This article was downloaded by: [Siauliu University Library]

On: 17 February 2013, At: 06:49

Publisher: Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954
Registered office: Mortimer House, 37-41 Mortimer Street, London W1T 3JH, UK

Advanced Composite Materials

Publication details, including instructions for authors and
subscription information:

ADVANCED

COMPOSITE http://www.tandfonline.com/loi/tacm20
MATERIALS

Behaviour of Concrete Beams
Reinforced with Hybrid Fiber

Reinforced Bars

Tarek A. Elsayed @, A. M. Eldaly ® , A. A. El-Hefnawy © &
G. M. Ghanem ®

# Faculty of Engineering, Helwan University, Cairo,
Egypt;, Email: cadconsltant@yahoo.com

b Housing and Building National Research Center
(HBNRC), Egypt
¢ Housing and Building National Research Center
(HBNRC), Egypt

d Faculty of Engineering, Helwan University, Cairo, Egypt
Version of record first published: 02 Apr 2012.

To cite this article: Tarek A. Elsayed , A. M. Eldaly , A. A. El-Hefnawy & G. M. Ghanem
(2011): Behaviour of Concrete Beams Reinforced with Hybrid Fiber Reinforced Bars,
Advanced Composite Materials, 20:3, 245-259

To link to this article: http://dx.doi.org/10.1163/092430410X547074

PLEASE SCROLL DOWN FOR ARTICLE

Full terms and conditions of use: http://www.tandfonline.com/page/terms-and-
conditions

This article may be used for research, teaching, and private study purposes.
Any substantial or systematic reproduction, redistribution, reselling, loan, sub-
licensing, systematic supply, or distribution in any form to anyone is expressly
forbidden.

The publisher does not give any warranty express or implied or make any
representation that the contents will be complete or accurate or up to date. The
accuracy of any instructions, formulae, and drug doses should be independently
verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand, or costs or damages whatsoever or



http://www.tandfonline.com/loi/tacm20
http://dx.doi.org/10.1163/092430410X547074
http://www.tandfonline.com/page/terms-and-conditions
http://www.tandfonline.com/page/terms-and-conditions

Downloaded by [Siauliu University Library] at 06:49 17 February 2013

howsoever caused arising directly or indirectly in connection with or arising out
of the use of this material.




Downloaded by [Siauliu University Library] at 06:49 17 February 2013

ADVANCED
HIVSPII Advanced Composite Materials 20 (2011) 245-259 MATERIALS.

brill.nl/acm

Behaviour of Concrete Beams Reinforced with Hybrid Fiber
Reinforced Bars

Tarek A. Elsayed **, A. M. Eldaly®, A. A. El-Hefnawy " and G. M. Ghanem*

* Faculty of Engineering, Helwan University, Cairo, Egypt
b Housing and Building National Research Center (HBNRC), Egypt

Received 13 April 2010; accepted 23 October 2010

Abstract

Due to the linear elastic behaviour of FRP bars, the flexural behaviour of FRP reinforced beams exhibits
no ductility as occurs in the steel reinforced structures. In this paper, study of the enhancement of the
behaviour of concrete beams reinforced with FRP bars was carried out by testing nine beams reinforced with
locally produced hybrid fiber reinforced polymer (HFRP) bars. The used hybrid fibers were aramid—glass
and carbon—glass. Some of test specimens were reinforced by FRP bars provided with anchorages along the
bar length. Crack patterns, cracking and ultimate loads, and deformation were observed and recorded for all
tested beams. The effect of using the hybrid fiber reinforced bars and the bar anchorage system were judged
by comparing the behaviour of the tested beams by two reference specimens, one reinforced by GFRP bars
and the other one reinforced by traditional steel bars. The comparison revealed that HFRP bars provided with
the used bars anchorage played a significant role in enhancing the behaviour of concrete beams reinforced
with FRP bars.

© Koninklijke Brill NV, Leiden, 2011

Keywords
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1. Introduction and Background

Fiber reinforced polymers (FRP) have been identified as an attractive candidate ma-
terial for civil infrastructure applications because of its light weight, high strength,
non-corrosive and non-magnetic characteristics [1]. In spite of these attractive fea-
tures, the adaptation of FRP to civil infrastructure applications has been imple-
mented slowly, especially as concrete reinforcements. This can be attributed to the
lack of ductility of FRP which have linear elastic tensile stress—strain behaviour up
to ultimate load and they fail in a brittle manner. The most widely used FRP con-
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crete reinforcement bars are the glass FRP bars. Thus, the response of these FRP
bars in reinforced concrete beams and slabs exhibit little ductility.

