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Abstract

Glass fibre reinforced plastics (GFRP) based on resin recovered from recycling plastic waste has been shown to
possess mechanical properties satisfying normative requirements. This paper investigates the flexural behavior
of concrete beams reinforced with GFRP produced from resin recovered from recycled plastic wastes. A total
of twelve of beams of sizes 150 %150 x900mm and 100 x 100 x 500mm reinforced with GFRP made from
recycled glass fibre reinforced polymer was tested. The flexural test results yielded lower ultimate load, lower
stiffness and larger deflections at the same load when compared with the control steel reinforced beam.
However, the ultimate flexural strength of beams, reinforced with GFRP from recycled resin was at least four
times higher than that of the control unreinforced beam. This is in agreement, quantitatively and qualitatively,
with the trend of these parameters in GFRP reinforced concrete based on virgin resins. The results therefore
confirm the applicability for structural uses of GFRP reinforcement made from recycled plastic waste, with the
accompanying benefits of wealth creation, value addition and environmental sustainability.
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Investigations into the shear and flexural
behavior of GFRP reinforced beams have been
undertaken in several works, including those of
Nawy and Neuwerth (1971), Faza and GangaRao
(1992), Nanni et al. (1993), Bank and Ozel (1996),
Wang and Bilarbi (2005), Al-Sunna et al (2006) and

. Introduction

Fibre reinforced polymer (FRP) reinforcements
has been in rapid use in concrete structures in the last
decade because of it high strength, light weight, non
magnetization, corrosion resistance and expected
long-term durability. However, these structures are

primarily based on virgin materials used as resin in
the development and production of FRP
reinforcements.

The current spate of deterioration of the world’s
infrastructure continues to pose serious challenges to
engineering. Structures suffer from distresses due to
ageing, damages due to overloading, abuse of use,
war, terror and various natural disasters. Under these
circumstances, it becomes increasingly imperative to
determine the feasibility —of utilizing high
performance polymer composite materials for
fabrication of new structures as well as for
retrofitting the existing ones as a novel paradigm.
The various reports of the American and Canadian
Societies of Civil Engineers and other international
professional bodies offer important recommendations
on the use of high performance materials and systems
in construction, citing substantial cost savings due to
lower volumes of materials needed, reduced
maintenance and longer lifetimes. A comprehensive
review of development, mechanical properties and
application of fibre reinforced polymer can be found
in the publications of Ashbee (1993), ACI Reports
(1996), Bakht (2000), Bakis and Wang (2002).

Arivalagan (2012) among others. However, these
studies were all based on GFRP derived from virgin
resins. There is practically no information in
technical literature on the use of recycled plastic
waste for structural applications.

To bridge this gap, the authors undertook a
detailed study on the mechanical properties of glass
fibre reinforced plastic, based on recycled resin, to
assess its potentials and suitability for application in
civil engineering design and construction of concrete
structures. The details of this study are reported in
Ephraim and Adetiloye (2014). The results from the
latter study showed that recycled GFRP has a density
of about 0.91-1.2 gm/cm® within the range of fibre
content of 35-50 percent. It exhibits a practically
linear stress — strain relation almost to the ultimate
tensile strength, averaging 43-57 MPa with a
modulus of elasticity of 1.4 - 2.65 GPa. A fibre
content of about 40 percent, at which the tensile
strength, impact and hardness characteristics attained
maximum values irrespective of laminate thickness,
was established. These results confirm the
applicability of GFRP from recycled resin for
structural uses with the accompanying benefits of
wealth creation, value addition and environmental
sustainability.
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This work is dedicated to the investigation of
flexural behavior of concrete beams reinforced with
GFRP, based on recycled resin recovered from
plastic waste materials. A successful and effective
incorporation of recycled GFRP as reinforcement in
concrete will have the multiple benefits stated earlier
as well as create jobs/employment opportunities in
the construction industry. This project will also serve
as a pilot effort towards the domestication of fibre
reinforced polymer technology, especially in the
utilization of recycled plastic waste in civil/structural
engineering applications in Nigeria.

