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ABSTRACT

ARTICLE INFO

In the last few decades, strengthening of structures in need of repair with fiber rein-
forced polymer (FRP) composite materials produced with different fiber types has
gained great importance. Within the scope of this experimental study, the usability
of hybrid glass and carbon composite laminates produced for different purposes and
later cut into waste was investigated for concrete reinforcement. Hybrid composite
laminates were produced in the form of glass-carbon-glass and carbon-glass-carbon,
and the effect was investigated in two different sequences in the study. In addition,
there are 3 different rates of nanoclay (0.50%, 0.75% and 1.25%) in the production
of composite materials, and the effect of nanoclay ratio was investigated. In the study,
two different numbers of composite laminates were adhered to the concrete samples
produced in 70x70x280 mm dimensions and subjected to flexural strength test. In
the Carbon-Glass-Carbon series using triple waste laminate pieces, the highest flex-
ural strength was reported in the CGC-0.75-3 series, which achieved an increase of
approximately 55% and 42% compared to the Control and Control-E series. It was
determined that the effectiveness of the reinforcement technique of concrete with
laminates in flexure did not change significantly depending on the number of lami-
nate pieces. The main mode of failure in the experimental work was due to concrete
fracture.
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1. Introduction

In many existing structures, reinforced concrete
structural elements become unable to meet the desired
requirements during their service life due to design er-
rors, increased loading, errors in the construction phase
or dynamic loads such as wind, earthquake or environ-
mental conditions that will cause aging, corrosion and
deterioration (Obaidat et al. 2011; Askar et al. 2022;
Hashemi 2011). It is a well-known fact that the insecu-
rity of reinforced concrete structures made of low
strength concrete and steel under the effect of dynamic
loads. For these reasons, in most buildings that cannot
meet the requirements, reinforcement is a more effec-
tive and economical solution instead of reconstruction.

Reinforced beams can contribute to extending the ser-
vice life of the structures and increasing the loading ca-
pacity, resulting in better performance of the structure
(Ghobarah et al. 2002).

In the last century, traditional methods such as jacket-
ing with concrete and steel plates have been used to
strengthen reinforced concrete structures. However, one
of these traditional methods used, while concrete jacket-
ing increases the element sections and creates an exces-
sive load on the structure, it has some disadvantages in
terms of corrosion and application difficulties in steel
jacketing (Askar et al. 2022; Raval and Dave 2013; Chali-
oris et al. 2014; Thermou et al. 2019; Shehata et al. 2009).

Due to the negative consequences of the above-men-
tioned strengthening methods, the reinforcement of
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structural elements such as reinforced concrete beams
with Fiber Reinforced Polymers (FRP) has increased sig-
nificantly in recent years (Ascione and Feo 2000). The
reason why FRP composites are preferred can be at-
tributed to their higher performance due to their light
weight, high hardness, corrosion resistance and ease of
application (Amin et al. 2022a, 2022b; Talikoti and Kan-
dekar 2019). FRP matrices are composite materials rein-
forced with different types of fibers. There are several
types of FRPs: carbon FRP (CFRP), glass FRP (GFRP),
basalt FRP (BFRP) and aramid FRP (AFRP). FRP compo-
sites are applied to reinforced concrete beams in the
form of laminates, rods or fibers by bonding or mechan-
ical anchoring (Hashemi 2011).

Miruthun et al. (2021) investigated the strengthening
property of GFRP wrapped in three different ways in
their study. The results showed that GFRP laminates im-
proved the strength and ductility properties of the
cracked RC beam. Obaidat et al. (2011) show that when
beams strengthened using CFRP laminates are structur-
ally efficient in shear and flexure.

In addition, ceramic, carbonaceous, clay, and polymer
fillers are used in nano and micro sizes to improve the
mechanical, impact and thermal properties of FRP com-
posites (Sharma and Joshi 2023). Rafiq et al. (2017)
found an increase of 23% and 11%, respectively, in the
peak load and stiffness of the glass fiber reinforced
epoxy composite with the addition of 1.5% nanoclay.
Khan et al. (2011) showed that the addition of nanoclay
to epoxy and CFRP improves the impact and flexural
strengths of the composite. In Xu and Hoa (2008) stated
that nanoclay added to carbon/epoxy composites in the
amount of 2 phr increased the flexural strength by 38%.
Oner et al. (2018) showed that the addition of nanoclay
to hybrid carbon/fiberglass composites improves the
flexural and tensile strength of the composite.