There is a need for a FRP rebar system which has a steel-like stress—strain curve.
A great deal of effort has been made to improve and define the ductility of beams re-
inforced with FRP rebars. In addition to the lack in ductility of GFRP bars there is a
weakness in its bond to concrete. Therefore, in this paper, an experimental program
involving the testing of nine beams was performed to investigate the behaviour of
beams reinforced with locally produced hybrid fiber reinforced polymer (HFRP)
rebars and to compare them with a conventional beam reinforced with steel bars
and beam reinforced with GFRP bars. The paper also includes a study of the effect
of the number of anchorages along the length of the FRP rebars on the behaviour
of tested specimens. The study addresses the effect of using hybrid fiber reinforced
polymer rebars in improving the behaviour and the ductility characteristics of RC
beams reinforced with fiber reinforced polymer bars.

2. Research Program
2.1. Test Program

The research program consisted of nine reinforced concrete beams having different
types of reinforcements. Test beams in this program were divided into two groups.
The first group consisted of four beams reinforced with GFRP rebars with different
anchorage systems. The anchorage system was chosen as follows:

— no anchorage, i.e., plain bar, control specimen;
— bars with anchor at each end;
— bars with three anchors, one at each end and one in the middle of the bar;

— bars with five anchors, one at each end and three anchors regularly distributed
along the bar length.

The second group consisted of beams reinforced with hybrid FRP rebars with two
anchors at each end; two beams reinforced using HFRP rebars manufactured with
aramid and glass fibers with volume fractions Va/ Vg, 9/52.6 and 17/44.5, respec-
tively, and two beams reinforced using HFRP rebars manufactured with carbon and
glass fibers with volume fraction Vc/ Vg, 10.6/50.4 and 19/42.6, respectively. The
hybrid FRP rebars were fabricated using the mechanical pultrusion system. A steel
reinforced beam was tested as reference beam. A summary of details of the beams
is shown in Table 1.

2.2. Materials

The beams tested in this experimental program were cast using concrete of normal
strength of 25 MPa characteristic strength, made of local materials, ordinary Port-
land cement (OPC). Fine and coarse aggregates were composed of siliceous sand
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and good dolomite clean from impurities and well graded complying with the spec-
ifications of the Egyptian Code of Practice for Designing and Executing Concrete
Structures, ECP 203-2007 [2]. Normal mild steel 24/36 was used for stirrups and
high grade steel 36/52 was used for longitudinal bars. Manufacturing and testing of
test beams were carried out in the Materials Laboratory in the Housing and Build-
ing National Research Center, Cairo, Egypt. Table 2 presents the properties of the

used FRP rebars [3].

Table 1.

Summary of beams details

Beams groups Beam Reinforcement and V¢ of used b d Af
code  anchorage rebars (mm) (mm) (mmz)
Reference A Steel - 150 300 157
Group one B* GFRP without anchorage 61% glass 150 300 114
C GFRP with two anchorages 61% glass 150 300 114
D GFRP with three anchorages  61% glass 150 300 114
E GFRP with five anchorages 61% glass 150 300 114
Group two F HGAF]1 with two anchorages 52.6% glass and 150 300 114
9% aramid
G HGAF?2 with two anchorages 44.5% glass and 150 300 114
17% aramid
H HGCF2 with two anchorages 50.4% glass and 150 300 114
10.6% carbon
I HGCEF3 with two anchorages 42.6% glass and 150 300 114

19% carbon

* A control specimen for specimens reinforced with FRP rebars.

Table 2.

Experimental test results [3]

Specimen code

Average ultimate

Average modulus of

Average ultimate

strength (kg/cmz) elasticity (GP) — kg/cm2 strain (%)
GF 12142 (41.43) — 414300 3.03
HGAF 1 11190 (44.29) — 442900 2.87
2 11331 (45.65) — 456 500 2.76
3 11666 (50.07) - 500700 2.67
HGCF 1 10803 (50.47) — 504700 2.47
2 11331 (55.74) — 557400 2.85
3 10309 (65.35) — 653 500 2.81
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2.3. Concrete Dimensions and Reinforcements

All beams had a rectangular cross-section 150 mm wide, 300 mm high and are
2050 mm long. The clear span of tested beams was fixed at 1900 mm. The lon-
gitudinal top reinforcements of the beams are two 6 mm diameter mild steel bars.
The shear reinforcement (stirrups) are seven 8 mm/m’ diameter normal mild steel
for each beam. The number of bottom reinforcement bars was kept constant for all
beams (2 bars). The FRP rebars used had a constant diameter of 8.5 mm. Figure 1
shows the concrete dimensions and the reinforcement of tested beams. The diam-
eter of the FRP bars was chosen on the basis of the load carrying capacity of the
steel bars of the control beam.