1. Research Methodology and
Experimental Plan

The study consisted of production of the recycled
GFRP and testing of concrete beams reinforced with
the produced FRP reinforcement bars. Concrete
beams, plain and reinforced with steel and GFRP of
varying reinforcement ratios were produced and
tested in the study. The beams were tested under two
point loading and appropriately instrumented to
record their response history up to the moment of
failure. Concrete mix ratios of 1:2:4, 1:1:2 were

adopted to facilitate comparison with previous
studies. The sample preparation, curing, handling and
testing were conducted in accordance with BS1881,
Part 1(1986). All the tests were carried out in the
Structural Engineering Laboratories of the Rivers
State University of Science and Technology, Port
Harcourt, Nigeria.

11.1 Materials
11.1.1 Concrete

The concrete was made from ordinary Portland
cement meeting BS 12 (1996), locally available sand
and crushed granite to the specified grading envelops
of BS 882 (1992) and EC2 EN (1992). A water
cement ratio of 0.55 with an average slump
workability of about 50 mm, as recommended in
Ephraim and Adetiloye (2015), was adopted
throughout the tests. The compressive strength for the
two mixes 1:1:2 and 1:2:4 averaged 38.20 N/mm?’
and 21.23 N/mm? respectively. In a related study,
Avrivalagan (2012) used a concrete mix ratio of 1:1:3
with a compressive strength of 30.10 N/mm? The
compressive strength values are presented in Table 1
and Figure 1.

Table 1: Compressive Strength of Concrete at Ages

Age (Days)

Mix

Ratio 3 7 14 21 28

Compressive Strength Values

1:2:4 9.4 112 | 148 | 185 | 21.2

1:1:2 203 | 233 | 281 | 333 | 38.2

1:1:3 176 | 19.6 23.1 27.0 | 30.1
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Figure 1: Plot of compressive strength with age

11.1.2 Steel reinforcement

The main reinforcement for the control beams
comprised 4 nos 10 mm high tensile steel bars with
yield stress of 400 MPa; the shear reinforcement was
in the form of closed stirrups of diameter 6 mm and
yield stress 300 MPa.

11.1.3 Glass Fibre Reinforced Polymer (GFRP)
Reinforcement

The GFRP reinforcement for the study was in the
form of reinforcement cages, consisting of 10 mm, 12
mm and 16 mm diameter main bars of fiber
reinforced polypropylene, produced from recycled
plastic and having tensile strengths of 45, 46 and 48
MPa respectively. Details of the production of the
recycled polypropylene glass fibre laminates by the

hand lay-up method with ultraviolet light curing and
its mechanical properties are documented in Ephraim
and Adetiloye (2014). Samples of the three types of

recycled GFRP cages are shown in Plate 1.
T - 7

PLATE 1: Sample recycled GFRP reinforcement
cages
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11.2 Test Specimens

A total of twelve beam specimens, grouped in two
series, was tested in this study. The first series of test
specimens consisted of three sets of GFRP reinforced
beams and one set each of plain and steel reinforced
beams. Each set comprised two similar beams. The
beams in this series were 100 mm wide, 100 mm
deep and 500 mm long in dimension. GFRP rebars of
nominal diameters 10 mm, 12 mm and 16 mm were
used with 25 mm cover and stirrups at 75mm centre-

to-centre spacing in all the beams in this series. A
second set of beams was designed using data from
Arivalagan (2012) with the following dimensions: 50
mm wide, 150 mm deep and 900 mm long. All the
beams were tested under two-point loading. The
geometric properties of the beams and the
reinforcement details are given in Table 2, while
Plates 2 illustrate the pictorial view of the
experimental beams.

Table 2: Geometric and Reinforcement Details of Test Beams

Beam No. Beam 1 Beam 2 Beam 3 Beam 4 Beam 5 Beam 6
Rebars Plain Concrete 4410 4412 4416 4410 412
Type of Rebars Nil GFRP GFRP GFRP Steel GFRP
Section (mm) 100x100 100x100 | 100x100 | 100x100 | 100x100 | 150x150
Reinft. Ratio % 0 3.14 4,52 8.03 3.14 2.0

111. Experimental Set Up and Procedures

The experimental setup and instrumentation of
the test beams are shown in Figure 2.The load was
applied centrally by a 600 kN hydraulic jack. A
spreader I-beam was used to distribute the load to the
third-span points. Three DEMEC dial gauges were
used to measure deflections at the loading points and
at midspan. Figure 2 and Plate 3 illustrate the test set

ring

up and instrumentation. In order to evaluate the
cracking resistance, a crack meter Model Controls
58-C0218 was used to measure the width of cracks.
The progress photographs of the flexural test are
presented in Plate 3.

