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HIGHLIGHTS

« Synthetic fibers did not affect the control behavior of beamat the yield and ultimate loads.

« At the cracking stage of beam containing fibers showed that the strength of the first crack improved compared to the normal concrete.
« The synthetic fibers in the reinforced concrete produced significant results, particularly in the linear elastic region.

« The mechanism fiber bridging of the RPET fiber was more evident compared to the irregularly shaped fibers.

« The RPET fibers incorporated into the concrete failed by rupture, which is caused by the tensile stress.
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Synthetic plastics are typically discarded, thus causing environmental pollution. Plastic wastes are recy-
cled as fiber in concrete to solve this problem. In this study, synthetic fibers in a concrete matrix were
investigated through compressive strength, splitting tensile, fracture energy, and flexural beam tests.
The results show that an increase in fiber content improves the tensile strength of the concrete matrix.
A high fiber content results in a substantial amount of fibers crossing a fractured section, thereby
activating failure resistance mechanisms. Ring-shaped fibers, which are mainly designed to activate fiber
yielding instead of fiber pullout, are better than irregularly shaped polyethylene terephthalate and waste
wire fibers. Incorporating plastic fibers into concrete does not significantly change the failure mode of
reinforced concrete beams compared to that of normal concrete beams. However, the first crack load pre-
sented improved results. The reinforced concrete containing ring-shaped plastic fibers with a width of 10
mm (RPET-10) exhibited remarkable results during the first crack load with an increment of 32.3%. It can
be concluded that ring-shaped PET waste produces fiber concrete with a performance comparable to that
of commercial synthetic fibers.

Keywords:

Waste plastic

Synthetic fiber

Fiber concrete

Beam reinforced concrete

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction fibers are popular for reinforcing lightweight precast concrete ele-

ments such as double walls, pipes and sleepers [3,4,5]. These appli-

The amount of synthetic plastic consumed annually has been
steadily increasing. The intensifying synthetic plastic consumption
can be ascribed to the practical features of synthetic plastic,
namely, factory fabrication, lightness of plastic products and low
production cost [1,2]. Plastic has been extensively used in bottles
and food casings, industrial products, communication materials
and housing, among other uses. Although several methods have
been employed for the disposal of synthetic wastes, most treat-
ments are inadequate because of excessive synthetic waste gener-
ation. Therefore, one of the alternatives is to recycle synthetic
wastes and use them as fiber reinforcement for concrete. Synthetic
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cations can effectively control cracks [6] and prevent dry shrinkage
cracks of concrete [7]. Besides, synthetic fibers have been used to
improve the toughness of concrete with enhanced crack resistance
[8]. Foti [9] studied the use of polyethylene terephthalate (PET)
bottles as fiber to improve concrete ductility and found that the
average tensile strength of the ring-shaped fibers is sufficiently
high and comparable to the most commonly used carbon or steel
fiber to reinforce concrete. The PP/PE blended fiber reinforced com-
posites (HyFRCs) at fiber volume as 2.9% obtained mechanical
enhancement of 38 £+2% on compressive and 40+ 1% flexural
strengths compared to normal concrete [10]. Morphological obser-
vations show strong mechanical interactions between fibers and
the cement matrix as similar to the chemical/mechanical interac-
tions observed for polyacrylonitrile reinforced composites
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(PANFRCs). A comparison between steel fiber and synthetic fiber
has been made. It shows that all types of fibers in concrete seem
to yield better results for the same fiber content. In addition, the
improvement appears to decrease when the total fiber content
increases above a volume fraction of 1% [11]. The high fiber content
can cause difficulty in mixing, which leads to poor compaction,
non-uniform distribution of fibers, and an increase in void volume
[11,12]. Foti [13] studied mechanical behavior of 3 types of possi-
ble structural reinforcing with rheoplastic mortar on reinforced
concrete pillars. Foti [13] claimed that whole reinforcement (30
cm) of the concrete core obtains significant result compared to
specimen with rheoplastic mortar covered at height of 28 cm.

Many researchers claimed that the pullout fiber strength
increases as the embedded length of the fibers increases in the con-
crete matrix [14,15]. The embedded length range of 45-55 mm
increased the fiber strength by 39.3%-48.1% according to Richard-
son et al. [16]. This difference is related to the surface fiber area
connected to surface concrete as this area determines the friction
of the fiber and interfacial bond energy [17,18]. In their study, Ochi
et al. [19] found that polyvinyl alcohol (PVA) fibers exhibited the
highest tensile strength, whereas PET fibers had the lowest tensile
strength (172 MPa) [19]. The smooth surface of fibers such as
polypropylene (PP) fibers has a weak bond with concrete thereby
preventing sufficient friction between concrete and fibers [20].
Compared to commercial plastic fibers, PET fibers exhibit adequate
tensile strength. The surface contact area between the fibers and
concrete influences both pullout energy and interfacial energy
[6,17]. A high pullout energy is produced by a high area of surface
fiber that is connected to the concrete. Fibers measuring 15, 20,
and 24 mm in length with 0.4% of PP fiber content were used in
a study by Vairagade et al. [21]. The authors found that the average
strength values ranged from 1.2% to 4.5% for fibers measuring
between 15 mm and 24 mm in length. A long fiber has a large sur-
face area that is connected to the concrete matrix. It can be con-
cluded that interfacial bond strength and friction energy during
load compression are higher than those of a short fiber. Therefore,
fiber surface area which depends on fiber length significantly influ-
ences strength.