7@8/m Strrups

296
¢ s
A R 2¢10 Steel bas
N ] [N — E L
_@ 1900Mm 1E- 8
l 2 ¢6 sted bars '\| Cross-section
2310 Steel bas
Beam A
7@8/m Stirrups
2 @6
1| |
A AU 2085 GFRP
Hgr
_@ 1900mm {Er- g
2 ¢6 steel bars Cross-section
[ Free End Free End ]
2 $8.5 FRP bars
Beam B*

7¢8/m’ Stirrups

[D 296

298.5 GFRP
= — £ [=

—E} $900mm {’S}— 8

2 96 steel bars Cross-section

[ End Anchorage End Archerage ]

L 2 ¢8.5 FRP bars >

Beam C and Beams for group two
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300mm

Figure 1. Concrete dimensions and reinforcements of beams. (*A control specimen for specimens
reinforced with FRP rebars.)
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2.4. Anchorage System

The anchorage system [4, 5] was used in the FRP reinforced concrete beams to de-
velop higher bond strength between rebars and concrete and to prevent longitudinal
splitting of the concrete at the ends of the FRP reinforced beams (and subsequent
pullout of the reinforcing bars). The anchorage system was composed of a steel
tube of 28 mm, and 20 mm external and internal diameters, respectively, and length
150 mm. This gave a free length (the length of the test specimen between the two
anchors) of 1700 mm. The steel tubes were filled with a high performance resin
grout to assure a good bond between the rebar and the steel tube. Figure 2 shows
schematic details of the anchorage system. Figure 3 shows the details of FRP rebar
with anchors. Figure 4 shows the details of beam reinforcements.

2.5. Test Setup and Instrumentation

Test specimens were cured for a complete 28 days in the laboratory before they
were moved to the testing frame. The beams were tested under static load using a
two-point loading setup. Loading set-up and specimen instrumentation are shown
in Fig. 5. The load was applied using a 50 ton hydraulic jack. A 50 ton load cell
was used for measuring the load. A vertical LVDT was used to measure the vertical
deflection at beam mid-span. Two horizontal LVDTs were installed at the top and
bottom at the sides of the beam for measuring the compression and tension defor-
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Figure 1. (Continued.)
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Figure 2. Schematic details of the anchorage system.

41 SOmm‘L 1700mm | 150mm_ |
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Figure 3. Schematic details of a specimen rebar.

Figure 4. Details of beams reinforcements. Bars with anchors: (a) two, (b) three and (c) five.

mations and for accurate estimation of the initiation of cracks (Figs 5 and 6(c)).
Strain gages were used to measure the strains in compressed and tensile reinforce-
ments of the beam. The load and location of the first crack were recorded and the
propagation of crack was traced until failure.

3. Test Results
3.1. Crack Patterns and Modes of Failure

3.1.1. Control Beam and Group One

Control beam A showed a typical flexural-ductile failure (Fig. 6(a)). Beams B and C
showed a flexural failure mode with two cracks directly under the load application
points (Fig. 6(b)). Beams D and E (Fig. 6(c)) also showed a flexural failure mode
with one main crack directly under one of the load application points and some
other small cracks propagated along the length between the two-points-load. The
failure mode for beams D and E demonstrated a significant increase in bonding
between FRP bars and concrete. This was clearly seen with the increase of crack
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Figure 5. The loading set-up.

Figure 6. The typical crack pattern for tested beams. (a) Control beam. (b) Beams with two and three
anchors. (¢) Beam with five anchors.

Table 3.
Cracking and ultimate loads for group one beams

Beam Py Per Per/ Py Py Enhancement in ultimate
code (ton)  (ton) (%) (ton)  load (%)

A 8.50 3.30 39 4 Reference specimen

B 3.75 1.00 26 - Control specimen

C 4.26 1.20 28 - 13.60

D 5.25 1.60 30 - 40.0

E 6.20 2.20 35 - 65.33

intensity in this beam compared to beams B and C. Table 3 shows the cracking and
the ultimate loads for control and group one beams.

3.1.2. Group Two
All beams showed a flexure failure mode with two cracks similar to the mode of
failure for beam C (Fig. 6(b)). This is logical as all beams in Group Two are rein-
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Table 4.
Cracking and ultimate loads for group two beams

Beam Py Per Per/ Py Py Enhancement in ultimate
code (ton)  (ton) (%) (ton)  load (%)

A 850 330 39 4 Reference specimen

B 3.75 1.00 26 - Control specimen

F 4.85 1.50 31 5.53 29

G 5.12 1.68 34 5.79 37

H 4.25 1.25 29 4.26 13

I 4.90 1.80 34 491 31

forced with HFRP bars with end anchorage only, the same as the rebars in beam C.
Table 4 shows the cracking and the ultimate load for Group Two beams.

