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Abstract

to shear failure in beams.

The concept of external glass FRP composite confinement is a current process for strengthening concrete beams
subjected to static loads. End anchorage glass FRP composites of 80 mm width and 90-130 mm length with different
thicknesses (2.4 and 4.8 mm) have been fixed at the bottom of beams with bolts of various diameters (6 and 10 mm).
For this purpose, the behavior of beams strengthened with bolt-end anchoring glass fiber polymer composites
(BEGFPC) has been analyzed. It is concluded that the load capacity of the BEGFPC beams is improved by increasing
the end-anchorage glass FRP composite thickness (about 98-188%). In addition, the BEGFPC system with bolts of

6 mm diameter has significantly improved the flexibility of beams. In contrast, the 10 mm bolts in diameter give a
high ultimate load, whatever their quantity. Therefore, combining bolts with diameters of 6 and 10 mm would be the
best solution for increasing the ultimate load and ductility of the retrofitted beams. Depending on the number and
bolts'arrangement, there is also an enhancement in the crack patterns by changing from intermediate flexural failure
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1 Introduction

Strengthening and rehabilitating degraded concrete
structures by external bonding is a fruitful technique.
Steel plates are popular due to their high strength, flex-
ibility, and homogenous characteristics (Alasadi et al.,
2019). However, steel plates corrode and lose thickness
if exposed to open environments. Significantly, the influ-
ence of corrosion is limited by covering the concrete
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parts with anti-corrosive compounds, such as carbon
fiber reinforced polymer (CFRP), glass FRP, aramid FRP,
and basalt FRP (Al-Hamrani & Alnahhal, 2019; Norooz
Olyaee & Mostofinejad, 2019; Yahiaoui et al, 2022).
These FRPs are available in rebar, laminate, or sheet form.
More importantly, the FRPs are lightweight, strong, and
more cost-effective components to manufacture than
metal plates. Therefore, the external FRPs bonding pro-
cess has been widely used to strengthen concrete beams,
because it makes the material more ductile (El Ghadioui
et al,, 2022; Pavithra et al., 2022). Prior studies reported
that the FRP composites remained elastic until brittle
debonding or FRP failure occurred (Salama et al., 2019;
Zhou et al., 2018).

The effects of fiber direction and reinforcement ratio
of glass fiber reinforced polymer (GFRP) sheets have
been analyzed to examine the behavior of concrete
beams. It is reported that the GFRP sheets strengthen
the beam and improve the flexural deflection of the
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beams (Sankaramoorthy et al., 2022). Furthermore, many
researchers recommended using hybrid FRP composites,
including diverse kinds of fiber sheets, to enhance the
efficiency of such strengthening processes. This design
would cause the failure to occur at different strains of
the sheets under loading, allowing the composites to
fail gradually and thereby enhancing the flexibility of
the strengthened element (Vahidpour et al., 2022). Vari-
ous flexural tests have been performed on hybrid CFRP/
GFRP-concrete beams with CFRP layers in flanges. The
optimal volume percentage of carbon fiber was deter-
mined to be 25-33% (Nguyen et al., 2015). Additional
research conducted an experimental assessment of
strengthened concrete beams by various combinations,
including carbon-glass fabric and vegetable fiber. It is
revealed that all reinforced beams provide superior char-
acteristics to the controlled beam, with significant bend-
ing loading improvements (Djeddi et al., 2016).

