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Abstract: In steel-fiber-reinforced composites, when the direction of a steel fiber is parallel to the
direction of tensile stress, the capacity of the strengthening and toughening effect of the steel fiber
can be fully applied to the composites. In this paper, a method to control the direction of steel fibers
from one side surface of the mold full of a fresh mixture of steel-fiber-reinforced concrete using a
magnet composed of small magnet squares is proposed, which has the advantage that the approach
is suitable for specimens or elements with any size or shape. The influence of the method on the

orientation effect of steel fiber is explored, and the flexural properties of the specimens prepared

check for

updates by different orientation methods are compared and analyzed through a three-point bending test.

The test results show that the steel fibers in the mixture are successfully aligned by the magnetic
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treatment and the fiber orientation effective coefficient reaches 0.9 or more. The flexural properties of
the aligned steel-fiber-reinforced cementitious composite (ASFRC) prepared by the magnetic device
is significantly improved. The test results also show that the properties of the ASFRC prepared by

Steel-Fiber-Reinforced Concrete
Using a Magnetic Field Created by the new method are comparable with that prepared by the previous electromagnetic field in terms of

the Assembly of Magnetic Pieces. the fiber orientation effective coefficient and flexural strength.
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The addition of steel fibers can restrain the widening and propagation of cracks;
therefore, steel-fiber-reinforced concrete is widely used in flooring, pavements, bridge
decks, and other projects [1-3]. In practice, many structural members are often fixed in the
direction of force during service. For example, the bottom of beam members is subjected
to longitudinal tensile stress for a long time. Research on aligned steel-fiber-reinforced
concrete shows that it enhances the tensile and bending properties along the direction of
tensile stress. In the process of service, the stress of components generally has a constant
direction. Only the steel fibers parallel to the direction of the tensile stress reinforce the
matrix effectively. Therefore, steel fibers randomly distributed in the matrix may not
completely contribute to the improvement of the flexural property, which leads to the
= waste of fibers. To avoid this, the approach of optimizing the orientation of steel fibers is
necessary, and that is the purpose of this investigation.

Recently, a number of investigation have been carried out on the alignment of steel
fiber in cementitious composites using electromagnetic fields generated by solenoids in
their central closed space. Michels J. et al. [4] prepared aligned steel fiber mortar by placing
Attribution (CC BY) license (https:// the mixture into a hollow electromagnetic coil and vibrating table, in which the coil was
creativecommons.org licenses /by / wrapped with 100 turns of copper wire. Abrishambaf A. [5] used a setup that consisted
10/). of a copper wire coil wound around a U-shaped iron core to control the direction of
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steel fibers in ultra-high-performance concrete (UHPC). The setup can generate a uniform
electromagnetic field between the U-shaped legs. Based on electromagnetic treatment,
Mu et al. [6,7] successfully prepared aligned steel-fiber-reinforced cement-based composites
by using a uniform magnetic field in the solenoid cavity, and the steel fiber orientation
effective coefficient, which is the ratio of the tensile stress of the concerned specimen to
that of the specimen with a completely uniaxial fiber distribution, reached 0.9 or higher.
Wu [8] developed a setup to align steel fibers, which magnetically attracted the steel fibers,
and then placed the steel fibers on the surface of concrete layer by-layer to form aligned
steel-fiber-reinforced concrete. Ghailan D.B. [9] prepared aligned steel fiber self-compacting
concrete with the fiber orientation coefficient between 0.8 and 0.95 through a solenoid. The
methods mentioned above can effectively control the direction of steel fibers in concrete
mixtures, but the size of concrete elements is strictly limited by the effective electromagnetic
space, i.e., the space of the central hollow chamber of the solenoids. Therefore, it is difficult
to apply this to a real construction member. Therefore, it is necessary to develop an
approach that has no limit on the size of the specimens or structure members when the
steel fibers inside are aligned so that it can be applied in practical construction. Obviously,
the approach will promote the further application of aligned steel-fiber-reinforced concrete
in practice, such as floors, the ground, and bridge panels.