The increase in PET fiber content also increases tensile strength.
Irwan et al. [22] observed there was increased strength for con-
crete with 0.5% of fiber content compared to normal concrete.
Irwan et al. [22] claimed that fiber content is not the main compo-
nent that improves the compressive strength of Fiber Reinforced
Concrete (FRC). Instead, it is the shape and size of the fibers which
influence compressive strength [23]. Ramadevi et al. [24] found
that concrete containing 2% of waste PET as fine aggregate material
exhibited an increase in compressive strength compared to normal
concrete. The concrete containing 0.5% and 1% of fiber content
demonstrated an increase in strength of 4.0% and 15% respectively
compared to normal concrete. In fact, most of the researchers said
that the PP and high-density polyethylene (HDPE) fibers have high
resistance towards an alkaline environment, which is no agree-
ment about the durability of PET fibers in a concrete matrix
[25,26]. In addition, the SEM picture of the polymer mortar matrix
shows that it has very low porosity in comparison to the cement
mortar of even various grade [27]. Nili et al. [28] observed an
increase of 3% in the compressive strength of concrete with 0.2%
fiber content. When fibers were added into concrete, the failure
pattern changed from a single large crack to a group of narrow
cracks [12]. The crack can be substituted by micro-cracks due to
the presence of fibers bridging in concrete [28].

A long fiber indicates a high surface contact area which is able
to function as fiber bridges during compression as observed by
Nia et al. [29]. Therefore, a long fiber presents high friction energy
against pullout stress because of the fiber-bridging mechanism. In
addition, Mohammadi et al. [30] compared toughness indices

which show that mixes with long fibers have higher indice values
than those with short fibers. However, it has also been observed
that a concrete mix with better workability was obtained when
the percentage of shorter fibers used in the mix increased. Foti
[9] used waste plastic bottles as recycled fiber material. Concrete
with 0.75% of ring fibers showed an increased strength of 5% com-
pared to concrete containing 0.5% of ring fibers [9]. Foti [31]
claimed that the presence of PET strips has successfully given the
concrete slabs a very ductile behavior which allowed them to avoid
complete failure. This confirms the improvement in impact
strength and suggests various possible uses for PET reinforced con-
crete. Recycled PET fibers in concrete measuring 10 mm, 15 mm,
and 20 mm in length with 0.18% and 0.3% of fiber content were
studied by Pelisser et al. [32]. The authors found that the size of
the fiber area significantly contributes to flexural toughness
indices. Adding recycled PET fibers enhanced the toughness and
energy absorption of FRC under flexural load. An increase in fiber
length increases the size of the fiber area that is connected to the
cement matrix and contributes positively to the flexural toughness
indices, particularly in I;p and Iy [33,34]. Irwan et al. [22] used
fiber contents of 0.5%, 1%, and 1.5% in concrete mixes to demon-
strate the change in flexural toughness with fiber content; com-
pared to 0.5% and 1% of fiber content, 1.5% of fiber content
increased the flexural toughness index of Io of FRC by 22.4% and
5.7%, respectively [35].

Three fiber content percentages (0.33%, 0.42%, and 0.51%) were
used in Hasan et al.’s [36] study. Gradual improvements of approx-
imately 6.48% and 6.89% were also achieved for concrete with
0.42% and 0.51% of fiber content, respectively. In plastic fiber rein-
forced concrete beams, Kim et al. [37] examined the deflection
behavior of a reinforced concrete (beam when PET fibers were
added. In this research, the specimens with manufactured syn-
thetic fibers clearly demonstrated an improvement in deflection
behavior. For reinforced concrete beams with 0.5%-1% of PET fiber
content, deflection and ultimate load capacity increased by 7-8
times for deflection and 25.5%-31.9% for ultimate load capacity.
Foti [38] studied beam with reinforcement bar made with PET
and CFRP are arranged as continuous bars and strips, respectively.
The specimen reinforced with CFRP showed a more ductile behav-
ior compared to PET bar. However, PET bar can be used in all those
cases where the operational loads are low. Currently no published
data was found on the use of ring-shaped, irregular or wire wastes
for fiber reinforced concrete beams. Therefore, this study aims to
investigate the behavior of reinforced concrete beams containing
synthetic waste, also known as fiber concrete. Compressive and
fracture tests were also conducted to determine the mechanical
behavior of synthetic plastic waste in concrete.