2. Research Significance

Recently, studies of strengthening concrete with glass
and carbon fiber are widely seen in the literature. In this

research, chopped waste materials consisting of epoxy
matrix composite laminates prepared with these two fi-
ber types were used to strengthen the concrete element.
Composite materials used in reinforcement were not
produced within the scope of this study, they are lami-
nate pieces that were prepared for a different research
and then became waste. With the increasing volume of
waste, the rapid pollution of the environment poses a
significant threat to biodiversity and human health.
Consequently, there has been a surge in research efforts
focused on waste recycling, both in terms of
investigation and implementation (Sengel et al. 2022;
Canbaz et al. 2021). Waste composite materials are ar-
ranged in two different ways as glass - carbon - glass (G-
C-G) and carbon - glass - carbon (C-G-C). In addition,
there are 3 different ratios of nanoclay in the content of
composite materials. Hybrid waste material differs from
concrete reinforcement studies in the literature in terms
of both the regulation and use of nanoclay. Since the
waste composite material is found in chopped form, its
dimensions are smaller than the laminates in the litera-
ture. Therefore, the dimensions of the concrete flexural
specimen were determined as 70x70x280 mm. The ex-
perimental study includes the application of 2 different
number of composite laminate materials to the concrete
sample using the bonding technique. As a result, the flex-
ural strength of composite reinforced concrete was in-
vestigated.

3. Materials and Method

Within the scope of the experimental study, the ce-
ment type used in all mixtures is CEM I 42.5R Portland
cement. The specific gravity and specific surface area of
the cement were 3.12 g/cm3 and 3486 cm?2/g, respec-
tively. The chemical composition, physical and mechan-
ical properties of cement is shown in Table 1. In the
study, 4-25 mm coarse aggregate and 0-4 mm river
sand were used as fine aggregate. The specific gravity
of fine and coarse aggregates were 2.68 and 2.34, re-
spectively.

Table 1. Chemical, physical and mechanical properties of cement.

Chemical Composition % Physical and Mechanical Properties

Si02 19.17 Compressive strength 2 days (MPa) 27.2

Al;03 4.50 Compressive strength 28 days (MPa) 55.6

Fe203 3.04 Specific surface area (Blaine) (cm?/g) 3486

Ca0 63.08 Specific gravity (g/cm?) 3.12
MgO 1.78
SO3 2.89
Insoluble materials 0.98
Loss on ignition 3.93
Naz0 0.22
K20 0.63

CI 0.0116
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In this study, laminates with Glass-Carbon-Glass and
Carbon-Glass-Carbon sequences that were used by Oner
et al. (2018) and Unal et al. (2017) in their research and
which were later disposed of were used. Carbon (245
g/m?) and E-glass (200 g/m?2) fibers and a standard
epoxy resin were used in the manufacture of the waste
laminates. Nanoclay (0.50%, 0.75% and 1.25%) was
added to the epoxy matrix by ultrasonic cavitation mix-

ture. In the related study, the tensile and flexural strength
range of the Carbon - Glass - Carbon composite series was
determined as 550 MPa to 590 MPa and 908 MPa to 958
MPa, respectively. These range of the values were ob-
tained as 599 MPa - 625 MPa and 794 MPa - 892 MPa for
the Glass - Carbon - Glass sequence. The configuration of
laminate materials (Carbon-Glass-Carbon) used by Oner
et al. (2018) in their studies is presented in Fig. 1.
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Fig. 1. Configuration of hybrid composite laminate (Oner et al. 2018).

The mixture composition by weight of the concrete
used in this study is presented in Table 2. The strength of
the concrete samples prepared in this study was aimed to
be in the C40/50 class. The water-cement ratio was kept
constant as 0.45 in all concrete samples and a 1.2% super-
plasticizer was used to obtain workability. These ratios
were determined as a result of preliminary experiments.

Table 2. Amount of materials in 1 m3 of concrete.