In this paper, a method that can be used to align the steel fibers in concrete from
one surface of real structures in construction was proposed. Firstly, the orientation device
that can control the direction of steel fiber from one side of fresh concrete was developed.
Secondly, the factors that influence the aligning of steel fibers were investigated, and the
parameters were optimized. Finally, the influence of the dosage and type of steel fiber and
the properties of the matrix on the alignment of steel fiber using a square magnet assembly
was studied. Based on the results of this investigation, it will be possible to align the steel
fibers in real structures in the future if the device developed can be combined with other
construction equipment, such as a consolidating machine.

2. The Preparation of the Aligned Steel-Fiber-Reinforced Concrete
2.1. The Method of Aligning Steel Fibers by a Nonuniform Magnetic Field

For the construction of steel-fiber-reinforced concrete structures such as slabs, floors,
pavement, and airports, if the steel fibers are aligned horizontally using a magnetic device,
the device that generating the magnetic field can only be placed outside of the structures.
At the same time, the magnetic line must be horizontal, and the magnetic induction should
be strong enough to drive the steel fibers. Obviously, the magnetic field generated by
the solenoids that are often used in the laboratory is not applicable because the effective
working space of the solenoid is very limited, and the structures cannot be placed inside.
The external magnetic field of a solenoid is similar to that of a bar magnet. The magnetic
line diverges outward from the two poles to form a closed arc curve (Figure 1), and the
magnetic induction intensity is very small. This article intended to assemble multiple
magnets (bar magnets) to make their magnetic fields interfere with each other to form an
approximately external plane magnetic field, which was used to align the steel fibers in the
floor concrete.

The key to align the steel fibers using an external magnetic field of the assembly of bar
magnets is to form a magnetic field with straight magnetic lines and constant magnetic
induction intensity. However, the magnetic lines of a bar magnet are curves and sparse, as
shown in Figure 1b, and the magnetic induction intensity is weak, which is not enough to
drive the steel fiber to rotate. The magnetic lines at the poles of a bar magnet are dense, but
the direction is radially towards or away the poles. Therefore, the magnetic field of a single
bar magnet is incapable of aligning steel fibers in concrete. When two bar magnets come
close to each other with different polarities, the magnetic lines between the two magnets,
as shown in Figure 2, radially point from the N pole of one bar magnet to the S pole of
another bar magnet. As the distance decreases, the magnetic lines at the gap between the
two magnetic poles will be denser and the magnetic induction intensity will be higher.
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Figure 2. The distribution of magnetic lines when the different magnetic poles of two bar magnets

approach each other.

As can be seen from Figure 3a, when three or more bar magnets are close to each other,
the arc-shaped magnetic lines on the same side appear as wave crests and the distance
between two adjacent peaks outside the blue dotted line is relatively far. The shorter
the bar magnet and the closer the distance between adjacent bar magnets, the closer the
distance between adjacent wave crests is. Wave crests outside the dotted line are similar to
a wavy line, and while the distance of the wave crests is infinitely close to a point, the wavy
magnetic line is approximately one straight line. Based on this principle, several magnets
with small thicknesses are assembled with each other to form a bar magnet. Due to the
magnetic leakage phenomenon between the small magnets, an external magnetic field
with a wavy (approximately straight) magnetic line is formed. The part outside the dotted
line tends to be a horizontal straight line, and the overall magnetic induction strength is
enhanced (Figure 3b).
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Figure 3. The distribution of the magnetic lines of combined bar magnets. (a) Three bar magnets;
(b) multiple bar magnets.
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If two identical assembled bar magnets (having the same direction) are parallel and
close to each other, the magnetic lines between the two combined bar magnets will become
denser, as illustrated in Figure 4. At the same time, the wavy magnetic lines, which tend to
be straight lines outside the blue dotted line, will become infinitely flat with the distance
decreasing (Figure 5). The magnetic field created between the two bar magnets, especially
the region between the blue dotted lines (Figure 5), may meet the requirements for aligning
steel fibers in concrete. After a trial test, the magnetic field of the assembly of magnetic
pieces worked, and steel fibers could be effectively aligned. Therefore, a special magnet
was made for the preparation of aligned steel-reinforced concrete, which was by firstly
assembling small magnet pieces to a bar magnet, then combining the bar magnets together
and maintaining the same direction for all the magnet pieces.

