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HIGHLIGHTS

« Recycled nylon fibers from waste fishing nets are employed as mortar reinforcement.
« Possible impacts of contaminants released by recycled fishing nets are evaluated.

« Marked increases in the first crack strength and toughness are observed.

« Comparisons with recycled and virgin plastic fiber reinforced mortars are established.
« The high technical potential of recycled nylon fibers is highlighted.
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We investigate engineering applications of recycled nylon fibers obtained from waste fishing nets, focus-
ing our attention on the use of recycled nylon fibers as tensile reinforcement of cementitious mortars. We
begin by characterizing the tensile behavior of both unconditioned and alkali-cured recycled nylon fibers
obtained through manual cutting of waste fishing net filaments, with the aim of assessing the resistance
of such materials to chemical attacks. Special attention is also given to evaluating the workability of fresh
mortar and the possible impacts of contaminants released by waste fishing nets into the environment.
Next, we deal with compression and bending tests on cementitious mortars reinforced with recycled
nylon fibers, and establish comparisons with the experimental behavior of the unreinforced material
and with results given in existing literature. In our analysis of different weight fractions and aspect ratios
of the reinforcing fibers, we observe marked increases in the tensile strength (up to +35%) and toughness
(up to 13 times greater) of the nylon reinforced mortar, as compared with the unreinforced material. The
presented results emphasize the high environmental and mechanical potential of recycled nylon fibers
for the reinforcement of sustainable cement mortars.
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1. Introduction worth noting that recent studies have shown that several waste
materials can be profitably employed to manufacture low-cost
reinforcement techniques of structural and non-structural materi-

als in the construction industry [1-4]. In fact, the research in the

Protection of the sea environment is one of the most serious
issues of this time. In addition to the known causes of environmen-

tal degradation, such as pollution, overbuilding of the coast, uncon-
scionable fishing, and coastal erosion, the indiscriminate
abandonment of fishing nets on the seabed can cause a growing
form of desertification of marine ecosystems. While in the past
fishing nets were made of biodegradable natural materials such
as cotton and linen, nowadays the nets are typically made of plas-
tic. Fishing net plastics are generally not biodegradable, and there-
fore it is extremely important to enhance their recycling in order to
dispose of wastes and lower the cost of the resulting products. It is
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field of cement mortar is strongly oriented towards the develop-
ment of suitable materials for the repair and rehabilitation of exist-
ing concrete structures [5,6].

Polypropylene (PP) and polyamide (PA) fibers have been suc-
cessfully used in cementitious materials to control shrinkage
cracking, to improve material toughness and impact resistance,
and to increase significantly the energy absorption capacity of
the material [7-9]. Habib et al. [10] have carried out an investiga-
tion focusing on the effects of synthetic fibers (glass, nylon, and
polypropylene) on the mechanical properties of mortars. Such
industrial plastic fibers might guarantee better mechanical perfor-
mance than recycled plastics. However, they inevitably lead to
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higher energy consumption and emissions. According to the
method proposed by the Intergovernmental Panel on Climate
Change (IPCC) in 2007 [11], it is estimated that 1.91 kg of equiva-
lent CO, is needed to produce 1 kg of nylon.

Among recycled plastics, the reinforcement of cementitious
materials through recycled polyethylene terephthalate (R-PET)
fibers has received particular attention in the technical literature.
Several authors have shown that R-PET fibers can conveniently
replace virgin plastic fibers in eco-friendly concretes, providing
good mechanical and chemical strengths to the final material
[12-21]. More recently, the R-PET reinforcement of cementitious
mortars has also received some attention in the literature
[22,23]. It should be noted, however, that the use of recycled mate-
rials in cementitious mortars remains only very partially investi-
gated. The same holds with respect to the use of nylon fibers as
mortar reinforcements. Some recent studies [24,25], investigate
the recycling of nylon fibers from post-consumer textile carpet
waste and their use for concrete reinforcement. In detail, Ogzer
and coauthors [25] describe the preparation of nylon fiber-rein-
forced concrete and the identification of its thermo-mechanical
properties, such as compressive and tensile strengths, toughness,
specific heat capacity, thermal conductivity, thermal expansion,
and hygrometric shrinkage. The results presented in [25] highlight
that concretes reinforced with recycled nylon fibers have more
ductile and tougher behavior than the unreinforced material, and
suffer minor drying shrinkage. Such advantages are, however, bal-
anced by slight reductions of the tensile strength, maximum load-
bearing capacity, and modulus of elasticity.

According to the EU green paper [26], waste patches in the
Atlantic and the Pacific Oceans are estimated to be in the order
of 100 million tons, about 80% of which is plastic. Most of this plas-
tic is due to the indiscriminate abandonment of fishing nets on the
seabed, which causes an increasingly common form of desertifica-
tion of marine ecosystems. A large quantity of fishing nets are also
scattered in the Mediterranean Sea or collected on the docks of sea
harbors, following seizure by the port authorities.

In the present work, we deal with the reinforcement of a com-
mercial cementitious mortar through recycled nylon (R-nylon)
fibers, obtained from waste fishing nets. We begin by assessing
that fiber are not potentially harmful for human health by mean
of leaching tests. We also perform a preliminary mechanical char-
acterization of the tensile strengths of both unconditioned R-nylon
fibers, and alkali-conditioned R-nylon fibers, in order to assess
their resistance to chemical attacks. Next, we conduct compression
and bending tests on mortar specimens reinforced with R-nylon
fibers, comparing the results of such tests to analogous ones
referred to the unreinforced mortar. We analyze different fiber
weight fractions and aspect ratios of R-nylon fibers. The given
results indicate that the examined R-nylon fibers significantly
improve the tensile and fracture properties of the base material,
as we observe up to 35% increases in tensile strength, and a ductile
failure mode in the R-nylon reinforced mortar. The work is com-
pleted by comparisons with available literature results on mortars
and concretes reinforced through both recycled and virgin plastic
fibers.