2. Materials and methods

Waste PET bottles (Fig. 1) were used in this study. The fibers
used in the experiment were ring-shaped PET (RPET-5 and RPET-
10) fibers with widths or cross-sectional diameters of 60 + 5 mm,
as shown in Fig. 2. The experiment also used irregularly shaped
PET fibers, synthetic waste wire fibers, and manufactured synthetic
macro-fibers (Mega Mesh 55), as shown in Figs. 3, 4, and 5, respec-
tively. The sizes of the sieved waste PET granules were approxi-
mately 5-20 mm. The waste wire was cut into 55 mm lengths.
The manufactured synthetic fiber used was 55 mm in length, with
a tensile strength of 425 N/mm? and an aspect ratio (Lg/ds) of 45.

The water-binder ratio was 0.55. A total of 57 specimens were
prepared for the tensile strength test. All the concrete specimens
were tested using three cylinders for each batch of concrete mix-
ture. The second experiment consisted of compressive tests and
tensile tests. The next experiment was a fracture energy test of
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Fig. 1. Ring-shaped PET fibers.

10 £ 1 mm

Fig. 2. The dimensions of ring-shape RPET-5 (left) and RPET-10(right).

Fig. 3. Irregularly shaped PET.

all concrete specimens which was conducted according to RILEM
TC50-FMC. Fracture energy was determined by using 450 mm x
100 mm x 100 mm beams with an effective span beam of 400
mm and a notch depth of 25 mm as shown in Fig. 6. Three-point
bending tests were conducted using a closed-loop servo electro-
controlled testing machine and the load was applied at a rate of
0.4 mm/min. Fracture energy, Gr was obtained using Eq. (1).

Fig. 4. Synthetic waste wire.

Wy + 2PyUy
b W
where wy is the area under the load deflection curve, ug is the max-
imum measured deflection, Py is the point-load, equivalent to the
weight of the specimen, b is the specimen’s thickness, d is the spec-
imen depth and ay is the notch depth.

The 18 beam specimens contained ring-shaped PET (RPET-5 and
RPET-10), irregular PET, wire waste and manufactured synthetic
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Fig. 5. Manufactured synthetic macro-fibers.

fibers. A notch that was 4 mm wide and 33 mm deep was made at
the mid-span of the beam specimen. Lastly, this experiment
focused on the influence of incorporating ring-shaped PET (RPET-
5 and RPET-10), irregular PET, wire waste and manufactured syn-
thetic fibers on the flexural behavior of rectangular beams. The
concrete beam was reinforced with a steel bar measuring 12 mm
in diameter. The dimensions of the beams were 150 mm x 300
mm x 2500 mm. The support span was 2300 mm, and the beam
was supported along the short edges as shown in Fig. 7. The 18
beam specimens were subjected to four-point loading to deter-
mine how the applied load influences the bending moment, crack-
ing patterns, and deflection behavior of fiber concrete (FC) beams.

Vertical displacements were recorded at different points of the
beams by displacement sensors. The central (maximum) displace-
ments were measured by LVDT. Beam deflections were measured
at three different points. One point was located at the middle of
the span and two points were positioned at one-quarter of the
span, which resulted in an equal distance of 766 mm from the sup-
port and the midpoint.

The aim of non-linear analysis in this study was to compare the
behavior and pattern of beams with and without fiber concrete
with those obtained from the experimental work. The non-linear
finite element software that was used in this study was ATENA
[39].
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3. Results and discussion

This section describes the results of the compressive strength,
splitting tensile strength, fracture energy and flexural beam tests.
A detailed analysis was performed to study the effects of fiber con-
tent and fiber size on the performance of fibers in the concrete
matrix.

3.1. Compressive and splitting tensile strength

The experimental results for compressive strength are tabulated
in Table 1. This study shows that instability occurred to the com-
pressive strength of concrete when fibers were added. Therefore,
the addition of fibers in concrete does not improve the compressive
strength of concrete, which is consistent with the reports by Ochi
et al. [19], Oliveira et al. [23], Hsie et al. [40], Campione [41], Fra-
ternali et al. [42] and Irwan et al. [43]. Furthermore, in this study,
the increment in the compressive strength of FRC was not influ-
enced by the volume of the added fibers.

The tensile strength of a normal specimen is 3.08 MPa, which is
lower than those containing RPET-5, RPET-10, manufactured syn-
thetic fiber, and waste wire fibers, except for the irregularly shaped
PET fibers. Concrete containing ring-shaped PET fibers go through a
gradual increase in tensile strength with an increase in fiber con-
tent. This has been consistently reported by Hassan et al. [36], Hsie
et al. [40], Peyvandi et al. [44], Sammer et al. [45] and Southos et al.
[46]. Fig. 8 shows the experimental results of the splitting tensile
strength of concrete.