Glass fiber Reinforced polymer can also be used to
rehabilitate reinforced concrete (RC), pre-stressed
concrete (PC), and metallic and masonry structures.
Sharma et al. (2022) suggested a non-destructive health
monitoring strategy for steel-reinforced and GFRP-rein-
forced concrete beams using a judicious combination of
advanced non-destructive techniques of Acoustic Emis-
sion (AE) and optical technique of Digital Image Correla-
tion (DIC). AE has been used to characterize the onset
and propagation of the cracking pattern and mode of fail-
ure in the beams. On the other hand, DIC aided in visu-
alizing strain fields by comparing subsequent pictures of
a speckle pattern on the surface of the RC beams. The
information provided by DIC would help validate AE
observations, as visible changes in the strain field could
correlate well with the AE emissions recorded. When
used in combination, the damage monitoring tools suc-
cessfully give a progression of damage leading to failure
in steel and GFRP-reinforced concrete beams. Integrated
the two NDT (non-destructive testing) monitoring tools
for fracture analysis of differently reinforced concrete
beams involving steel and GFRP bars as reinforcement
alternatives. Acoustic emission can monitor the structure
in terms of volumetric and surface effects. However, with
limited visualization accuracy, DIC detects deformations
and provides full-field displacement maps, although only
on the surface of the monitored specimen. Therefore,
integrating these two techniques can lead to more quan-
titative and comprehensive non-destructive monitoring
tools compared to the stand-alone use of each method in
RC structures. It is successfully demonstrated that com-
bined AE and DIC monitoring enhance non-destructive
monitoring skills in RC structures and effectively depict
their cracking behavior. Garhwal et al. (2021) investigated
the flexural behavior of glass fiber reinforced polymer
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(GFRP) repaired reinforced beams. A novel methodol-
ogy has been developed for assessing the performance
of these beams using AE techniques. This approach
facilitates non-destructive evaluation of FRP-repaired
RC structures with a prior indication of their damage
post-repair.

Structural performance of FRP-retrofitted RC beams
under combined loading has been largely investigated in
the existing literature. Amini Pishro et al., (2022a, 2022b)
analyzed numerically unreinforced and FRP-retrofitted
RC beams subjected to bending and torsion. The syn-
chronized effects of such solicitations and the strength-
ening effects of FRP on the behavior of these RC beams
have been well-reported. Accordingly, an ANN model
was used to calculate the structural behavior of FRP-con-
fined RC beams. The model and trial results confirmed
that this numerical simulation had relatively good accu-
racy in predicting the structural behavior of retrofit-
ted RC beams under combined loading. Furthermore,
the structural behavior of RC T-beams, strengthened
by externally bonded carbon fiber reinforced polymers
(CFRPs), subjected to combined solicitations has been
analyzed by Amini Pishro et al., (2022a, 2022b). Based
on their previous research, the FEM software ABAQUS
has been applied to adjust the experimental results of
scaled RC beams. There is no precise analytical equa-
tion to control the behavior of EB-FRP-strengthened RC
T-beams under combined solicitations. For this purpose,
an Artificial Neural Network (ANN) has been devel-
oped and trained to evaluate such elements’ structural
responses and effectiveness. The results were verified
based on the methods of Mean Square Error (MSE) and
Multiple Determination Coefficients. The ACI-440 in the
SNI Beton Indonesia code does not contain a formula
that calculates the shear increase in concrete caused by
the increase in the bending moment due to FRP strength-
ening. Therefore, Tudjono et al. (2015) assessed the
improvement in the capacity of concrete beams bound
with a combination of FRP flexural and U-shaped shear
strengthening. Pishro and Feng (2017) reported exciting
conclusions about the behavior of reinforced concrete
beams strengthened with bonded FRP sheets subjected
to torsion, shear, and flexure. This was presented by ana-
lyzing the existing literature. The outcomes have been
deeply explored. Furthermore, modeling and numerical
simulations have been developed to improve the resist-
ance of RC beams reinforced with externally bonded FRP.

Another way to reduce excessive delamination of the
FRP from the concrete is to use anchors that provide a
continuous load path. Recently, the behavior and capacity
of FRP anchors have received research attention (Ali et al.,
2022; Del Rey Castillo et al,, 2018; Mhanna et al.,, 2021).
Several anchorage systems have been established (2018b;
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Chen et al., 2018a; Esmaeili et al., 2022; Zhou et al., 2017),
although FRP U-anchors have often been effective com-
pared to other anchoring devices (2018b; Chen et al,
2018a; Zhang et al,, 2021). However, the placement of FRP
U-jacket anchors throughout the span to prevent plate-end
debonding mechanism may not be an operative method
to improve the effectiveness of FRP strengthening applica-
tions, as additional materials are required to reach a speci-
fied strength.

