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Abstract: The main idea of this research is to manufacture
plastic fibers (PFs) by recycling harmful plastic waste after
washing it with water and drying it, then cutting it into
strips and immersing them in liquid nitrogen, using a
rotating iron basin mixer containing iron balls that touch
these strips, producing fibers that are woven later to be
similar to carbon-fiber-reinforced polymer (CFRP). This
process is the first in the world, and the cost of manufac-
turing these fibers is very low compared to the cost of
producing CFRP, as the cost of producing these fibers
is 25 times less than the cost of producing CFRP. All the
physical, chemical, and mechanical properties of the man-
ufactured PFs were investigated and compared with the
properties of CFRP. In this research, it was found that the
manufactured PFs have properties similar to the proper-
ties of CFRP. The experimental work consists of casting five
reinforced concrete beams with a cross-section of 125 mm ×

200mm and a length of 1,200 mm. They were divided into
two groups, each group containing two beams, one of
which was reinforced by CFRP, and the other was repaired
by CFRP. The second group also contained two beams, one

of which was reinforced by PF, and the other was repaired
by PF, while the fifth beam was a control beam. From the
experimental results, a significant increase in the ultimate
load of the beams reinforced by PF or CFRP ranged between
45.45 and 51%, respectively. This is due to the role of man-
ufactured PFs and CFRP in restricting the width of cracks in
the bending zone of reinforced or repaired concrete beams.
Also, there was a change in the type of failure when chan-
ging the type of fiber, where the failure was ductile and
gradual in the beams reinforced or repaired with manufac-
tured PFs, unlike what was in the beams reinforced or
repaired by CFRP, where the failure was brittle and sudden.

Keywords: PFs, CFRP, plastic waste, reinforced concrete
beams

1 Introduction

Plastic material has a vital and effective role in all aspects
of life, as plastic is used in all industries because of its good
properties, such as strength, flexibility, lightweight, low
cost, ease of formation, and also effective in insulating
heat and electricity, and its capability to be made it suitable
for the purposes of its use and its confrontation to corro-
sion by solvents, acids, and alkalis; however, the damage
caused by the accumulated amounts of plastic waste to the
environment and humanity has led to a study of the pro-
blem in many countries [1]. The harm caused by plastic
waste is attributed to the fact that it contains polymeric
resources that do not decompose because of usual factors,
whether biological factors such as bacteria, fungi, yeasts,
or environmental factors such as heat, humidity, light,
sunlight, oxygen, chemicals, etc., as it takes 34 years to decom-
pose, as well as containing added chemicals for the purpose
of refining its properties and lowering its cost. The production
of different types of plastics is increasing dramatically in the
world, as studies estimate that plastic production annually
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consumes 3–5% of the total global production of crude oil and
that in 2012, 280 million tons of plastic were produced world-
wide [2]. These huge quantities produced were used in most
industries, with around half of their quantity ending up as
waste cubes in the form of garbage that filled the world's
continents, seas, and oceans. Common plastic waste disposal
methods such as burial, incineration, or dumping of plastic
waste in oceans, seas, or rivers have great damage to the
environment and living aquatic organisms, as the burning
of plastic waste falls under the item of prohibitions, which
should reach the level of prohibition and criminalization,
because the burning of this waste results in numerous toxic
gas components that cause global warming and among the
most important gases resulting from them are dioxins, which
is one of the most dangerous carcinogenic gases [3]. Burning
plastic emits methane gases, carbon dioxide, and other gases
that deplete the ozone layer and contribute to global warming.
Likewise, the burial method is not a solution because it needs
a large area of land, which is increasing day by day with the
increase in the population and the rise in their economic and
civilized level [4]. Also, this waste is difficult to decompose and
negatively affects the soil and agricultural crops, as it acts as a
buffer layer between the soil and the roots of agricultural
plants. Therefore, several modern methods have emerged
for disposing and utilizing plastic waste, which includes recy-
cling and energy production. This study aims to recycle plastic
waste and benefit from it by manufacturing fibers with prop-
erties comparable to the properties of polymeric carbon fibers
used to strengthen and repair structural members at a very
low cost [5].

