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Most PET bottles used as beverage containers become waste after their usage, causing environmental
problems. To address this issue, a method to recycle wasted PET bottles is presented, in which short fibers
made from recycled PET are used within structural concrete. To verify the performance capacity of recy-
cled PET fiber reinforced concrete, it was compared with that of polypropylene (PP) fiber reinforced con-
crete for fiber volume fractions of 0.5%, 0.75%, and 1.0%. Appropriate tests were performed to measure
material properties such as compressive strength, elastic modulus, and restrained drying shrinkage
strain. Flexural tests were performed to measure the strength and ductility capacities of reinforced con-
crete (RC) members cast with recycled PET fiber reinforced concrete. The results show that compressive
strength and elastic modulus both decreased as fiber volume fraction increased. Cracking due to drying
shrinkage was delayed in the PET fiber reinforced concrete specimens, compared to such cracking in non-
reinforced specimens without fiber reinforcement (NF), which indicates crack controlling and bridging
characteristics of the recycled PET fibers. Regarding structural member performance, ultimate strength
and relative ductility of PET fiber reinforced RC beams are significantly larger than those of companion
specimens without fiber reinforcement.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

Concrete is the most widely used construction material in the
world due to its high compressive strength, long service life, and
low cost. However, concrete has inherent disadvantages of low
tensile strength and crack resistance. To improve such weaknesses
of the material, numerous studies on fiber reinforced concrete have
been performed. The research results show that concrete rein-
forced with short plastic fibers drastically improves the perfor-
mance of concrete and negates its disadvantages such as low
tensile strength, low ductility, and low energy absorption capacity
[1–7]. Polypropylene (PP), polyethylene (PE), polyvinyl alcohol
(PVA), polyvinyl chloride (PVC), nylon, aramid, and polyesters are
commonly used short plastic fibers in concrete members [7–9].
Among these materials, PP fibers are one of the most widely used
for construction applications such as in shotcrete tunnel linings,
blast resistant concrete, overlays, and pavements [10,11].

Polyethylene terephthalate (PET) is one of the most important
and extensively used plastics in the world, especially for manufac-
turing beverage containers. The current worldwide production of
ll rights reserved.

: +82 2 364 1100.
PET exceeds 6.7 million tons/year and shows a dramatic increase
in the Asian region due to recent increasing demands in China
and India [12]. In Korea, the production of PET bottles has grown
to 130 thousand tons/year [13]. However, most PET bottles used
as beverage containers are thrown away after single usage and dis-
posed PET bottles are managed by landfill and incineration, which
are causing serious environmental problems [14]. In order to re-
cycle PET wastes, additional expenses are required for reprocessing.
Also, color change and purity degradation limit the usage of recy-
cled PET plastics for manufacturing new products [15]. Thus, a more
effective, less costly solution is needed for PET bottle wastes.

One possible solution is using recycled PET as short fiber rein-
forcement in structural concrete. It can provide crack control and
ductility enhancement for quasi-brittle concrete as well as mass
consumption alternative, which is an important issue in the merit
of recycling wasted materials. The current applications of recycled
PET in the construction industry include their use as resin for poly-
mer concrete and synthetic coarse aggregate for lightweight con-
crete [15–21].

In this study, the basic material properties and drying shrinkage
resistance of concrete reinforced with recycled PET fibers are
evaluated. These recycled PET fibers are produced from waste
PET bottles, as described later in this paper. Also, experimental
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Table 1
Mix proportion of concrete.

Specimens W/B S/a (%) Unit weight (kg/m3) Fiber volume fraction (%)

C FA W S G AE Recycled PET PP

NF – –
RPET 0.5 0.5 –
RPET 0.75 0.75 –
RPET 1.0 0.41 43.8 355 40 161 775 994 2.37 1.0 –
PP 0.5 – 0.5
PP 0.75 – 0.75
PP 1.0 – 1.0

Fig. 1. Manufacturing process of recycled PET fibers.
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study of the strength, ductility and failure mode of recycled PET fi-
ber reinforced RC beams is performed. Based on the study results,
which include comparisons with specimens containing PP fiber
reinforcement, the application of recycled PET fiber reinforced con-
crete as a structural material is evaluated.