Based on the existing literature, reinforced structures
subjected to uniaxial compression loading present a ductile
failure compared to bending loading. Meanwhile, the cor-
responding failure is brittle and dangerous for reinforced
beams loaded in such a way. It frequently occurs at the
lower beam side because of tensile stress. The application
of carbon (CFRP), aramid (AFRP), and glass (GFRP) for
strengthening beams has been wildly investigated by vari-
ous researchers. However, the testing data on the flexural
response of beams reinforced with bolt-end anchoring
glass fiber polymer composites (BEGFPC) is limited, Tran
et al. (2022). More testing data on (BEGFPC) strengthen-
ing is desired to supplement the current understanding for
more reliable and convincing results. The efficacy of beam
strengthening using (BEGFPC) has not been compared yet.
In addition, the design guidelines provided in ACI 440.2R-
08 (American Concrete Institute, 2008) are applicable for
CFRP/GFRP/AFRP materials. At the same time, the appli-
cability of bolt-end anchoring to strengthen RC structure
has not yet been verified. The verification of the predictions
on (BEGFPC) strengthening is thus desired.

Therefore, this work proposes a performed design pro-
cess for the flexural behavior of beams with bolt-end
anchoring glass fiber polymer composites (BEGFPC).
Furthermore, the present study evaluates the effect of the
BEGFRPC layer thickness, bolts diameter, and its arrange-
ment on the flexural performance and bonding behavior
of concrete beams externally strengthening under three-
point loading. Twenty-two beams are divided into three
series and were tested. The beam control is strengthened
only in flexure with a GFRP sheet of 2.4 mm thickness. The
second series of beams are reinforced with a GFRP sheet
and bolts. The third series of beams is strengthened with
a GFRP sheet and bolts-end anchoring GFRP with differ-
ent thicknesses (2.4 and 4.8 mm). The experimental results
incorporate load versus mid-span deflection response
curve, elastic stiffness, ultimate loads and flexural capacity,

Table 1 Mix proportion of the C25 concrete
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energy absorption capacity, and associated failure mode of
the tested beams.

2 Experimental Program

This section presents the different materials’ mechanical
properties, the test setup description, and the procedures
used to investigate the bond properties.

2.1 Materials

2.1.1 Concrete

The concrete mix is prepared with Ordinary Port-
land cement. The mixture is designed to reach an aver-
age compressive strength of 25-30 MPa at 28 days. It is
elaborated using a water/cement ratio of 0.57, according
to the ACI-211.1-91 design procedure (ACI211.1, 2009).
The effect of fine and coarse aggregates has been con-
sidered, as reported by (Nili et al., 2017). The mix is cast
into (150 x 150 x 150 mm) molds for compression test-
ing. Then, the samples are tested after 28 days to measure
compressive strength according to (ASTM C39/C39M-
17b, 2017). The average compressive strength after
28 days is 25 MPa, Table 1.

2.1.2 Glass Fiber Reinforced Polymer
Local polyester resin and bidirectional fiber-glass are
used to develop a low-cost glass fiber-reinforced polymer
composite, as shown in Fig. 1.

In the boating industry, this category of bi-directional
fiber-glass is commonly used. For strengthening GFRC
beams, glass FRP composites were prepared and tested

Fig. 1 Bi-directional glass fiber reinforced polymer (GFRP)

Material Cement (kg/m3) Sand (kg/m3) Coarse aggregate  Fine aggregate Water (kg/m3) Superplasticizer (% Compressive
(kg/m3) (kg/m?3) cement weight) Strength (MPa)
400 773 496 496 163 09-1.1 25
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using the UTS-SHIMADZU universal machine accord-
ing to the standard guidelines of (ASTM D638-10, 2010).
Three tensile samples of FRP Composite were tested to
obtain accurate results, as shown in Table 2.

2.2 Specimen and Anchoring System

As  mentioned, the mixture is cast into
(500 x 150 x 150 mm) molds for three-point testing.
First, the beam specimens are demolded after 24 h from
casting and left in a controlled environment at a tempera-
ture of 20 °C and relative humidity of 100% for 28 days.
Then, the polyester resin is applied to the sample’s exter-
nal surface with a brush. Then, a resin-soaked fiberglass
board is covered at the bottom of the concrete beam. The
concrete surface is adequately cleaned to remove dust
before applying the GFRP compound. The last strength-
ened specimen is shown in Fig. 2a.