Theriault and Benmokrane [3] used glass-fiber-rein-
forced polymer (GFRP) and carbon fiber-reinforced polymer
(CFRP) to strengthen the concrete beams externally, where
the researchers conducted their studies on eight concrete
beams in the shape of a T-section. One of these beams was
left unwrapped, while part of them was coated with GFRP,
and the other part was coated with CFRP. After testing
the beams, the researchers noticed that the failure load
increased by 22% in the beams coated with GFRP and by
48% in the beams coated with CFRP compared to the beams
not coated. In addition, the researchers observed that the
deflection increased in the GFRP-coated beams by a signifi-
cant amount upon failure. Chaallal et al. [6] conducted a
new investigation to improve the flexural strength of beams
by reinforcing them with polymeric fibers such as GFRP and
hybrid fibers AFRP. After conducting experimental tests on
the beams, they found that the flexural strength increased
by 36% using hybrid fiber AFRP and by 40% using GFRP.
Achintha and Burgoyne [7] studied the flexural behavior of
beams strengthening by CFRP. Nine samples were found to
fail. Eight samples strengthened by CFRP. The test variables

included the number of fiber layers (one and two layers). All
samples failed due to deboned fibers from the concrete sur-
face. The researcher concluded that increasing the number
of fiber layers increases the probability of fiber separation
failure from the concrete surface. Rahimi and Hutchinson
[8] decided to experimentally investigate the behavior of
beams strengthening or repairing with CFRP in the flexural
state. The practical program consisted of 14 examination
beams. Similar beams were made, using one of them for
strengthening and the other for repairing to make a com-
parison between them. All beams were tested with a simple
support and subjected to a two-point load, with the major
variables being the amount of distribution and the site of the
fiber segments. The bending beams included additional fixa-
tion at the ends of the main CFRP stiffener to prevent the
CFRP plate from separating. Experimental test results demon-
strate that using CFRP as an external stiffener has an impor-
tant effect on the maximum load, crack shape, and deflection.
It was concluded that the use of CFRP external reinforcement
or repair of flexural beams can enhance the maximum load
capacity to 70% of the capacity of the ideal source beam [9].

In this research, fibers were made from toxic plastic
waste as a low-cost alternative to CFRP and as a way to
remove this waste. All the properties of these fibers have
been studied and tested in a laboratory. To compare their
efficiency to that of CFRP in terms of structural member
strengthening and repair, five beams with simple support
were cast and tested. Laboratory results showed that the
efficiency of the manufactured plastic fibers (PFs) is approxi-
mately 90% of that of CFRP, and its cost is 25 times less than
that of CFRP. Also, the type of failure is more ductile than the
failure of beams strengthened by CFRP.

2 Experimental work

In this section, the used materials, experimental tests for
manufactured PFs, reinforced concrete beams, the process
of strengthening and repairing with CFRP and manufac-
tured PF, test setup, and loading condition are explained.

2.1 Used materials

2.1.1 PFs manufactured from plastic waste

PFs were manufactured by washing the plastic waste from
drinking water bottles or soft drinks in the local markets
with water to remove the dirt attached to them, then start
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cutting them in the form of longitudinal strips, then col-
lecting them in the form of bundles by tying them with a
cloth thread and immersing them in a ceramic container
containing liquid nitrogen. After 5 min, it is taken out and
placed in a revolving container containing iron balls for
the purpose of knocking plastic tapes together, so they turn
into random, discontinuous fibers. After that, the fibers are
spun in the shape of longitudinal threads by a thickness of
1 mm; then these threads are woven longitudinally by col-
lecting them transversely with a regular thread to obtain a
mat by a thickness of 1 mm and a length determined by the
length of the fiber threads and a width determined by the
number of fiber threads, as shown in Figure 1.

2.1.2 CFRP sheet and epoxy

In this study, the CFRP sheet Sika wrap Hex 230C produced
by Sika Company was used to strengthen and repair the
samples. An epoxy of medium viscosity called Sikadur 330C

[10] was also used in this study, which consists of two main
parts: Resin A and Hardener B, as shown in Figure 2. To
form the mixture of epoxy, which is used in the process of
gluing the fibers to the surface of the concrete, Resin A is
mixed with Hardener B in a weight ratio of 1:4 as recom-
mended by the company that produces this substance,
which is listed in Table 1.

2.1.3 Ordinary concrete

Ordinary Portland cement [11], washed natural fine aggre-
gate sand, graded gravel 5–19mm, and purified water, were
used to produce ordinary concrete [12]. After the end of the
curing period for concrete cubes by size 150mm × 150mm ×

150mm, a compression test was conducted at 28 days, and
the compressive strength was equal to 22MPa, which is the
average for three cubes according to the British specifica-
tions BS1881-part 116:2000 [13]. The split tensile strength was
equivalent to 2.84MPa, which represents the average for
two cylinders with dimensions 150mm × 300 mm according

Cutting waste into strips Strips after immersion in liquid nitrogen

Place the strips in the rotating container

Turns strips into random fibersPlastic fibers after spinning and weaving

Figure 1: Stages of manufacturing PFs from plastic waste.