2. Materials

2.1. Concrete mix

Mix proportions for the concrete are indicated in Table 1.
Ordinary Portland cement with a density of 3.15 g/cm3 and
Blaine fineness of 3.49 � 103 cm2/g was used, along with a 10.1%
substitution by weight with fly ash (FA). This provided a water-to-
binder ratio (W/B) of 0.41. Crushed gravel with maximum size of
25 mm was used for coarse aggregate; river sand was used for fine
aggregate. An air-entraining/water-reducing agent was added to
achieve an air content of 4.5 ± 1.5% and appropriate workability.

2.2. Recycled PET fiber

In this study, recycled PET plastic sheeting produced from waste
PET bottles (supplied in rolls, as seen in Fig. 1) is used. The plastic
sheet is slit into thin strands, producing straight continuous fibers.
However, straight plastic fibers typically have low bond strength
with the concrete matrix, and therefore do not provide the in-
tended crack resisting ability of fiber concrete. To improve bond
strength between the recycled PET fibers and concrete matrix,
the fiber geometries are deformed into one of several patterns.
Generally, the manufactured fibers are of crimped, twisted, and
embossed patterns. For this study, embossed fibers were chosen
for their superior bond properties for this type of fiber material
[22]. Different deformation patterns have been found effective
for other fiber materials [23].
After the recycled PET strands are given the desired surface
configuration, the fiber surface is coated with maleic anhydride
grafted polypropylene. The surface coating improves the bonding
strength and dispersion characteristics of the recycled PET fiber
[24]. After the coating process, the strands are chopped into de-
sired fiber length. Figs. 1 and 2 show the manufacturing system
of recycled PET fibers. To verify the properties of recycled PET fi-
ber, recycled PET fiber is compared with similar size PP fiber. The
PP fiber used in the study is a commercial product (Contechsnc
HPPF, produced by CONTECSNC [25]) and the surface configura-
tion is of crimped type. Fig. 3a and b shows images of the
manufactured recycled PET and purchased PP fibers, respectively.
The basic properties of both types of fibers are indicated in
Table 2 [24].

The primary variables in this study are (a) synthetic fiber type
and (b) fiber volume fraction. Fiber volume fractions were chosen
as 0.5%, 0.75% and 1.0%, as indicated in Table 1.

3. Material property tests

3.1. Compressive strength and elastic modulus

Tests for compressive strength and elastic modulus were per-
formed on bare recycled PET and PP fiber reinforced concrete spec-
imens. Fiber concrete cylinders of 100 � 200 mm were tested at an
age of 28 days. These cylindrical specimens were tested by a uni-
versal testing machine (UTM) with a maximum load capacity of
2000 kN. The results for each specimen type are based on an aver-
age value of three replicate specimens.

Compressive strength and elastic modulus experiments are per-
formed according to Korean Standard 2405 and 2438 test methods,
respectively [26,27]. Static elastic modulus, applicable within the
customary working stress range of 0–40% of ultimate concrete
strength, was calculated as follows.



Fig. 2. Manufacturing system of recycled PET fibers; (a) recycled PET sheet; (b) slitting machine; (c) deforming machine; (d) gear of deforming machine.

Fig. 3. Geometry of the recycled PET fiber and PP fiber; (a) RPET fiber; (b) PP fiber.

Fig. 4. Dimensions and shape of free and restrained drying shrinkage strain test
specimens (unit: mm); (a) free drying shrinkage strain specimen; (b) restrained
frame.
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Ec ¼
0:4f 0c � f1

e1 � 0:00005
ð1Þ

where Ec is elastic modulus (GPa); f1 is stress corresponding to a
longitudinal strain of 0.00005 (MPa); e1 is the longitudinal strain
produced by stress 0:4f 0c .



Table 2
Properties of synthetic fibers [24].

Fibers Type Dimension (mm) Length (mm) Density (g/cm3) Elastic modulus (MPa) Tensile strength (MPa) Ultimate elongation (%)

Recycled PET Embossed 0.2 � 1.3 50 1.38 1.02 � 104 420.7 11.2
PP Crimped 0.38 � 0.9 50 0.91 6.00 � 103 550.0 15.0
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3.2. Free and restrained drying shrinkage strain tests

To analyze the effect of recycled PET fiber on drying shrinkage
cracking of fiber reinforced concrete, free and restrained drying
shrinkage strain experiments are performed according to Korean
Standard 2595 test method for drying shrinkage cracking of re-
strained concrete [28]. The dimensions and shape of the specimen
for free and restrained drying shrinkage strain tests are shown in
Fig. 4.