XX
X x X

Figure 4. Distribution of magnetic lines at the poles. (a) Single combined bar magnet; (b) two
combined bar magnets are parallel to the same pole.

Figure 5. The magnetic field line of a parallel pole combination bar magnet.

2.2. Preparation of Aligned Steel-Fiber-Reinforced Concrete

Based on the above-mentioned principle, several bar magnets were assembled and
used as the magnetic field orientation device. Comprehensively considering the require-
ments of surface magnetic induction intensity and the availability of magnets, rubidium
iron boron magnet pieces were employed, as shown in Figure 6a. A number of rubidium
iron boron magnets were assembled into bar magnets (Figure 6b), and several bar magnets
were combined to be a square magnetic field orientation device (Figure 6¢). The number of
magnet pieces is dependent on the size of the concrete samples.
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Figure 6. Experimental device for controlling steel fiber with a non-uniform magnetic field. (a) Rubidium iron boron

magnet; (b) bar magnet; (c) assembled magnetic field device.

The aligned steel-fiber-reinforced concrete (ASFRC) was prepared by using the square
magnetic field device developed above. In the preparation of the ASFRC, firstly, a plastic
mold was filled with a fresh steel-fiber-reinforced concrete mixture and then placed on
the compacting table. Before placing the device on the plastic mold, a partition board was
placed on the plastic mold to prevent the steel fibers in the mixture from being taken up
by the magnetic field. The detailed preparation setup of ASFRC can be seen in Figure 7.
After the magnetic device and partition board were placed appropriately on the mold full
of fresh concrete, the compacting table was switched on to vibrate for around 60 s. During
the vibration, the mixture was in a flow state and the viscous resistance of the mixture was
relatively small, so the fibers could be easily rotated under the driving of the magnetic
force. After vibration, the compacting table was switched off, and then, the magnet device,
as well as the partition board were taken off. The specimen was demolded after curing for
24 h, and ASFRC specimens were prepared.
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Figure 7. Preparation device for the aligned steel-fiber-reinforced concrete (ASFRC).

During the preparation of the ASFRC by magnet treatment using the magnetic field
device, both the viscosity of the matrix and the duration of magnetic treatment had an
influence on the alignment and distribution of the steel fibers in the matrix [10,11].

The viscosity of the matrix influences the rotating speed of steel fiber under the
driving of the magnetic force. A higher viscosity of the matrix may lead to the steel fiber
having difficulty rotating and the failure of the alignment of the steel fibers. However,
if the viscosity is too low, the steel fibers tend to sink. Therefore, it is critical to achieve
an appropriate viscosity that prevents the steel fibers from sinking, yet that permits the
rotation of the fibers under an external magnetic field. The viscosity of the matrix can be
adjusted by changing the amount of superplasticizer.
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The duration of magnetic field treatment also affects the alignment of steel fibers.
When the time is too long, the mixture will bleed and segregate, which cause the decrease
of the matrix strength. However, if the action time is too short, the steel fibers do not have
enough time to rotate, which leads to the poor quality of fiber alignment. The experimental
results showed that when the viscosity of the matrix was 0.8-1.2 Pa-s and the duration
of the magnetic field treatment around 60 s, a reasonable orientation distribution of steel
fibers was obtained.

The aligned steel-fiber-reinforced cementitious composite specimens with a size of
100 mm x 100 mm x 400 mm were prepared using the magnetic field device, in which
the volume content of steel fiber was 0.8%, 1.2%, and 1.6%, respectively, and the water to
cement ratio was 0.36 and 0.42, while that of cement to sand was 1:1.5. The specific mix
proportion is shown in Table 1.

Table 1. Mix proportion of steel-fiber-reinforced cementitious composites.