CFRP sheet

Epoxy Sikadur 330 C part 

A and part B

Manufactured Plastic Fibers (PF) 

Figure 2: CFRP sheet, manufactured PFs, and epoxy.

Table 1: Physical properties of the used epoxy Sikadur 330C

Properties Result of testing

Density (20 C) 1,310 g/l
Viscosity Not flowable and pasty
Tensile strength 30 MPa at 23 C and 7 days
Flexural-and-modulus 3,800 MPa at 23 C and 7 days
Mix ratio by weight, 4:1 = A:B
Pot life +10 C: 90 min

+30 C: 35 min
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to the American specifications ASTM C496/C496M [14]. The
flexural strength was equal to 4.33MPa, which is the average
for two prisms with dimensions 100mm × 100mm × 400mm
according to the American specifications ASTM C78-22 [15].

2.1.4 Steel bars

Grooved steel bars of Ukrainian origin were used to rein-
force the test samples with a diameter of 10 and 8mm for
bending reinforcement and a size 10 mm for shear reinfor-
cement. To determine some of the mechanical properties
of these bars, a tensile test was performed for three sam-
ples for each diagonal size. Then, the rate was taken
according to American specifications ASTM A370-05 [16],
as shown in Table 2.

2.2 Experimental tests for manufactured PFs

After completing the process of manufacturing PFs from
harmful plastic waste, a group of laboratory tests were
conducted to study and compare their properties with
those of CFRP, such as testing the tensile strength of fibers
alone, tensile and bending strength, and impact strength of
fibers after mixing them with epoxy. Where a piece of fiber
was prepared and coated with a layer of epoxy on both

sides, according to the recommendations of the epoxy-pro-
ducing company [17], and after 7 days had passed, which is
the period of epoxy curing, it was cut with a special
machine to the shape and dimensions shown in Figure 3,
and a tensile test was conducted for it according to German
Standard DIN No. 50155. Bending and impact test samples
were in the form of strips with a length of 250 mm and a
width of 50 mm. Tables 3 and 4 show some mechanical
properties of CFRP and manufactured PFs alone and after
coating them with epoxy, respectively. Each result in the
tables represents the average of three test samples.

2.3 Reinforced concrete beams

This study was conducted on five beams with dimensions
(125 mm wide and 200mm high) and length of 1,200 mm.
The beams were designed to prevent shear failure, that is,
only flexural failure occurs. All of them were reinforced in
the tension area from the bottom with two steel bars by a
diameter of 10 mm, and the top was reinforced by two steel
bars by a diameter of 8 mm, with shear reinforcing stirrups
by a diameter of 10 mm located at a spreading distance of
85 mm between one stirrup and another, as exposed in
Figure 4 [18].

One beam was considered as a sample of control, with
no external wrapping by strips of CFRP or manufactured

Table 2: Results of the tensile test of the reinforcing steel bars

Diameter D (mm) Yield strength fy (MPa) Ultimate strength fu (MPa) Elongation (%)

10 420 560 13.5
8 435 578 12.4

Tensile and bending testing device Impact strength testing device 

Figure 3: Testing devices and the shape of test samples for fiber strips.
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PFs and was coded with symbol B. The residual four beams
were alienated into two groups, each consisting of two
beams that were strengthened or repaired the flexion
area externally with strips of CFRP or manufactured PFs,
with a strip length of 1,100 mm and a width of 10 mm, and
they are coded with the following symbols (B-R-CFRP, B-R-
PF, B-S-CFRP, and B-S-PF), where letter S indicates strength-
ening and letter R denotes repair, which means that the
beam is loaded with a service load of 70% of the ultimate
load of the control model to represent the state of damage
in the structural members in practice, and then it is
repaired by gluing CFRP strips or manufactured PFs strips
and then reloaded to the point of failure. The test model
design details are shown in Figure 5.

2.4 Process of strengthening and repairing
with CFRP and manufactured PF

After completing the casting of the beams and the curing
period, the outer surface of the test beams should be thor-
oughly washed to remove dust particles and traces of oil

left over from greasing the mold before casting [19]. Then,
the beams are allowed to dry in the laboratory air. After
that, the surface is polished by a special machine (kosra),
the purpose of which is to remove a layer of cement mortar
accumulated on the beam surface, which is usually weak,
and the strong gravel layer extracted to prevent the phe-
nomenon of fiber bands separating from the concrete sur-
face [20]. After that, the CFRP strips and manufactured PF
strips are prepared according to the required dimensions
and numbers, and the fiber-cutting process is carried out
using a sharp tool such as scissors. Then a mixture of epoxy
Sikadur 330 C is prepared according to the instructions for
using the material, where the amount required for work is
prepared from the resin A and the hardener B, and each of
them is mixed separately, and then mixed with each other
in a ratio of two weights (1:4) [21] inside a plastic container
and mix for at least 3 min in order to obtain a homoge-
neous mixture. The surface of the beam is treated at
the bottom (in the tension area) with a layer of epoxy
according to the recommendations of the company produ-
cing it using a trowel at a rate of 1.1 kg/m2, i.e., approxi-
mately 0.84 mm thick, then strips of CFRP or manufactured

