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Abstract: In this study, we estimate the potential efficiency of waste fishing net (WEN) fibers as
concrete reinforcements. Three WEN fiber concentrations (1, 2, and 3% by volume) were mixed with
concrete. Compressive strength, toughness, splitting tensile strength, and biaxial flexural tests were
conducted. Compressive strength decreased but other properties increased as a function of fiber
proportions. According to the mechanical strength observations and the ductility number, WFN
fibers yielded benefits in crack arresting that improved the postcracking behavior and transformed
concrete from a brittle into a quasi-brittle material. It is inferred that WEN fiber is a recycled and
eco-friendly material that can be utilized as potential concrete reinforcement.

Keywords: waste fishing net fiber; recycled material; concrete; strength; toughness; biaxial flexure

1. Introduction

The civil construction industry has contributed significantly to development world-
wide. However, drawbacks still exist. In particular, the consumption of mineral resources
and fossil fuels in conjunction with the huge amounts of waste generated has affected the
environment. According to [1], in 2019, CO, emissions and energy consumptions caused
by the construction sector were recorded at 38 and 35%, respectively, as compared with the
proportions pertaining to the entire industry. In addition, the environment is worsening
owing to an increase in marine litter. According to [2], the growth of annual marine plastic
litter is predicted to increase from 11 million metric tons in 2016 to 29 million metric tons
in 2040. Almost all marine litter is made from poor or non-degradable materials; thus, it
is harmful to the ecosystem. One of the highest volume components that can be easily
found along shorelines or floating on the ocean surface is waste fishing net (WFN). WFNs
are generally made from nonbiodegradable materials that are advantageous in fisheries.
However, they are harmful to the ecosystem when out of service. In particular, the use
of WEN’s constitutes one of the causes of marine accidents because of their entanglement
around ships’ propellers. Thus, the use of fibers from recycled WFNSs to reinforce con-
crete is a potential solution [3-6]. If successful, it can solve both the environmental and
economic issues.

Synthetic polymeric fibers used in cement-based materials can be observed in micro-
or macroforms. Our previous studies showed the effectiveness of electrospun nanofibers in
increasing the tensile strength and toughness of cement materials [7-10]. From the literature
reviews, numerous types of macrofibers have been utilized to strengthen concrete with high
performance. The changes in cement-based material characteristics, such as compressive,
splitting tensile, direct tensile and flexural strengths, modulus of rupture, impact, shrinkage,
and freeze-thaw resistance, have been reported following the addition of different types of
synthetic fibers in concrete, such as polypropylene (PP) [11-17], polyethylene terephthalate
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(PET) [18,19], polyvinyl alcohol (PVA) [17,20], high-density polyethylene (HDPE) [21],
polybenzoxazoles (PBO) [21], nylon [11], and polyethylene (PE) [22]. The potential results
of reinforcing cement-based materials using synthetic polymeric fibers have been observed
worldwide. Many efforts have been made to strengthen concrete using recycled fibers
from these polymeric materials. Zhang et al. [17] clarified the effectiveness of recycled
PP fibers (R-PP) on the workability and mechanical properties of geopolymer concrete.
Their observations showed a decrease in compressive strength and an increase in splitting
tensile and flexural strengths when R-PP fibers (1% by volume) were added to concrete.
However, all of the above mechanical properties increased with the addition of the same
amount of hybrid fibers, which contained steel and R-PP fibers. The observation from
this study also showed a change in the failure mode from brittle to ductile regarding
the composite materials. In [23], the performance of recycled HDPE fibers (R-HDPE)
was changed as manifested by improvements in tensile strength, flexural toughness, and
durability, and minor reductions in compressive strength and modulus of elasticity of
concrete. Kim et al. [24] proposed a process for fabricating recycled PET fibers (R-PET)
from bottle waste. In addition, attempts were made to clarify the influences of R-PET fibers
on the improvement in free drying shrinkage strain, tensile strength, and ductility and the
degradation of the compressive behaviors of concrete. The effectiveness of R-PET fibers
in reducing the cost of the material while achieving good energy absorption capacity in
cementitious composites can be found in [25]. In addition, the study of Tran et al. [26]
dealt with the performance of pervious concrete containing fibers obtained from recycled
plastic bags. Their observations showed an improvement in the microparticle filtration
capacity while both the compressive and flexural strengths of the composite materials
were reduced. Orasutthikul et al. [27] compared the mechanical behavior of cement-
based materials modified with recycled nylon fibers (R-nylon) from WFNs with those
modified by recycled PET (R-PET) and PVA fibers. Similar to the other studies concerned
with reinforcing cement-based materials with synthetic polymeric fibers, a decrease in
compressive behavior was observed when these recycled fibers were added into the mortar.
However, observations from this study showed the effectiveness of R-nylon fibers from
WEFNs in improving the flexural strength, material toughness, and residual strength of
mortar. Spadea et al. [28] also observed the effectiveness of R-nylon fibers obtained from
WENSs as a tensile reinforcement for mortars. Notably, all of the above synthetic polymeric
materials have been used to produce fishing nets owing to their high durability and high
resistance to tensile and impact loading [29-32].

The observations of previous studies revealed the feasibility of using recycled PE
fibers (R-PE) from WEFNSs as tensile reinforcement for mortar [14,32]. However, system-
atic experimental approaches used to estimate the mechanical properties of concrete that
contains R-PE fibers from WFNSs are lacking. Therefore, further information on the me-
chanical characteristics of WEN fiber-reinforced concrete is required. To address these
gaps in the literature, this study has been conducted to: (1) present a feasibility approach
for using the fibers produced from WFNs as reinforcement agents for normal concrete to
reduce environmental issues; (2) investigate and estimate the mechanical behavior and
failure mode of concrete that has been reinforced by different proportions of WEN fibers
by using a compressive strength test (American Society for Testing and Materials (ASTM)
C39) [33], splitting tensile strength test (ASTM C496) [34], and biaxial flexure test (ASTM
C1550) [35]; (3) determine the appropriate fiber proportion for observing the best mechan-
ical performance, postcracking behavior, and economic benefit of WEN fiber-reinforced
concrete.

2. Experimental Work
2.1. Materials
In this study, WEN fibers (or R-PE fibers) were used as reinforcement agents for

normal concrete. The twisted multifilament R-PE fibers were produced from WENs col-
lected alongside the seashore of Ulsan, Korea. The production process has already been
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reported [14,32]. Figures 1 and 2 and Table 1 present the properties of the WEN fiber.
Table 2 presents the difference in tensile strength of the present WEN fibers as compared
with that of the commercial PE fibers and other recycled polymeric fibers in the literature.
As compared with the tensile strength of commercial PE fiber presented in [36], the ten-
sile strength of the WEN fibers was reduced by 24%. However, as compared with other
studies on reinforced cement-based materials using recycled polymeric fibers [17,24,28], a
comparative study of the tensile strength of WEN fibers can be conducted.