To increase the bonding between the GFRP sheets
and the concrete beam, the GFRP anchor plates are con-
nected to the bottom by bolts, as shown in Fig. 2¢, b. In
addition, the reason for using anchoring plates with dif-
ferent thicknesses at the bottom of the beam is to distrib-
ute the stresses generated from the bolts on the concrete
surface. The dimensions and location of holes for the
plates (1, 2, 3, 4, and 5) are shown in Fig. 2d. Moreover,
the diameters of the bolts are 6 and 10 mm. The beams’
designations summary and the parameters of investiga-
tion are presented in Table 3 and Fig. 3.

2.3 Test Setup

According to (ASTM D7958/D7958M, 2017), three-point
bending tests are performed, as shown in Fig. 3. The tests
are conducted through universal test equipment with a
load capacity of 200 kN. Quasi-static loading is a process
in which the vertical displacement of the beam change
infinitely slowly; thus, the system appears nearly static. It
is an ideal process that is reversible and experiences equi-
librium at every test stage. Therefore, the displacement
rate is controlled at 0.05 mm/min for GFRP-strength-
ened beams. The load is registered during the entire test
with the integrated load sensor of the test equipment.
At the same time, the deflection of the control point is
monitored using a linear variable displacement trans-
ducer (LVDT) which is rigidly attached to the roller used

Table 2 Mechanical properties of epoxy resin and GFRP

composite

FRP Composite Tensile Ultimate  Modulus of Standard
stress strain (%) elasticity deviation
(MPa) (GPa)

Epoxy resin 17.20 0.6322 2.72 1.08

GFRP 377.64 2.04% 43 1.91
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for the load application. The tests were stopped when the
load applied after achieving the peak load was about 20%
of the ultimate load.

3 Experimental Results

3.1 Load-Deflection Relationship

The load versus deflection results are shown in Figs. 4,
5 and 6 for all beams. The curves are used to assess the
effect of the end-anchorage GFRP thickness, the number,
the position, and the diameter of the bolts. Compared
with specimen 0B-1C, a more extended elastic stage and
a higher stiffness are presented with the inclusion of the
end-anchorage system GFRP. The typical load—deflection
relationships are divided into three types of curves.

Initially, the first type is described in specimen 0B-1C.
When the load increases linearly up to 23 kN, it drops
sharply, because the interface is deboning to the beam.

The second type presents a substantial augmentation in
the applied load; of about 90%, 104%, and 127% in beams
2B-1C-D10, 4B-H-1C-D10, 4B-V-1C-D10, 2B-2C-D10
and 2B-3C-D10, respectively. Afterward, the load sud-
denly decreases until it reaches about 12-20 KN. This
is because the GFRP sheet separates from the beam in
the middle. Then, it goes back to increase until it arrives
at 22.5 kN, 30 kN, 35 kN, 40 kN, and 50 kN for beams
2B-1C, 4B-H-1C, 4B-V-1C, 2B-2C, 2B-3C, respectively.
Finally, main flexural cracks occur with a significant
deflection increase until failure. This flexibility is because
of the development of the pressure diameter around
the bolts. The pressure is controlled by three factors the
GEFRP thickness, the number, and the position of the
bolts.

Nevertheless, with a change in diameter, the behavior
changes slightly. After a sudden decrease in the applied
load, it returns to rise again. The sharp reduction is
noticed due to the instantaneous debonding in the pure
bending section. Since the interface remained well-
bonded to the end-anchor plate, the beam kept support-
ing the applied load. As it is further increases, the GFRP
plate completely fails. The load shows a rapid fall like
4B-2C-D6, 8B-3C-D6, or a slowing down of the load with
a substantial deflection rise like 4B-1C-D6, 8B-1C-D6é,
8B-2C-D6. Because of the presence of the end anchor, the
sample can continue to support the load.

