique to align steel fibers
by controlling the flow and casting directions of fresh HPFRCC,
obtaining toughness values 65% higher than concretes with ran-
domly distributed fibers. Moreover, specimens produced by this
new casting process were significantly less degraded when
exposed to elevated temperatures [10].

Since steel fibers are ferromagnetic materials, they may be mag-
netically aligned, leading to an optimization crack stress redistri-
bution and to toughness enhancement [11]. By doing so, fiber
efficiency may be significantly improved and HPFRCC with lower
fiber contents may be obtained. In addition, complementary tech-
niques such as tomography [12], the inductive method [13], X-ray
radiography [14] and numerical simulation [15], may be used to
detect the quantity, orientation and positioning of the fibers. This
accomplishment may turn HPFRCC into a technically and econom-
ically competitive material for structural applications, where ele-
ments are subjected to unidirectional loads. Patents in this field
have been reported in the past focusing on conventional concretes
reinforced with steel fibers [16,17]. However, its application is still
uncommon in the context of construction engineering.

In this context, this research was proposed to evaluate the influ-
ence of magnetic alignment of steel fibers in the physical-mechan-
ical properties of a HPFRCC. A magnetic circuit was developed to
align steel fibers within the cementitious matrix. The mechanical
properties of HPFRCC containing randomly oriented and magneti-
cally aligned fibers were characterized in terms of compressive
strength, flexural strength and toughness. Mechanical properties
were correlated with image analysis obtained by X-ray computer
tomography and scanning electron microscopy. This analysis was
complemented by the determination of ultrasound propagation
velocity (UV) and electrical resistivity of each matrix tested.
Results showed a considerable enhancement on the mechanical
behavior of HPFRCC by fiber alignment and may have a relevant
repercussion on the applicability of this composite in structural
elements.

2. Experimental methodology
2.1. Design of the magnetic circuit
A magnetic circuit was used to generate a magnetic field cap-

able of aligning steel fibers within a cementitious matrix. This sys-
tem uses a pair of coils wrapped in a ferromagnetic core to produce
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a magnetic field. This setup allows magnetizing a specimen
through the air gap introduced in the magnetic core.

A scheme of a classic magnetic circuit made of a nucleus (a fer-
romagnetic material with a regular geometric shape) with a copper
wire wrapped-up in its parts is illustrated in Fig. 1-a. In this mag-
netic system, when an electric current I starts to flow through the
coils, a magnetic field H is established in the whole nucleus. The

magnetic vector field H may be expressed by using Ampeérés law
for magnetic materials, presented in equation (1).

%Cﬁ.ﬁ =1 (1)

where d7 is an infinitesimal oriented element of the curve C.
For the nucleus in Fig. 1-a, equation (2) may be applied

with N; and N, representing the number of turns in coil 1 and 2,
respectively, and / the length considering the center of the nucleus.

Thus, considering that the nucleus has a relative magnetic per-
meability u,, the magnetic flux density B is given by equation (3).

Ny + NI
B = oy H = ol = o] 3)

where i, represents the magnetic permeability of vacuum (y = 4
7 x 107 Tm/A).
It is possible to observe that the magnetic field is a function of

the number of turns, current, and the relative magnetic permeabil-
ity of the nucleus material. Equation (3) may be rewritten in terms

a)

ﬂ Ferromagnetic core

A

A

Ferromagnetic core

170 mm

Fig. 1. Scheme of a magnetic circuit: (a) containing two coils (N1 e N2) and a
ferromagnetic material as nucleus with a cross section A (red line represents the
magnetic flux); (b) with the air gap containing two coils and a ferromagnetic
material as nucleus (red lines represent the spreading of the magnetic flux). (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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of the magnetic flux (¢p). Assuming a uniform magnetic field nor-
mal to the section area A, the flux is given by equation (4).

With the information provided, a magnetic circuit represented
in Fig. 1-b was developed to align fibers in the HPFRCC matrix. It
was necessary to introduce an air gap on the original circuit system
to spread the magnetic flux through the air gap edges. Based on the
physical foundations, the orientation setup consists of two copper
wire coils with 2.5 mm diameter, and 126 turns around the silicon-
steel core. Therefore, the magnetic flux density possesses the north
and south poles on the edge of the core.