(a) (b)
Figure 1. Geometry of the waste fishing net (WFN) fibers: (a) Filament; (b) fiber.
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Figure 2. Tensile testing result of the WEN fibers.

Table 1. Properties of waste fishing net (WFN) fibers.

Notation Filament Diameter Number of Section Area Length Tensile Strength Density
(mm) Filaments (mm?) (mm) (MPa) (g/cm?3)
WEN 0.23 42 1.74 40 303.81 0.95

Table 2. Comparison of tensile strength of fibers in the present study and the literature.
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Table 3 presents the mixture designs for the plain concrete and the WEN fiber-
reinforced concrete. In this present study, the chosen WEN fiber proportions were 1,
2, and 3% by volume of plain concrete. The chemical compositions and physical properties
of the cement are listed in Table 4.

Table 3. Mixture design for 1 m3 volume of concrete mix.

Notation Water-to-Cement Cement Water Coarse Aggregate  Fine Aggregate  WEN Fiber Slump
Ratio (W/C) (%) Type I (kg) (kg) (4-20 mm) (kg) (0-4 mm) (kg) (V%) (cm)
Plain 0 11
1% 1 9
20, 0.45 455.3 202.9 1178.9 503.7 2 6
3% 3 4
Table 4. Chemical composition and physical properties of cement.
. Specific Surface =~ Compressive Strength,
CaO Al,O3 SiO, SO; MgO Fe, O3 Ig. Loss Area (cm? Ig) 28-Day (MPa)
61.33 6.40 21.01 2.30 3.02 3.12 1.40 2800 36

2.2. Sample Preparations

A mixture design was proposed to observe the constituents of conventional concrete,
which expected a compressive strength at 28 days of 40 MPa (refer to Table 3). The water-to-
cement ratio (W/C) was consistently set to 0.45. The process of preparing the samples for
estimating the hardened characteristics of WEN fiber-reinforced concrete was conducted as
follows: The plain concrete mixes were prepared with a concrete mixer based on a normal
process [18,26]. The slump tests were conducted to ensure consistency in the workability
characteristics for all the plain batches before the specified amounts of WEN fibers were
added [37]. The average slump was 11 cm. Notably, the slump tests were reconducted with
the as-mixed batches that contained WEN fibers to estimate the workability of the WEN
fiber-reinforced concrete materials. Then, the specified amounts of WEN fibers were added
to each plain batch, and hand mixing was conducted using shovels. Finally, the as-mixed
batches were poured into D100 x 200 mm? cylindrical molds and D420 x 48 mm? round
panel molds, compacted with a steel rod [38]. Notably, owing to the twisted geometry of
the fibers, the filament-separated phenomenon would occur if we executed the fiber mixing
process using the mixer. In this study, there were 24 cylindrical samples prepared for the
compressive strength and splitting tensile strength tests, and nine round panel samples
were prepared for the biaxial flexure test (see Table 5). All specimens were cured in water
for 28 days in standard laboratory conditions (20 £ 20 °C, 50 % 5% relative humidity (RH)).
Plain concrete was also prepared as a reference sample. Figure 3 presents the slump test
and fresh wet mix of the WEN fiber-reinforced concrete batch.

Figure 3. (a) Slump test for plain mix; (b) fresh wet mix of WEN fiber-reinforced concrete. Slump test for fresh mix of
WEN fiber-reinforced concrete: (c) 1% WEN fiber-reinforced concrete; (d) 2% WEN fiber-reinforced concrete; (e) 3% WFN
fiber-reinforced concrete.
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Table 5. Summary of test samples.

Test Geometry Dimensions (mm?)  Number of Samples Notation

3 Plain
Compressive . 3 1%
strength Cylinder D100 > 200 3 2%
3 3%

3 Plain
Splitting tensile . 3 1%
strength Cylinder D100 > 200 3 2%
3 3%
I 3 1%
Biaxial flexural Round panel D420 x 48 3 2%
strength 3 39,

3. Testing Methods

In this study, the slump test was conducted in compliance with ASTM C143 [37] for
all fresh and modified concrete batches. Two equal layers of concrete were poured into
the cone mold and compacted 25 times per layer. The slump test was conducted to ensure
similar workability of the fresh concrete before the addition of WEN fibers and to estimate
the workability of the WEN fiber-reinforced concrete materials. The compressive and
splitting tensile strength tests were conducted using a hydraulic universal testing machine
(hydraulic UTM) with a capacity of 1000 kN according to the specifications of ASTM
C39 [33] and ASTM C496 [34], respectively. Two linear variable differential transformers
(LVDTs) were attached to measure the strain and deformation for the compressive strength
and splitting tensile strength tests, respectively. Four variable groups, including plain
concrete, 1, 2, and 3% WEFN fiber-reinforced concrete, each of which contained three
cylindrical samples, were conducted for each test. There was a total of 24 cylindrical
samples used in this study (see Table 5). The mean values of the three samples of the
compressive strength and splitting tensile strength were calculated using Equations (1)
and (2), respectively, as follows:

fc = (1)

)
N>

fop = ~ID (2)

where f. and fs, are the compressive and splitting tensile strengths (MPa), respectively;
P is the maximum applied load of each test (kN); A is the area of the cross-section of the
cylinder (mm?); and L and D represent the cylindrical sample’s length and diameter (mm).

The equibiaxial flexural stress and the toughness of the WFN fiber-reinforced concretes
were estimated according to the novel biaxial flexure test (BFT) method, similar to that
used in previously published studies [39-41]. The BFT method proposed by Zi et al. [40]
is a modified version of the concentric ring test (ASTM C1499) for ceramic materials and
a round panel test (ASTM C1550) for fiber-reinforced concrete. The small round panel
sample of D420 x 48 mm? used in this case shows its effectiveness in reducing the material
volume, which makes it easier to conduct the test. According to the simple plate theory,
the dimensions of the round panel sample were proven to ensure equibiaxial tensile
behavior as reported previously [39,40]. In addition, the unchanged equibiaxial flexural
stress was generated in the zone of the loading ring; thus, demonstrating its advantage
for investigating the stochastic nature of the strength of the brittle material. In addition,
because of the equal stress in all directions within the loading ring and the homogenous
distribution of the fibers, cracks could occur in an arbitrary direction. By contrast, oriented
cracks could occur if the fibers were arranged in a specific direction.