Finally, the third type is presented with two peaks; the
first peak of the load is about 98%, 166%, and 188% in
beams 4B-V-2C, 4B-H-2C, 4B-V-3C, 4B-H-3C, 8B-1C,
8B-1C, 8B-2C, 8B-3C, respectively. The applied load
increases again until the second peak due to the strength
of the end-anchorage system. Then, the next sudden drop
appears as the samples cannot allow the additional load.
This sudden decrease is due to failure in the left or right
part of the beam outside the reinforced area.
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(b) Detail for anchorage GFRP
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Plate 5
130

(d) GFRP plate for end-anchoring (all

dimensions in mm)

4B-V-2C-D10

| rDiameter of bolts (D10: 10 mm and D6: 6 mm)
Thickness of End anchorage (1C=0 mm,

2C=2.4 mm,
3C=4.8 mm)

Position of bolts (V: Vertical, H: Horizontal)
Number of bolts (2,4,6 and 8)

(e) Beam’s designation and parameters of investigation
Fig. 2 Preparation of beams strengthened with bolt-glass fiber polymer composites (BGFPC)

3.2 Failure Mode and Cracking Pattern

Figs. 7 and 8 display pictures of below-reinforced beams
strengthened with bolts-end anchoring GFRP compos-
ites (BEGFRPC) systems after failure. Different local and
global failure modes include concrete cracks, crushing of
GERP plate, flexural damage, and shear cracks. The beam
strengthened by bolts-end anchoring GEFRP systems
observed the debonding and delamination.

While under load, a sudden crack formed in the mid-
dle of the beam, which expanded rapidly with rising load
until the glass FRP sheet debonded from one side of the
notch. Fig. 7a shows the failure mode of the control beam
(0B-1C); the flexural crack is developed at the mid-span
in the maximum moment region. The maximum load
capacity of this beam is about 23 kN, corresponding to a
displacement of 0.5 mm.
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Table 3 Technical details of the end-anchorages and the bolts
Specimen End anchorage Thickness of end- Number of bolts Position of bolts Bolt
anchorage (mm) diameter
(mm)
BO-1C Without 0 0 - 0
B2-1C-D10 Without 0 2 - 10
B4-H-1C-D10 Without 0 4 Horizontal 10
B4-H-1C-D6 Without 0 4 Horizontal 6
B4-V-1C-D10 Without 0 4 Vertical 10
B6-V-1C-D10 Without 0 6 Vertical 10
B8-H-1C-D10 Without 0 8 Horizontal 10
B8-H-1C-D6 Without 0 8 Horizontal 6
B2-2C-D10 With 24 2 Horizontal 10
B4-H-2C-D10 With 24 4 Horizontal 10
B4-H-2C-D6 With 24 4 Horizontal 6
B4-V-2C-D10 With 24 4 Vertical 10
B6-V-2C-D10 With 24 6 Vertical 10
B8-H-2C-D10 With 24 8 Horizontal 10
B8-H-2C-D6 With 24 8 Horizontal 6
B2-3C-D10 With 24 2 - 10
B4-H-3C-D10 With 4.8 4 Horizontal 10
B4-H-3C-D6 With 4.8 4 Horizontal 6
B4-V-3C-D10 With 48 4 Vertical 10
B6-V-3C-D10 With 4.8 6 Vertical 10
B8-H-3C-D10 With 4.8 8 Horizontal 10
B8-H-3C-D6 With 48 8 Horizontal 6
Box for acquisition g I 500 ,I
and control 225
N Control point
150
| Test beam J
Vertical LVDT 35
e
4M e -~ 4‘4 y3s

Fig. 3 Loading device and specimen dimension according to ASTM D7958/D7958M regulation (all dimensions in mm)

Figs. 7 and 8 display the failure modes for beams
strengthened with bolts. The bolts’ numbers, posi-
tions, and diameters have been investigated in this
test. As displayed in Figs. 7b and 8a, the strength-
ened beams 2B-1C-D10, 4B-H-1C-D10, 4B-V-1C-D10,
6B-V-1C-D10, 4B-H-1C-D6, flexural cracks are ini-
tially formed in the maximum moment region and

simultaneously anchoring plates remain attached to
the bolts. This attachment allows the beams to resist
new loads. With an increase in the applied load, a great
diameter pressure on the bolts is developed, which
leads to crashing in the GFRP plate after the second
peak load. As a result, the load capacity decreases,
and deflection increases until the typical ductile
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thickness
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8
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(¢) End-anchorage GFRP of 4.8 mm thickness

10 12 14 16 18

Fig. 4 Typical load versus mid-span deflection curves with variation in position of bolts

flexural failure mode takes place. However, for beams
8B-1C-D10 and 8B-1C-D6, occurs near the last bolts
leading to a shear failure mode.