A power supply with 12 V output voltage and a maximum cur-
rent of 16 A were used to establish the electric current in the coils.
The rheostats were used to control the electric current intensity
(registered using multimeters). A magnetic flux density of
9.5 x 1073 T is obtained at the air gap edges when a current of
12 A circulates in each of the coils.

2.2. Materials

The cementitious materials employed to produce the compos-
ites were a commercially available high-early strength Portland
cement (CEM I 52.5R), silica fume (920U from Elkem Co.) and
metakaolin (Metacaulim HP ULTRA from Metacaulim do Brasil
Co.). The choice of using two pozzolans was based on particle sizes,
seeking to improve the packing density of the mixture. Table 1
summarizes the physical and chemical properties of the cement,
silica fume and metakaolin.

A quartz sand (Brasilminas Co.) with particle size distribution
ranging from 0.075 mm to 2 mm was used as aggregate. A polycar-
boxylate superplasticizer (Adiment Premium from Vedacit Co.)
with 30% of solid content was employed to provide adequate work-
ability to favor magnetic alignment of the reinforcement within
the matrix. The water/cementitious material ratio of the matrices
was kept at 0.3.

The composites produced in this study were reinforced with
short straight steel fibers (from Astra Co.) with tensile strength of
1100 MPa, elastic modulus of 210 GPa and specific weight equal
to 7850 kg/m?>. The length, diameter and aspect ratio of the fibers
were 12.5 mm, 0.5 mm and 25, respectively. According to the
Brazilian standard ABNT NBR 15530:2007, such fibers are classified
as R-I (type-class).

2.3. Composition and preparation of the cementitious matrix

Five mixtures were produced in this study and their composi-
tion is presented in Table 2. One of them was the control mixture
(MO), which did not contain steel fibers, and the additional four
mixtures contained fiber volume fractions equal to 1%, 2%, 3%
and 5% (M1, M2, M3 and M5, respectively). The inclusion of fibers
in the composites was performed by replacing the volume of the
matrix with the corresponding volume of fibers. For comparative
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purposes, mixtures containing fibers were produced with random
(RA) and aligned (AL) reinforcement. The nomenclature adopted
to identify the mixtures is ‘Mfiber volume’_‘spatial arrangement of
fibers'.

The following mixing procedure was conducted for the HPFRCC
production: first all anhydrous binders were mixed in a planetary
mixer during 1 min at low speed (rotational and planetary speed
equal to 140 and 62 rpm, respectively). Then 2/3 of the water
and 2/3 of the superplasticizer were added and mixed for 2 min
at high speed (rotational and planetary speed equal to 285 and
125 rpm, respectively). Subsequently, aggregates were added and
mixed for 1 min at low speed and additional 30 s at high speed.
The addition of the remaining portion of water superplasticizer
and steel fibers (when necessary) was conducted during 1 min at
low speed. Finally, a blend of 1 min at low speed was employed
to conclude the mixing process.

The workability of the mixtures was evaluated according to the
standard [18]. The spread diameter of MO, M1, M2, M3 and M5
was, respectively, 390 mm, 340 mm, 321 mm, 365 mm and
385 mm, with no bleeding nor segregation. After the characteriza-
tion of the fresh state properties, prismatic specimens for each
mixture (RA and AL) listed in Table 2 were produced.

2.4. Specimen preparation

The alignment of steel fibers within the matrix (mixtures AL)
was conducted using the magnetic circuit presented in Fig. 1.b.
The fresh cementitious matrix containing steel fibers was cast into
acrylic molds measuring 40 mm x 40 mm x 160 mm
(width x height x length). The casting process was carried out
from the center of the molds leaving the mixtures free to flow
towards the ends. After casting, molds were placed on a vibration
table and positioned in the air gap of the circuit (see Fig. 1). Right
after that, vibration (60 Hz) and magnetic field were simultane-
ously applied during 40 s. The magnetic field was used to control
fiber orientation, in order to generate an adequate magnetic torque
to align fibers. The magnetic field was generated with an electric
current equal to 12 A, which was adopted based on preliminary
experiments performed by the authors [19].