In this study, the BFT was conducted using a 500 kN hydraulic UTM. The round panel
sample (D420 x 48 mm?) was supported by a steel frame. The diameter of the support
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ring was 400 mm (ap = 200 mm), and that of the loading ring was 100 mm (bp = 50 mm).
Notably, for the high consistency of the observations, a rubber pad was placed between the
sample surface and the loading ring to maintain the flat condition of the sample surface.
In addition, an LVDT was attached to the steel frame to measure the deflection of the
central point of the sample (see Figure 4). According to the linear elasticity theory [42], the
equibiaxial flexural stress was calculated using Equation (3) as follows:

sp [ (1-v) (af, - b%) ap
fr= +2(14v)In—+ 3)
F ™ a2 R2 by

where P is the applied load; hip is the panel’s thickness; v is the Poisson’s ratio (v = 0.184);
Ry, ap, and by are the radius of the panel, support ring, and loading ring, respectively.

P
Load cell Loading ring
Round panel Ruber pad
sample
P T~ . Supporting ring
pi
= b, . Steel frame
a, LVDT
R,
(b)

Figure 4. Photograph (a) and schematic (b) of the biaxial flexural test.

According to ASTM C1550 [35], the toughness at a specified central deflection was
calculated using Equation (4) as:

)
T — / Psds )
0

where P and J are the load and the specified central point’s deflection from the BFT,
respectively.

Nine round panel samples containing three variable groups of WEN fiber-reinforced
concrete (1, 2, and 3%) were prepared for the tests conducted in this study. All samples
were cured in water for 28 days prior to testing. All the tests were conducted in standard
laboratory conditions; the speed of loading of all tests was maintained at 1 mm /min.

4. Results and Discussion
4.1. Compressive Strength Test

The influences of the WEN fibers on the 28-day compressive behavior are shown in
Figure 5. The average compressive strengths of 1, 2, and 3% WEN fiber-reinforced concrete
samples and plain concrete at 28 days are listed in Table 6 (refer to Equation (1)). During
the test, the plain concrete samples were broken according to a brittle scenario at the peak
load, while other WEN fiber-reinforced concrete samples were broken but contained cracks
around their cylindrical surfaces (see Figure 6). The WEN fibers played a role in confining
the concrete. Overall, the addition of WEN fibers did not enhance the compressive strength
of concrete. However, an increase in strain corresponding to an increase in the WEN
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fiber proportions was observed. The results in Figure 5 show slight decreases of 4, 7, and
12% in compressive strength as compared with that of plain concrete when the respective
volume proportions of WEN fibers of 1, 2, and 3% were added. The comparative outcomes
between the compressive strengths of concrete reinforced with 1% (by volume) polymeric
and recycled polymeric fibers are listed in Table 7. The reduction in compressive behavior
as compared with that of the control concrete is presented as a percentage. As shown
in Table 7, the reduction in compressive strength when WEN fibers are added into the
concrete is consistent with the findings from previous works [15,17,24]. In particular, the
reduction in this study in the compressive strength of 4% when 1% WEN fibers were added
into the concrete was most effective as compared with those reported in the literature.

50
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T 37.83
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Figure 5. Average compressive strength results: (a) Constitutive curves; (b) compressive strength results.

(@)

(b) (© (d)

Figure 6. Failed cylindrical concrete samples in compressive strength test: (a) Plain concrete; (b) 1% WEN fiber-reinforced
concrete; (¢) 2% WEN fiber-reinforced concrete; (d) 3% WEN fiber-reinforced concrete.

Table 6. Compressive strength test and splitting tensile strength test results.

Compressive Strength 3 Splitting Tensile

(MPa) Toughness (J/m) Strength (MPa)
Plain 43.18 (0.7541) 81,865.03 (1741.742) 3.77 (0.0668)
1% 41.60 (0.4140) 162,535.6 (5517.159) 4.01 (0.5284)
2% 40.42 (1.4626) 170,329.7 (2242.645) 4.42 (0.1491)
3% 37.83 (1.2981) 188,193.8 (2975.436) 4.44 (0.0611)

Note: Numbers in parentheses are standard deviations.

According to the literature, polymeric fibers have been reported to reduce concrete
compressive behavior because of the creation of additional defects in the cement matrix
generated following a reduction in the matrix compactness. Consequently, the addition of
polymeric fibers weakens the interfacial transition zone (ITZ) [43,44]. Fiber effectiveness
was only activated after a crack occurred. Considering the post-peak stage in Figure 5a,
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the descending slope of the stress-strain curves is softened by the presence of fibers. In
addition, an increase in peak strain was observed. These observations are clearer when
the proportion of fibers is increased. Therefore, the toughness increases considerably.
The toughness can be computed by the area under the stress-strain curve [45] relevant to
Equation (4) and Figure 5a. The results are listed in Table 6. A study by [43] considered the
effectiveness of steel fibers on the mechanical characteristics of concrete. A slight reduction
in compressive strength was reported when steel fibers were added to the concrete. In
addition, the role of steel fibers in softening the constitutive curve after the peak load,
as well as its effect on flexural toughness, were observed. Similar findings pertaining to
decreasing compressive strength and increasing strain at the peak load have been published
by Choi and Yuan [46]. These authors added the same proportions (1% and 1.5%) of glass
fibers and polypropylene fibers in concrete. The observation at 28 days showed a decrease
in compressive strength as compared with that in the plain paste from 12 to 27%. Hence,
the post-cracking behaviors of the WEN fiber concretes were similar to those reported in
the literature.

Table 7. Compressive behavior comparison of 1% (by volume) polymeric and recycled polymeric
reinforced concrete.

Present Work  Zhangetal. [17] Kimetal. [24]  Ghanem et al. [15]
Fiber WEN Fiber R-PP Fiber R-PET Fiber Marco PP Fiber
Reduction (%) 4 7.1 10 21.8

According to the compressive strength test observations, the compressive strength of
WEN fiber-reinforced concrete decreased with an increase in WFN fiber proportions. By
contrast, toughness was enhanced. In addition, the role of the fiber in softening the consti-
tutive curve after the peak load was clearly observed with an increase in fiber proportions.