2. Materials and methods
2.1. R-nylon fibers and mortar

We analyzed reinforcing fibers provided by Omega Plastic srl, a company that
recovers fishing nets (Fig. 1a) seized by southern Italian port authorities (Anzio, Bar-
letta, Castellabate, Giulianova, Giovinazzo, Lipari, Maratea, Marsala, Marina di
Camerota, Milazzo, Mola di Bari, Molfetta, Palermo, Ponza, Sapri, Salina, Trani,
and Termoli). After collection, residues of other products are cleaned from the nets.
These nets are then classified by type of polymer, cut into pieces, and packed for
storage. The final product is generally obtained via a process of extrusion and poly-

merization performed by plastic material recycling companies. In this case, how-
ever, the aim was to analyze a purely mechanical recycling process that does not
involve energy consumption and CO, emissions.

The examined fishing nets are made of aliphatic polyamide 6 (commonly
referred to as “nylon 6”). Such a material is widely used in many industrial applica-
tions due to its good mechanical and chemical properties, such as, e.g., enhanced
toughness and chemical resistance. We performed the manual cutting of the fishing
nets in order to obtain R-nylon fibers to be used as mortar reinforcing fibers. At the
time of supply, nylon 6 fibers of 0.33 mm diameter were woven into a square mesh
with 40 mm sides (Fig. 1b). We hand-cut this mesh into fibers of the desired length.
This entailed cutting 200 mm filaments, each with four knots, to be used for uniax-
ial characterization tests. We also hand-cut short fibers of different lengths
(12.7 mm, 25.4 mm and 38.2 mm), to be employed in the mortar-reinforcing pro-
cess (see Table 2 for details).

We employed the commercial mortar Disbocret Unitech R4, produced by Italian
Caparol GmbH & Co, for the sake of comparing the present results with those deriv-
ing from the reinforcement of the same kind of mortar with PET stripes [18]. This
product is aimed at repairing damaged concrete, and includes PVC micrometric
reinforcing fibers (diameter of about 50 um, length of about 1 mm) aimed at
enhancing material thixotropy and shrinkage resistance rather than mechanical
properties. According to the producer datasheet, the mortar owes the following
mechanical properties:

- strength class R4, e.g. compressive strength greater than 45 MPa (EN 1504);
- bond to existing concrete greater than 2 MPa (EN 1542);
- Young’s modulus of elasticity greater than 20 GPa (EN 13412).

2.2. Leaching tests on waste fishing nets

The leaching test is intended to simulate the release of contaminants by placing
a reagent in contact with a leaching agent for a defined period of time. In the pres-
ent case, we conducted the test on 100 g of the disposed fishing net (cut into small
pieces with a maximum length equal to 4 mm), without previously washing the
fibers. As per the standard leaching test EN 12457-2 [27], they were placed into
an agitation apparatus consisting of one liter of CO,-saturated water for 24 h at a
temperature of 20 + 5 °C. Finally, the liquid was filtered in order to obtain the elu-
ate, which we subjected to chemical analysis. The results of the test are shown in
Table 1, together with the limit values in UNI 10802:2013 [28] - the standard giving
the acceptance criteria for recycled aggregates in construction. These results show
that R-Nylon fibers may not lead to overall adverse environmental or human health
impacts. As such, they can be safely used in the reinforcing phase for cement
materials.

2.3. Alkali conditioning of R-nylon fibers

We conditioned 200 mm R-nylon monofilaments in an alkaline environment
according to the ASTM D543-06 standard [29]. In detail, the filaments were cured
in a solution consisting of 10.4 g of sodium hydroxide immersed in 999 ml of dis-
tilled water for 120 h (5 days), keeping the temperature constant at 60 * 2 °C
through a climatic chamber.

Table 1

Results of leaching tests on R-nylon fibers.
Compound Current value Limit value
Nitrate mg/l 59 50
Fluoride mg/l <0.1 1.5
Sulfate mg/l 3.6 250
Chloride mg/l 2.2 100
Cyanide mg/l <0.1 50
Barium mg/l <0.1 1
Copper mg/l <0.01 0.05
Zinc mg|/l <0.1 3
Beryllium ng/l <0.1 10
Cobalt ngfl <0.1 250
Nickel ngfl 0.3 10
Vanadium ng/l <0.1 250
Arsenic ngfl <0.1 50
Cadmium ng/l <0.1 5
Chromium ng/l 0.3 50
Lead ng/l 0.2 50
Selenium ngfl <0.1 10
Mercury ng/l <0.1 1
Asbestos mg/l <0.01 30
COD mg/l 12.6 30
PH - 8.2 >55<12.0
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Fig. 1. Examined nylon 6 waste fishing nets.

We weighted the fibers using an electronic scale (resolution 1mg) and
inspected them with an optical microscope (ZEISS Axioskop 40) using 5x magnifi-
cation both before and after the treatment. We observed a slight loss of mass, equal
to about 1.7%, but no relevant signs of corrosion on the fiber surface (cf. Fig. 2). By
zooming in the images acquired from the optical microscope, we were able to con-
sistently measure the geometry of the fibers. As shown in Fig. 2, the cross-section
appears circular with 0.33 mm diameter, for both conditioned and unconditioned
R-nylon fibers.

