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ABSTRACT

The use of external strengthening by fiber reinforced polymer (FRP) technology has significantly
increased in recent decades. This is because (FRP) has the properties that make it the most suitable option
for strengthening and rehabilitation of damaged concrete structures instead of using traditional materials
such as steel plates. In this paper, the behaviour of non-reinforced concrete beams externally wrapped with
Glass Fiber Reinforced Polymer (GFRP) sheets has been examined. Fourteen unreinforced concrete prisms
were cast with a rectangular section of (150 x 125 mm) and a length of (760mm), these specimens were
divided into five group. First group was not externally wrapped with GFRP sheets (control specimens), and
the remaining groups were GFRP wrapped with a variable number of GFRP layers (thickness of wrapping).
In the first stage of study, the prisms have been tested and the effect of external wrapping and increasing the
wrapping thickness on the behaviour of prisms was observed. In the second stage, the unwrapped concrete
prisms that were tested and failed (control specimens) were rehabilitated by externally wrapping them with
one layer of GFRP sheets. The results have shown that wrapping with GFRP sheets increased the capacity of
the prisms and failure load had reached to (342.5%) for prisms wrapped with three layers when compared to
the control specimens. It was also noticed that there was an increase in the toughness of the prisms by
increasing the number of GFRP layers. The results have shown that there was a decrease in the failure load
of the four layer wrapped prisms, and this was due to the early failure of the prisms due to the debonding of
the GFRP sheets from the prism surface. The damaged specimens which were later rehabilitated have shown
an increase in load carrying capacity compared to the control specimen.
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1. INTRODUCTION

The use of fiber reinforced polymer (FRP) to
strengthen reinforced concrete structures has grown
and become a known technique. The lightweight
and formability of these fibers have made them
non-corrosive and resistant to chemicals, so they
are the right choice for external reinforcement[1].
Many of the practical investigations conducted in
the past have shown that the use of polymer fiber in
the strengthening has several benefits compared to
conventional methods, this is because of their high
strength, low weight and improved durability [2].

There are three known types of polymer fiber used
in the civil structures namely glass, aramid, and
carbon fiber. The physical and chemical properties
of these fibers vary not only from one type to
another but also differ for the same fiber type [3].
Al-Luhybi[4] investigated the effect of wrapping
standard cylinders(150x300 mm) by GFRP sheets
on its compressive strength, where it was observed
from the results that wrapping using fiberglass
sheets increased the capacity of cylinders. Meisam
et al.[5] Conducted experimental study to
investigate the effect of FRP strengthening on
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compressive strength of the concrete prisms. The
researchers casted 17 concrete prisms, the variables
in their study were the types of FRP used in
wrapping, where carbon and glass reinforced
polymer laminates were used. The effect of the
specimens section on strength capacity of concrete
was also investigated. Specimens were casted in
square, rectangular, circular shapes with dimension
of (100x100x300 mm),(100x150x300 mm)
and(150 diameterx300 long) respectively. The
results have shown that the increase in strength for
specimens wrapped with CFRP was higher than the
specimens wrapped with GFRP laminates. The
results also have shown that cylindrical specimens
were higher in compressive strength values
compared to other specimens. In 2018, the
researchers Hassen et al.[6]studied the use of
carbon fiber reinforced polymer (CFRP) (Near
surface mounted (NSM) Technique with Roots
Planted in strengthening shear resistance of prism
beam. Four prismatic concrete beams (75%75x500
mm) were casted and tested. The results have
shown that this strengthening has increased the load
capacity of beams. It was also observed that there
was a decrease in mid span deflection. They also
found that the use of this strengthening increased
the flexural and shear resistance of the beams.
Mohammad and Hana[7] investigated the effect of
using glass fiber reinforced polymer sheets on the
flexural and shear resistance of simple concrete
beams. They tested four (10x10x60 cm) concrete
beams. The results showed that when FRP sheets
are used properly and proper bracing in concrete
beams, there will be a marked increase in shear and
flexural strength.

This study will investigate the effect of
strengthening and rehabilitation using GFRP sheets
on the flexural strength of concrete prisms.

2. RESEARCH SIGNIFICANCE

The purpose of the current research is:

1- To study the effect of strengthening of concrete
prisms by using U-shaped Glass Fiber Reinforced
Polymer (GFRP) sheets on the flexural strength of
concrete prisms.

2- To Study the effect of increasing the number of
GFRP layers on the flexural strength of prisms.

3- To Repair the failed concrete prisms with GFRP
sheets.