4.2. Splitting Tensile Strength Test

Figure 7 shows the failure samples after the splitting test. The plain concrete samples
were split into two pieces. The 1% WEN fiber-reinforced concrete samples were split into
two pieces, but there were several weak connections. The 2% and 3% WEN fiber-reinforced
concrete samples were not split completely. Accordingly, the dense distribution of fibers
inside the concrete could be observed. In addition, the original state of fiber was kept
throughout the failure process, i.e., there was no cut fiber in the failed zone. The failure
occurred owing to the pullout phenomena of fibers from the cement matrix. It is worth
mentioning that the strain of the fiber is higher than that of the composite concrete, refer
to data from Figures 2 and 5a, i.e., 0.226 and from 0.003 to 0.0032 for the WEN fiber and
the WEN fiber-reinforced concrete, respectively. This argument contributes to clarify that
the failure phenomena were due to the pullout of the fiber from the matrix rather than the
failure of the fiber itself in the matrix. The average splitting tensile strengths at 28 days
for the WEN fiber-reinforced concrete and plain concrete are shown in Figure 8b and
Table 6. In general, the splitting tensile strength can be computed based on the peak load
(P) relevant to the first crack [34]. The splitting tensile strengths are presented in Figure 8b
and Table 6 in compliance with Equation (2). The test results show that increases of 5, 15,
and 16% can be observed as compared with that of plain concrete when the respective
proportions of 1, 2, and 3% were added into the concrete. There were significant differences
between the tensile strengths of the 1% WEN fiber-reinforced concrete and 2% and 3% WEN
fiber-reinforced concretes; however, there was a negligible difference between the tensile
strengths of the concrete containing 2% and 3% WEN fibers. Furthermore, the ductility of
the concrete corresponding to the post-peak behavior of the splitting load-displacement
curves increased significantly, as shown in Figure 8a. The pre-peak behaviors were similar
in all materials. They increase linearly up to the first crack, which is the proportional limit
that coincides with the occurrence of the first crack. The results of the splitting test of
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plain concrete showed no distinct behavioral trends after the peak load. By contrast, the
displacement observed from other fiber-reinforced concrete samples continued to increase
until failure occurred. These observations have clarified the effectiveness of WEN fibers
in improving the crack resistance and the tensile strength and ductility of concrete. Once
the splitting failure occurred, the fibers located in the splitting zone acted as bridging and
anchoring agents that restricted the propagation of the crack, transferred the stress, and
gradually withstood the applied load. The transfer of the stress of the WEN fibers improved
the tensile strain capacity, as observed in the post-peak behavior in Figure 8a. Finally, an
improvement in the tensile strength over the unreinforced concrete was observed. A
comparative finding was published by Zhang et al. [17], which reflected the effectiveness of
the use of recycled polymeric fibers for improving the splitting tensile strength of concrete.
In this study, an increase of 4.3% in the splitting tensile strength of concrete was reported
when 1% R-PP fibers (by volume) was added into the concrete. As shown in Table 2, the
tensile strength of R-PP fibers was higher than that of WEN fibers (400 MPa as compared
with 303.8 MPa, respectively); however, the response in tensile strength was reported to be
lower than that in this study. Since the failure scenario depends on the pullout of the fibers
from the matrix, the twisted geometry of the WEN fibers was more effective as compared
with the dense and rectangular geometry of the R-PP fibers, as reported in [17].

(d)

Figure 7. Failed cylindrical concrete samples from the splitting tensile strength test: (a) Plain concrete; (b) 1% WEN
fiber-reinforced concrete; (c) 2% WEFN fiber-reinforced concrete; (d) 3% WEN fiber-reinforced concrete.
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Figure 8. Splitting tensile strength test results: (a) Splitting load-displacement curves; (b) splitting tensile strength.

The test results also showed that the average splitting tensile strength of WEN fiber-
reinforced concrete ranged from 9 to 11% of its compressive strength. This range is similar
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to that found in other fiber-reinforced concrete research (glass, polypropylene, and steel
fibers) [46,47].

The use of WEN fibers was effective in improving the tensile and post-cracking
behavior of concrete. In addition, the failure of the fiber-reinforced concrete is observed
owing to the pullout phenomena of the fiber from the cement matrix.

4.3. Biaxial Flexure Test

Figure 9 illustrates the failed samples from the BFT with different WEN fiber volume
proportions. The deflection-hardening behavior and consistency load-deflection response
were observed as shown in Figure 10 [48]. As indicated by the crack patterns, the flexural
failure mode can be observed for the WEN samples with a fiber-concrete proportion of
1% (Figure 9c), while both flexural failure and punching failure modes can be observed
for samples containing 2% and 3% WEN fibers (Figure 9a,b). Small and large cracks can
both be observed in the failed WEFN samples with fiber-reinforced concrete proportions of
2% and 3%, while only larger cracks were observed in the failed 1% WEN fiber-reinforced
concrete samples. In addition, the numbers of cracks in the failed samples of the two test
cases were more than that of the 1% WEFN fiber-reinforced concrete sample. Thus, the role
of fiber proportions is clarified. Similar to the above observations from the splitting tensile
strength test, the WEN fibers showed their efficient role in bridging cracks, withstanding
load, and delaying the development of crack propagations that improved the ultimate
strength of materials. The higher efficiencies associated with higher fiber proportions can
also be observed from these failure patterns. The literature review showed that the normal
concrete samples were fractured and had no effective post-cracking ductility [39,49]. The
samples were broken into two or three pieces separately, and the direction and the location
of the first crack were random. When a crack occurs at peak load, the load suddenly drops
to zero. Hence, this study only focused on the fiber-reinforced concrete samples.

Figure 9. Tensile fiber of round panel concrete samples: (a) WEN samples with fiber-reinforced
concrete proportions of (a) 3%; (b) 2%; (c) 1%.

The pre-peak stage, as illustrated in Figure 10, shows that the deformation mode
depends on the elastic properties of the normal concrete. The pre-peak behaviors were
similar for the three surveyed variables. Comparable effectiveness was observed with
post-peak responses. Ductile behaviors can be observed owing to the addition of WFN
fibers, and the improvement in this behavior is more evident with the higher WEN fiber
proportions. In addition, different residual stages are observed among the three fiber
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proportions (3% WEN fiber-reinforced concrete >2% WEN fiber-reinforced concrete >1%
WEN fiber-reinforced concrete). As the WEN fiber-reinforced concrete exhibited deflection-
hardening behavior, the biaxial flexural stresses at the first crack (limit of proportionality
(LOP)) and the peak (modulus of rupture (MOR)) were considered (see Table 8). At the
point of LOP, the biaxial flexural stress remained unchanged when the fiber proportions
were increased, and the difference between the highest and lowest stresses as compared
with that of the mean stress of the three variables was approximately 6%. However, there
was an increase in stress at the MOR point when increased proportions of fibers were
added. As compared with the stress observed in the case of the 1% WEN fiber-reinforced
concrete sample, the 2% and 3% WEN fiber-reinforced concrete samples increased by 19%
and 30%, respectively.