Once the alignment process was completed, molds were
removed from the magnetic circuit and stored in a cure chamber
with 100% RH and 23 + 1 °C for 24 h. Specimens were demolded
and subjected to thermal curing in lime-saturated water, at 53 °C
(+/- 2 °C) for 14 days. After this period, the specimens were
removed from the humid chamber and left in room humidity and
temperature for 24 h before the characterization of mechanical
and electrical properties.

2.5. Test methods

Table 3 summarizes the tests performed with the HPFRCC. All
the tests were performed at the age of 16 days. Their descriptions
are presented in sections 2.5.1 to 2.5.6.

Table 1
Physical and chemical properties of the cement, silica fume and metakaolin.
Cement Silica fume Metakaolin
Physical properties Density (g/cm®) 3.10 2.20 2.56
Size range (um) 0.2-80 0.015-1 0.1-50
Chemical composition (%) Al;,03 5.2 04 34.0
Ca0 63.3 0.2 0.1
SiO, 19.2 97.5 57.0
Fe,03 2.8 0.1 2.0
SO; 2.8 0.1 0.1
Others 6.7 1.7 6.8
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Table 2
Mix composition of the cementitious matrices analyzed.
Constituent (kg/m?) Mixtures
MO M1 M2 M3 M5
Cement 599.2 593.2 587.2 581.2 569.2
Metakaolin 257.6 255.1 252.5 249.9 244.7
Silica fume 65.9 65.2 64.6 63.9 62.6
Sand 1315 1302 1289 1276 1064
Water 179.7 177.9 176.1 174.3 170.7
Short straight steel fiber 0 78.5 157 235.5 392.5
Superplasticizer 25.7 25.5 25.2 24.9 244
Table 3 (@ 10 mm) 100 mm distant from each other. Specimens were loaded
Tests performed with the HPFRCC. at midspan by another steel cylinder (@ 10 mm) at a rate equal to
Test Specimen Reference 0.5 mm/min until the total displacement of 4 mm was reached. Load
X-ray computed Broken halves of prismatic 20] appllcatlop rate was controlled by the actuator displacement (linear
tomography specimens variable differential transducers were not employed).
Ultrasound propagation Prismatic specimen [21] Before the test, all specimens were rotated 90° in relation to the
velocity o ) casting direction. This procedure ensures flatness in load applica-
Electrical resistivity Prismatic specimen (221 tion areas and points of support. Flexural stresses were calculated
Three-point bending test Prismatic specimen [23] di . .
Scanning electron Slices of fractured prismatic [24] according to equation (5):
microscopy specimen 1.5PL
Compressive strength test Broken halves of prismatic [23] Of = 73 (5)
specimens 40

2.5.1. X-ray computed tomography

X-ray computed tomography (XCT) was performed in hardened
specimens of the composite M5_AL to assess the distribution and
positioning of steel fibers along its volume. Specimens measuring
70 mm x 40 mm x 13 mm (length x height x thickness) fixed
in styrofoam cubes were used for this test. XCT imaging was con-
ducted in a Carl Zeiss tomograph model METROTOM 800
(130 kV). A current of 200 nA was employed while the integration
point, Voxel and spot were equal to 500 ms, 56,06 um and 40 pm,
respectively. The 360° rotation images were then reconstructed to
obtain the 3D volume.

2.5.2. Ultrasound propagation velocity

Ultrasound propagation velocity (UV) was determined longitu-
dinally in all prismatic specimens (three per mixture) produced for
flexural tests. The equipment used was a model Pundit Lab, from
PROCEQ Co, coupled to 54 kHz transducers. Ultrasound propaga-
tion velocity was calculated by the distance between the transduc-
ers divided by the propagation time.

2.5.3. Electrical resistivity

The equipment used for the test was the Resipod from PROCEQ
Co, in the range from 1 kQcm to 1000 kQcm using a frequency of
40 Hz. This model has a probe size of 5 mm. The probes are equally
spaced 50 mm apart. Therefore, the inner probes have a 50 mm
spacing, and the outer probes have a spacing of 150 mm. The
equipment operates according to the principle of the Wenner
device [22]. A current is applied between the external probes,
and the potential difference is measured between the internal
ones. The resistivity obtained depends on the electrical properties
of the material and on the spacing of the probes. The electrical
resistivity was measured in all faces of the specimens (three per
mixture) produced for flexural tests.