2.4. Preparation of mortar samples

The preparation of mortar prismatic samples included the following steps:

weighting of mortar and nylon fibers;

hand mixing of dry materials in order to uniformly distribute fibers into the
mortar premix;

hydrating the mixture by adding the target quantity of water (180 g of water for
each kilogram of mortar);

mechanical shaking of the mixture at slow speed (for about two minutes) until
a homogeneous and workable product of semi-fluid consistency was obtained;
- casting the prismatic specimens into 40 mm x 40 mm x 160 mm molds, accu-
rately vibrating them and covering them with a plastic sheet.

We removed the specimens from the molds after 24 h curing at room temper-
ature. Next, we cured the unmolded specimens in water at 23 °C for 28 days until
testing. We examined two plain mortar specimens, and two specimens in corre-
spondence with six different fiber-reinforcement mixes, thus obtaining a total of
14 prismatic specimens. As described in Table 2, the examined mortar mixes vary

due to the content and aspect ratio of R-nylon fibers. Throughout the paper, we
refer to the plain mortar specimens as “UR” and the reinforced mortar specimen
as “PA - fiber length in inches - weight fraction” (Table 2).

The workability of fresh mortar mixes was determined by flow table test as per
EN 1015-3 [34]. As described in Table 1, the content and aspect ratio of R-nylon
fibers influences the properties of fresh mortar mixes. The greater the amount of
fibers, and the greater their length, the lower the workability of the fresh mix.

3. Mechanical tests and results
3.1. Uniaxial tensile tests on R-nylon fibers

We carried out uniaxial tensile tests according to ASTM C1557-
03 Standard [30] on both conditioned and unconditioned 200 mm
R-nylon filaments in order to determine the tensile strength and
Young’s modulus of such elements. The tests were performed
under a constant cross-head displacement rate by means of an
MTS SANS testing machine equipped with a 1 kN load cell and
pneumatic grips. We set testing rates that were sufficiently rapid
to possibly obtain the failure strength within 30 s.

With the aim of accurately defining the gage length and pre-
venting eccentricity of the load and fiber twisting, we preliminarily
mounted the specimens on cardboard tabs and cut the tabs sides
after fastening the specimens. As shown in Fig. 3, three different
gage lengths L, were adopted (1 in, 1'4 in, and 1% in). During the

(b)

Fig. 2. Optical microscope images (length units: mm): (a) alkali-conditioned R-nylon fibers; (b) unconditioned R-nylon fibers.
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Table 2
Specimens designation, mixes and flow table test.

203

Specimens Fibers Flow diameter D
Designation Quantity Fiber fraction Length | Diameter d Aspect ratio (L/d)
% in weight mm (inches) mm - mm
UR 2 - - - - 176
PA-0.5-1.0% 2 1.0 12.7 (0.5) 0.33 38.5 165
PA-0.5-1.5% 2 1.5 12.7 (0.5) 0.33 385 155
PA-1.0-1.0% 2 1.0 25.4(1.0) 0.33 77.0 150
PA-1.0-1.5% 2 1.5 25.4(1.0) 0.33 77.0 161
PA-1.5-1.0% 2 1.0 38.1(1.5) 0.33 115.5 143
PA-1.5-1.5% 2 1.5 38.1(1.5) 0.33 115.5 138

R-Nylon fiber

40,0

’——30,04|

R-Nylon fiber

’k30,04‘

R-Nylon fiber|

Fig. 3. Cardboard mounting tabs (units: mm).

tests we continuously acquired force and cross-head displacement,
observing a linear elastic behavior of the tested specimens up to
failure.

The peak force F,q and the elongation to force ratios AL/F
exhibited by conditioned and unconditioned fibers are shown in
Tables 3 and 4, respectively. The quantity AL/F was derived using
a linear regression for the Force-Displacement segment between
20% and 50% of the failure load. The mean, standard deviation
(SD), and variance (CV) of the tensile stresses are also given in
Tables 2 and 3 for each group of specimens.

In the case of 1in and 1Y in specimens, we observed satisfac-
tory failure modes and very low dispersion in peak loads. The mean
values of the tensile strength results were 338 and 348 MPa,
respectively for unconditioned specimens and 319 and 342 MPa

Table 3
Results of tensile tests on unconditioned mortar specimens.

for conditioned ones. In contrast, the 1% in specimens showed a
considerably lower tensile strength and failure of fibers in the
vicinity of grips. This was most probably due to the proximity of
the knots to the extreme points of the gage length, which cause
local decrease of the fiber mechanical properties.

By restricting our analysis on 1in and 14 in specimens (i.e.,
neglecting the 1% in specimens), we observed a very slight
decrease in the average tensile strength (about —4%) in condi-
tioned specimens (343 MPa) with respect to unconditioned ones
(330 MPa).