Water Water Steel
Type of Specimen Cement Water Cement Sand Reducer Fiber
3 3 3

Ratio (kg/m?) (kg/m?) (kg/m) (kg/m?3) (kg/m®)
ASFRC-1-0.36-0.8%5S 0.36 269 747 1120 14 62.4
ASFRC-1-0.36-1.2%S 0.36 265 736 1104 15 93.6
ASFRC-I1-0.36-1.2%H 0.36 265 736 1104 15 93.6
ASFRC-I-0.36-1.6%S 0.36 261 725 1088 1.6 124.8
ASFRC-1-0.42-1.2%S 0.42 307 731 1097 0.6 93.6

At the same time, the accompanying specimens having the same mix proportion, but
had random steel fibers and aligned steel fibers using the conventional electromagnetic
field in a solenoid were prepared [6]. The specimens were marked as ASFRC-I-W/C-
V¢ + S(H) and ASFRC-II-W/C-V¢ + S(H) to represent the aligned steel-fiber-reinforced
cementitious composite prepared by the magnetic field device and solenoid, respectively.
SFRC-W/C-V[ + S(H) represents the random steel-fiber-reinforced cementitious composite.
W/C and Vf are the water to cement ratio and steel fiber volume fraction, and S/H is the
type of steel fiber (S for straight circular fiber and H for hooked end fiber). For example,
ASFRC-I-0.36-0.8%S indicates that the specimen was prepared by the magnetic field of
the assembly of magnet pieces, a water to cement ratio of 0.36, straight circular steel fiber,
and a volume fraction of 0.8%. The raw materials used in the tests were ordinary Portland
cement P-O 42.5, natural river sand with a fineness modulus of 2.5, and polycarboxylate
superplasticizer. The physical parameters of the straight circular and hooked end steel
fibers used in the tests are shown in Table 2.

Table 2. Characteristic parameters of the steel fiber.

Type of Densi Average Equivalent The Ratio Elastic Tensile
Ste}éllaFib er (& /m?)’ Length Diameter of Length to Modulus Strength
& (mm) (mm) Diameter (GPa) (MPa)
Straight circular type
/Hooked type 7800 30 0.5 60 210 1150

The fractured cross-section and fiber distribution of the ASFRC and SFRC are shown
in Figure 8. It can be seen that in the ASFRC, the steel fibers aligned very well.
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(a) b)

Figure 8. The specimen of the steel-fiber-reinforced cementitious composites. (a) The fractured
surface of the ASFRC; (b) the fractured surface of the SFRC.

3. Results of Aligning Steel Fibers in Cementitious Composites Using the Device of
the Assembly of Magnetic Pieces

When the fresh SERC mixture is treated using the magnetic device, the factors that
affected the alignment of the steel fibers in the matrix include: (1) the magnetic induction
intensity of the device; (2) the distance between the surface of the mixture and the device.
Either increasing the magnetic induction intensity or reducing the distance can increase the
magnetic force applied to the steel fibers, thus improving the quality of the alignment of the
steel fibers. However, if the induction intensity is too strong, the steel fiber may be attracted
by the device, thus leading to the uneven dispersion of the steel fibers. To understand
this, in the preparation of the specimen ASFRC-1-0.36-1.2%S, the specimens were treated
using the magnetic device with different surface magnetic induction intensities (B=0T,
0.1T, 0.2 T, and 0.3 T, respectively) and the distribution of steel fibers at different positions
was checked.

The specimens were horizontally split into three layers, as shown in Figure 9, and the
distances from the splitting surfaces to the top surface of the specimen were 100 mm and
200 mm, which was also the distance between the magnetic device to the steel fibers at
the splitting sections. The orientation of the fibers on the top and splitting surfaces was
carefully checked. The orientation effective coefficient and dispersion of the steel fibers
at different depths of the specimen were analyzed by checking the direction of the fiber,
which is the angle (8) between the direction of the steel fibers and the axis of the specimen,
and counting the number of fibers (1) in the three sections. Then, the orientation effective
coefficient of the steel fibers in the specimen can be computed using Equation (1) [12].

Yiilxcost; 1
= S = Lcost M
where 774 is the orientation effective coefficient, [ is the length of the steel fiber, 6; is the
angle between the steel fiber and the axis of the specimen, and 7 is the number of steel

fibers in each part of the section of the specimen.