The specimens were manufactured and wet-cured until testing.
Curing temperature was 20 ± 1 �C with humidity of 60 ± 5%. Re-
moval of formwork was performed after 7 days from casting. To
measure restrained drying shrinkage strain after removal of the
formwork, concrete and steel plate gauges are used. Concrete
strain was measured at the center of the upper surface of the con-
crete specimen and strain in the steel restraining plate was mea-
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Fig. 5. Compressive strength and elastic modulus for fiber volume fraction of NF,
RPET, and PP specimens; (a) compressive strength; (b) elastic modulus.
sured at the center of the plate length. The occurrence of full
through cracks was checked daily; cracking location and time were
recorded for each specimen.

3.3. Experimental results and discussion

3.3.1. Compressive strength and elastic modulus
Fig. 5a and b presents the compressive strength and elastic

modulus test results, respectively, for 0.5%, 0.75% and 1.0% fiber
volume fractions. The recycled PET and PP fiber-reinforced speci-
mens exhibited strength decreases of 1–9% and 1–10%, respec-
tively, compared to the non-reinforced specimens. Other studies
have found lower 28-day compressive strengths of short synthetic
fiber reinforced concrete, compared to strengths of concretes not
reinforced with fibers [29]. As expected for the addition of low
modulus synthetic fibers, the recycled PET and PP concrete speci-
mens showed lower elastic moduli than those of the unreinforced
specimens. Elastic modulus decreased with increasing fiber
content.

3.3.2. Free and restrained drying shrinkage strain tests
The measured free drying shrinkage strain is shown in Fig. 6.

The non-reinforced specimen showed the least free drying shrink-
age strain, whereas recycled PET and PP fiber reinforced concrete
specimen showed 8–25% higher strain. The larger strains are likely
due to modification of the pore volume and pore structures
through the introduction of fibers into the mix. This logic has been
confirmed by Rebeiz et al. [15] where large volume of air voids in
concrete due to excessive amount of synthetic fiber volume frac-
tion was found to cause more drying shrinkage strain in the mate-
rial. However, the RPET 0.5 specimen showed the largest free
drying shrinkage strain and PP fiber-reinforced specimens showed
decreasing strain as fiber volume fraction increased.

The measured restrained drying shrinkage strain versus curing
time is shown in Fig. 7. The time of full through cracking of individ-
ual specimens is tabulated in Table 3. Full through cracks occurred
on 14 and 25 days in the non-reinforced and RPET 1.0 specimens,
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Fig. 6. Free drying shrinkage strains of NF, RPET, and PP specimens.
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Fig. 7. Results of restrained drying shrinkage strains of NF, RPET, and PP specimens
in restrained concrete.
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Fig. 8. Restrained tension strains of NF, RPET, and PP specimens.
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respectively, which are the minimum and maximum cracking
times observed among all specimens. Crack occurrence time ap-
pears to be delayed as the fiber volume fraction increased. In con-
clusion, the addition of recycled PET fibers in concrete improved
concrete crack controlling capacity, thereby delaying crack occur-
rence time.

Restrained tensile strain of concrete can be defined as the dif-
ference between free and restrained drying shrinkage strains.
Table 3
Result of drying shrinkage cracking time and location.

Specimens Shrinkage crack time (days)

NF 14

RPET 0.5 16

RPET 0.75 20

RPET 1.0 25

PP 0.5 19

PP 1.0 24
Generally, when restrained tensile strain of concrete is higher,
it is more susceptible to cracking [30]. In this study, however,
the non-reinforced and RPET 1.0 specimens that had the mini-
mum and maximum restrained tensile strains cracked earliest
and latest, respectively, as shown in Fig. 8. The likely reason
for this inverse trend is that the crack bridging capabilities of
short fiber reinforcement are activated when significant strains
and micro-cracks are formed, causing the delay in macro-
cracking.
Cracking point
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4. Structural member capacity test