We completed the fiber characterization by determining the
Young modulus E of such elements through the procedure sug-
gested by ASTM C1557-03 [30]. The adopted method consists of
plotting the AL/F experimental values, which provide the inverse

Gage length 1 2 3 Tensile strength

Lo Finax ALJF Finax ALJF Finax ALJF Mean SD la'%
Inches mm kN mm/kN kN mm/kN kN mm/kN MPa MPa %

1 254 27.0 0.32 30.6 0.33 29.2 0.31 338 21 6.3
1% 31.8 30.5 0.38 31.6 0.41 272 0.47 348 27 7.7
1% 38.1 254 0.51 27.2 0.49 24.8 0.53 302 15 48
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Table 4

Results of tensile tests on conditioned mortar specimens.
Gage length 1 2 3 Tensile strength
Lo Fonax ALJF Fnax ALJF Fnax ALJF Mean sD o
Inches mm kN mm/kN kN mm/kN kN mm/kN MPa MPa %
1 25.4 24.8 0.30 28.5 0.31 28.6 0.32 319 25 7.9
1Y 31.8 24.8 0.37 30.1 0.39 32.8 0.40 342 48 13.9
1% 38.1 21.7 0.50 26.7 0.53 25.8 0.49 289 31 10.8

of the slope of the force versus cross-head displacement curve,
against the corresponding geometric parameter Ly /A, with A denot-
ing the cross-section area. Assuming a linear elastic constitutive
law and uniaxial load conditions, the following analytical expres-
sion applies:
AL 11
F EA
According to Eq. (1), the linear regression of the experimental
data AL/F vs. Ly/A (cf. Fig. 4) yields a straight line with a constant
slope 1/E (the inverse of Young modulus) and the intercept Cs giv-
ing the system compliance. The above procedure allowed us to
determine the average experimental values of the Young moduli,
which were found equal to 728 MPa for unconditioned fibers and
724 MPa for the conditioned fibers. The observed minor decreases
of tensile strengths and Young moduli due to the alkali condition-
ing lead us to conclude that the examined R-nylon fibers show
excellent alkali resistance. There is some evidence in the literature
that absorbed water may considerably affect the mechanical
behavior of nylon 6, causing stiffness drops together with tough-
ness improvement [31,32]. Such a phenomenon is demonstrated
in the present case by the low Young modulus of the R-nylon fibers
(724-728 MPa), considering that nylon 6 at the virgin state typi-
cally exhibits Young modulus in the range 1-3 GPa [33].

+Cs. (1)

3.2. Bending and compressive tests

We performed three-point load-bending tests and compression
tests on mortar prismatic specimens according to EN 1015-
11:2007 [35] using a MATEST electrically operated testing machine
with a 200 kN capacity (Fig. 5). Bending tests were carried out
under displacement control at a speed of 0.01 mm per second on
a clear span of 100 mm. Compression tests were performed on
the two portions resulting from the failure the specimens sub-
jected to bending tests. We ended up with compression tests on
ideal cubes with dimensions of 40 mm x 40 mm x 40 mm, apply-
ing a loading rate equal to 100 N per second.

As expected, the unreinforced mortar specimen exhibited brit-
tle behavior in bending due to a sudden rupture on reaching the

0.60 EEEEEEEN
0,50 R?=10,9591
Z 0,40
g L
£ 030
&
S 0,20
<
0,10
0,00
0 100 200 300 400 500
LyA (1/mm)
(a)

peak load. On the other hand, fiber-reinforced mortar specimens
showed considerable post-peak resources.

Load-deflection curves (P — §) obtained during the bending test
are shown in Figs. 6-8, with reference to the specimen reinforced
by 0.5, 1.0, and 1.5 in fibers, respectively. In the same chart we
report the curves referring to mixtures containing different per-
centages of R-nylon fibers (1.0% and 1.5% by weight).

Typically, the tests show a drop of the load after reaching the
peak load. Starting from the post-peak load target, the curves exhi-
bit an almost constant branching or a hardening kind of constitu-
tive behavior depending on the length and quantity of fibers.
More specifically, we observe the following:

- a higher percentage of fibers (1.5% rather than 1.0%) causes a
less relevant drop of load after the peak value (see Figs. 6 and
8);

fibers of greater length (1.0 and 1.5 in rather than 0.5 in) confer
a hardening type of post-peak behavior on the mortar.

while the peak loads are quite consistent for specimens within
the same mix, some variation in post-peak behavior can be
observed (see Figs. 6 and 8). An influential factor here may be
the section in which the fracture initiates. It is not always the
case that the fracture occurs right in the midspan.

Table 5 shows the peak load (P.) exhibited by each specimen,
the corresponding midspan deflection (), and the values of first
crack strength, f, calculated as follows (EN 1015-11:2007):

3Pl
fcrziﬁ' (2)

For each examined mixture, we also report the mean, standard
deviation (SD), and coefficient of variance (CV) of the first crack
strength. In the last column of Table 4 we show the percentage
change in the first crack strength in reinforced mortars with
respect to the unreinforced ones (Af,,).

Table 5 and Fig. 9 highlight how reinforcing fibers confer a con-
siderably higher resistance to cracking (up to +35%). Furthermore,
it is evidenced that longer fibers are most effective, as the increase
in strength varies from 16-18% to 32-35% when fibers of 1.0 and

- 111

0,50 2=0,91321
Z 0,40 ZE
= 4
£ 030
Ry
N 0,20
~

0,10
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0 100 200 300 400 500
LyA (1/mm)
(b)

Fig. 4. AL/F vs Ly /A plots: (a) unconditioned specimens; (b) conditioned specimens.
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Fig. 5. Three-point bending test setup.

3.0 7

2.5

—PA_0.5_1.0% (1)
—PA_0.5_1.0% (2)

2.0 A

—PA_0.5_1.5% (1)
—PA_0.5_1.5% (2)

0.5

=)

0.0 +

0.0 0.5 1.0

15 20 2.5 3.0

J midspan deflection (mm)

Fig. 6. Load-deflection curves of mortar specimens reinforced with 0.5 in R-nylon fibers.