600 kN Hydraulic

@ Dial Gauge Jack
Spreader |- beam
O Q
O ° /\
150mm 150mm 150mm
L k L L L L

| |
Figure 2: Typical Beam test Setup and Instrumentation

I
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The load was increased at a rate of 1 kN/s and
paused at about 5 kN intervals to observe, take dial
gauge readings, trace cracks and measure the crack
widths. Two load cycles were performed in line with
the suggestions of Al-Sunna R. et al (2006). In the
first cycle, the load was increased to the nominal
service load level, which corresponded to a stress of
about 45% of the concrete compressive strength in
the top concrete fibre at midspan. In the second cycle,
the load was increased until failure of the test
specimen occurred.

The flexural strength f, was computed by the
standard formula

- FI2
dld?_
where
F isthe maximum load
I is the distance between the supporting roller

d, and d, are the lateral dimensions of the cross-
section.

PLATE 3: Experimental Set Up and Progress Phéfograph of Flexural Test

IV. Results and Discussion
On the basis of the laboratory tests conducted on
the various beam specimens in this study, valuable
information regarding the flexural behavior of
concrete beams, reinforced with GFRP from recycled
plastics was obtained. The results of these tests are
presented and discussed in the following sections.

IV.1 Load - deflection behaviour

The load - deflection test results are shown in Table 3
and plotted in Figure 3. The beams tested showed
relatively linear elastic behaviour up to the cracking
load of about 8 kN. Thereafter, rapidly increasing
deflection was observed which culminated in a final
sudden rupture of the beam. A comparison of the
deflections of beams B2 and B5 with equal
reinforcement ratios of GFRP and steel reveals that
the two types of beams yielded maximum deflections
in the range of 6 to 8 mm with GFRP reinforced
beams showing about 33 percent greater deflection
than the control beam.

Table 3: Experimental Values of Central Deflection
Beam | Beam | Beam | Beam | Beam | Beam
Load
KN 1 2 3 . 4 5 6
Beam deflection (mm)
0 0 0 0 0 0 0
5 0.2 1.0 10 [ 10 [ 10 | 15
10 0.6 2.2 2.1 2.0 2.3 3.5 —o
15 2.5 2.5 2 2.5 45 2 ., S
20 3.3 31 | 25 | 32 | 60 3 —
25 4.5 3.4 3.0 3.5 8.0 o —m—o2
30 5.4 38 | 35 | 40 10 -
35 6.0 4.0 4.0 4.2 12.5 a0
40 7.0 5.0 5.0 5.5
45 8.0 6.0 6.0 6.4 20
50 7.0 7.0 8.0

o s 10 1s 20 25
Deflection (mm)

Figure 3: Load - deflection graphs flexural behaviour of FRP- RC beams
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1V.2 Flexural Strength

The flexural strength values for the tested beams
are shown in Table 4 from where, it can be seen that
the GFRP has a good bonding with concrete. The
value of flexural strength for plain beam was about 8
N/mm? while the GFRP reinforced beams yielded
flexural strength values in the range of 23 N/mm? to
25 N/mm? about 4 times higher. The flexural
strength of GFRP reinforced beams increased with
reinforcement ratio up to about 4 percent
reinforcement ratio beyond which substantial strength
increase was not observed. The ultimate strength of

B2. This is indicative of the fact that the GFRP bars
did not develop their full capacity as a result of
limited transfer of tensile stress from concrete to
GFRP bars on account of approximately equal
moduli of elasticity of both materials.