To simulate realistic stress conditions in structures, RC beam
specimens were designed to apply both shear and flexure stresses
using a span to depth ratio of 2.6. The specimens were tested
under 4-point loading to enforce this condition. However, the
specimens were designed to fail in a flexural rather than shear
mode. The overall ductility and energy absorbing capacities were
calculated.
LVDT

RollerHinge

2,000

1,800

900900

300

2,000

1,800

900900

Fig. 10. Test set-up and data acquisition locations (unit: mm).
4.1. Flexural strength test

A total of seven specimens were tested after 28 days from
casting. The specimens were reinforced with three D13 bars as
tensile reinforcement, D10 bars as compressive reinforcement,
and 10 mm diameter shear stirrups with 150 mm spacing.
Fig. 9 shows the dimensions and details of the beam specimens.
Fig. 10 shows the test set-up. RC beam specimens with hinge–
roller supports were tested using a UTM with a maximum load
capacity of 2000 kN. The load was applied as stroke control
loading. The rate of vertical displacement at the mid-span was
0.025 mm/s. Before loading, a strain gauge was attached at the
bottom surface of the concrete beam to measure the ten-
sile strain. To obtain an accurate deflection reading, a Linear
Variable Differential Transducer (LVDT) was mounted at the
mid-span. Crack initiation and propagation were monitored by
visual inspection during testing, and the crack patterns were
marked.
4.2. Experimental results and discussion

4.2.1. Load–deflection results
The measured load–deflection relations from the RC beam

tests are shown in Fig. 11. The results showed that the elastic
behavior of all specimens before cracking was similar even
though the fiber volume fractions were different. Before the yield-
ing of tensile reinforcement, initiation of cracks occurred earlier
in the fiber reinforced concrete specimens than in the specimens
without fibers, except in PP 0.5 specimens. However, once the re-
bar yields, the fiber reinforced concrete showed better crack resis-
tance and strain–hardening capacities than the specimens
without fibers. Due to the increase in crack resistance, the crack-
ing and spalling of the concrete cover and reinforcement debond-
ing failure due to macro-crack propagation are delayed, which
stabilizes the overall behavior of the structural RC member. In
turn, this delay increases the overall flexural strength and ductil-
ity of the RC member.

The calculated flexural strength from the test data is
tabulated in Table 4. As shown in the table, the RPET specimens
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Table 4
Summarized flexural strength test results.

Specimens Pcr (kN) Dcr (mm) Py (kN) Dy (mm) Pu (kN) Pu/Punf (%) Du (mm)

NF 32.6 1.01 101.4 4.80 121.6 100 16.94
RPET 0.5 24.8 0.43 109.0 4.52 152.6 125.5 165.0
RPET 0.75 22.0 0.51 108.8 4.67 159.8 131.4 141.36
RPET 1.0 32.4 0.62 107.8 5.31 160.4 131.9 143.36
PP 0.5 32.8 0.75 108.2 4.93 154.0 127.0 140.07
PP 0.75 28.0 0.69 106.3 5.21 150.4 123.7 149.16
PP 1.0 25.6 0.61 106.6 4.71 156.6 128.6 144.22
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with fiber volume fractions of 0.5%, 0.75%, and 1.0% had ulti-
mate strength increases of 25%, 31%, and 32%, respectively,
compared to the concrete specimens without fiber reinforce-
ment. The PP fiber reinforced concrete specimens showed similar
trends observed in recycled PET fiber reinforced concrete
specimens.

4.2.2. Cracking modes for the beams
Crack distributions at failure for all of the tested specimens are

shown in Fig. 12, where the solid and dotted lines represent cracks
that are formed during pre- and post-yielding stages of the tensile
reinforcement, respectively. The control specimen without fiber
reinforcement showed a general RC flexural failure behavior as
expected.

In this study, the specimens without fiber reinforcement
were designed to fail by yielding of the tensile reinforcement,
which is proved by the crack distributions shown in Fig. 12.
However, the recycled PET and PP fiber-reinforced specimens
ultimately failed by both concrete compression and yielding of
the tensile reinforcement. The load–deflection diagram shows
that the maximum mid-span deflection is approximately
400% larger in the fiber-reinforced specimens than the speci-
mens without fibers, as shown in Fig. 11. The images in
Fig. 13 also show the significant difference in member rotation
between fiber-reinforced specimens and those without fiber
reinforcement.
4.2.3. Ductility and ultimate failure energy capacity
To quantify the load–deflection capacity of the tested

specimens, the ductility index and ultimate failure energy
capacity are used. The deflection ductility index can be defined
as

lD ¼
Du

Dy
ð2Þ

where D is the deflection of the member and indices u
and y correspond to the ultimate and yield conditions,
respectively. Ultimate failure energy capacity of a member
is defined as the area under load–deflection relationship
curve.