The experimental results indicate that RPET-5 FRC presented an
increase in tensile strength of 16.9%, 26.3%, and 13.3% with 0.5%,
1%, and 1.5% of fiber content, respectively. Therefore, the strength
increments ranged from 11.4% to 26.3% with fiber content ranging
from 0.25% to 1.0%. Relative to the tensile strength of the normal
specimen, the tensile strength values of RPET-10 FRC increased
by 16.9%, 35.1%, and 24.4% for concrete with 0.5%, 1%, and 1.5%
of fiber content, respectively. A gradual decrease totaling 7.4%
occurred when irregularly shaped PET fibers were incorporated
into concrete. This result indicates that irregularly shaped PET
fibers do not improve the tensile strength of concrete to withstand
the applied load. By contrast, the tensile strength of the manufac-
tured synthetic fibers increased with increasing fiber content. The
stability of the tensile strength with the addition of manufactured
synthetic fibers explains the premise on FRC of Kim [37] where the
addition of synthetic fibers in concrete can improve the tensile
strength of concrete.

The experimental results confirmed that 1% of fiber content is
the optimal value for RPET-5 and waste wire fibers, whereas

‘ P ~b, 100 mmﬁ

(581 ' "i,"?‘ - T4
" [ + 25mm 100 mm
| 1 |
¢ e 400 mm —
450mm notch
e
a, 4mm

Fig. 6. Three-point loading for the fracture energy test.
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Fig. 7. (a): Beam specimen (in mm) prior to testing and (b): Loading device and support details.

Table 1

Compressive strength results.
Fiber Content (%) Average Compressive Strength of Concrete Fiber

RPET-5 RPET-10 Irregular PET Manufactured Synthetic Wire waste

0.0 34.01 £ 0.86 34.01+0.86 34.01+0.86 34.01 £0.86 34.01+0.86
0.25 34.45+£0.83 35.45 £ 0.99 34.10 £ 0.62 33.92 £1.03 34.20 £0.84
0.5 34.96 £ 0.32 34.96 + 0.81 34.89+0.78 34.21+£0.89 34,52 +0.51
0.75 35.29 £ 0.88 34.29 +0.42 33.99+0.91 35.30 £ 0.44 3437 +0.71
1.0 34.51+£0.95 34.51+£042 35.10 £0.52 35.01+£1.15 34.21 £1.05
1.25 34.82+1.11 34.82+0.92 34.73+0.92 34.88 £ 0.90 34,77 £0.92
1.5 35.23+0.80 34.23+0.81 34.33+0.72 34.82£0.33 34.91+1.01

1.25% of fiber content is the optimum fiber content for RPET-10
fiber. The manufactured synthetic fibers showed a significant
increase in tensile strength up to 1.50% of fiber content. Therefore,
the amount of fibers incorporated into concrete is a main factor in
the tensile strength of FRC. Thus, a substantial amount of fibers
incorporated into concrete can achieve the absolute maximum
load (fiber yielding) and function as a fiber bridge as the load com-
pression increases. This mechanism can be ascribed to the inter-
locking tensile strength of the fibers and failure up to the
maximum fiber tensile strength, which may lead to slipping as
the tensile load increases. Irregularly shaped PET fibers showed
insignificant changes in tensile strength compared to the normal
specimen. In this study, the tensile strength of concrete with

irregularly PET fibers is not influenced by the volume of the added
fibers.

The post-peak failure behavior, which included the fracturing
sound of fiber, was attributed to the gradual rupture of fibers.
The majority of the fibers incorporated into the concrete failed
by rupture, which is caused by the tensile stress subjected to the
tensile load. The function of the ring-shaped PET fibers is to retain
the tensile stress at the critical fiber-bridging cross section. The
fiber-bridging stress until the yield point of the fiber ultimate ten-
sile strength is reached. Thus, the load continuously ruptures the
individual fibers at the fiber-bridging zone in the FRC. Fig. 9 shows
the fiber reinforced concrete after being subjected to the splitting
tensile stress test.
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Fig. 9. Fiber reinforced concrete after the splitting tensile strength test.

The fiber bridging mechanism of the ring-shaped PET fibers in
FRC was more evident compared to that of irregularly shaped
PET fibers. Compared to the irregularly shaped PET fibers, the
ring-shaped PET fibers provided individual maximum tensile
strength by yielding until the fiber ruptures. Meanwhile, the mech-
anism of the ring-shaped PET fibers is likewise different from that
of the manufactured synthetic fibers which depend on interfacial
bond strength. At the end of the test, it was shown that straight
wire fibers easily slip and fail to resist tensile stress in the concrete
matrix.

In conclusion, adding fibers, except for irregular PET fibers,
improves the tensile strength of concrete. According to the tensile
strength test, fiber content between 1% and 1.25% was an
acceptable working range for FRC reinforced with ring-shaped
PET, manufactured synthetic fiber, and waste wire fibers.

