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ABSTRACT

In this study, the authors focused on the potential and efficiency of recycled nylon fibers obtained from
waste fishing nets as tensile reinforcement of mortar, and discussed comparisons with the experimental
results of recycled PET and PVA fibers. The recycled nylon fibers were obtained through manual cutting
of waste fishing net at different lengths of 20 mm, 30 mm and 40 mm, and mixed in mortar with the volumes
of 1.0%, 1.5% and 2.0%. It was observed that recycled nylon fibers significantly enhances the mechanical
properties of mortar as well as post peak response and ductile behavior. The addition of recycled-nylon
fibers improved modulus of rupture up to 41% more than recycled-PET and PVA fibers. However,
compressive strength decreased as fiber fraction and aspect ratio increased. Additionally, the use of R-
nylon fibers is beneficial in terms of environmental effect and economic products.

INTRODUCTION

Disposing of fishing nets has been a major concern in the seas and oceans environment. The number of
abandoned fishing nets is remarkably increase in every year. Separating the nets for disposal is not practical
because they become totally entangle. In addition, there were found about 705,000 tons of waste fishing
nets in the North Pacific Ocean [Onegreenplanet.org]. The marine lives, especially turtles, seals and other
marine mammals are directly affected; they can be entangled in these abandoned nets. In addition, they also
disturb the marine food web by blocking sunlight to reach the plankton and algae below the surface of the
oceans. This straight affect the animals that feed on algae and plankton. Nowadays, fishing nets are mostly
made of nylon 6 which is not biodegradable. Although the storage of them does not cause any danger, it is
very important to find the suitable ways for recycling them. Spadea et al. [2015] investigated the use of
recycled nylon fiber to reinforce mortar. They observed that the toughness and ductility significantly
improved from the addition of recycled reinforcing fibers to the mix-design.

During the past two decades, fiber reinforced mortars have been generally used to improve modulus of
rupture, fracture toughness, impact resistance, and shrinkage controlling. Although the use of synthetic
fibers, especially poly vinyl alcohol (PVA) and polypropylene fiber, was successful in significantly
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improving mechanical properties of fiber reinforced mortar. In recent years, many researchers have been
focusing on using recycled materials [Pereira et al. 2011; Fraternali et al. 2013; Ozger et al. 2013]. They
have not only concerned about mechanical properties but also environmental effects and economic
products. There are lots of literature show that addition of recycled PET in to mortar can modify mechanical
and chemical properties [Pereira et al. 2011; Fraternali et al. 2013]. Durability of fibers in alkali condition
is very important to have high efficiency mortar composites. As evidences from the previous literature,
recycled PET and recycled nylon fiber had excellent alkali resistance [Ochi et al. 2007; Spadea et al. 2015].
While tensile strength of PVA fibers after alkali test decreased to 56% of that before the test [Ochi et al.
2007].

In this study, the authors studied mechanical properties including compressive strength, flexural strength
and toughness of different fibers containing mortar composites. Recycled fibers that are nylon and PET
fibers, and virgin fiber that is PVA fiber, were investigated. The main objective of this study is to investigate
the effectiveness of recycled (R)-nylon fiber from waste fishing nets in enhancing the mechanical properties
of mortar, and compare with recycled (R)-PET and PVA fibers.

METHODOLOGY

The waste fishing nets in this experiment were collected by fishermen in Hokkaido, Japan. The nets were
cut by hand at different lengths of 20 mm, 30 mm and 40 mm. PVA and recycled PET fibers were supplied
by Kuraray Company and Sango Company, respectively. All types of fibers are shown in figure 1 and the
properties of all fibers are summarized in Table 1. Fiber contents in mortar were 1%, 1.5% and 2% by
volume.

After mixing cement and sand by small mixing machine, fibers were gently added to prevent forming fiber
balls. Then, all dry components were mixed by hand in order to obtain a uniform distribution of fibers.
Water gradually added, and used mechanical mixer to blend all mixture at low speed for 2 minutes until a
homogeneous was achieved. The resulting mixture was then cast into 40 mm x 40 mm x 160 mm molds for
flexural strength test and 50 mm x 100 mm cylinders for compressive strength test. The specimens were
covered with the plastic sheet for a period of 24 hours before they were demolded. After that they were
cured in a water tank at 20 °C for 28 days, the specimens were tested. As listed in Table 2, the mortar mixes
vary due to the volume and aspect ratio of fibers. The unreinforced mortars are referred as UR, and the
reinforced mortar specimens as “R-ny”, “R-PET” and “PVA” fiber length — volume fraction, to represent
recycled nylon fiber, recycled PET fiber and PV A fiber, respectively.