Upper surface

/ of mixture

K

Upper layer 7/
e ] /s
Middow layer
T ] v

Lower layer

Figure 9. The schematic diagram of the division of the specimen.
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The orientation effective coefficient (179) and the number of steel fibers (1) in the upper
layer, middle layer, and lower layer of the specimen section are shown in Table 3. It can be
seen from Table 3 that the orientation effective coefficient of the samples treated with the
magnetic device greatly increased compared with that without magnetic treatment (0 T).
Keeping the distance between the device and the surface of the specimen constant, the
orientation effective coefficient (7¢) increased with the increase of the magnetic induction
intensity. In the section at depth h = 200 mm, the orientation effective coefficient (4)
increased significantly with the increase in magnetic induction. In the middle layer with
a depth of 100 mm, when the device used had a magnetic induction intensity of 0.3 T,
0.2 T, and 0.1 T, the orientation effective coefficient of the steel fibers was 0.91, 0.88, and
0.79, respectively. Therefore, the increase in the magnetic induction intensity of the device
caused the improvement of the aligning quality of the steel fiber. Furthermore, based on
this, the range of the effective aligning depth of steel fibers in structures or members can be
determined according to the requirements and magnetic field induction intensity.

Table 3. The orientation effective coefficient (#4) and the number of steel fibers (1) in each part of the
cross-sections of the specimens.

0 mm 100 mm 200 mm
Type of Specimen o o o
n UL n UL n e

Upper layer 51 0.54 52 0.53 47 0.50

0T Middle layer 52 0.54 55 0.55 51 0.51
Lower layer 48 0.52 47 0.52 50 0.52

Upper layer 50 0.95 48 0.92 37 0.88

01T Middle layer 49 0.92 49 091 29 0.79
Lower layer 49 091 42 0.86 61 0.68

Upper layer 61 0.93 52 0.94 51 091

02T Middle layer 55 0.92 50 0.92 45 0.88
Lower layer 37 0.95 47 0.90 42 0.86

Upper layer 72 0.94 62 0.94 54 0.93

03T Middle layer 59 0.93 55 0.92 51 091
Lower layer 34 0.92 38 0.90 44 0.90

However, with the increase of the magnetic induction intensity of the device, the
magnetic lines around the device become dense, and the steel fibers in the mixture may be
attracted and move upwards or towards the magnet device, which affects the dispersion
of the steel fiber. Figure 10 shows the ratio of the amount of steel fibers in different areas
under the action of the device with various magnetic induction intensity. It can be seen
from Figure 10 that the proportion of the steel fiber in the upper layer increased from 34%
to 44% when the magnetic induction intensities increased from 0.1 T to 0.3 T, which is
due to the attraction of magnetic field of the assembled magnets device. Therefore, the
induction intensity of the magnetic field should be strong enough to align the steel fibers
in the matrix, but should not be too strong to avoid the movement of the steel fibers caused
by magnetic attraction.
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4. Flexural Properties of the ASFRC Prepared Using the Magnetic Field Generated by
the Assembly of Magnet Pieces

Through three-point bending tests, the properties of the ASFRC specimens prepared
using the magnetic field generated by the assembly of magnet pieces were compared with
that prepared using the electromagnetic field of the solenoid and the SFRC specimens with
a random distribution of steel fibers inside. In the preparation of the ASFRC specimens,
the magnetic induction intensity of the magnet assembly device was 0.1 T, and the distance
from the surface of the mixture to the device was 0 mm. The specimens are denoted as
ASFRC-I. The ASFRC specimens prepared by solenoid are denoted as ASFRC-II, and the
SFRC with random steel fibers is denoted as the SFRC.

4.1. Three-Point Bending Test

According to ASTM C1609 [13], 3-point bending tests were performed using speci-
mens with a size of 100 mm x 100 mm x 400 mm. The test approach is shown in Figure 11.
In the tests, the displacement control method was adopted, and the initial loading speed
was 0.1 mm/min. When the midspan deflection reached 3 mm, the loading speed was in-
creased to 0.5 mm/min. The experimental tests were stopped when the midspan deflection
reached 7 mm. The load and the midspan deflection of the test were recorded through the
load sensor and the LVDT, respectively, and thereby, the load midspan deflection curves
were obtained.