2.5.4. Three-point bending test

All HPFRCC specimens were subjected to three-point bending
test at the age of 16 days. Tests were performed in a Kratos univer-
sal testing machine, model KE 20000MP, coupled to a 200 kN load
cell. Prismatic specimens were supported by two steel cylinders

where o is the flexural stress (MPa), P is the load applied vertically
to the prism (N) and L is the distance between the supports (mm).

The toughness of all composites subjected to the three-point
bending test was calculated as the total area under the load-dis-
placement curve up to 4 mm.

2.5.5. Scanning electron microscopy

Once the three-point bending tests were performed, the fiber—
matrix interfaces of the HPFRCC were investigated using scanning
electron microscopy (SEM). The equipment employed for the anal-
yses was a FEI Quanta 250. Thin slices (~7 mm) of the fractured
area of the prisms subjected to bending (40 mm x 40 mm) were
dry cut with a precision saw and coated with 20 nm of gold to
become conductive and suitable for conventional SEM analysis.
The microscope was operated using 25 kV of acceleration tension
and about 30 mm of working distance. The analyzed face was the
fractured face of the prisms.

2.5.6. Compression test

The uniaxial compressive strength of the HPFRCC was deter-
mined on halves of the prisms derived from three-point bending
tests (six specimens for each mixture produced). Despite the high
fiber contents used in the composites, manual separation of the
halves of the prisms was possible due to the geometry and reduced
length of the fibers. The compressive strength test employs a rigid
jig coupled to the testing machine to transmit the loads to the sur-
face of the HPFRCC specimen (40 mm x 40 mm). The same load cell
and actuator displacement rate employed for the bending test (see
item 2.5.4) were used for the compression tests. The compressive
stress was calculated by dividing the maximum load at fracture
by the area of the platens (1600 mm?). Similarly to the flexural test,
all specimens were rotated 90° in relation to the casting direction
before loading.

3. Results and discussion
3.1. Influence of magnetic alignment on fiber distribution
Fig. 2 illustrates the distribution of the fibers along the volume

of a M5_AL specimen after exposure to the magnetic field and
vibration. It is possible to observe that the distribution of fibers
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Fig. 2. XCT images and simplified scheme of the fiber positioning along the volume of prisms.
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within the specimen is not uniform. As expected, fibers remained
aligned in the direction of the magnetic flux. However, a clear con-
centration of fibers close to the edges of the air gap (point of max-
imum intensity of the magnetic field) and in the lower third of the
specimen (bottom face) is observed. Since both fiber concentration
points are important and affect the mechanical behavior of HPFRCC
in different ways, it will be discussed separately in the sequence.

When using a magnetic circuit combined with vibration of the
molds, fibers tend to align following the direction of the magnetic
flux just in front of the ends of the air gap, where intensity is
9,5 x 1073 T[19,22]. In this portion of the specimens, which is sub-
jected to compression tests, gravity action is not capable to move
the fibers to the bottom, which explains the large amount of fibers
adhered to the face closest to the circuit (Fig. 2).

Fiber concentration at the bottom of the molds occurs in part
due to the dipole-dipole interactions of the reinforcement [16].
The fibers under the action of the magnetic flux are magnetized,
and may be considered as magnets, magnetic dipoles, which tend
to align with the magnetic flux and suffer an attraction or repulsion
among themselves. Such process results in a tendency of fiber
overlapping and chain formation. As fibers are 3 times denser than
the matrix, fiber magnetization allied to the gravity action, vibra-
tion process and wall effect, leads the fibers to the bottom of the
molds. As reported by Alberti et al. [25], fresh-state properties,
consolidation procedures and wall effects are among the main
sources of anisotropy which affect fiber positioning and, conse-
quently, the mechanical response of fiber reinforced composites.