EXPERIMENTAL RESULTS AND DISSCUSSIONS
Effect of fiber content and fiber length on compressive strength

Cylinders were tested in compression in accordance with ASTM C 39. The compressive strength of all
types of fibers with various fibers containing mortar are listed in Table 3. It can be obviously seen in figure
2 that increase in the length and amount of R-nylon fiber decrease the compressive strength. However, in
previous literature they found that compressive strength decreased when fiber fraction increased but length
decreased [Spadea et al. 2015]. In case of R-PET and PV A fibers, slightly reduction in compressive strength
can be observed with the addition of fibers. Elastic moduli of mortars were reduced with the dosage of low
modulus elasticity fiber were included, especially R-nylon fiber [Wang et al. 2000; Hu et al. 2013], and
addition of fibers as though create voids in mortar specimens [Karahan 2011].
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Figure 1. Types of fibers

Table 1. The properties of fibers

Diameter Tensile strength Young’s modulus Density

Types offiber (um) (MPa) (GPa) (g/em’)
R-nylon fiber 390 440 3.0 1.13
R-PET 30 700 450 20 1.32
R-PET 40 700 450 20 1.32
PVA 18 200 975 27 1.30
PVA 30 660 900 23 1.30

Effect of fiber content and fiber length on flexural strength

After the specimens were cured for 28 days, three point bending tests were conducted according to ASTM
C 1018. The results of three point bending test including the peak load and the first crack strength are
presented in Table 3. It is evidenced that addition of R-nylon fibers into mortar improved the first crack
strength up to 41%. Spadea et al. [2015] observed that R-nylon fiber was very effective in increasing
flexural strength (up to 35%), especially, when the longer fibers were used. R-PET and PVA fibers
improved first crack strength up to 24% and 32%, respectively. The first crack strength can be determined
as modulus of rupture as follows:

R = 3PL/2bd?
Where

R = modulus of rupture

P = maximum applied load indicated by testing machine
b = average width of the specimen at the fracture

d = average depth of the specimen at the fracture

L = span length



Table 2. Types of specimen

Fiber fraction | Fiber length (L) | Diameter (D) | Aspectratio | Flow diameter
Types of specimen by volume (%) (mm) (mm) (L/D) (mm)

UR 0 - - - 260
R-ny20-1 1 20 0.39 51 218
R-ny20-1.5 1.5 20 0.39 51 209
R-ny20-2 2 20 0.39 51 205
R-ny30-1 30 0.39 77 216
R-ny30-1.5 1.5 30 0.39 77 205
R-ny30-2 2 30 0.39 77 188
R-ny40-1 1 40 0.39 103 210
R-ny40-1.5 1.5 40 0.39 103 207
R-ny40-2 2 40 0.39 103 182
R-PET30-1 30 0.7 43 244
R-PET30-1.5 1.5 30 0.7 43 219
R-PET40-1 1 40 0.7 57 229
R-PET40-1.5 1.5 40 0.7 57 196
PVA18-1 1 18 0.2 90 213
PVA18-1.5 1.5 18 0.2 90 169
PVA30-1 1 30 0.66 45 213
PVA30-1.5 1.5 30 0.66 45 189
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Figure. 2 Compressive strength of different fiber containing mortars
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Table 3. Results of compressive and flexural strengths at 28 days

Compressive strength test Flexural strength test

Types of specimen fe SD Ccv Af. P, R SD cv AR

(MPa) | (MPa) % % (kN) | (MPa) | (MPa) % %

URI1 66.05 3.25 10.61 - 2.00 5.63 - - -
R-ny20-1 61.32 4.81 7.85 -7.16 2.83 7.97 0.24 8.31 | 41.68
R-ny20-1.5 47.87 2.56 536 | -27.52 | 2.17 6.09 0.23 10.78 | 8.25
R-ny20-2 51.04 4.23 829 | 22.72 | 2.17 6.09 0 0 8.35
R-ny30-1 55.46 2.13 3.84 | -16.04 | 2.29 6.44 0.29 12.87 | 14.58
R-ny30-1.5 54.23 3.13 577 | -17.90 | 2.37 6.68 0.06 2.59 | 18.68
R-ny30-2 42.88 2.63 6.12 | -35.07 | 2.42 6.80 0.35 14.63 | 20.85
R-ny40-1 49.18 7.12 1447 | 2554 | 2.34 6.57 0.12 515 | 16.75
R-ny40-1.5 46.80 8.62 18.42 | -29.15 | 2.13 5.98 0.18 8.32 6.25
R-ny40-2 39.40 3.40 8.63 | -40.34 | 2.38 6.68 0.29 12.39 | 18.75