1.51in are used instead of those measuring 0.5 in. Contrarily, the
weight ratio of fibers does not seem to be an important factor in
regard to this. Such results bear special relevance, considering that
reductions of the first crack strength over the unreinforced mate-
rial were instead observed in the case of a R-PET reinforcement
of the same mortar analyzed in the present study (up to —20%
reductions of f ., [23]), and for the R-nylon reinforcement of a con-
crete based on a Portland limestone cement and a 0.35 water/
cement ratio (about —11% first-crack strength reductions in four-
point bending tests, [25]).

With reference to virgin fibers, Habib et al. [10] observed
greater improvements in the first crack strength (up to +149%) in
reinforced mortar specimens as compared to R-Nylon. As shown
in Table 6, incremental differences in strength are observed, espe-
cially when increasing the fiber content from 0.5% to 1.0%.

Table 7 shows the cube compressive strength, f., calculated as
required by EN 1015-11:2007 [35]. For each kind of mixture con-
sidered, we also report the mean, standard deviation (SD), and var-
iance (CV) of the compressive strength. In the last column of

Table 7 we show the percentage change of compressive strength
in reinforced mortars with respect to unreinforced ones (Af,).
The results in Table 7 and Fig. 10 show that the addition of R-nylon
fibers causes a decrease in the compressive strength of the exam-
ined mortar (up to —37%), especially when very short fibers are
employed.

It is worth noting that the same specimens were used to per-
form both bending and compressive tests. This practices does not
affect the results in terms of compressive strength for ordinary
mortar specimens because they fail in bending as soon as the first
crack occurs. However, the heavily cracked regime experienced by
reinforced mortar specimens during bending tests may compro-
mise the integrity of their microstructure, affecting the results of
compressive tests.

The effect of reinforcing plastic fibers in compression is quite
often debated in the literature, since different studies report
increases [3,7,8,10,15], decreases [2,9,14,18] or no relevant effects
[16,21,25] in the compressive strength of fiber-reinforced con-
cretes and mortars, with respect to the unreinforced materials.
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—PA_1.0_1.0% (1)
25 4 —PA_1.0_1.0% (2)
: —PA_1.0_1.5% (1)
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P
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Fig. 7. Load-deflection curves of mortar specimens reinforced with 1.0 in R-nylon fibers.
3.0 1
—PA_1.5_1.0% (1)
25 | —PA_1.5_1.0% (2)
' —PA_1.5_1.5% (1)
/ —PA_15_1.5% (2) ™V—
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P
load 1.5
(kN)
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0.0 - T T T T T 1
0.0 0.5 1.0 15 2.0 25 3.0
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Fig. 8. Load-deflection curves of mortar specimen reinforced with 1.5 in R-nylon fibers.
Table 5 . . .
. . The decrease of compressive properties has been explained due to
Results of three-point bending tests. N N A
the fact that highly deformable plastic fibers might assume the role
Specimen Per Ocr far Mean  SD &V Afy of voids in the cementitious matrix when compressive forces are
kN mm MPa MPa MPa % % . .
applied [9,14,18]. On the other hand, it has been shown that fibers
URglg 2.00 032 361 446 033 7 - of sufficient stiffness and length can increase the lateral tensile
UR (2 1.80 039 423 : : :
PAO5-10%(1) 238 039 557 518 055 11 16 sFrenth of the composite material, leading to delayed compres
PA05-10%(2) 204 035 479 sion failure [7,8,10,25].
PA-0.5-1.5% (1) 229 033 537 527 015 3 +18 In particular, Habib et al. [10] observed marked increases of the
PA-0.5-1.5% (2) 220 041 517 compressive strength (up to +75%) in mortar specimens reinforced
PA-1.0-1.0%(1) 243 058 569 587 027 5 +32 with industrial nylon fibers with respect to their unreinforced
PA-1.0-1.0%(2) 259 060 6.06 t ts. As sh in Table 8. i tal diff .
PA-10-15%(1) 240 049 563 589 038 6 +32 counterparts. As shown in Table 8, incremental differences in
PA-10-15% (2) 263 058 6.16 strength are observed both when increasing the fiber content from
PA-1.0-1.5% (1) 238 049 557 586 041 7 +32 0.5% to 2.0% and when increasing the fiber length from 0.5 into
PA-1.0-1.5%(2) 263 047 6.15 1.5in.
PA-1.0-1.5% (1) 2.69 0.59 6.29 6.03 0.37 6 +35 B
PA10-15%(2) 247 056 577 As we already observed, the present R-nylon fibers suffered a