Table 3: Results of testing manufactured PFs and CFRP alone

Manufactured PF CFRP

Thickness mm Modulus of
elasticity (GPa)

Tensile
strength (MPa)

Thickness (mm) Modulus of
elasticity (GPa)

Tensile
strength (MPa)

1 168 2,480 0.131 205 3,610

Table 4: Results of testing manufactured PFs and CFRP after coating them with epoxy

Fiber type Tensile
strength (MPa)

Modulus of
elasticity (GPa)

Impact strength
(N m)

Bending
strength (MPa)

Thickness (mm)

Manufactured PF 423 78 1 189 2.3
CFRP 668 103 1.3 230 1.6

Figure 4: Dimensions and details of the reinforcing steel for the test samples.
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PFs are placed on the surface of the beam over the epoxy
and pressed against the fibers. To ensure good saturation
and to eliminate the voids that may occur between the
fibers and the surface of the beam as a result of the pre-
sence of some air voids, as well as to obtain a constant
thickness of the epoxy sheet, the outer surface of the fibers
is coated with another layer of epoxy at a rate of 0.5 kg/m2

of fibers, i.e., with a thickness of approximately 0.38 mm.

Beams are left for at least 7 days prior to examination to
ensure complete hardening of the epoxy [22] (Figure 6).

2.5 Test setup and loading condition

The beam models were tested in a device with a 1,000 kN
force detection ability using a hydraulic jack and a

Strengthened by manufactured 

plastic fibers B-S-PF 

Repaired by manufactured 

plastic fibers B-R-PF 

Group 1Group 2

Beams Samples

Control Beam B 

Strengthened by (CFRP)       

B-S-CFRP 

Repaired by (CFRP)            

B-R-CFRP 

Figure 5: Schematic representation of beam samples.

Figure 6: Casting process and strengthening of reinforced concrete beams with fibers.
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computer. Two hinged supports supported the beam sam-
ples. All beams were tested until they broke down. The
force applied to the test models was gradually increased
by 5 kN. The test results, which were recorded from the
beginning to the end of the tests, including the load of the
first crack, the ultimate load, and deflections. In each load
stage, remarks of crack enlargement on the concrete beam
are indicated by a bottomless felt marker. The test setup and
loading condition of beam samples are shown in Figure 7.

3 Results of beam samples

The results of the tests of the beam samples were analyzed
on the basis of the cracking behavior, the load–deflection
curves, the ultimate load, and the failure mode.

3.1 Cracking behavior

Crack formation was monitored throughout the tested
beams to estimate the crack behavior of the strengthened
or repaired beams in comparison to the control beam.
However, this study pays close attention to the behavior
of fiber separation from the concrete surface, the load of
first crack, and the cracking pattern of all beams as follows.

3.1.1 Load of first crack

Strengthening with fiber for the reinforced concrete beams
showed a significant increase in the load of first crack

compared to the control beam (Table 5). The increase in
the load of first crack for B-S-CFRP and B-S-PF was 27.8 and
22.2%, respectively. This means that CFRP and manufac-
tured PF delay the appearance of cracks due to the limita-
tion of the beam in the flexural region, and the efficiency of
manufactured PF is almost the same as that of CFRP in
increasing the first cracking load.

3.1.2 Cracking pattern

In beam B, the first crack appeared due to an 18 kN load in
the middle of the sample, i.e., in the region of maximum
moment from the bottom, and then it started to rise toward
the top, indicating a flexural crack, and as the load pro-
gressed, cracks began to appear next to the first crack and
approached the support area. Flexure-shear cracks appeared
near the support area and widened transversely until the
beam failed (Figure 8). For the two beams strengthened
with CFRP and manufactured PF (B-S-CFRP, B-S-PF), the first
crack appeared by a load of 23 and 22 kN, respectively, in the
middle of the beam, i.e., in the area of maximum moment.
Figure 8 shows the number, length, and width of cracks have
decreased due to CFRP or manufactured PF strengthening.
For the two beams repaired using CFRP or manufactured
PF (B-R-CFRP, B-R-PF), the number of cracks increased by a
small amount because these two beams were loaded twice
before repair and after repair.We also note that the efficiency
of themanufactured PF is similar to that of CFRP in restricting
and not spreading cracks due to loads.