3. MATERIALS AND METHODS

3.1. Materials

3.1.1Concrete: Concretewith compressive strength
of 36 MPa is specified for all the prisms. Ordinary
Portland cement, locally available sand with

fineness modulus (2.73) and locally gravel with
maximum aggregate size of (19mm) were used.
3.1.2GFRP Sheets and epoxy adhesive: The
ultimate tensile stress (fu) and Young’s modulus
(Ef) of GFRP Sheet were determined by conducting
tension tests on coupons cut from the sheet. The
Young’s modulus and the ultimate tensile stress of
GFRP Sheet are calculated from load/strain curves
and presented in Table 1. The properties of epoxy
used for bonding the GFRP sheet are also presented
in Table 1.

Table 1: Properties of GFRP Sheets and Epoxy.

Properties
—— Ultimate i
ateria ;
i Modulus Ultimate Strain
Stress (MPa)
(MPa)
GFRP Sheet 108 30x10° 2%
Properties
Material Tensile Flexural . Compressive
Strength Strength De'}s“v;( Strength
(MPa) (MPa) i (MPa)
Epoxy
Adhesive
29 91 1060 83
(Epoxy
EP10)

3.2. Test Specimens: Fourteen concrete prisms
(760 mm-long) having cross-sectional dimensions
of ( 150x125 )mm were cast using the same batch
of the concrete. The effective span of all the prisms
was kept as (711) mm. Figure 1 illustrates the
dimensions and testing procedure for prisms. Three
concrete control prisms were designated as (B1-0,
B2-0, B3-0), eleven prisms wrapped with different
levels by changing the thickness of GFRP sheet.
Three prisms wrapped with one layer of GFRP
Sheet, three prisms wrapped with two layers of
GFRP Sheet and three prisms wrapped with three
layers of GFRP sheet, two prisms wrapped with
four layers of GFRP Sheet. After testing the control
prisms until failure, they were repaired and
wrapped with one layer of GFRP Sheet to study
their behaviour after strengthening. The details of
the prisms are presented in Table 2.
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Fig. 1 The loading model of the prism (all
dimensions in mm).

Table 2:Details of the wrapping of prisms.

prism size No. of
SPECIMENS | 1(mm) | bmm) | hmm) | Greer
B1-0
B2-0 | 760 | 150 | 125 | o©
B3-0
B4-1
B5-1 | 760 | 150 | 125 | 1
B6-1
B7-2
B2 | 760 | 150 | 125 | 2
B9-2
B10-3
B113 | 760 | 150 | 125 | 3
B12-3
B13-4
S 760 | 150 | 125 | 4

3.3.Specimen Preparation: After the prisms
complete the treatment period (28) days, the
external strengthening stage begins, but before
wrapping the prisms and laying the bonding
material, the surface of the prisms were prepared by
carefully cleaning the surfaces of the specimens,
and then starting the process of roughing the
surface of the specimens with a serrated metal
brush. After completing this process, the surface is
cleaned of dust by an air blower, the prisms must be
completely dry before wrapping. The bonding
material was epoxy system which consists of two
parts, resin material and the hardener material,
these are prepared and mixed with a ratio of (1:3).
The material are mixed thoroughly and for at least
one minute at room temperature. A layer of epoxy
is placed on the surface of the prisms using a
paintbrush, and a layer of GFRP sheets saturated
with the bonding material is also placed directly on
the prism surface, the process of placing GFRP
sheets on the surface of the prisms is accompanied
by continuous pressure to ensure that there are no
voids between the sheets and the concrete surface,

and to remove excess epoxy. If the prismwas
wrapped in more than one layer, an epoxy layer was
placed on the outer surface of the first layer to
allow adhesion of the second layer. In the final step
of the wrapping process, the GFRP sheets were
installed on the surface of the prisms by pressing
themto remain interconnected by using mechanical
clamp until the adhesive had cured. The specimens
were left for seven days before being tested. All
specimens were strengthened with GFRP and
GFRP was present on the entirelength of the
specimen.

3.4.Test Setup and Procedure:The prisms were
tested in a four point loading setup as shown in
Figure 1. The prisms have been loaded to failure,
for each increment in the load, the vertical
deflection was measured at midspan of the prism.

4. RESULTS AND DISCUSSIONS

4.1. Strengthening Prisms
4.1.1 The effect of GFRP sheets on flexural
strength of prisms :Table 3 shows the failure loads
of prisms which were strengthened by GFRP sheets
with different thicknesses.