noticeable stiffness drop due to water absorption (cf. Section
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2,00
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0,00
0,0% 1,0% 1,5%
weight fraction of fibers
Fig. 9. Average first crack strengths of the analyzed mortars.
Table 6
Results of bending tests performed by Habib et al. [10].
Fiber content (%) 0.5 1.0 2.0 0.5 1.0 2.0 0.5 1.0 2.0
Fiber length (in) 0.5 1.0 1.5
Afer (%) +57 +112 +120 +87 +95 +149 +14 +108 +112
Table 7 3.3. Toughness indices and residual strength factors
Results of compression tests.
Specimen f. Mean SD v Afe The toughness exhibited by mortar specimens in three-point
MPa N N % % bending tests is typically measured by computing the area under
UR (1) 43.9 49.4 37 7 the corresponding load-deflection curve, which is related to the
50.4 energy absorption capacity of the material. The following equation
UR (2) 51.6 denotes the area under the load-deflection curve up to a target
51.6 .=
value of deflection ¢:
PA-0.5-1.0% (1) 34.6 32.7 2.0 6 34
29.9 5
PA-0.5-1.0% (2) 33.8 T; = / Ps do. 3)
32,5 0
PA-0.5-1.5% (1) 32.7 31.3 1.0 3 —37 Although ASTM C 1609-06 [36] is currently accepted as the test
313 method for the analysis of fiber-reinforced concrete, we hereafter
PA-0.5-1.5% (2) gé; consider the ASTM C 1018-97 [37] procedure to analyze the load
’ deflection curve of mortar specimens. Both standards refer to a
PA-1.0-1.0% (1) 40.9 38.9 2.0 > -2 three-point bending test but the procedure required by ASTM C
37.4 . . . :
PA-1.0-1.0% (2) 202 1018-97 [37] is better suited to small size specimens, such as the
37.0 mortar specimens examined in the present study. In line with such
PA-1.0-1.5% (1) 383 363 24 7 27 a standard, we introduce the following toughness indices:
32.8 T
o 30,
PA-1.0-1.5% (2) 36.8 I = 2 (4)
37.3 Ts..
PA-1.0-1.5% (1) 39.9 415 32 8 -16
436 Tsss,
PA-1.0-1.5% (2) 44.8 Lo = T. (5)
Ser
37.9
PA-1.0-1.5% (1) 38.6 39.6 1.9 5 20 where 6, is the deflection corresponding to the first crack strength
124 (Table 5).
PA-1.0-1.5% (2) 32-? We also introduce the residual strength factor:

3.1), and indeed we observe decreases in the compressive
strengths of the fiber-reinforced mortars, as compared with the
unreinforced material. Such strength drops are nevertheless less
relevant in the case of longer fibers, due to a major anchor length
(cf. Fig. 10).

100
@-b)

Ra,b = (Ia - Ib)» (6)
which is related to the load-carrying capacity of the material after
crack onset. Assuming a linear force-deflection response up to &
it can be easily verified that a perfectly plastic post-crack behavior
corresponds to R,, = 100.
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Fig. 10. Average compressive strengths of the analyzed mortars.

Table 8
Results of compression tests performed by Habib et al. [10].

Fiber content (%) 05 10 20 05 10 20 05 10 20
Fiber length (in) 0.5 1.0 1.5
Afe (%) +25 +28 +58 +43 +40 +58 +40 +58 +75

Table 9 shows the flexural toughness exhibited* by each speci-
men at three different values of deflection (6¢, 33, 5.56.). We
also report the average values of toughness indices Is and I as
well as the residual strength factor:

Rios = 20(Io — Is). (7)

Toughness indices and residual strength factors could not be
computed for the UR mortar, due to the brittle behavior of such
material.

As seen in Table 9, the recycled nylon-reinforced mortar exhib-
its relevant values of residual strength factors Ryos. More specifi-
cally, we observe remarkable increments of the residual strength
factor both on increasing the percentage of fibers (to 1.5% rather
than 1.0%) and on increasing the fiber length (to 1.0 and 1.5 in
rather than 0.5in). This circumstance is consistent with what
was observed previously in the load-displacement curves (cf. Sec-
tion 3.2). Marked increases of the material toughness (compared

Table 9

Flexural toughness, toughness indices, and residual strength factors at 28 days.
Specimen Ts., T3, Ts 55, Is o Rs_10

N mm N mm N mm

UR (1) 342
UR (2) 336
PA-0.5-1.0% (1) 492 542 646 24 4.2 36.9
PA-0.5-1.0% (2) 331 537 787
PA-0.5-1.5% (1) 362 665 860 29 5.4 50.7
PA-0.5-1.5% (2) 418 824 1126
PA-1.0-1.0% (1) 637 1135 1639 2.7 5.1 47.9
PA-1.0-1.0% (2) 693 1079 1535
PA-1.0-1.5% (1) 576 944 1433 2.7 5.7 59.4
PA-1.0-1.5% (2) 637 1165 2203
PA-1.0-1.5% (1) 418 711 1211 29 6.1 63.0
PA-1.0-1.5% (2) 399 869 1362
PA-1.0-1.5% (1) 712 1875 3168 34 7.3 77.2
PA-1.0-1.5% (2) 595 1333 1941

with the unreinforced material) were also observed in the case of
a R-PET reinforcement of the same mortar analyzed in the present
study [23]. In both cases, the toughness indexes I5s and I, increase
with the fiber length (cf. Table 4 in [23] and Table 9 in this docu-
ment). Toughness increments were also observed by Ozger et al.
[25] in the case of concrete reinforcement with nylon fibers
obtained from post-consumer textile carpet waste.

4. Conclusions

First, we analyzed the effectiveness of recycled nylon fibers
obtained from waste fishing nets as tensile reinforcement for mor-
tars. We then considered the different weight fractions and aspect
ratios of these fibers, establishing comparisons with the behavior
of unreinforced mortar and with similar investigations available
in the literature.

The outcomes of the experimental study indicated that R-Nylon
fibers:

e can be safely used as reinforcement in cement materials;

e present adequate alkali resistance of recycled nylon fibers
according to currently recognized standards;

e may significantly improve the tensile strength (up to +35%) and
fracture properties of cement mortars;

e systematically cause the transformation of a brittle failure
mode (unreinforced mortar) to a more ductile failure mode
(fiber reinforced mortar).