The ductility indices and energy capacities for tested beams
are tabulated in Table 5. As shown in the table, the recycled
PET fiber reinforced concrete specimens have a relative ductility
index of 7.65–10.34, which is approximately 7–10 times greater
than that of the specimens without fiber reinforcement. The
calculated ultimate failure energy capacity of fiber reinforced
concrete members are approximately 4.0–4.8 times greater
than those of the specimens without fiber reinforcement.
Notably, the RPET 0.5 specimen had the largest energy capacity
and ductility index results, suggesting that there is an optimal
fiber volume fraction for a given mix design and production
process.



Fig. 13. Failure modes of RC beams; (a) NF RC beam; (b) RPET fiber reinforced RC beam.
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Fig. 12. Crack patterns at ultimate failure of NF, RPET, and PP RC specimens.
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Table 5
Calculated ductility index and energy capacity of test specimens.

Specimens Dy (mm) Du (mm) Ductility index (Du/Dy) Relative ductility index Energy capacity (kN m) Relative energy capacity

NF 4.80 16.94 3.53 1 4.64 1
RPET 0.5 4.52 165.0 36.50 10.34 22.50 4.85
RPET 0.75 4.67 141.36 30.27 8.58 20.87 4.30
RPET 1.0 5.31 143.36 27.00 7.65 21.05 4.34
PP 0.5 4.93 140.07 28.41 8.05 18.74 4.04
PP 0.75 5.21 149.16 28.63 8.11 21.77 4.69
PP 1.0 4.71 144.22 30.62 8.67 19.64 4.23
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5. Conclusions

In this experimental study, recycled PET fibers have been added
to structural concrete as a means for improving material and struc-
tural performance. The ecological benefit of effectively utilizing
this waste material is another prime motivation for this work.
The conclusions are as follows:

(1) From the material property tests, recycled PET fiber rein-
forced concrete exhibited a slight decrease in compressive
strength and elastic modulus as the fiber volume fraction
increased. The recycled PET and PP fiber-reinforced speci-
mens showed compressive strength decreases of 1–9% and
1–10%, respectively, compared to specimens without fiber
reinforcement.

(2) Free and restrained shrinkage strain tests were performed to
evaluate the crack resistance of the concrete specimens. The
results showed that free drying shrinkage strain increased
for recycled PET fiber reinforced concrete specimens com-
pared to that of the specimens without fiber reinforcement.
For the case of restrained shrinkage, however, the fibers
enhanced tensile resistance and delayed macro-crack
formation.

(3) Increased ductility and ultimate strength were observed for
RC beams produced with the recycled PET fiber and PP fiber
reinforced concretes. Ductility and ultimate load capacity
increased by a maximum of 1000% and 30%, respectively,
when comparing the recycled PET fiber-reinforced speci-
mens to those without fiber reinforcement. Similar improve-
ments were seen for the additions of PP fiber reinforcement.

(4) The recycled PET fiber reinforced concrete specimens failed
by both concrete compression and yielding of the tensile
reinforcement. This behavior can occur when the effective
load resisting cross-section remains approximately equiva-
lent to the original cross-section, bonding between the rebar
and concrete remains sufficiently intact to produce unifor-
mity, and cracks formed during the initial stages of loading
are bridged by the short fibers randomly distributed within
the member. The maximum mid-span deflection is approxi-
mately 400% larger in the fiber-reinforced specimens, rela-
tive to the specimens without fiber reinforcement.

(5) The recycled PET fiber reinforced concrete specimens had
relative ductility indices of approximately 7–10 times
greater than those of the specimens without fiber reinforce-
ment. Beyond a volume fraction of about 0.5%, however, the
ductility index and energy capacity decrease as the fiber vol-
ume fraction increases.
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