20 - 154

[
h
]

Load (kN)
T

P 1, sl 3%

0 5 10 15 20
Deflection (mm)

Figure 10. Load-deflection curves from the biaxial flexure test.

According to ASTM C1550 [35], the toughness of fiber-reinforced concrete is deter-
mined by its energy absorption capacity, which is characterized by the areas under the
load—deflection curves between the initial loading and the specified central deflection.
Moreover, ASTM C 1550 [35] recommends computation of the toughness values at deflec-
tions of 5, 10, 20, and 40 mm relevant to the span length ratios of the sample, that is, at
L/160, L/80, L/40, and L/20, respectively, where L = 800 mm. Thus, to comply with the
standard, the central deflection points of 2.5, 5, 10, and 20, corresponding to the 420 mm
diameter sample and the points of LOP and MOR, are proposed to compute the toughness
in this study. The biaxial flexural strength was calculated using Equation (3), and toughness
was calculated using Equation (4). The load—deflection curves are shown in Figure 10, and
the biaxial flexural test results are listed in Table 8.

Figure 11 summarizes the toughness from the biaxial flexural test corresponding to
central deflections and fiber proportions. The toughness values at the points LOP, L /160,
and MOR were unchanged regardless of the fiber proportions. For instance, the mean value
of toughness of each variable at the points LOP, L/160, and MOR are observed to be equal
to 6,12, and 15 ], respectively. However, different toughness values were observed at the
points L/80, L/40, and L/20, and their order increased as a function of the fiber proportions.
For instance, the toughness values at the points L/20 were 143, 190, 225 ], respectively.
On the basis of these observations, the efficiencies corresponding to the different fiber
proportions were estimated by the normalized analysis based on the toughness values of
the 1% WEN fiber-reinforced concrete sample (see Figure 12). As indicated, at LOP, all the
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test samples showed a decrease in the toughness ratio with an increase in the proportion
of fibers. This may be attributed to the fiber additions, which degraded the performance
of the ITZ as reported above. A lower decrease is observed at the point L/160; thus,
demonstrating the influences of fiber proportions on the toughness performance after the
first crack occurred. After MOR, the toughness performances of all test samples yielded
higher increases, which corresponded to the increase in fiber proportions. This is attributed
to the fact that the twisted geometry of WEN fibers improved the bond between the fibers
and the cement matrix. Therefore, toughness was improved at higher fiber proportions.

Table 8. Biaxial flexural test results.

Unit 1% 2% 3%
Prop kN 10.43 (0.896) 9.87 (0.208) 9.27 (0.513)
LoP frop MPa 4.3 (0.369) 4.07 (0.086) 3.82 (0.211)
SLop mm 1.93 (0.153) 1.97 (0.058) 1.9
Trop J 7.11 (0.895) 6.25 (0.701) 5.1(0.212)
Py 5 kN 11.07 (2.084) 13.37 (3.066) 13.27 (1.012)
L/160 o5 mm 2.5 2.5 2.5
Tos J 12.48 (0.75) 12.08 (0.321) 11.39 (0.242)
PMOR kN 12.6 (1.572) 14.97 (0.907) 16.37 (1.419)
MOR faMOR MPa 5.19 (0.648) 6.17 (0.374) 6.74 (0.585)
SMOR mm 2.73 (0.252) 2.73(0.321) 2.8(0.1)
TMOR J 15.16 (1.885) 15.15 (4.289) 15.87 (1.231)
Ps kN 8.13 (1.15) 10.33 (1.25) 12.37 (1.002)
L/80 5 mm 5 5 5
Ts J 34.57 (1.414) 40.6 (1.611) 44.59 (1.031)
P10 kN 7.23 (1.429) 10.37 (1.258) 12.1 (0.361)
L/40 310 mm 10 10 10
Tyo J 73.73 (5.708) 92.25 (7.595) 106.54 (4.296)
Pao kN 6.8 (0.854) 9.57 (0.416) 11 (1.082)
L/20 520 mm 20 20 20
Tao ] 143.1 (15.074) 190.27 (14.254) 224.67 (8.699)

Note: P, load; ﬁc, biaxial flexural stress; o, deflection at the central point; T, toughness; number in parentheses,

standard deviation.
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Figure 11. Toughness corresponding to central deflections and fiber proportions.
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Figure 12. Normalized analysis based on the toughness of the 1% WEN fiber-reinforced
concrete sample.

The toughness value at a specified central deflection was used to clarify the perfor-
mance of the WEN fibers by redistributing the stress after cracking. The above findings
demonstrate the effectiveness of WEN fibers in enhancing the biaxial flexural stress and
toughness and the post-crack behavior of concrete.

4.4. Ductility Number

It is known that in a parallel system of brittle materials, if failure occurs in one part, it
cannot carry the load anymore, and the entire load is transferred to the remaining parts.
Conversely, if a part of a parallel system of ideally plastic materials fails, it maintains the
load partially, and the other parts continue to carry the remaining load. Thus, determining
the transformation of the failure mode from a brittle to quasi-brittle material or ductile
is a major issue, which clarifies the improvement of material property. A previous study
proposed an index as the ductility number (Equation (5)) to evaluate the failure mode of a
material [50]. .

]

A=1—l w1 ®)

where w and ( are constants used to describe the relationship between A and « (in this
study, w = ¢ = 1), where is the maximum value of the peak-strain ratio.

Figure 13 shows the relationship between the peak-stress ratio and peak-strain ratio
from the compressive strength test. From the results in Figure 13, the ductility numbers are
listed in Table 9.

Table 9. Ductility number results.

Plain 1% WEN 2% WEFN 3% WEN
a Fiber-Reinforced Fiber-Reinforced Fiber-Reinforced
Concrete
Concrete Concrete Concrete
o4 1.23 1.90 2.06 2.26
A 0.21 0.59 0.66 0.72

As listed in Table 9, the ductility number increased as the fiber proportion increased.
Hence, the transformation of the failure mode from a brittle to a quasi-brittle WEN fiber-
reinforced concrete is clarified based on this observation.



Materials 2021, 14, 7381

14 0f 18

0.0 0.5 1.0 1.5 2.0 2.5
g/ep

Figure 13. Peak-stress ratio—peak-strain ratio curves.