Our results show that a higher percentage of fibers (1.5% rather
than 1.0%) causes a less noticeable drop in the load after the peak
value, while higher fiber aspect ratios give the reinforced mortar a
hardening-type post-peak behavior. As a consequence, we
observed remarkable increments of the toughness indices and of
the residual strength factors both when increasing the percentage
of fibers (from 1.0% to 1.5%) and when increasing the fiber length
(from 0.5in to 1.0 in and 1.5 in).

On comparing the outcomes of the present study with results
given in existing literature [10,23,25], we are led to conclude that:

e The toughness and ductility properties of mortars and concretes
significantly benefit from the addition of recycled reinforcing
fibers to the mix-design.
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e R-Nylon fibers are also beneficial in terms of first-crack
strength, as opposed to the R-PET fibers analyzed in [23].

e R-Nylon fibers used in this study appear to be much more effec-
tive in improving the mechanical qualities of cement products
compared with recycled nylon fibers obtained from post-con-
sumer textile carpet waste [25] and recycled PET fibers [23].

e Greater improvements in first-crack strength (up to +149%) and
compressive strength (up to +75%) are observed by Habib et al.
[10] on mortar specimens reinforced with industrial nylon
fibers.

It is worth noting the environmental benefits related to the
recycling of waste fishing nets, especially considering that the rein-
forcement technique examined in the present work does not
require any energy consuming processes such as material re-poly-
merization or extrusion. The nets simply need to be collected,
washed, and properly cut to obtain reinforcing fibers, resulting in
a substantial reduction in costs and energy consumption.

Proposed expansions of the present research will focus on solv-
ing the problem of cutting fishing nets from an industrial perspec-
tive. We will also look towards considering a wider range of fiber
fractions, as well as other types of binders. The experimental
results will provide a basis for the multiscale mechanical modeling
of cement materials incorporating R-Nylon reinforcements.

Acknowledgments

Support for this work was received from the Italian Ministry of
Foreign Affairs, Grant No. 00173/2014, Italy-USA Scientific and
Technological Cooperation 2014-2015 (‘Lavoro realizzato con il
contributo del Ministero degli Affari Esteri, Direzione Generale
per la Promozione del Sistema Paese’). The authors would like to
thank Omega Plastic srl (Battipaglia, Salerno) for the essential
information provided about the employed waste fishing nets, and
Carmen Polzone (Geo-Consult srl - Manocalzati, Avellino) for
many useful discussions and suggestions about the chemical
aspects of this work. Special thanks go to Ada Amendola, Univer-
sity of Salerno, for the valuable support provided during tensile
tests on R-nylon fibers.

References

[1] Sivaraja M, Kandasamy S, Thirumurugan A. Mechanical strength of fibrous
concrete with waste rural materials. ] Sci Ind Res 2010;69(4):308-12.

[2] Meddah MS, Bencheikh M. Properties of concrete reinforced with different
kinds of industrial waste fibre materials. Constr Build Mater
2009;23:3196-205.

[3] Banthia N, Zanotti C, Sappakittipakorn M. Sustainable fiber reinforced concrete
for repair applications. Constr Build Mater 2014;67(PART C):405-12.

[4] Siddique R, Khatib ], Kaur I. Use of recycled plastic in concrete: a review. Waste
Manage 2008;28:1835-52.

[5] Austin SA, Robins PJ, Goodier CI. Rheological performance of wet-process
sprayed mortars. Mag Concrete Res 1999;51(5):341-52.

[6] Austin SA, Robins PJ, Goodier CI. Performance of hardened wet-process sprayed
mortars. Mag Concrete Res 2000;52(3):195-208.

[7] Song PS, Hwang S, Sheu BC. Strength properties of nylon- and polypropylene
fibre reinforced concretes. Cem Concr Res 2005;35(8):1546-50.

[8] 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(6):927-33.

[9] Karahan O, Atis CD. The durability properties of polypropylene fiber reinforced
fly ash concrete. Mater Des 2011;32(2):1044-9.

[10] Habib A, Begum R, Alam MM. Mechanical properties of synthetic fibers
reinforced mortars. Int J Sci Eng Res 2013;4(4):923-7. ISSN 2229-5518.

[11] IPCC. Climate Change 2007 - Impacts, Adaptation and Vulnerability
Contribution of Working Group II to the Fourth Assessment Report of the
IPCC. ISBN 978 0521 88010-7.

[12] Ochi T, Okubo S, Fukui K. Development of recycled PET fiber and its application
as concrete-reinforcing fiber. Cement Concr Compos 2007;29:448-55.

[13] Kim JJ, Park CG, Lee Si W, Lee Sa W, Won JP. Effects of the geometry of recycled
PET fiber reinforcement on shrinkage cracking of cement-based composites.
Compos B Eng 2008;39:442-50.

[14] Kim SB, Yi NH, Kim HY, Kim ], Song Y. Material and structural performance
evaluation of recycled PET fiber reinforced concrete. Cement Concr Compos
2010;32:232-40.

[15] Fraternali F, Ciancia V, Chechile R, Rizzano G, Feo L, Incarnato L. Experimental
study of the thermo-mechanical properties of recycled PET fiber-reinforced
concrete. Compos Struct 2011;93:2368-74.