3.2. Determination of the ultrasound propagation velocity of HPFRCC

Fig. 3 shows the results of the UV along the longitudinal direc-
tion for both RA and AL mixtures. Comparing M1, M2, M3 and M5
with MO, it is possible to note that the inclusion of steel fibers
results in increases of the longitudinal UV. This behavior occurs
because fibers act as wave propagation guides, since ultrasound
propagation by metallic medium occurs around 27% faster
(~5900 m/s) [26] than in the cementitious matrix employed in this
study (4652 m/s). In addition, once the fibers are aligned along the
longitudinal direction of the specimen, the wave transmission
occurs more efficiently, resulting in further increases of the UV
average values.

Increases in UV in specimens with aligned fibers were observed
in M2, M3 and M5. Mixtures M2_AL, M3_AL and M5_AL presented
increases of the UV equal to 8%, 4% and 2%, respectively, when
compared to the random peers. The tendency for smaller differ-
ences in UV values between AL and RA with increasing fiber vol-
ume results from the lower distance between individual fibers
and greater volume of steel used in the composites with larger
amount of fibers (e.g.: 5%).

ba—l o L 111

—a— Aligned (AL)
1 —*— Random (RA) 5
] Matrix

/,*-*«AE—-—-7-777\5

Ultrasound propagation velocity (km/s)
(6]
|
T

AT T T T T 1
0 1 2 3 4 5]
Fiber volume fraction (%)

Fig. 3. Average ultrasound propagation velocity measured longitudinally in all
mixtures produced.

Mixtures M1_RA and M1_AL presented similar values due to the
low volume of steel employed in these composites. Besides, by
decreasing the fiber volume, the distance between individual fibers
increases. This distancing prevents fiber overlapping when the
reinforcement is oriented, leading to reductions in the ultrasound
propagation velocity.

3.3. Determination of the electrical resistivity of HPFRCC

Fig. 4 depicts the results of the electrical resistivity of random
(Fig. 4-a) and aligned (Fig. 4-b) mixtures as a function of the spec-
imen faces. A trend of reduction of the electrical resistivity with the
magnetic alignment is observed.

Specimens containing randomly oriented fibers present statisti-
cally equal values of electrical resistivity in all specimen faces
(Fig. 4-a). Such isotropic characteristic demonstrates a uniform
fiber distribution along the prismatic specimens containing 1%,
2%, 3% and 5% of fibers. In these specimens, a trend of reduction
of the electrical resistivity with increasing fiber volume was
observed. The only exception is the mixture M3_RA, which pre-
sents statistically equal values of electrical resistivity to those
observed for M2_RA (considering the averages of the four faces
as group of samples).
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Fig. 4. Electrical resistivity as a function of the faces of the specimens: (a) random
orientation and (b) magnetic orientation.

Specimens containing aligned fibers present the opposite
behavior (Fig. 4-b), and significant resistivity reductions are
observed for the side and bottom faces of the specimen, which
are regions with higher concentrations of fibers (Fig. 2). As the
top face of the specimen has few fibers (see Fig. 2), the electric cur-
rent is transported only by the ions in the matrix pore solution,
increasing its electrical resistivity. The bottom face has the highest
amount of fibers, as evidenced by XCT images (Fig. 2). This is due to
the dipole-dipole interactions that promote fiber agglomeration,
leading the fibers to the bottom of the molds, as mentioned in
3.1. In this situation, the bottom face is rich in metallic fibers,
which reduces its electrical resistivity and makes it more conduc-
tive than the other faces.

3.4. Flexural behavior of HPFRCC

Fig. 5 shows typical stress-displacement curves obtained from
the flexural tests grouped by fiber content. The red dashed curves
represent the flexural behavior of mixtures with aligned fibers
(mixtures AL). The continuous black curves represent the speci-
mens with randomly oriented fibers (mixtures RA). The curves
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obtained indicate a deflection softening behavior for the mixtures
M1_RA, M1_AL, M2_RA, M2_AL and M3_RA. All other composites
presented a deflection hardening behavior.

Table 4 presents the average results of modulus of rupture
(MOR) and toughness up to 4 mm displacement. As may be
observed, the flexural performance in terms of MOR and toughness
are higher in mixtures AL than in mixtures RA for all the fiber con-
tents evaluated. This behavior was more pronounced for the com-
posite M5_AL, which presented increases of MOR and toughness of,
respectively, 72.6% and 114.6% in comparison to the M5_RA. It is
likely that, in the case of the mixture M1_RA, the incorporation
of random fibers has impaired the matrix compaction, generating
MOR values lower than those observed for MO. It is also important
to remark that fiber orientation was capable to reduce the critical
fiber volume for bending, which may be clearly observed on
Fig. 5-c.