4.5. Optimization of WEN Fiber Proportion

The observations from this study show the effectiveness of WEN fibers in transforming
the failure mode from a brittle to a quasi-brittle concrete, which is an important material
property. The performance of concrete is evaluated based on compressive strength, splitting
tensile strength, and biaxial flexural strength tests. As shown in Figure 14, the compressive
strength decreased by 3.7% in the case of the 1% WEN fiber, while the toughness and
splitting tensile strength increased by 98.5 and 6.3%, respectively. When the proportion of
WEN fiber increased from 1 to 2%, the compressive strength decreased by 2.7%, while the
other properties increased by 9.5 and 10.8%. In addition, the biaxial flexural strength and
toughness increased by 18.9 and 33%, respectively. However, when the fiber proportion
increased from 2 to 3%, the decrease in compressive strength showed a further increase, that
is, 6%, while the increase in splitting tensile strength and biaxial flexural strength further
decreased by 5.3 and 11%, respectively; by contrast, the toughness from compression
and biaxial flexural toughness increased by 21.8 and 24%, respectively. In addition, from
the material workability perspective, the slump of the 1% WEN fiber-reinforced concrete
sample was acceptable as compared with those of the 2% and 3% WEN fiber-reinforced
concrete samples. In addition, the findings from literature showed the cost benefit of
utilizing synthetic fiber as a reinforcing agent for concrete [51,52]. Hence, using the
recycled fiber from waste fishing net is a benefit not in improving material properties but
also in solving the environmental and economic issues. According to these observations,
the proportion of 1% WEN fibers can be considered the most economical option over the
scope of the present study. In addition, the recommended proportions of 1 and 2% of WEN
fibers can be applied in practice depending on the structural requirements.
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Figure 14. Normalized analysis of strength and toughness based on plain concrete, and biaxial
flexural strength and toughness based on 1% WEN fiber-reinforced concrete sample.

5. Conclusions

In this study, the influences of 1, 2, and 3% proportions of WEN fibers on the strength
and toughness of concrete were investigated. The following conclusions can be drawn
from the observations of this study:

e  The addition of WEN fibers reduced the workability of concrete, and the slump of the
1% WEN fiber-reinforced concrete sample was acceptable as compared with those of
the 2 and 3% WEN fiber-reinforced concrete samples.

e Corresponding to an increase in the fiber proportions, the changes in the mechani-
cal properties of the WEN fiber-reinforced concrete are as follows: According to the
compression test, the compressive strength decreased slightly while the strain and
toughness increased. According to the splitting tensile strength outcomes, an improve-
ment in the tensile property and post-cracking behavior of concrete was observed.
From the biaxial flexural test, the biaxial tensile stress and toughness improved sig-
nificantly. On the basis of the findings from the experimental work, the WEN fibers
showed their benefits in crack arresting, and thus improved the post-cracking behavior
and transformed concrete from a brittle to a quasi-brittle material.

e  On the basis of the normalized analysis, the optimal proportion of 1% WEN fibers
is proposed by considering the changes in the decrease in compressive strength and
the increase in splitting tensile strength and toughness among the three surveyed
proportions. However, the proportions of 1% and 2% are recommended for practical
applications owing to their structural requirements. In addition, further studies on
detailed proportions of fiber content from 1 to 2% are necessary to find the best
performance of WEN fiber-reinforced concrete material.

e  The fiber utilized in this study was a recycled product from the WEN. Thus, the
environmental benefits are very clear. In addition, the fiber production process does
not consume any energy and releases toxic waste or exhaust. Collection, classification,
washing, and cutting into desired sizes are all requirements of the production process.
However, for practical applications, the demands for WEN fiber pretreatment, cutting
technology, and optimal mixing design technology are necessary. Hence, these subjects
will be studied in detail in the future.
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In conclusion, WEN fiber is a potential reinforcement for concrete, and it can be
utilized and evaluated in practical applications, especially, constructions in the marine
zone, where chloride corrosion is the most concern.

Author Contributions: Conceptualization, TH.H. and J.] K.; methodology, TH.H. and ].].K,; soft-
ware, TN.M.N; validation, ].K.P.; formal analysis, T.N.M.N.; investigation, T.H.H. and ].] K.; data
curation, J.J. K. and T.N.M.N.; writing—original draft preparation, TN.M.N. and J.K.P.; writing—
review and editing, TN.M.N,, ] K.P,, TH.H. and ]J.J.K.; visualization, T.H.H.; supervision, J.].K.;
project administration, T.H.H.; funding acquisition, T.H.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by the Korea Institute of Ocean Science and Technology (KIOST)
(project no. PE99933).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. United Nations Environment Programme. 2020 Global Status Report for Buildings and Construction: Towards a Zero-Emission, Efficient
and Resilient Buildings and Construction Sector; United Nations Environment Programme: Nairobi, Kenya, 2020.

2. The Pew Charitable Trusts and SYSTEMIQ. Breaking the Plastic Wave: A Comprehensive Assessment of Pathways towards Stopping
Ocean Plastic Pollution; SYSTEMIQ Ltd.: London, UK; Munich, Germany; Jakarta, Indonesia, 2020.

3.  Siddique, R.; Khatib, J.; Kaur, I. Use of recycled plastic in concrete: A review. Waste Manag. 2008, 28, 1835-1852. [CrossRef]

4. Ahmed, H.U,; Faraj, RH.; Hilal, N.; Mohammed, A.A.; Sherwani, A.FH. Use of recycled fibers in concrete composites: A
systematic comprehensive review. Compos. Part B Eng. 2021, 215, 108769. [CrossRef]

5. Merli, R,; Preziosi, M.; Acampora, A.; Lucchetti, M.C.; Petrucci, E. Recycled Fibers in Reinforced Concrete: A systematic literature
review. J. Clean. Prod. 2019, 248, 119207. [CrossRef]

6.  Tuladhar, R.; Yin, S. Use of Recycled Plastics in Eco-efficient Concrete; Woodhead Publishing: Cambridge, UK, 2019; pp. 441-460.
[CrossRef]

7. Nguyen, TN.M.; Yoo, D.; Kim, J.J. Cementitious Material Reinforced by Carbon Nanotube-Nylon 66 Hybrid Nanofibers:
Mechanical strength and microstructure analysis. Mater. Today Commun. 2020, 23, 100845. [CrossRef]

8. Nguyen, TN.M.; Moon, ].; Kim, ].J. Microstructure and mechanical properties of hardened cement paste including Nylon 66
nanofibers. Constr. Build. Mater. 2020, 232, 117-132. [CrossRef]

9. Nguyen, TN.M.; Lee, D.H.; Kim, ] .J.. Effect of Electrospun Nanofiber Additive on Selected Mechanical Properties of Hardened
Cement Paste. Appl. Sci. 2020, 10, 7504. [CrossRef]