3.2. Fracture energy

The results show that concrete with fiber has the ability to bet-
ter enhance fracture energy than normal concrete, as shown in
Table 2. At the end of the experiment, most FC specimens achieved
significant fracture energy results compared to normal concrete.
All the results on the fracture energy of normal concrete and FC
were obtained through the finite element method (FEM) analysis.

3.3. Mode of failure and ultimate load
This experiment was designed to fail in the flexural mode and

during the crushing of concrete. During the test, the aforemen-
tioned modes were observed in all reinforced concrete beam
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Table 2
Fracture energy of fiber concrete.

Beam Fracture energy, Difference percentage compared to normal Difference percentage compared to Difference percentage compared to
Designation (N/m) concrete, (%) irregular PET FC, (%) synthetic FC, (%)

B-Normal 155.41+3.24 - —20.7 —49.7

B-RPET-5 22891+4.17 47.0 16.8 -26.0

B-RPET-10 231.42 + 4.67 48.9 18.1 -25.2

B-IRE PET 196.01 +5.12 26.1 - —36.6

B-SYNT 309.21 £3.90 99.0 57.8 -

B-WIRE 227.14+2.90 46.2 15.9 —26.5

specimens. Figs. 10-15 show the typical flexural failure obtained
during the tests.

As expected, the flexural failure mode of all reinforced concrete
beam specimens occurred at the central zone between two-point
loadings because that zone was under pure bending. The failure
mode was determined when the load suddenly dropped during
the test. The flexural failure mode of all tested reinforced concrete
beams started after the primary crack appeared at the central zone
when the distance between cracks prevented sufficient tensile
stresses to develop, thereby causing further cracking. Then, the
crack started opening fast and wide, thereby confirming that the
flexural failure mode occurred at that crack. On average, normal
reinforced concrete beams and reinforced FC beams containing
irregularly shaped PET, waste wire, and synthetic fibers, showed
that specimens ultimately failed through yielding of tensile rein-
forcement and concrete compression, as shown in Figs. 10-15.
Therefore, synthetic fibers, all sizes of RPET fibers, irregularly
shaped PET fibers, waste wire fibers, and manufactured synthetic
fibers clearly exhibited similar failure modes. Thus, concrete would
fail because of compression regardless of whether fiber has been
incorporated into it or not. This confirmed that reinforced concrete
beams with or without fiber were unaffected by the ultimate load,

except for synthetic straight fiber. Moreover, the results of the ulti-
mate load of normal reinforced concrete beams and reinforced FC
beams are similar in pattern in terms of strength and failure mode
behavior.

The results for serviceability and ultimate loads are presented
in Table 3. During the flexural test for reinforced concrete beams,
the recorded serviceability load observations showed that the first
crack appeared at the mid-span of the beam. The load value
applied to the beam was recorded as a serviceability load the
moment the first crack appeared. The value of the first crack load
was estimated by examining the graphs. Once this load was
achieved, the beam started to behave nonlinearly. The first crack
load was determined from the load-deflection graph as shown in
Figs. 16-21. The deflection of reinforced concrete beams was
recorded by LVDT during the flexural beam test. This deflection
was comparable with the simulation conducted using the ATENA
Software.

Table 4 presents a summary of the experimental results for ser-
viceability and ultimate loads. The experiment on normal rein-
forced concrete beams, namely, B-NOR-1, B-NOR-2, and B-NOR-3,
showed that the first crack appeared at 17.5 kN, 17 kN, and 18.5
kN, respectively. The normal reinforced concrete beams achieved
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Fig. 10. Flexural failure and concrete compression for B-Normal specimen.

Fig. 11. Flexural failure and concrete compression for B-RPET-5 specimen.
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Fig. 12. Flexural failure and concrete compression for B-RPET-10 specimen.

Fig. 13. Flexural failure and concrete compression for B-Irregular PET specimen.

Fig. 14. Flexural failure and concrete compression for B-Wire specimen.
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Fig. 15. Flexural failure and concrete compression for B-Synthetic specimen.
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Table 3
Experimental results of serviceability load, ultimate load, and mode of failure.