These large increments obtained with magnetic alignment
reflect the preferential orientation of the reinforcement, as well
as the fiber concentration in part of the tensioned region of the
prisms, previously discussed in the item 3.1. It is important to
remark that specimens were rotated 90° in relation to the casting
direction before the bending tests. That is why the emphatic note
that the fibers are deposited in part of the tensioned region of
the prisms.

Conventional SEM analysis performed on fractured prisms
showed that in mixtures RA, fibers inclined with respect to the
loading direction generated matrix damage (or spalling) in their
surroundings (Fig. 6-a). According to [27-29], such process reduces
the extension of the fiber-matrix interface as well as the pull-out
length, limiting the potential load bearing capacity of the compos-
ite. This trend is in total agreement with the lower toughness val-
ues observed for mixtures RA presented in Table 4.

In addition, Fig. 6 revealed that the failure mode of the RA spec-
imens occurred with the pull-out of the reinforcement, that is,
without fiber breakage (see the preserved fiber tip in Fig. 6-a). Such
behavior results from the length of the fibers (12.5 mm) which is
below the critical value (~30 mm) necessary to promote its rup-
ture. This finding is important since it excludes the idea that the
reduction of MOR and toughness in the RA prisms may be associ-
ated with the abrupt rupture of the reinforcement, sometimes
common for inclined fibers [27-29].

Fig. 7 presents the Hoerl fitting to correlate toughness with the
fiber volume employed for the HPFRCC production [30]. It is possi-
ble to observe that the magnetic alignment leads to a remarkable
reduction in the fiber volume necessary to reach a certain value
of toughness. For example, using 2% and 3% of random fibers,
toughness values of around 9.5 ] and 13.2 ] are obtained (see
Table 4). In the case of specimens with aligned reinforcement,
same toughness values are obtained with around 1.7% and 2.2%
of fibers respectively, reducing the need of V¢ in 15% and 26%.

Another interesting point is that the toughness enhancement
for an increase of 1% in fiber volume is significantly different
depending on the orientation method. Comparing the average
toughness gain between the M2 and M3 for both cases, RA and
AL (Table 4), is it possible to note values practically 30% grater
for the AL case. This fact results from the greater amount of fibers
crossing the fractured section in the AL case. Studies reported by
Abrishambaf et al. [31] show that for composites reinforced with
3% of steel fibers (AL and RA), the amount of fibers / cm? in the frac-
tured section of the specimens can be almost 50% higher in the
case of oriented fibers.

It is believed that the greater distance between the toughness
fitting lines RA and AL for higher fiber volumes of 3% and 5% is
directly related to the dipole-dipole interactions discussed previ-
ously in the section 3.1. As reported by Wijffels et al. [12], the
shorter the distance between the fibers, the greater the tendency
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Fig. 5. Typical stress-displacement curves for HPFRCC specimens reinforced with 1% (a), 2% (b), 3% (c) and 5% (d) of fibers (AL and RA).

Table 4

Mean values and standard deviation of MOR and toughness (up to 4 mm displacement) obtained for the HPFRCC beams subjected to flexural tests.

Mixture MOR(MPa) A MOR*(%) Toughness™ (J) A Toughness™ (%)
MO 155+ 3.5 1.5+03

M1_AL 15.8+0.9 +71.7 4.0+2.0 +2.6

M1_RA 9.2 +0.6 39+0.7

M2_AL 21.7 £ 0.8 +22.6 142 £ 0.5 +40.6

M2_RA 177+ 04 10.1 £2.0

M3_AL 171 1.7 +5.6 175+24 +37.8

M3_RA 16.2+£0.3 12.7 £ 0.9

M5_AL 36.6 £ 0.8 +72.6 33.7+02 +114.6

M5_RA 21.2+1.0 15.7 £ 0.7

*Variation of MOR between composites AL and RA.
“Toughness determined from the area under the curve from 0 to 4 mm
""Variation of accumulated toughness between composites AL and RA.

of fiber overlapping and chain formation due to the dipole-dipole
interactions. Therefore, higher concentrations of fibers will result
in more fiber chains (i.e.: increased orientation factor), decreasing
the randomness of the reinforcement and consequently increasing
toughness. The increases in the ultrasound propagation velocity
and the reductions of the electrical resistivity in the AL specimens
confirm these observations.