3.2 Load–deflection curves

To find out the structural performance of the tested beams,
the load–deflection curves were drawn, as shown in Figure 9.
In general, we can notice that the drawn curves consist of
three stages. In the first stage, all the components of the tested
beam (concrete, steel reinforcement, and fibers) are in the
elastic stage. In the second stage, the concrete in the tensile
area begins to crack, so the slope of this stage is less. In theFigure 7: Test setup and loading condition for beam samples.

Table 5: First cracking load and the amount of increase in it for the
tested beams

Beam
samples

First cracking
load (kN)

Increase in the first
cracking load (%)

B 18 —

B-S-CFRP 23 27.8
B-S-PF 22 22.2

Recycling harmful plastic waste  7



Figure 8: Cracking pattern in the tested samples.
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Figure 9: Load–deflection curves for the tested beams.
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third stage, which is the stage of failure, the steel reinforce-
ment in the tensile region begins to yield and then fail, so its
slope is less. For the two beams strengthened or repairedwith
CFRP (B-S-CFRP and B-R-CFRP), it shows a brittle behavior,
as the greatest deflection decreased compared to the control
beam by 40 and 36.6%, respectively. For the two beams
strengthened or repaired with manufactured PFs (B-S-PF,
B-R-PF), they showed ductile behavior as the deflection
decreased compared to the control beam by a very small
amount 6.3, and 2.8%, respectively. This behavior is consid-
ered a positive point for manufactured PF, as these fibers do
not reduce ductility, and the failure is gradual and not
sudden as in the strengthened or repaired by CFRP beams,
so the failure is safer.

3.3 Failure mode and ultimate load

From Table 6, it can be seen that the amount of increase in
the ultimate load of the beam strengthened by CFRP (B-S-
CFRP) was 51% compared to the beam (B), and the quantity
of increase in the ultimate load of the beam strengthened
by manufactured PF (B-S-PF) was 45.45% compared to the
beam (B). This indicates the efficiency of manufactured PF
and its closeness to the efficiency of CFRP.

For the two beams repaired using CFRP or manufac-
tured PF (B-R-CFRP, B-R-PF), we note that both types of
fibers were able to return the repaired beam to its ability
to bear loads and repair the damage caused by loading by
70% of the failure load of the beam B with an increase in
ultimate load by 27.27 and 18.18%, respectively. We also
note that the efficiency of manufactured PFs in repairing
structural members is almost the same as that of CFRP.

With regard to the failure mode of the control beam, it
is a typical flexural failure and, as planned in this study,
either the failure mode for the rest beams which strength-
ened or repaired by CFRP or manufactured PF is the failure
of the fiber separation from the surface of the concrete,
followed by a flexural failure. This kind of failure is
common and expected in beams strengthened or repaired
by fibers, due to the large number of cracks in the center of

the beam, i.e., in the place of maximum moment, so these
fibers begin to separate from the surface of the concrete
without breaking or tearing.

4 Conclusions

The economic feasibility of the above study is to manufac-
ture PFs from plastic waste locally with high efficiency and
at a cost of 2 dollars per meter with a width of 50 cm, while
the price of 1 m of CFRP with a width of 50 cm is more than
50 dollars. In addition, it is an effective and fast method to
recycle plastic waste at a very low cost. The manufactured
PFs have a low cost compared to the cost of the expensive
CFRP. Manufactured PFs are quick to prepare and manu-
facture and do not need developed factories as needed by
CFRP. It gives a ductile behavior, and the failure of the
structural members strengthened with these fibers is a
gradual failure, unlike the CFRP, whose behavior is brittle,
and the failure of the strengthened members has a sudden
and brittle failure, so the strengthened and repaired of the
structural members with manufactured PFs are safer.
These fibers PF can be woven in different directions
(only in one direction, in two perpendicular directions,
inclined at an angle of 45°), unlike the CFRP available in
the local markets, which are woven in only one direction.
The manufacture of these fibers is an effective and modern
way to dispose of and recycle plastic waste, which is diffi-
cult to recycle. Manufactured PFs have the same properties
as CFRP, such as lightweight, corrosion and rust resistance,
high tensile strength, shock resistance, acid and alkali
resistance, little thickness, weather resistance, ease of
application and execution, and fire resistance because it
is coated with a layer of epoxy.
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