The main failure modes in all BEGFRP beams of 2.4
and 4.8 mm thickness are initially flexural cracks at the
mid-span. Then, the debonding occurs near the last bolts
leading to a shear failure regardless of the position and
diameter of the bolts.

In addition, the shear cracks always occur near the
supports In addition, the shear cracks always occur near
the supports, and then they propagate in different direc-
tions. For example: for a beam with a GFRP thickness
of 2.4 mm and the number of bolts 2 or 4, the degree of
inclination is greater than 60°, but for eight bolts, it is less
than 60°. As for a beam with a GFRP thickness of 4.8 mm,
the crack inclination angle for two bolts is greater than 60
degrees, but in the other cases, it is much less.

In addition, Figs. 7b—d and 8 show that beams strength-
ened with different bolts (in number, position, and diam-
eter) do not have the same capacity and shape of failure.
However, the interaction between the concrete and the
glass FRP is reasonable due to the use of bolts.

3.3 Elastic Stiffness

Based on the previous load—deflection curves, Fig. 9a,
b shows the values of the elastic stiffness (KE) obtained
by evaluating the slope before the first appearance of
the main flexural crack. For easy comparison, the elas-
tic stiffness of the below-reinforced beams strengthened
with bolt-glass fiber polymer composites (BGFPC) is
normalized against the control beam. It is noticed that
without end-anchorage GFRP, the elastic stiffness is not
improved, whatever the bolts quantity used. Further-
more, the influence of the thickness of end-anchorage
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Fig. 5 Typical load versus mid-span deflection curves with variation in number of bolts

GFRP on elastic stiffness (KE) is relatively limited. For
example, the enhancement in (KE) when using four hori-
zontal bolts is 1.3 (30%) and 1.27 (27%) for end-anchor-
age GFRP thickness of 2.4 mm and 4.8 mm, respectively.
However, these percentages are, respectively, 44% and
41% more than that obtained without end-anchorage
GFRP. Therefore, end-anchorage GFRP is too necessary
for such reinforcement. The optimal thickness of the end-
anchorage GFRP will be determined after analyzing fig-
ures related to the ultimate flexural load and the energy
absorption.

The effect of bolt diameter and end-anchorage thick-
ness on the normalized elastic stiffness of the beams
strengthened with (BGFPC) is shown in Fig. 10a, b using

4 and 8 bolts, respectively. As can be seen, added glass
fiber polymer composites with intermediate and high
thickness cause an increase in the elastic stiffness of
the beams. In addition, bolts of 10 mm in diameter are
mainly sufficient to obtain relatively high elastic stiffness.
The values of the elastic stiffness obtained from the load—
deflection relationship are given in Table 4.

3.4 Ultimate Loads and Flexural Capacity

Fig. 11a, b provides the ultimate loads of the below-rein-
forced beams strengthened with (BGFPC). In general,
the force that creates failure in the beam is increased
by increasing the bolt quantity and the thickness of the
anchorage GFRP. Six bolts with a GFRP of 2.4 mm are
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Fig. 6 Typical load versus mid-span deflection curves with variation in diameter of bolt

mainly sufficient to obtain relatively high ultimate loads.
In addition, in the case of using four horizontal bolts, it
is necessary to increase the thickness of the anchorage
GFRP to 4.8 mm.

Figs. 11a and b provide the ultimate loads of the below-
reinforced beams strengthened with (BGFPC) using 4
and 6-8 bolts, respectively.

Figs. 12a and b shows the effect of bolt diameter and
end-anchorage thickness on the normalized ultimate
load of the strengthened beams using 4 and 8 bolts,
respectively. It is noticed that the bolts of 10 mm in diam-
eter give a high ultimate load, whatever their quantity.
The values of the ultimate load obtained from the load-
deflection relationship are shown in Table 4.