Load  s—
04l
¢ transducer Load
-.‘—
Test K._ transducer
Fixed bracket of Loadine — specimen ‘
displacement sensor head — Displacement Loading
sensor -+ head
\ —
Test specimen

Displacemen
G =] |—.J + tpsensnr

L

2]

L

Roller Roller
B support | *+— support
300mm =
Ll

*

L

400mm o4 100mm
L + >

Figure 11. Schematic diagram of the three-point bending test.
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4.2. Flexural Property

The flexural strengths of ASFRC-1, ASFRC-II, and the SFRC in each mix proportion
are shown in Table 4. It can be seen from Table 5 that compared with the SFRC, the flexural
strength of ASFRC-I was significantly improved in each mix proportion. When the fiber
volume content was 0.8%, 1.2%, and 1.6%, the flexural strength of ASFRC-I was 19.8%,
67.3% and 60.3% higher than that of the SFRC, respectively. Furthermore, the flexural
strength of ASFRC-I was comparable to that of ASFRC-II, which indicated that the aligning
of steel fibers in ASFRC-I using the assembly of magnets was successful.

Table 4. Flexural strength of ASFRC-I, ASFRC-II, and the SFRC.

Flexural Strength Flexural Strength

Group (MPa) Group (MPa)
ASFRC-1-0.36-0.8%5 5.98 ASFRC-1-0.36-1.2%H 11.46
ASFRC-II-0.36-0.8%S 5.96 ASFRC-1I-0.36-1.2%H 11.65
SFRCO0.36-0.8%S 5.22 SFRCO0.36-1.2%H 7.71
ASFRC-1-0.36-1.2%5 8.35 ASFRC-1-0.42-1.2%S 7.12
ASFRC-II-0.36-1.2%S 7.86 ASFRC-11-0.42-1.2%S 7.09
SFRCO0.36-1.2%S 4.99 SFRCO0.42-1.2%S 423
ASFRC-1-0.36-1.6%5 10.98
ASFRC-II-0.36-1.6%S 10.69
SFRCO0.36-1.6%S 6.85
Table 5. Toughness index of steel-fiber-reinforced cement-based unidirectional slab specimens.

Group P600 (kN) f60() (MPa) P150 (kN) f15() (MPa) T15() (J) Growth Rate
ASFRC-1-0.36-0.8%S 12.479 5.616 9.181 4.131 22.382 92.9%
ASFRC-11-0.36-0.8%S 11.765 5.294 9.667 4.350 22.030 89.9%

SRFRC0.36-0.8%S 10.276 4.624 4.745 2.135 11.600
ASFRC-1-0.36-1.2%S 17.741 7.983 13.457 6.056 31.515 54.8%
ASFRC-11-0.36-1.2%S 17.203 7.741 14.828 6.673 31.498 54.7%

SRFRC0.36-1.2%S 10.999 4.950 9.274 4.173 20.364
ASFRC-1-0.36-1.6%S 21.946 9.876 15.293 6.882 38.994 95.2%
ASFRC-11-0.36-1.6%S 22.128 9.958 16.810 7.565 38.303 91.7%

SRFRCO0.36-1.6%S 11.835 5.326 6.385 2.873 19.976
ASFRC-1-0.36-1.2%H 25.459 11.457 15.264 6.869 39.328 41.2%
ASFRC-11-0.36-1.2%H 24.219 10.898 18.174 8.178 42.754 53.5%

SRFRC0.36-1.2SH 16.621 7.479 11.752 5.288 27.844
ASFRC-1-0.42-1.2%S 4.541 6.543 11.937 5.372 27.354 148.2%
ASFRC-11-0.42-1.2%S 13.526 6.087 10.821 4.869 25.151 128.3%