No of batch Beam Designation Serviceability load, (kN) Ultimate load, (kN) Mode of failure
Observation during test The curve of
load-deflection graph
1 B-NOR-1 26.5 17.5 99.0 A&B
B-NOR-2 23.5 17.0 98.0 A&B
B-NOR-3 235 185 98.5 A&B
2 B-RPET-5-1 325 22.0 101.0 A&B
B-RPET-5-2 35.5 23.0 98.5 A&B
B-RPET-5-3 36.0 23.5 102.5 A&B
4 B-RPET-10-1 34.5 24.0 99.0 A&B
B-RPET-10-2 35.5 235 98.5 A&B
B-RPET-10-3 38.0 23.0 101.5 A&B
5 B -IRE-1 30.0 225 99.5 A&B
B-IRE-2 30.5 20.5 99.0 A&B
B-IRE-3 33.5 215 99.5 A&B
2 B-WIRE-1 325 22.0 101.0 A&B
B- WIRE -2 35.5 23.0 98.5 A&B
B- WIRE -3 36.0 235 102.5 A&B
6 B-SYNT-1 345 27.0 101.5 A&B
B-SYNT-2 36.5 24.5 102.5 A&B
B-SYNT-3 39.0 25.0 103.5 A&B

" A-flexural failure by yielding tensile reinforcement, B-flexural failure by concrete crushing.
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Fig. 16. Load-deflection curve of B-NOR-1.

ultimate load values of 99 kN, 98 kN, and 98.5 kN and exhibited
flexural failure mode caused by yielding of tensile reinforcement
and concrete crushing. RPET-5 beam specimens indicated that
the first crack appeared at 22.0 kN, 23 kN, and 23.5 kN. RPET-5
beam specimens achieved ultimate load values of 101 kN, 98.5
kN, and 102.5 kN and exhibited flexural failure mode caused by
yielding of tensile reinforcement and concrete crushing.

The flexural failure patterns of RPET-10, irregularly shaped PET,
waste wire, and synthetic FC beam specimens were similar to
those of RPET-5 FC beam specimens. The flexural failure modes
of RPET-10, irregularly shaped PET, waste wire, and synthetic FC
beam specimens were due to yielding of tensile reinforcement
and concrete crushing. Normal concrete beam specimens and FC
beam specimens exhibited similar failure modes. Thus, incorporat-
ing fiber into concrete was insignificant. For waste wire FC beam
specimens, the first crack appeared at 23 kN, 24.5 kN, and 22.5
kN. For RPET-10 FC beam specimens, the first crack appeared at
24 kN, 23.5 kN, and 23 kN. The ultimate loads obtained by waste
wire FC beam specimens were 100 kN, 98 kN, and 102.5 kN,

f 22 KNYEXP)-First Crack
20 HERS)

! 78 mm (EXP)
0 1
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Deflection, mm
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Fig. 17. Load-deflection curve of B-RPET-5-1.

whereas those obtained by RPET-10 FC beam specimens were 99
kN, 98.5 kN, and 101.5 kN.

Irregularly shaped PET and synthetic FC beam specimens pre-
sented a pattern similar to those of RPET FC beams. The first crack
appeared at 22.5 kN, 20.5 kN, and 21.5 kN for irregularly shaped
PET FC beams and at 27 kN, 24.5 kN, and 25 kN for synthetic FC
beams. The ultimate loads of irregularly shaped PET FC beams were
99.5 kN, 99 kN, and 99.5 kN, whereas those of synthetic FC beams
were 104.5kN, 101.5kN, and 103.5kN. Thus, the difference
between the ultimate loads of normal reinforced concrete and rein-
forced RPET FC was insignificant. Different fiber types and fiber
sizes incorporated into reinforced concrete beams presented simi-
lar results.

All sizes of the reinforced RPET FC exhibited positive results for
serviceability load, with average values ranging between 28.8% and
32.3% compared to those of normal reinforced concrete beams.
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Fig. 18. Load-deflection curve of B-RPET-10-1.
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Fig. 20. Load-deflection curve of B-WIRE-1.

Reinforced synthetic fiber and irregularly shaped PET FC obtained
sufficient loads of 44.4% and 21.5%, respectively, compared to nor-
mal concrete. Previous researchers claimed that adding fibers
increases the serviceability load because of the effect of fiber on
the tensile strength and fracture energy of FC. Therefore, the
individual tensile strength of plastic fiber was retained at low to

120 ——o0— B-SYNT-1
——e&—-FEM-SYNT-1
101.5 kN (EXP)
100 —ﬂ\

i '

T9KN = == : 1

g0 | (EXP) S i é
....... ; :
7 é; ;
< 60 A !
= % ' :
< [ :
~ @ 1
40 ll’l : i
127 kN éEx'P)-Firsl crack :
20 9 i !
0 : 9.1 mm (EXP) 50.6 mm (EXP) :

0 10 20 30 40 50 60

Deflection, mm

Fig. 21. Load-deflection curve of B-SYNT-1.

moderate loads. Normal concrete starts to crack after the load
increases and achieves the tensile strength of concrete. The crack
propagates rapidly as the load increases, and the reinforced
concrete beam starts to deflect slightly. In reinforced concrete,
the tensile strength of FC is higher than that of normal concrete.
The moment FC starts to crack, a number of fibers continue to carry
and transfer loads. Thus, structural beam integrity is maintained
and beam deflection slightly increases.