3.5 Energy Absorption Capacity

The energy absorption (EA) of all beams strengthened
with bolt-glass fiber polymer composites (BGFPC) is rep-
resented in Fig. 13a, b. This energy is obtained by find-
ing the area under a load-displacement curve. The EA
has been normalized against the control beam for easy
comparison, as illustrated in Fig. 13a, b. In addition, the
energy absorptions before and after peak cracking are
shown in Fig. 13c, d. Inspection of these figures reveals
that the energy absorption values are maximal for beams
reinforced with only two bolts. However, the previous
results illustrated in Fig. 11a, b showed that the ultimate
load corresponding to this configuration is relatively lim-
ited. Therefore, the reinforced beams strengthened with



Yahiaoui et al. Int J Concr Struct Mater (2023) 17:20

Intermediate

flexural failure Shear failure

Fig. 7 Typical failure modes for beams strengthened with bolt
(diameter 10 mm)-glass fiber polymer composites (BGFPC) systems:
a control beam; b without using end-anchorage GFRP; c end
anchorage GFRP of 2.4 mm thickness; d end-anchorage GFRP of
4.8 mm thickness

Intermediate flexural failul-e Shear failure

Fig. 8 Typical failure modes for beams strengthened with bolt
(Diameter 6 mm)-glass fiber polymer composites (BGFPC) systems:
a without using end-anchorage GFRP; b end-anchorage GFRP of
2.4 mm thickness; ¢ end-anchorage GFRP of 4.8 mm thickness
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Fig. 9 Normalized elastic stiffness versus bolt quatity (diameter 10 mm) and end-anchorage thickness
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six bolts and end-anchorage GFRP of 2.4 mm thickness
could be considered as the optimal configuration for such
reinforcement. This choice is also confirmed based on
Fig. 7c, in which the strengthened beam with six bolts
and end-anchorage GFRP of 2.4 mm thickness has the
highest angle of shear crack, 73°. This orientation con-
firms that the bolts tend to be involved in the reinforce-
ment mechanism.

The effect of bolt diameter and end-anchorage thick-
ness on the normalized energy absorption of the below-
reinforced beams strengthened with bolt-glass fiber
composites (BGFPC) is shown in Fig. 14a, b using 4 and
8 bolts, respectively. In addition, the energy absorptions
before and after peak cracking are shown in Fig. 14c, d.
In general, the added end-anchoring glass fiber polymer
composites with bolts of 6 mm largely increase the energy
absorption of the beams. Therefore, combining bolts with
diameters of 6 and 10 mm would be the best solution
for increasing the ultimate load and the ductility of the
beams. The values of the energy absorption obtained from
the load-deflection relationship are given in Table 4.

The energy absorptions before and after peak cracking
are also shown in Table 4. It is observed that the control
beam without end anchor GFRP plates has the lowest
pre-cracking energy absorption value. The pre-cracking
energy absorption increases significantly with increas-
ing the thickness of the glass fiber polymer composites.
On the other hand, the highest energy absorption value
after cracking is obtained for beams strengthened with
two bolts and 2.4 mm thick anchor GFRP plates. In
anthor research (), it is conluded that AE activity is about
20-30% more in GFRP-RC beams as compared to steel-
RC beams.

2.0
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Il 4.8 mm End anchorage GFRP
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Fig. 10 Normalized elastic stiffness versus bolt diameter and end anchorage thickness

Table 4 Results of ultimate load, elastic stiffness and energy absorption of beams strengthened with bolt-glass fiber polymer
composites (BGFPC)

Specimen P, (kN) KE (KN/mm) Pre-cracking EA (kN. Post-cracking EA (kN. Total EA (kN.mm)
mm) mm)
BO-1C 2259 26.27 11.04 7.52 18.56
B2-C1-D10 42.05 24.74 6133 103.37 164.7
B4-H-C1-D10 50.78 23.29 74.16 157.07 231.23
B4-H-C1-D6 34.03 2473 29.11 53173 560.84
B4-V-C1-D10 46.02 2557 69.07 190.52 259.59
Be-V-C1-D10 538 2357 67.16 467.64 534.8
B8-H-C1-D10 7232 24.19 14547 148.53 294
B8-H-C1-Dé 49.05 3453 23.15 442.95 466.1
B2-C2-D10 45.31 35.12 47.92 49242 540.34
B4-H-C2-D10 61.57 34.21 95.55 167.59 263.14
B4-H-C2-Dé6 36.77 21.24 42.44 143.07 185.51
B4-V-C2-D10 564 31.20 51.12 120.83 171.95
B6-V-C2-D10 93.54 2821 73.56 376.24 449.8
B8-C2-D10 78.86 31.17 79.50 73.76 153.26
B8-H-C2-D6 57.35 4040 28.32 44779 476.11
B2-C3-D10 50.8 30.60 64.20 55833 622.53
B4-H-C3-D10 7747 33.25 135.74 12.59 14833
B4-H-C3-D6 4445 27.27 54.56 317.7 372.26
B4-V-C3-D10 64.17 3241 84.83 1373 22213
B6-V-C3-D10 77 3333 118.78 54.1 172.88
B8-H-C3-D10 890.7 3322 161.59 21.13 182.72