[16] Silva DA, Betioli AM, Gleize PJP, Roman HR, Gémez LA, Ribeiro JLD.
Degradation of recycled PET fibers in Portland cement-based materials. Cem
Concr Res 2004;35:1741-6.

[17] Won JP, Jang CI, Lee SW, Lee SL, Kim HY. Long-term performance of recycled
PET fibre-reinforced cement composites. Constr Build Mater 2010;24:660-5.

[18] Fraternali F, Spadea S, Berardi VP. Effects of recycled PET fibres on the
mechanical properties and seawater curing of Portland cement-based
concretes. Constr Build Mater 2014;61:293-302.

[19] Foti D. Preliminary analysis of concrete reinforced with waste bottles PET
fibers. Constr Build Mater 2011;25:1906-15.

[20] Foti D. Use of recycled waste pet bottles fibers for the reinforcement of
concrete. Compos Struct 2013;96:396-404.

[21] Spadea S, Farina I, Berardi VP, Dentale F, Fraternali F. Energy dissipation
capacity of concretes reinforced with recycled PET fibers. Ingegneria Sismica/
Int ] Earthquake Eng 2014;2:61-70.

[22] Pereira de Oliveira LA, Castro-Gomes JP. Physical and mechanical behaviour of
recycled PET fibre reinforced mortar. Constr Build Mater 2011;25:1712-7.

[23] Fraternali F, Farina I, Polzone C, Pagliuca E, Feo L. On the use of R-PET strips for
the reinforcement of cement mortars. Compos B Eng 2013;46:207-10.

[24] Wang Y. Recycling in Textiles, Woodhead Publishing Series in Textiles, 2006,
Pages 213-230, 14 - Utilization of recycled carpet waste fibers for
reinforcement of concrete and soil, DOI: 10.1533/9781845691424.4.213.

[25] Ozger OB, Girardi F, Giannuzzi GM, Salomoni VA, Majorana CE, Fambri L, et al.
Effect of nylon fibres on mechanical and thermal properties of hardened
concrete for energy storage systems. Mater Des 2013;51:989-97.

[26] CESE 3036/2013 - NAT/600. European Plastic Waste Strategy (Green Paper),
available  on-line:  http://www.eesc.europa.eu/?i=portal.en.nat-opinions.
29046.

[27] EN 12457-2:2002. Characterisation of waste — Leaching - Compliance test for
leaching of granular waste materials and sludges - Part 2: One stage batch test
at a liquid to solid ratio of 10 I/kg for materials with particle size below 4 mm
(without or with size reduction).

[28] UNI 10802:2013. Rifiuti - Campionamento manuale, preparazione del
campione ed analisi degli eluati.

[29] ASTM Standard D543. Standard practices for evaluating the resistance of
plastics to chemical reagents. West Conshohocken, PA: ASTM International;
2006.

[30] ASTM (C1557-03. Standard test method for tensile strength and Young's
modulus of fibers. West Conshohocken, PA: ASTM International; 2013.

[31] Boukal I. Effect of water on the mechanism of deformation of nylon 6. ] Appl
Polym Sci 1967;11:1483-94.

[32] Miri V, Persyn O, Lefebvre J-M, Seguela R. Effect of water absorption on the
plastic deformation behavior of nylon 6. Eur Polymer ] 2009;45(3):757-62.

[33] Kohan MI. Nylon plastics handbook. Munich: Hanser Pub; 1995.

[34] EN 1015-3. Methods of test for mortar for masonry - Part 3: determination of
consistence of fresh mortar (by flow table), 1999.

[35] EN 1015-11. Methods of test for mortar for masonry - Part 11: determination
of flexural and compressive strength of hardened mortar, 2007.

[36] ASTM Standard C1609. Standard test method for flexural performance of fiber-
reinforced concrete (using beam with third-point loading). West
Conshohocken, PA: ASTM International; 2012.

[37] ASTM Standard C1018. Standard test method for flexural toughness and first-
crack strength of reinforced concrete using beam with third-point
loading. West Conshohocken, PA: ASTM International; 1997.


http://refhub.elsevier.com/S0950-0618(15)00109-9/h0005
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0005
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0010
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0010
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0010
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0015
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0015
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0020
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0020
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0025
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0025
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0030
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0030
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0035
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0035
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0040
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0040
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0040
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0045
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0045
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0050
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0050
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0060
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0060
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0065
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0065
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0065
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0070
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0070
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0070
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0075
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0075
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0075
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0080
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0080
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0080
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0085
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0085
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0090
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0090
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0090
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0095
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0095
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0100
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0100
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0105
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0105
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0105
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0110
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0110
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0115
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0115
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0125
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0125
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0125
http://www.eesc.europa.eu/?i=portal.en.nat-opinions.29046
http://www.eesc.europa.eu/?i=portal.en.nat-opinions.29046
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0145
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0145
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0145
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0150
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0150
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0155
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0155
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0160
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0160
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0165
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0180
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0180
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0180
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0185
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0185
http://refhub.elsevier.com/S0950-0618(15)00109-9/h0185

	Recycled nylon fibers as cement mortar reinforcement
	1 Introduction
	2 Materials and methods
	2.1 R-nylon fibers and mortar
	2.2 Leaching tests on waste fishing nets
	2.3 Alkali conditioning of R-nylon fibers
	2.4 Preparation of mortar samples

	3 Mechanical tests and results
	3.1 Uniaxial tensile tests on R-nylon fibers
	3.2 Bending and compressive tests
	3.3 Toughness indices and residual strength factors

	4 Conclusions
	Acknowledgments
	References