Table 5 shows the summary of the loads and deflection values
according to the experimental and FEM results. Based on Eurocode
2, the deflection during serviceability load is calculated as
span/250. The span of a reinforced concrete beam is measured
from one support to another support. The theoretical value calcu-
lated for deflection during serviceability load based on Eurocode
2 was 9.2 mm for a beam span of 2.5 m. The deflection during
serviceability load for all reinforced concrete beam specimens
was tested lower than the theoretical value, thereby achieving
the requirement of less than 9.2 mm. The reinforced RPET FC beam
specimens exhibited a lower value in the ratio of Afirst (Deflection)
experiment to Afirst/(Deflection)FEM over the theoretical value.
The results indicate that all beam specimens obtained deflection
at the first crack load within the theoretical limits set by Eurocode
2. The yield load was measured by observing the load-deflection
graph, wherein the yield load of the reinforced concrete beam is
the load that results in yielding of tensile reinforcement [47]. The
results for load and deflection during the yield stage are presented
in Table 5. All beam specimens exhibited similar patterns in yield
load with average values of 79 kN-81.5 kN. The pattern of the
results obtained by incorporating fiber into reinforced concrete
beams showed that the addition of synthetic or plastic fiber to FC
beams subjected to yield load presented similar results to FC
beams without added fiber. This clearly showed that synthetic or
plastic FC in the beam specimen exhibited positive results under
the uncracked section (linear elastic region).

The values of tensile and fracture energy which have been
included in the material properties of the FEM parameters
exhibited different values compared to the experimental results.
However, the differences between the experimental results and
the FEM results for the yield load of reinforced concrete exhibited
average differences between 2.1% and 5.2%. In a preliminary study,
the reinforced concrete beam specimen failed after the load
dropped to approximately 15% of its maximum load. During actual
testing, the load at the ultimate stage was declared when the load
dropped by approximately 15% of the maximum load. Table 5
presents the experimental values for ultimate loads and their
deflection at mid-span values. All beam specimens exhibited a



Table 4

Load at first crack and ultimate load of normal and FC beam.

No of Beam Load at first crack Ultimate load
batch  Designation . . . . - -
Load, Ave. Difference percentage Difference percentage Difference percentage Load, Ave. Difference percentage Difference percentage Difference percentage
(kN) (kN)  compared to normal compared to irregular compared to synthetic ~ (kN) (kN)  compared to normal compared to irregular compared to synthetic
concrete, (%) PET FC, (%) FC, (%) concrete, (%) PET FC, (%) FC, (%)

1 B-NOR-1 17.5 - -17.6 -30.5 99.0 98.5 - 0.2 —-4.7
B-NOR-2 17.0 17.7 98.0
B-NOR-3 18.5 98.5

2 B-RPET-5-1 22.0 28.8 6.0 -10.6 101.0 993 0.1 0.1 -3.8
B-RPET-5-2 23.0 22.8 98.5
B-RPET-5-3 235 98.5

3 B-RPET-10-1  24.0 323 9.3 -7.8 95.0 98.3 -0.3 0 -4.38
B-RPET-10-2 23.5 23.5 98.5
B-RPET-10-3  23.0 101.5

4 B -IRE-1 225 215 - -15.7 99.5 98.3 -0.3 - —4.8
B-IRE-2 20.5 21.5 99.0
B-IRE-3 215 96.5

5 B-WIRE-1 23.0 233 316 8.4 -8.6 101.5 98.2 -0.3 0.1 —4.8
B-WIRE-2 245 94.0
B-WIRE-3 225 99.0

6 B-SYNT-1 27.0 441 18.6 - 1035 103.2 4.8 5.0 -
B-SYNT-2 245 25.5 104.5
B-SYNT-3 25.0 101.5
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Table 5
Summary of load and deflection results.
Stage Cracking Yielding Ultimate Cracking Yielding Ultimate
Experiment FEM Experiment FEM Experiment FEM Ratio Exp/FEM Ratio Exp/FEM Ratio Exp/FEM
No of batch Beam DeSignatiOH Pirse Afirst Pirse Afirst ljyielcl Ayield ljyielcl Ayield Pultimate Aqltimate Pultimate Aultimate Pirst Ave. l')yie]d Ave. Puitimate Ave.
(kN) (mm) (kN) (mm) (kN) (mm) (kN) (mm) (KN) (mm) (kN) (mm) (kN) (KN (KN)

1 B-NOR-1 17.5 1.94 16.98 1.251 79.5 8.823 80.11 9.872 99.0 42.634 92.21 41.823 1.031 0.992 1.074
B-NOR-2 17.0 2.089 17.06 1.222 79.0 10.119 80.15 9.888 98.0 43,965 92.89 41.672 0.997 1.043 0.985 0.985 1.055 1.066
B-NOR-3 18.5 1.847 16.78 1.206 78.5 11.562 80.12 9.901 98.5 42.739 92.23 41.552 1.102 0.979 1.068