B8-H-C3-D6 71.97 39.03 92.33 316.02 40835
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Fig. 12 Normalized ultimate load versus bolt diameter and end-anchorage thickness

4 Conclusion
This research investigates the bending response behavior
of below-reinforced beams strengthened with bolt-end-
anchoring glass fiber polymer composites (BEGFRPC)
subjected to quasi-static loads. The experimental results
provide a comprehensive database to predict the struc-
tural responses of BEGFPC subjected to bending.

On one hand, the typical load-deflection relation-
ships are divided into three types of responses. Initially,
the first type is described in specimen 0B-1C. When

the load increases linearly up to 23 kN, it drops sharply,
because the interface is deboning to the beam. The sec-
ond type presents a substantial augmentation in the
applied load; of about 90%, 104%, and 127% in beams
2B-1C-D10, 4B-H-1C-D10, 4B-V-1C-D10, 2B-2C-D10
and 2B-3C-D10, respectively. Afterward, the load sud-
denly decreases. This drop is because the GFRP sheet
separates from the beam in the middle. Finally, the third
type is presented with two peaks; the first peak of load
about 98%, 166%, and 188% in beams 4B-V-2C, 4B-H-2C,



Yahiaoui et al. Int J Concr Struct Mater (2023) 17:20

50
I 0 End anchorage GFRP
[ 2.4 mm End anchorage GFRP
A40 i Il 4.8 mm End anchorage GFRP
o 33.54
S
S a0l 2011
1]
<
Waot 12.45 13.98
< 1417 9.26
5 11.96
104 887 7.99

2 Blots 4 Blots-H 4 Blots-V

(a)
B4-v-c3-D10 [ NN I3
B4-v-c2-D10 [N e
B4-v-c1-D10 [T
B4-H-C3-D10 |
B4-H-C2-D10

B4-H-C1-D10

B2-C2-D10
B2-C1-D10

[ I
[ I
B2-c3-D10 [
-
[ I

B0-1C

100 200 300 400 500 600
Energy absorption capacitiy capacity (J)

(©

o

Page 13 of 15

50
I 0 End anchorage GFRP
[ 2.4 mm End anchorage GFRP
A40 i Il 4.8 mm End anchorage GFRP
o 33.54
S 29.11 28.81
8 30 : -
- 24.23
]
—=20r
2 15.84 9.84
u 8.87 9.31 8.25
10} 8 :

2 Blots 6 Blots 8 Blots
(b)
B8-H-C3-D10 . - E2
B8-C2-010 [N -
B8-H-C1-D10 [
B6-V-C3-D10 -
B6-v-C2-D10 [ I
B6-v-c1-D10 [ I
B2-c3-010 [
B2-C2-010 [ I
B2-C1-D10 [
B0-1C []
0 100 200 300 400 500 600

Energy absorption capacitiy capacity (J)

(d)

Fig. 13 Energy absorption versus bolt quatity (diameter 10 mm) and end-anchorage thickness: a, b normalized values; ¢, d detail of pre (E1) and

post (E2)-energy absorption

4B-V-3C, 4B-H-3C, 8B-1C, 8B-1C, 8B-2C, 8B-3C,
respectively. The next sudden drop appears as the beams
cannot allow the additional load. This sudden decrease is
due to failure in the left or right part of the beam outside
the reinforced area.

On the other hand, the beams strengthened with six
bolts and end-anchorage GERP of 2.4 mm thickness had
shown a significant deformation before failure, higher

energy absorption capacity with lower stiffness than
control beams. In addition, such beams have the most
increased shear crack angle, 73°. This orientation con-
firmed that the bolts tend to be involved in the reinforce-

ment mechanism.

The present findings will be adopted in numerical sim-
ulations of time-consuming experiments of RC structures
subjected to bending loading.
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