10. Kim, J.J.; Nguyen, TN.M.; Nguyen, X.T.; Ta, D.H. Reinforcing Cementitious Material Using Singlewalled Carbon Nanotube—
Nylon 66 Nanofibers. Transp. Commun. Sci. ]. 2020, 71, 46-55. [CrossRef]

11. Song, PS.; Hwang, S.; Sheu, B.C. Strength properties of nylon- and polypropylene fibre reinforced concretes. Cem. Concr. Res.
2005, 35, 1546-1550. [CrossRef]

12.  Nili, M.; Afroughsabet, V. The effects of silica fume and polypropylene fibres on the impact resistance and mechanical properties
of concrete. Constr. Build. Mater. 2010, 24, 927-933. [CrossRef]

13. Karahan, O.; Atis, C.D. The durability properties of polypropylene fiber reinforced fly ash concrete. Mate. Design 2011, 32,
1044-1049. [CrossRef]

14. Park, ] K,; Kim, D.J.; Kim, M.O. Mechanical behavior of waste fishing net fiber-reinforced cementitious composites subjected to
direct tension. J. Build. Eng. 2021, 33, 101622. [CrossRef]

15. Ghanem, S.Y.; Bowling, J.; Sun, Z. Mechanical Properties of Hybrid Synthetic Fiber Reinforced Self- Consolidating Concrete.
Compos. Part C Open Access 2021, 5, 100154. [CrossRef]

16. Kazmi, S.M.S.; Munir, M.].; Wu, Y.-F; Patnaikuni, I.; Zhou, Y.; Xing, F. Axial stress-strain behavior of macro-synthetic fiber
reinforced recycled aggregate concrete. Cem. Concr. Comps. 2019, 97, 341-356. [CrossRef]

17.  Zhang, H.; Sarker, PX.; Wang, Q.; He, B.; Jiang, Z. Strength and toughness of ambient-cured geopolymer concrete containing
virgin and recycled fibres in mono and hybrid combinations. Constr. Build. Mater. 2021, 304, 124649. [CrossRef]

18.  Ochi, T.; Okubo, S.; Fukui, K. Development of recycled PET fiber and its application as concrete-reinforcing fiber. Cem. Concr.
Comps. 2007, 29, 448-455. [CrossRef]

19. Kim, J.J; Park, C.G.; Lee, SW.; Lee, SW.; Won, ].P. Effects of the geometry of recycled PET fiber reinforcement on shrinkage

cracking of cement-based composites. Compos. Part B Eng. 2008, 39, 442—450. [CrossRef]


http://doi.org/10.1016/j.wasman.2007.09.011
http://doi.org/10.1016/j.compositesb.2021.108769
http://doi.org/10.1016/j.jclepro.2019.119207
http://doi.org/10.1016/B978-0-08-102676-2.00021-9
http://doi.org/10.1016/j.mtcomm.2019.100845
http://doi.org/10.1016/j.conbuildmat.2019.117134
http://doi.org/10.3390/app10217504
http://doi.org/10.25073/tcsj.71.1.6
http://doi.org/10.1016/j.cemconres.2004.06.033
http://doi.org/10.1016/j.conbuildmat.2009.11.025
http://doi.org/10.1016/j.matdes.2010.07.011
http://doi.org/10.1016/j.jobe.2020.101622
http://doi.org/10.1016/j.jcomc.2021.100154
http://doi.org/10.1016/j.cemconcomp.2019.01.005
http://doi.org/10.1016/j.conbuildmat.2021.124649
http://doi.org/10.1016/j.cemconcomp.2007.02.002
http://doi.org/10.1016/j.compositesb.2007.05.001

Materials 2021, 14, 7381 17 of 18

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.
43.

44.

45.
46.

47.
48.

49.

Pan, Z.; Wu, C.; Liu, J.; Wang, W.; Liu, J. Study on mechanical properties of costeffective polyvinyl alcohol engineered cementitious
composites (PVA-ECC). Constr. Build. Mater. 2015, 78, 397-404. [CrossRef]

Curosu, L; Liebscher, M.; Mechtcherine, V.; Bellmann, C.; Michel, S. Tensile behavior of high-strength strain-hardening cement-
based composites (HS-SHCC) made with high-performance polyethylene, aramid and PBO fibers. Cem. Concr. Res. 2017, 98,
71-81. [CrossRef]

Zhou, S.; Xie, L.; Jia, Y.; Wang, C. Review of Cementitious Composites Containing Polyethylene Fibers as Repairing Materials.
Polymers 2020, 12, 2624. [CrossRef]

Pesi¢, N.; Zivanovi¢, S.; Garcia, R.; Papastergiou, P. Mechanical properties of concrete reinforced with recycled HDPE plastic
fibres. Constr. Build. Mater. 2016, 115, 362-370. [CrossRef]

Kim, S.B.; Yi, N.-H.; Kim, H.Y.; Kim, J.; Song, Y. Material and structural performance evaluation of recycled PET fiber reinforced
concrete. Cem. Concr. Comps. 2010, 32, 232-240. [CrossRef]

Lu, C; Yu, J.; Leung, C.K\Y. Tensile performance and impact resistance of strain hardening cementitious composites (SHCC) with
recycled fibers. Constr. Build. Mater. 2018, 171, 566-576. [CrossRef]

Tran, T.N.H.; Puttiwongrak, A.; Pongsopha, P.; Intarabut, D.; Jamsawang, P.; Sukontasukkul, P. Microparticle filtration ability of
pervious concrete mixed with recycled synthetic fibers. Constr. Build. Mater. 2021, 270, 121807. [CrossRef]

Orasutthikul, S.; Unno, D.; Yokota, H. Effectiveness of recycled nylon fiber from waste fishing net with respect to fiber reinforced
mortar. Constr. Build. Mater. 2017, 146, 594-602. [CrossRef]

Spadea, S.; Farina, I.; Carrafiello, A.; Fraternali, F. Recycled nylon fibers as cement mortar reinforcement. Construction Build.
Mater. 2015, 80, 200-209. [CrossRef]

Madhavi, T.C.; Raju, L.S.; Mathur, D. Polypropylene fiber reinforced concrete—A review. Int. . Emerg. Technol. Adv. Eng. 2014, 4,
114-119.