UR2 70.83 10.21 | 14.42 - 1.71 4.81 0.06 3.31 -
R-PET30-1 66.82 1.62 242 -5.67 2.21 6.21 0.06 2.66 | 29.15
R-PET30-1.5 61.24 4.56 7.44 | -13.54 | 2.13 5.98 0.47 19.52 | 24.27
R-PET40-1 68.13 3.43 5.03 -3.81 2.13 5.98 0.53 | 24.96 | 24.27
R-PET40-1.5 62.37 7.34 11.77 | -11.94 | 1.96 5.50 0.53 | 27.00 | 14.42
PVA18-1 73.86 7.92 10.73 4.28 2.25 6.33 - - 31.58
PVAI18-1.5 66.95 5.25 7.84 -5.48 2.38 6.68 0.06 2.50 | 38.89
PVA30-1 68.55 6.57 9.58 -3.22 2.25 6.33 - - 31.58
PVA30-1.5 61.49 2.87 4.66 | -13.19 | 2.08 5.86 0.24 11.30 | 21.84

Note: There are two reference specimens that are UR1 and UR2, because the specimens were cast at difference
batches.
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Fiaure 3. Load-deflection curves of mortar specimens reinforced with 20 mm R-nvlon fiber



w
o
1

—19% fiber volume
2.5 —1.5% fiber volume
=20
i —2% fiber volume
- 15
S
3 1.0
. TV ET T TV TV TN |
0.5 i ]
0.0 : : ' ' '

0.0 0.5 1.0 15 2.0 25
Deflection (mm)

Figure 4. Load-deflection curves of mortar specimens reinforced with 30 mm R-nylon fiber
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Figure 5. Load-deflection curves of mortar specimens reinforced with 40 mm R-nylon fiber
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Figure 6. Load-deflection curves of mortar specimens reinforced with R-PET fibers
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Figure 7. Load-deflection curves of mortar specimens reinforced with PVA fibers
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Figure 8. Surfaces of fibers before and after flexural test. (a) R-PET fiber, (b) R-nylon fiber,
and (c) PVA fiber

From Figs. 3 to 7, the R-nylon fibers reinforced mortars show more relevant drop of the load after first
cracking compare with PVA and R-PET fibers reinforced mortars. The second rising portion of the load-
deflection curve of PVA and PET fibers, prior to the second peak load, corresponded to a bond slip
hardening effect. This phenomenon is very beneficial as long as the fiber tensile strength is not exceeded.
The main reason why R-PET fibers are superior in post peak compare with other types of fiber may be
concerned with the geometrical shape. The R-PET fibers were used in this study had an embossed surfaced
that significantly increased bond between fiber and mortar. Kim et al. [2008] carried out an investigation
focusing on the effects of the geometry of R-PET fibers on mechanical bond with cement based. In the
mechanical bond test, the embossed fiber had hugely superior performance to the other types (straight and
crimped). In case of PVA fibers, according to strong chemical bond between fibers and the hydrated cement
matrix, this lead to fiber ruptured rather than pullout in the cement matrix [Nematollahi et al. 2015; Jewell
et al. 2015]. When the specimens were subjected to bending load, PVA fibers tended to rupture before the
bond between fibers and matrix break, this caused the post peak load of PVA fibers lower than R-PET
fibers. Redon et al. [2001] conducted pull out test, two types of PVA fiber were investigated that were
small diameter (0.044 mm) and large diameter (0.700 mm). They found that the small fibers ruptured
before the full pullout length, while most of the large fibers were fully pulled out. Moreover, the surface of
large fibers embedded in mortar were observed narrower than the original according to abrasion damage.
In this study, the R-nylon, R-PET and PV A fibers surfaces were examined after bending test to analyze the
frictional resistant force. As shown in figure 8 (a), the R-nylon fibers has no significant change in scratching,
compare with the R-PET fibers. The surface of R-PET fibers were scratched (figure 8 (b)), the bond was
strengthened by reason of mechanical anchorage effect in embossed area. In case of PVA fibers, there was
some amount of cement matrix on the surface, due to strong chemical bond between fiber and matrix (Fig

8 (c)).
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Table 4. Toughness indices and residual strength factors at 28 days
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Figure 9. Toughness definition