No. of Failure Average
Specimens | GFRP Load(kN) Failure
Sheet Load(kN)
B1-0 16.1
B2-0 0 16.2 15.3
B3-0 13.7
B4-1 25.8
B5-1 1 27 25.8
B6-1 24.5
B7-2 44.1
B8-2 2 44 455
B9-2 48.5
B10-3 67.7
B11-3 3 72.6 67.7
B12-3 62.7
B13-4 58.8
B14-4 4 52 554

Table 3: The result of ultimate loads of prisms

As shown in table 3, it is noticed that the carrying
capacity of prisms wrapped with one, two, three
layer increased by external strengthening and this
increase depends on the number of wrapping layers.
Figure 2 shows the percentage increase in carrying
capacity according to the increase in the number of
wrapping layers.
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Fig. 2Percentage increasing in carrying capacity of
strengthening prisms

It is also noticeable from table 2 that the carrying
capacity of the prisms wrapped with four layers was
low when compared to the prisms wrapped with
three layers, and this contradicts to what was
expected. The reason for the low carrying capacity
of these prisms was the result of the early failure of
these prisms due to the debonding of the wrapping
layers. This type of failure has occurred in both
prisms (B13-4 and B14-4). This failure occurs
because of an occurrence of a diagonal shear crack
in the constant shear region, known as critical
diagonal crack debonding (CDC Debonding). The
explanation for this is that the prisms flexural
strengthened so that the end of the sheet has located
in an area where the shear force is high (the end of
the sheet next to the support), in this case a shear
crack will occur at the end of the sheet. Increasing
the width of the shear crack leading to an increase
in the interfacial stresses between the sheet and the
concrete which in turn leads to the final failure of
the prism by debonding the sheet from the concrete
[8]. Figure 3 shows the failure mode of the prism
wrapping with four layers

Fig. 3 The failure shape of prisms after debonding
GFRP sheets

4.1.2 Relationship of (Load-deflection) for prisms
externally wrapped with GFRP sheets:

Figure 4 shows the relationship of (load-deflection)
for control prisms and for prisms wrapped with one,
two, three layers. These values are the average of
the three samples.
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Fig. 4 Curves of (Load-Deflection) relationship of
concrete prisms

One thing to note from the figure is that the curves
are at first convergent and start with a linear
relationship almost in the early stages of loading,
it's noticed by increasing the load on the prisms, a
gradual divergences in the curves where the GFRP
sheets begin taking their role in controlling the
cracks and the deflection. At a constant load value,
it is found that the value of deflection of the
wrapped prisms was less than the value of the
deflection for control prisms (unwrapped prisms).
This means that the external wrapping increases the
absorption capacity of the wrapped prisms and the
percentage depending on the number of wrapping
layers. The toughness of the prisms load can be
calculated through the curves of the (Load-
deflection). Where it is equal to the area under the
entire (load-deflection) curve[9].The measurements
of the deflection for all prisms were not for the end
of the test or in other words, they were not until the
prisms reached the failure, because the dial gauge
was raised so that the damage was not exposed and
therefore we could not calculate the toughness of
each prism exactly. However, we can conclude
from figure 4 that the external wrapping for prisms
by GFRP sheets have shown higher values for
deflection and loads at the ultimate stage than
unwrapped prisms. This means that the area under
the (load-deflection) curves of wrapped prisms will
be greater than the area under the unwrapped
prisms curves, and this gives a clear indication that
the toughness of the wrapped prisms will be greater
than the toughness of the unwrapped prisms.

4.1.3 The effect of GFRP sheets as external
wrapping on the failure mode of the prisms:The
failure of the unwrapped prisms was flexure failure,
brittle and without any warnings. It began with the
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emergence of a crack from the bottom and middle
of the prism and then spread vertically to the top.
Figure 5 illustrates mode of failure for the
unwrapped prisms.

B1-0 & B2-0

Fig. 5 Mode of failure for the unwrapped prisms

The failure of the prisms wrapped with GFRP
sheets was different from the failure of the
unwrapped prisms where wrapping has taken an
important role in controlling the cracks in the
prisms in terms of number and width, limiting their
extension and delaying their appearance. Figure 6
shows the shape of the failure of the wrapped
prisms it is noted that the cracks formed in the
wrapped prism with a single layer are in large
numbers and with very little width and length
almost equal to the height of the prism is much like
a network. These cracks appeared intensively in the
last third of the loading, by the cracks formed in the
prisms wrapped with two and three layers the shape
of the cracks differed from the cracks in prisms
wrapped with one layer in terms of few numbers
and increase the width, in addition to the wide
distances between one crack and another, the final
failure of these prisms was also broken between the
two loading points.Prior to reaching the final failure
there are some points recorded such as hearing loud
voices on GFRP sheets because of their separation
from concrete due to the growing and widening of
cracks in concrete, especially when carrying
capacity reach (70-80%) of the ultimate load.