3.5. Compressive strength of HPFRCC

Fig. 8 presents the compressive strength of the HPFRCC mix-
tures determined at 16 days. Average results obtained from the
six cubic specimens are given in Table 5. Similarly to flexural tests,
the inclusion of fibers provided improvements on the HPFRCC
compressive strength. Mixtures M1_RA, M2_RA, M3_RA and
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Fig. 6. SEM micrographs performed on fractured prisms with (a) inclined fibers (RA case) and (b) aligned fibers (AL case).
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M5_RA presented the respective compressive strength values of
4.9%, 14.6%, 21% and 36.4% higher than those obtained for MO.
Due to fiber alignment, the increases in compressive strength were
greater, reaching 8.3%, 23.6%, 30.8% and 44.7% in mixtures M1_AL,
M2_AL, M3_AL and M5_AL, respectively.

Specimens subjected to magnetic alignment presented com-
pressive strength values 6 to 10% higher than specimens with ran-
domly oriented fibers. Such distinct effect occurs due to the
orientation phenomenon associated with the concentration of
fibers at the specimen extremities (in front of the ends of the air
gap), where the compressive strength was determined. As previ-
ously discussed in the item 3.1, this process results in large
amounts of fibers intersecting the fractured sections of the AL
specimens, increasing compressive strength of these composites.
It is important to emphasize that, the concentration of fibers at
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Fig. 8. Relation between compressive strength and fiber volume fraction for
HPFRCC.

Table 5

Average values and standard deviation of com-
pressive strength obtained for the HPFRCC
cubes under compression.

Mixture Compressive strength (MPa)
MO 81.2+28

M1_AL 944+79

M1_RA 85227

M2_AL 1004 + 2.8

M2_RA 93.1+29

M3_AL 106.2 £ 4.0

M3_RA 98.2+28

M5_AL 117.4 £ 0.9

M5_RA 110.8 + 0.9

the ends of the specimens as well as their small size, make the
results not representative for HPFRCC with the indicated fiber
volumes.
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4. Conclusions

The following conclusions may be drawn from the experimental
campaign conducted:

- The designed magnetic circuit was capable to generate a prefer-
ential orientation of steel fibers within the high performance
matrix employed in this study.

- The dipole-dipole interactions stablished between steel fibers
resulted in fiber overlapping and chain formation along the bot-
tom face of the specimens. In addition, a clear concentration of
fibers occurred close to the edges of the air gap (point of max-
imum intensity of the magnetic field). The XCT analyses confirm
these observations.

- The orientation of fibers along the length of the prismatic spec-
imens resulted in increases of the UV average values for all
HPFRCC with fiber volumes above 2%.

- As evidenced by the XCT analysis, the concentration of fibers at
the extremities and bottom of the specimens containing aligned
fibers resulted in a trend of reduction of the electrical resistivity
on their side and top faces. However, the RA specimens pre-
sented isotropic characteristics, once similar values of electrical
resistivity were obtained in all faces evaluated.

- The magnetic orientation of the fibers improved the compres-
sive strength, MOR and toughness of the HPFRCC for all fiber
volume fractions studied. Both increments were more pro-
nounced for the mixture containing 5% of aligned fibers.

- Fiber alignment was capable to reduce the critical fiber volume
for bending. The stress-displacement curves obtained for the
composites containing 3% of random and aligned fibers confirm
this observation.

- Obviously, the magnetic alignment of steel fibers can benefit
the tensile performance of the concrete. It is believed that this
technique has a great future in the production of structural ele-
ments, especially thin ones, whose production employs
mechanical vibration (e.g.: tunnel segments, pipes and precast
elements). It is also believed that the advancement of the tech-
nique will depend on the use of new methodologies adaptable
to traditional methods of construction.
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