Types of specimen Toughness index Residual strength factor
Is Lo JEY) Rs 10 Rio20
R-ny20-1 1.7 2.0 2.4 6.0 4.2
R-ny20-1.5 2.1 2.6 3.4 9.9 8.5
R-ny20-2 1.9 3.0 4.6 21.9 15.4
R-ny30-1 1.9 2.6 3.8 13.3 12.5
R-ny30-1.5 2.6 4.1 6.9 29.6 27.9
R-ny30-2 2.4 3.8 6.1 26.6 23.6
R-ny40-1 2.2 3.5 53 25.9 17.9
R-ny40-1.5 3.0 5.0 9.1 40.6 40.8
R-ny40-2 3.0 5.0 10.0 41.7 50.0
R-PET30-1 4.5 9.7 18.7 103.7 89.6
R-PET30-1.5 4.6 10.3 23.1 115.4 127.3
R-PET40-1 5.1 10.9 215 114.9 106.1
R-PET40-1.5 6.0 13.0 23.4 138.8 104.3
PVA18-1 4.6 7.6 11.3 59.6 37.1
PVA18-1.5 5.9 10.6 13.4 95.3 27.6
PVA30-1 5.1 7.8 12.4 53.8 45.7
PVA30-1.5 6.2 13.3 20.5 142.1 71.7

Effect of fiber content and fiber length on toughness

According to ASTM C 1018, Toughness indices Is, I10 and I are obtained by dividing the energy absorbed
to a certain multi of first cracking deflection 3.0, 5.5 and 10.5 respectively, by the energy absorbed up to
the first crack, as shown in figure 9. Toughness indices and residual strength factors are presented in Table
4. The results came as no surprise that addition of fibers into mortar appeared to have remarkable
improvement on toughness property, especially when fiber fraction and aspect ratio increased. However,
PV A fibers exhibited opposite results; that is, the lower aspect ratio fiber performed higher toughness and
residual strength factors. Similar to the post peak behavior, the toughness property is also dependent on
fiber characteristics, such as geometrical shape, tensile strength and Young’s modulus as well as interfacial
bonding strength between fiber and matrix. On comparing all types of fibers by similar aspect ratio, the
highest toughness property and residual strength which are respectively as follows: R-PET, PVA and R-

nylon.




CONCLUSION

The effectiveness of three types of fiber were examined. The compressive and flexural tests were carried
out to quantify compressive strength, modulus of rupture, post peak load, toughness indices and residual
strength factors.

As evidence from this study, the effectiveness of R-nylon fiber reinforced mortar indicated the following:

e |t was made clear that the R-nylon fiber has potential to use in mortar as an additive to improve its
structural capacity.

e Addition of R-nylon fibers in to mortar resulted in 7-40% reduction in compressive strength as the
volume fraction and aspect ratio of fiber increased.

e R-nylon fibers from waste fishing net improved modulus of rupture (first crack strength) up to 41.7%.
The fiber reinforced mortars transformed a brittle fracture into more ductility.

e The post peak load, toughness indices and residual strength factors increased as increased in the amount
and aspect ratio of R-nylon fiber.

On comparing all types of fiber in this study, the results can be concluded that:

e All types of fiber in this study reduced workability as compared with the same mortar without fiber.
However, PVA fibers reduced more workability, compared with other types of fiber at same volume
fraction.

e Post peak load, toughness and residual strength factors differed significantly according to fiber
characteristics such as geometrical shape, tensile strength and modulus elasticity as well as bond
between fiber and cementitious matrix. As evidenced by the flexural test, R-nylon fibers reinforced
mortars had a significant lower post peak load than the mortars reinforced by R-PET and PVA fibers.
In this study, R-PET fibers had an embossed surface that effectively improved bond between mortar
and fiber. Despite strong chemical bond to the matrix of PVA fibers, the fibers tend to rupture instead
of pull out in mortar. This caused PVA fibers exhibited lower post peak load than R-PET fibers when
deflection increased. However, R-nylon fibers had superior first crack improvement to R-PET and PVA
fibers.

e Addition of fibers in mortar resulted in reduction of compressive strength, especially, when low
modulus fibers such as R-nylon fibers was mixed.

It has to be remarked, however, that R-nylon fiber reinforced mortar analyzed in this study proved to be
beneficial in terms of first crack strength and material toughness as virgin fiber. Although, a higher fiber
fraction may be required to match the performance.

The use of recycled fibers is beneficial in term of environmental effect, especially, R-nylon fibers reinforced
mortar were examined in this study does not require any energy consumption process, while R-PET go
through all cycles of industrial fibers manufacture. Moreover the use of recycled fibers consequently reduce
product cost. In case of R-nylon fiber, the authors look forward to considering an admixture to increase
fiber-matrix bond strength.
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