() Beam wrapped with two layer

e— |

(9) Beam wrapped with three layer

Fig. 6 Failure shapes of wrapped prisms

4.2. Retrofitting prisms

The failure of unwrapped prisms was broken
between the loading points. In order to rehabilitate
these prisms, the prism was initially treated at the
failure zone. This treatment is done by sticking the
separated parts of the prism by using bonding
material,which is high viscosity epoxy type
(Concresive 2200). After laboratory tests on this
material, the compressive strength was found to be
62 MPa and tensile strength equal to 18.8
MPa.Treatment steps can be summarized as
follows:
e Cleaning the surface of the failure well
using a metal brush and being careful not
to lose pieces of concrete, especially

coarse aggregate during cleaning.

e A layer of epoxy is placed on both
surfaces, followed by a strong gluing of
the two parts, with an additional layer
around the contact area and the four sides
around the failure surface to ensure that
the surfaces are well bonded.Figure 7
shows the shape of the prism before and

after treatment.

Locati onQ Failure surface
e T .
pd

(a) Pre-treatment threshold shape
atmentdl'€a

L 7
L v

(b) The beam after treatment

Fig. 7 The shape of the prism before and after
treatment

e The concrete prisms are placed inside the
molds in which they are cast, to ensure the
stability and straightening of the prism
during the treatment period. The prisms
are left on this position for three days in
order to epoxy take sufficient time to be
fully stiffened.Figure 8 shows one of the
prisms that was processed after extraction
from the casting mold.

After three days, the two prisms (B-R-S1-1) and (B-

R-S2-1) were taken and wrapped with one layer of
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GFRP sheets, after finishing the wrapping process,
the samples were left for a week before the test.The
prisms were tested and for each increase in the load,
the readings of dial gauge were taken.

It was observed from the results of the failure load
that the damaged and retrofitted prisms with one
layer of GFRP sheets (BR-S1-1) and (BR-S2-1)
showed a clear change in their behavior.The
average of the ultimate load was found to be 30.8
kN, which is a higher load value than the prisms
failed when they were unwrapped, where the failure
load of the prism(B1-0) was equal 16.1 kN and the
failure load of the prism(B2-0) was equal to 16.2
kN, this means that the increase in the ultimate load
has reached to 90.7%. This value is also higher than
the failure load for the undamaged prisms that were
strengthened by one layer of GFRP sheets which
was equal to 25.8 kN, that is the percentage
increase here reached the amount (19.4%) and this
means two things:

e  Firstly, it means that theprismreturned to
its previous status as one part.

e Secondly, itmeans the carrying capacity of
damageprisms is increased and behave as a
strengthened virgin specimen

Figure 9 shows the curves of the (load-deflection)
relationship of the unwrapped  concrete
prism(control prism), strengthened prism with one
layer and ofthe damaged prism that retrofitted by
wrapping it with one layer of GFRP sheets, where it
can be seen that the retrofitted prism is tougher than
the prisms, and that its behavior is almost similar to
the behavior of the prism wrapped with one layer.

5 ——unwrapped heam
—&—wrapped with e layer
—4+—B-RS11

0 01 02 03 04 05 06
Mid sapndeflection(mm)

Fig. 9 (Load-Deflection) relationship of the
unwrapped concrete prism, strengthened prism with

one layer and the rehabilitated prism wrapped with
one layer

The failure of the prisms (BR-S1-1) and (BR-S2-1)
was broken in a new location that was not
previously treated, this means the strength of the
bonding between the two connected parts, in
addition to the appearance of cracks in the prisms in
the same manner as in previously tested
prisms.Figure 10 shows the failure of one of the
rehabilitated prisms.

Fig.10 The rehabilitation of the prismafter failure

5. CONCLUSION
Based on the above,the following conclusions
are presented:

1-The flexural strength of the prisms has increased
by using external wrapping of GFRP sheets and
with proportions depending on the number of layers
of wrapping, where the increase in the flexural
strength of the three-layer wrapped prisms reach to
(342.5%).

2- External wrapping by using GFRP sheets
increases the toughness of the prisms.

3-At the same load, the wrapped prisms showed
less deflection than the unwrapped prisms.
4-External wrapping played an important role in
reducing the number, width and intensity of cracks
in wrapped prisms.

5-prisms rehabilitated using GFRP sheets have
shown similar behavior to unaffected prisms which
has strengthened with by single GFRP sheets.
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