Materials Amount (kg)
Cement 400.00
Water 181.40
Super Plasticizer 4.80
0-2 mm 510.26
2-4 mm 264.65
4-8 mm 331.14
8-16 mm 381.70
16-25 mm 165.94

Laminates (3 pieces)

In the study, 3x3x20 mm waste laminate pieces with
G-C-G and C-G-C sequences were adhered to the mid-
point of the 70x70x280 mm concrete beam samples with
the help of epoxy. In addition, laminate pieces were
tested by gluing them to the concrete beam in 2 different
numbers (3 and 7). In order to ensure the surface contact
of the beam with the epoxy, the beam surfaces are
cleaned of dust and sawdust with the help of a compres-
sor. It was applied to the epoxy surfaces with a roller to
obtain a thickness of 0.8-1 mm. Laminates were adhered
to the surface of the beams (Fig. 2).

Control and laminate reinforced 28-day beam sam-
ples were subjected to 3-point flexural test in accordance
with TS EN 12390-5 (2010) standard. Each sample was
named according to the arrangement, nanoclay ratio and
number of laminates used. For example, in a CGC-0.50-3
code, the first three letters (CGC) represent the carbon-
glass-carbon sequence, the number 0.50 represents the
nanoclay ratio in the laminate, and 3 represents the
number of laminate. In addition, only the epoxy bonded
control group is symbolized as Control - E.

Laminates (7 pieces)

e *

‘!

Fig. 2. Laminate-adhered concrete specimens.
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4., Results and Discussion
4.1. Workability

The slump test on the concrete to which the laminate
pieces were attached was carried out in accordance with
TS EN 12350-2 (2010). The slump value of the produced
concrete was determined as 18.8 cm. This value pro-
vided the S4 class values, one of the consistency classes
given in the TS EN 206-1 (2021) standard.

4.2. Flexural strength

The flexural strength results of concrete reinforced
with 3 and 7 pieces of Carbon-Glass-Carbon laminate are
given in Fig. 3. The mean values for flexural strength of
concrete to the series without nanoclay were published
in previous study by Turan et al. (2023).

When Fig. 3 is examined, the lowest flexural strength
value was obtained from the control sample with 5.59
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MPa. An increase of 9.12% was observed in the flexural
strength of the Control-E series, which was produced by
adhering only epoxy to the control sample, compared to
the control sample. The highest flexural strength in the
triple array Carbon-Glass-Carbon series was obtained
from the CGC-0.75-3 group with a value of 8.69 MPa. This
value was 55.46% and 42.46% higher compared to the
Control and Control-E sample, respectively. The flexural
strength of CGC-0.75-3 and CGC-1.25-3 groups of Car-
bon-Glass-Carbon series with nano clay added was
higher than the series without nano clay (CGC-0) addi-
tion. In the C-G-C series with nanoclay reinforced with
three pieces of laminate, the highest concrete flexural
strength was calculated in the group with 0.75%
nanoclay. Obaidat et al. (2011) used CFRP laminates to
retrofitting reinforced concrete beams in their study.
The increase in the maximum load of shear force and
flexural strength of the laminate reinforced samples
reached values between approximately 23% and 33%,
respectively.
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Fig. 3. Flexural strength of concrete reinforced with 3 and 7 pieces of CGC laminate.

In the CGC series with 7 laminate pieces, the highest
concrete flexural strength value was obtained from the
CGC-1.25 series with 9.30 MPa. This value was 66.36%
and 52.46% higher than the flexural strength of the Con-
trol and Control-E series, respectively. It was deter-
mined that the flexural strength of CGC-0-7, CGC-0.50-7
and CGC-0.75-7 series increased by 44.75%, 38.68%
and 34.42%, respectively, compared to the Control-E
sample.

The flexural strength results of concrete reinforced
with 3 and 7 pieces of Glass-Carbon-Glass laminate are
given in Fig. 4. The flexural strength values of the Glass-
Carbon-Glass series reinforced with 3 laminates were
calculated in the range of 8.08 MPa - 8.84 MPa. The high-
est flexural strength in the triple array Glass-Carbon-
Glass group was obtained in the GCG-0.75-3 series with
8.84 MPa. This value detected in the GCG-0.75-3 series
was 58.14% and 44.92% higher compared to the Control

and Control-E groups, respectively. The flexural strength
of the series containing 0.50%, 0.75% and 1.25%
nanoclay was determined to increase by 6.43%, 9.40%
and 8.17%, respectively, compared to the GCG-0-3 series
without nanoclay.