2 B-RPET-5-1 22.0 1.219 20.54 1.089 79.0 7.823 83.33 9.992 101.0 45.128 92.45 42.198 1.071 0.948 1.092
B-RPET-5-2 23.0 1.278 20.62 1.152 79.5 8.19 83.00 10.115 98.5 40.12 91.90 42.091 1.116 1.105 0.958 0.959 1.072 1.093
B-RPET-5-3 235 1.191 20.84 1.123 81.5 8.125 83.88 9.867 102.5 44.779 91.99 42.118 1.128 0.972 1.114

3 B-RPET-10-1 24 1.188 21.32 1.052 81.0 6.898 83.09 8.999 99.0 53.238 91.36 42.675 1.125 0.975 1.084
B-RPET-10-2 235 1.206 21.52 1.107 79.5 8.09 83.98 9.117 98.5 54.981 92.24 42.512 1.092 1.092 0.947 0.956 1.068 1.084
B-RPET-10-3 23.0 1.072 21.73 1.129 79.5 8.006 83.99 9.349 101.5 55.036 92.33 42.89 1.058 0.947 1.099

4 B-WIRE-1 23.0 1.062 21.28 1.121 825 7.74 82.46 10.214 100.5 51.218 92.13 43.01 1.080 1.101 1.001 0.979 1.091 1.089
B-WIRE-2 24.5 1.238 21.12 1.126 80.5 7.921 82.00 10.326 98.0 54.898 92.12 42.551 1.160 0.982 1.064
B-WIRE-3 22,5 1.11 21.19 1.139 79.0 8.338 82.87 10417 102.5 55.009 92.18 42.448 1.062 0.953 1.112

5 B-IRE-1 225 2.078 20.60 1.006 77.5 8.88 82.24 9.783 99.5 53.181 92.33 42.44 1.092 0.942 1.078
B-IRE-2 20.5 1.272 20.50 1.002 80.5 8.862 82.78 9.796 99.0 50.237 91.89 42.112 1.000 1.045 0.972 0.952 1.077 1.079
B-IRE-3 215 1.545 20.61 1.357 78.0 7.615 82.96 9.704 99.5 51.885 91.91 42.982 1.043 0.940 1.083

6 B-SYNTH-1 25.5 1.219 21.86 1.211 79.0 9.051 82.91 10.033 101.5 58.528 92.77 44.512 1.17 1.15 0.953 0.972 1.094 1.096
B-SYNTH-2 24.5 1.233 21.85 1.106 80.0 7.239 82.99 10.112 102.5 57.029 93.70 44.112 1.121 0.964 1.094
B-SYNTH-3 25.0 1.182 21.82 1.118 825 8.091 82.53 10.084 103.5 58.27 93.56 44.592 1.146 1.000 1.101
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similar pattern for ultimate load, with average values between
98.5kN and 103.5 kN. The plotted load-deflection curves pre-
sented yield loads with average values between 77.5 kN and
82.5 kN for the beam specimens.

The comparison between reinforced concrete beam specimens
with fibers and the control specimens showed that the ultimate
load and mid-span deflection results were insignificant because
the ultimate load satisfied the maximum load capacity of the rein-
forcement bar. Therefore, the maximum load did not fully carry the
concrete beam but depended on the maximum tensile stress of the
reinforcement design. However, the advantages of ductility in FC
beams fully depend on the tensile strength of the fiber itself. Fibers
with high tensile strength exhibit impressive ultimate load and
ductility in reinforced FC beams.

At the end of the analysis, synthetic fiber achieved the highest
ultimate load with an average value of 102.3 kN. This result is con-
sistent with the findings of a previous research, and fibers with
high tensile strength presented significant results because syn-
thetic fiber has a tensile strength of 425 MPa. The high tensile
strength of fiber tends to result in maximum fiber stress bridges
during maximum bending.

4. Concluding remarks

The failure mode of the reinforced concrete beam specimens
confirmed the theory that reinforced concrete beams should fail
due to yielding of tensile reinforcement and not because of sudden
fatal compression failure. These trends were observed in all rein-
forced concrete beam specimens. Therefore, the reinforced con-
crete beam specimens with fibers did not affect the control
behavior of the strain profiles of the beams during the yield and
ultimate load.

The experiments confirmed that adding RPET-5 or RPET-10
fibers to the reinforced concrete beams did not lower the deflection
behavior of the control reinforced concrete beam specimens. Dur-
ing the cracking stage, concrete beams containing RPET-10 showed
that the strength of the first crack improved by 32.3% compared to
normal concrete beams. The results of the relative ductility (ulti-
mate load) of the reinforced concrete beam specimens with RPET
fibers were insignificant compared to those of normal reinforced
concrete beams, except for the reinforced synthetic FC beams.
However, adding RPET fibers to the reinforced concrete produced
significant results, particularly in the linear elastic region.
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