Arivalagan (2012) presented the engineering
performance of concrete beams reinforced with
GFRP bars and stainless steel and similarly observed
that concrete beam reinforced with GFRP bars
exhibited lower load carrying capacity and stiffness
compared with the conventional reinforced concrete
beams.

steel reinforced beam B5 was about 20 percent higher
than for the corresponding GFRP reinforced beam

Table 4: Experimental Values of Flexural Strength of Beam with Recycled GFRP

Beam Ultimate Flexural First crack Average Deflection
designation load (KN) strength load (KN) crack (mm)
(N/mm?) spacing
(mm)
B1 16 8 1 0 0.5
100x100x500 mm
Plain concrete 16 8 1 0 0.6
p=0%
B2 46 23 9.2 90
100x100x500 mm 8
p=3.14% 45 22.5 9 90
GFRP 8
B3 51 255 11.2 80
100x100x500 mm 7
p=4.52% 50 25 11 80
GFRP 6
B4 48.5 24.25 9.7 75 7
100x100x500 mm
p=28.03% 50 25 10 72 7
GFRP
B5 54 27 12 56 6
100x100x500 mm
p=3.14% 53 26 10 60 6
Steel
Beam from Arivalagan 36 12.8 4.5 15
(2012)

In a similar research by Nawy and Neuwerth (1971) involving flexural tests of 20 simply supported
rectangular beams reinforced with GFRP and steel reinforcing bars, the beams were observed to fail by
compression of the concrete. Based on these and similar observations on the failure of GFRP reinforced beams,
Faza and GangaRao (1992) concluded that, to achieve high ultimate strength with FRP reinforcing bars, high-
strength concrete should be used.

1.3 Failure Mechanism

All the tested beams failed in flexure with crushing of concrete in the compression zone at the failure stage
after the development of flexural cracks. Cracks started developing at 16 to 24 percent of the ultimate load in the
GFRP reinforced concrete beams. The first visible crack occurred expectedly between the locations of the two
point loads in the region of maximum bending moment. This is vividly captured in Plates 4. Thereafter, as the
load was increased, more cracks appeared over the shear span region on both halves of the beam. The crack
widths of all the beams tested are presented in Table 4. The plain beam failed in a more abrupt manner while
FRC reinforced beams failed in a more ductile way as the load dropped more gently and smoothly.
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The mode of failure for beams, reinforced with

GFRP bars, was slightly different compared with the
control steel reinforced concrete beam. The GFRP
reinforced concrete beams failed either by concrete
crushing at the compression zone or rupture of the
GFRP reinforcement. In addition, the deflections in
beams, reinforced with GFRP bars, were generally
larger than those in beams reinforced with steel bars.
This is due to the low modulus of elasticity and the
different bond characteristics of the GFRP bars. The
number of cracks on beams, reinforced with GFRP
bars, was lower than on the steel reinforced beams. In
addition, the average crack spacing for the GFRP
reinforced concrete beam was also greater compared
with the steel reinforced beam.
The three-stage failure mechanism, including crack
initiation, formation and propagation to failure,
observed above was also confirmed in the study of
Nanni et al. (1993).

V. Conclusions

Based on the experimental investigation and

analysis of results obtained in this study, the

following conclusions may be drawn:

1. Concrete beams, reinforced with GFRP based on
recycled resin, show good bonding but exhibit
lower load carrying capacity in comparison with
the control steel reinforced concrete beam.

2. The flexural strength of beam, reinforced with
GFRP, based on recycled resin was about 400
percent higher than that of control plain concrete
beam.

3. The flexural strength of GFRP reinforced beams
increased with reinforcement ratio up to about 4
percent reinforcement ratio beyond which
substantial strength increase was not observed.

4. The deflection of concrete beams, reinforced
with GFRP based on recycled resin, is generally
greater compared to those for the control beam
due to the low elastic modulus of the GFRP
reinforcement.

PLATE 4: Failure mechanism and crack pattern in typical experimental beam.

5. The failure mechanism of concrete beams,
reinforced with GFRP based on recycled resin,
was slightly different compared with that of the
control beam. The GFRP reinforced concrete
beams failed either by concrete crushing at the
compression zone or rupture of the GFRP
reinforcement.

6. The failure of GFRP reinforced concrete beams
was preceded by ample warnings in the form of
large deflections and crack developments similar
to the observations in steel reinforced concrete
beams. The cracks in GFRP reinforced beams
were characterised by larger widths and fewer
numerical strength than in steel reinforced
control beams.

The observed primary compression failure is
indicative of the non attainment of capacity of the
GFRP reinforcement bars before consummation of
concrete strength. On the basis of this, the use of
high strength concrete is recommended for optimal
exploitation of the potentials of the composite beam
with glass fibre reinforced plastic reinforcement.
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