The flexural strength values of the 7-arrays Glass-Car-
bon-Glass series were calculated in the range of 8.45
MPa - 9.09 MPa. The highest flexural strength value was
obtained from the GCG-0.75-7 series with an increase of
49.02% compared to the Control-E series. Compared to
the flexural strength of the Control-E sample, an increase
0f 40.32% and 42.62% was detected in the GCG-0-7 and
GCG-0.50-7 series, respectively. Although the flexural
strength of the 1.25% nanoclay-containing GCG series
decreased, it was 38.52% higher than the Control-E se-
ries. In the GCG-0.50-7 and GCG-0.75-7 series, 1.63% and
6.19% increase in flexural strengths were reported com-
pared to GCG-0-7, respectively.
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Fig. 4. Flexural strength of concrete reinforced with 3 and 7 pieces of GCG laminate.

As aresult of examining together the CGC and GCG se-
ries used in triples, the highest flexural strength values
in nanoclay added samples were obtained from the GCG
series. In addition, the optimum value in terms of nano
clay was determined as 0.75% in both arrays (CGC-GCG)
strengthened with 3 pieces of laminate, and the addition
of 1.25% nanoclay decreased the flexural strength in
both groups. This is attributed to the increase in the vis-
cosity of the epoxy and the amount of air bubbles during
the mixing process due to the increased amount of
nanoclay used (Xu and Hoa 2008). These results are sim-
ilar to the tensile and flexural strength results of the lam-
inates in the Oner et al study, where the waste material

was obtained. Hosny et al. (2006) determined that the
ultimate carrying capacity of reinforced concrete beams
strengthening with hybrid GFRP and CFRP laminates in-
creased by 27.2% compared to the control sample.

Increasing the number of laminate pieces adhered to
the beams from 3 to 7 resulted in an increase in flexural
strength of approximately 1.1% to 7.8%, except for the
CGC-0.50 series. This is an indication that the number of
laminate pieces attached to the concrete is not an im-
portant parameter in increasing the flexural strength.
Because the results showed that the main failure mode
was concrete, not laminate pieces, which increased the
effectiveness of the reinforcement (Fig. 5).

Fig. 5. Fracture mode of concrete reinforced with laminate pieces.

5. Conclusions

This study aims to investigate the effect of different
numbers of laminated pieces of carbon-Glass-Carbon
and Glass-Carbon-Glass arrays with different ratios of
nanoclay in the waste state on the flexural strength of
concrete. The main conclusions can be summarized as
follows:
¢ In the Carbon-Glass-Carbon series using triple waste

laminate pieces, the highest flexural strength was re-

ported in the CGC-0.75-3 series, which achieved an in-
crease of approximately 55% and 42% compared to
the Control and Control-E series.

e The highest flexural strength in the triple array Glass-
Carbon-Glass group was obtained in the GCG-0.75 se-
ries with 8.84 MPa. In addition, in the triple use of
both arrays (CGC-GCG), the highest value in terms of
flexural strength of concrete was obtained in the sam-
ples using 0.75% nano clay.

e [twas determined that the use of laminate pieces with

7 in the CGC-0, CGC-0.50 and CGC-0.75 series in-
creased the flexural strength of concrete by 44.75%,
38.68% and 34.42%, respectively, compared to the
Control-E sample.

e [t was determined that when the 7-arrays GCG waste

laminate pieces used in the reinforcement of concrete
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contained 0.50% and 0.75% nanoclay, the flexural
strength of the concrete increased by 1.63% and
6.19%, respectively, compared to GCG-0.

e Increasing the number of laminate pieces adhered to
concrete beams from 3 to 7 resulted in an increase in
the flexural strength of concrete by approximately
1.1% to 7.8%, excluding the CGC-0.50 series. The fact
that the numerical increase in the laminate pieces
does not cause a significant increase in the flexural
strength results is due to the fact that the main failure
mode in the samples is in the concrete, not the lami-
nate pieces, which increases the efficiency of the rein-
forcement.

e Since the laminate parts used in this study were
waste, there was no alternative for the dimensions of
the parts. In future studies, it is thought that if the lam-
inate pieces used in this study are used in larger sizes,
it may be more effective in repair and reinforcement
of concrete. In addition, the use of laminate parts in
the reinforcement of reinforced concrete samples,
which will show more ductile behavior, can provide
better observation of the behavior of laminates.
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