SRFRCO0.42-1.2%S 5.421 2.439 5.328 2.398 11.019

4.3. Flexural Toughness

The load-deflection curves obtained from the three-point bending test are depicted
in Figure 12. It can be seen from Figure 12 that the ascending branches of ASFRC-I and
the SFRC in each group basically coincide. However, the peak and the descending branch
of the curve of ASFRC-I is much higher than that of the SFRC, which indicates that the
flexural toughness of ASFRC-I was improved compared with the SFRC. On the other hand,
the load—deflection curve of ASFRC-I is close to that of ASFRC-II. This implies that the
magnetic device developed has the same ability as the electromagnetic solenoid to align
steel fibers in cementitious composites.
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Figure 12. Load-span deflection curve. (a) W/C =0.36, Vf = 0.8%, straight circular fiber; (b) W/C = 0.36, Vf =1.2%, straight
circular fiber; (¢) W/C = 0.36, Vf = 1.6%, straight circular fiber; (d) W/C = 0.36, Vf =1.2%, hooked end fiber; (e) W/C = 0.42,
Vf =1.2%, straight circular fiber.

The flexural toughness of the specimen was evaluated by the toughness index T150
and the residual flexural strength [14]. According to ASTM C1609, T150 is the area of the
load—deflection curve when the midspan deflection approaches 1/150 of the span length
of the specimen. The toughness index T150 of the specimens is shown in Table 5. The
equation of the residual flexural strength is as follows:

Pyspl Peool
fiso = % feoo = % (2)

where: f150 and fegpo—the residual flexural strength at a midspan deflection of //150 and
1/150, respectively; b—section width of the specimen; d—section height of the specimen.
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The average residual flexural strength results of each group of specimens are shown in
Table 5. As shown in Table 5, the flexural toughness of the specimen prepared by the device
of assembled magnets (ASFRC-I) was significantly higher than that of the SFRC. When
the fiber volume fraction was 0.8%, 1.2%, and 1.6%, the flexural toughness of ASFRC-I
was 92.9%, 54.8%, and 95.2% higher than that of SFRC, respectively. The residual flexural
strength of ASFRC-I was 1.5-3-times higher than that of SFRC when the midspan deflection
was [/150 and I/600. Therefore, the specimen prepared using the device of assembled
magnetic pieces is much superior to the SFRC in flexural toughness and residual flexural
strength. Furthermore, the flexural toughness and the remaining flexural strength of the
ASFRC-I are comparable to those of ASFRC-II.

5. Conclusions

In this paper, a magnetic device for aligning steel fibers in cementitious composite
structures or members was developed, which consisted of a number of small magnet pieces
assembled according to the design, employed to treat the fresh SFRC mixtures from the
top surface in a mold to align the steel fibers inside. The results of the aligning of steel
fibers and the parameters that affected the alignment of the steel fibers were investigated.
The flexural properties of the ASFRC specimens prepared using the new device were
compared with those of conventionally cast specimens through three-point bending tests.
The following conclusions can be drawn from this investigation.

1.  When a number of small magnets are assembled and form a plate, the magnetic field
near the surface of the plate has almost straight magnetic lines. The magnetic field
can be used to align the steel fibers in cementitious composites, which was proven by
experimental tests. After trials tests, a magnetic device was developed, which was
the assembly of small magnetic pieces arranged in the same manner. The advantage
of using the new device to prepare the ASFRC was that in the aligning process, the
magnetic field device only treated the structures or members on one surface, and
there was no limit on the size or shape of the structures or members.

2. Inthe preparation of the ASFRC specimens, the fresh mixture of cementitious compos-
ites in the mold were treated using the device on one surface when compacted. Both
the magnetic induction intensity of the device and the distance between the device and
surface of the specimen significantly influenced the quality of the aligning of the steel
fibers in the matrix. The appropriate parameters (magnetic field induction intensity
and distance of magnetic treatment of the specimen using the device) were optimized
experimentally. By using the developed device, aligned steel-fiber-reinforced cemen-
titious composite (ASFRC) specimens were prepared, and the orientation effective
coefficient of the steel fibers in the ASFRC specimens reached 0.9 or higher.

3. Compared with a random steel-fiber-reinforced cementitious composite (SFRC), the
flexural properties of the ASFRC prepared by the device were significantly improved,
in which the flexural strength and flexural toughness of ASFEC were increased by
20-70% and 40-150%, respectively. On the other hand, the flexural properties of the
specimen prepared by the device were comparable to that of the specimen prepared
by the solenoid, which indicated that the device has excellent performance in aligning
steel fibers.
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