Ottosen, L.M.; Svensson, S.J.; Bertelsen, LM.G. In Discarded nylon fishing nets as fibre reinforcement in cement mortar. In
Proceeding of the 15th International Conference on Urban Regeneration and Sustainability, Online, 5-7 October 2021. [CrossRef]
Srimahachota, T.; Yokota, H.; Akira, Y. Recycled Nylon Fiber from Waste Fishing Nets as Reinforcement in Polymer Cement
Mortar for the Repair of Corroded RC Beams. Materials 2020, 13, 4276. [CrossRef] [PubMed]

Truong, V.D.; Kim, M.O.; Kim, D.]. Feasibility study on use of waste fishing nets as continuous reinforcements in cement-based
matrix. Constr. Build. Mater. 2021, 269, 121314. [CrossRef]

ASTM C39/C39M-21. Standard Test Method for Compressive Strength of Cylindrical Concrete Specimens; ASTM International: West
Conshehoken, PA, USA, 2021.

ASTM C496/C496M-17. Standard Test Method for Splitting Tensile Strength of Cylindrical Concrete Specimens; ASTM International:
West Conshehoken, PA, USA, 2017.

ASTM C1550-20. Standard Test Method for Flexural Toughness of Fiber Reinforced Concrete (Using Centrally Loaded Round Panel); ASTM
International: West Conshehoken, PA, USA, 2020.

Rostami, R.; Zarrebini, M.; Mandegari, M.; Mostofinejad, D.; Abtahi, S.M. A review on performance of polyester fibers in alkaline
and cementitious composites environments. Constr. Build. Mater. 2020, 241, 117998. [CrossRef]

ASTM C143/C143M-20. Standard Test Method for Slump of Hydraulic-Cement Concrete; ASTM International: West Conshehoken, PA,
USA, 2020.

ASTM C192/C192M-19. Standard Practice for Making and Curing Concrete Test Specimens in the Laboratory; ASTM International:
West Conshehoken, PA, USA, 2019.

Kim, J.; Kim, D.J.; Zi, G. Improvement of the biaxial flexure test method for concrete. Cem. Concr. Comps. 2013, 37, 154-160.
[CrossRef]

Zi, G.; Oh, H,; Park, S.-K. A novel indirect tensile test method to measure the biaxial tensile strength of concretes and other
quasibrittle materials. Cem. Concr. Res. 2008, 38, 751-756. [CrossRef]

Yoo, D.-Y,; Zi, G.; Kang, S.-T.; Yoon, Y.-S. Biaxial flexural behavior of ultra-high-performance fiber-reinforced concrete with
different fiber lengths and placement methods. Cem. Concr. Comps. 2015, 63, 51-66. [CrossRef]

Timoshenko, S.P.; Woinowsky-Krieger, S. Theory of Plates and Shells, 2nd ed.; McGraw-Hill Press: New York, NY, USA, 1959.
Boulekbache, B.; Hamrat, M.; Chemrouk, M.; Amziane, S. Flowability of fibre-reinforced concrete and its effect on the mechanical
properties of the material. Constr. Build. Mater. 2010, 24, 1664-1671. [CrossRef]

Palmquist, S.M.; Kintzel, E.; Andrew, K. Scanning electron microscopy to examine concrete with carbon nanofibers. In Proceedings
of the 5th Pan American Conference for NDT, Cancun, NM, USA, 2-6 October 2011.

Timoshenko, S.P; Gere, ]. M. Mechanics of Materials; PWS-Kent Publishing: Boston, MA, USA, 1984.

Choi, Y,; Yuan, R.L. Experimental relationship between splitting tensile strength and compressive strength of GFRC and PFRC.
Cem. Concr. Res. 2005, 35, 1587-1591. [CrossRef]

Nataraja, M.C.; Dhang, N.; Gupta, A.P. Splitting tensile strength of SFRC. Indian Concr. |. 2001, 75, 287-290.

Naaman, A.E.; Reinhardt, H.-W. Proposed classification of HPFRC composites based on their tensile response. Mater. Struct. 2006,
39, 547-555. [CrossRef]

Deng, Z.; Shi, F,; Yin, S.; Tuladhar, R. Characterisation of macro polyolefin fibre reinforcement in concrete through round
determinate panel test. Constr. Build. Mater. 2016, 121, 229-235. [CrossRef]


http://doi.org/10.1016/j.conbuildmat.2014.12.071
http://doi.org/10.1016/j.cemconres.2017.04.004
http://doi.org/10.3390/polym12112624
http://doi.org/10.1016/j.conbuildmat.2016.04.050
http://doi.org/10.1016/j.cemconcomp.2009.11.002
http://doi.org/10.1016/j.conbuildmat.2018.03.108
http://doi.org/10.1016/j.conbuildmat.2020.121807
http://doi.org/10.1016/j.conbuildmat.2017.04.134
http://doi.org/10.1016/j.conbuildmat.2015.01.075
http://doi.org/10.2495/WM180231
http://doi.org/10.3390/ma13194276
http://www.ncbi.nlm.nih.gov/pubmed/32992793
http://doi.org/10.1016/j.conbuildmat.2020.121314
http://doi.org/10.1016/j.conbuildmat.2020.117998
http://doi.org/10.1016/j.cemconcomp.2012.11.001
http://doi.org/10.1016/j.cemconres.2008.02.002
http://doi.org/10.1016/j.cemconcomp.2015.07.011
http://doi.org/10.1016/j.conbuildmat.2010.02.025
http://doi.org/10.1016/j.cemconres.2004.09.010
http://doi.org/10.1617/s11527-006-9103-2
http://doi.org/10.1016/j.conbuildmat.2016.05.134

Materials 2021, 14, 7381 18 of 18

50. Kim, ].J.; Taha, M.M.R. Time-dependent reliability analysis of masonry panels under high permanent compressive stresses. In
Proceedings of the 11th Canadian Masonry Symposium, Toronto, ON, Canada, 31 May-3 June 2009.

51. Yew, M.K,; Mahmud, H.B.; Shafigh, P.; Ang, B.C.; Yew, M.C. Effects of polypropylene twisted bundle fibers on the mechanical
properties of high-strength oil palm shell lightweight concrete. Mater. Struct. 2016, 49, 1221-1233. [CrossRef]

52. Wang, D.; Ju, Y,; Shen, H.; Xu, L. Mechanical properties of high performance concrete reinforced with basalt fiber and polypropy-
lene fiber. Constr. Build. Mater. 2019, 197, 464-473. [CrossRef]


http://doi.org/10.1617/s11527-015-0572-z
http://doi.org/10.1016/j.conbuildmat.2018.11.181

	Introduction 
	Experimental Work 
	Materials 
	Sample Preparations 

	Testing Methods 
	Results and Discussion 
	Compressive Strength Test 
	Splitting Tensile Strength Test 
	Biaxial Flexure Test 
	Ductility Number 
	Optimization of WFN Fiber Proportion 

	Conclusions 
	References