3.2. Load—Vertical Deflection Relationships

3.2.1. Effect of Anchorage System on Mid-Span Deflection

The beam reinforced with high tensile steel bars showed a typical load—vertical
deflection relationship of steel reinforced concrete beams (Fig. 7(a)). The beams
reinforced with FRP rebars showed a different load—vertical deflection relationship
than the steel reinforced beam. The relationships consisted generally of a bilinear
curve: stiff up to the cracking load, and then softening at cracking of concrete but
becoming linear up to failure (Fig. 7(b)—(e)). Table 5 shows the ultimate and crack-
ing load and their corresponding deflections.

With reference to Table 5 and Fig. 7(a)—(e), it is generally noticed that increas-
ing the number of anchorages increases the cracking deflection of tested beams.
It is also shown that the deflections at failure increase significantly with increase
in the number of anchors along the bar length. This is almost related to the effect
of anchorage system used in tested specimens in increasing the bond strength be-
tween concrete and the reinforcing bars along the total length of the bars. Also the
presence of two end anchorages enhances the beam ductility with respect to the
specimen without anchorage (the control specimen, beam B) (Fig. 7(b) and 7(c)).
For the specimen with three anchors, Fig. 7(d), the load—deflection relationship is
clear bilinear with clear plateau showing a ductile behaviour of the beam. For spec-
imen with five anchors (Fig. 7(e)), the load—deflection relationship shows that the
behaviour of this beam is similar to that of the reference steel reinforced beam but
with lower deflection values. Generally, it is clear from Fig. 7(a)—(e) that using an-
chored GFRP bars in reinforcing concrete beams in the way shown in this paper
improves their load—deflection behaviour. Also increasing the number of anchors
along the bar length enhances the behaviour of the beams and helps in approaching
the typical behaviour of reference steel reinforced beams.
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Figure 7. Load—deflection relationship for (a) beam A, (b) beam B, (c) beam C, (d) beam D and
(e) beam E.

3.2.2. Effect of FRP Bars Type on Mid-Span Deflection

The mid-span deflection for beams F, G, H and I is shown in Fig. 8(a)—(d). With
reference to Fig. 8(a) and 8(b) and Table 5, it is noticed that the load—deflection
relationships for beams F, and G are almost the same. Also beams F and G showed
the same cracking deflection (Table 5). Their deflections at the ultimate load are
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Table 5.

Cracking and ultimate load and the corresponding deflections

Beam Py Deflection Per Deflection
code (ton) at Py (mm) (ton) at Per (mm)
A 8.50 41.40 3.30 1.25

B 3.75 18.41 1.00 1.96

C 4.26 20.96 1.20 1.00

D 5.25 25.60 1.60 1.20

E 6.20 30.20 2.20 1.50

F 4.85 24.00 1.50 2.00

G 5.12 25.80 1.68 2.00

H 4.25 12.00 1.25 1.60

I 4.90 32.10 1.80 1.10

(=
Pd
(=4
[
<
(%)
<

Deflection (mm)
()

0 20 40 60
Deflection (mm)
©

Deflection (mm)
(®)

Load (Ton)

0 10 20 30 40

Deflection (mm)
(d)

Figure 8. Load—deflection relationship for (a) beam F, (b) beam G, (c) beam H and (d) beam I.

close. This indicates that varying the ratio of aramid to glass fiber in the reinforcing
rebars, in the range considered in this paper, has no effect on the load—deflection
behaviour of the tested beams. Comparing between the load—deflection relation-
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ships for beams H and I (Fig. 8(c) and 8(d)), it is clear that increasing the ratio of
carbon to glass fibers in the reinforcing bars, increases the beam deflection at the
ultimate load, while the deformation at cracking of beams decreases with increase
in the carbon to glass ratio. This is related to the effect of the behaviour of the
hybrid carbon—glass fiber rebars [3], as for this type of bars increasing the carbon
ratio increases the Young’s modulus of the bars until yielding, then significantly
decreases. The effect of the bar behaviour on the load—deformation relationship of
tested beams, H and I is explained in Fig. 8(c) and 8(d), as the flexural stiffness of
the beam with the lower carbon percentage, H, is the lower until cracking load then
it increases compared to that for beam I with the higher carbon percentage. It is
also noticed that beam (H) showed better post-peak behaviour than beam (I). This
is indicated by the gradual decrease in loading for beam (H), while the deformation
increases after reaching the peak value of the load (Fig. 8(c)). For beam I, the load
decreases suddenly after reaching the peak value of the load (Fig. 8(d)).

3.3. Load-Strain Relationship

The relationships between load and strain in the tensile reinforcements are drawn
in Figs 9 and 10. A typical load—strain relationship was shown for the tensile steel
of the reference beam (Fig. 9(a)). The beams reinforced with FRP bars showed
different load—strain relationships those consisted generally of a bilinear curve stiff
up to the cracking load, and then softens when concrete cracks but becomes also
linear up to failure.

3.3.1. Effect of Anchorage System on Load—Strain Relationships
By studying the load-strain relationships for beams A, B, C, D and E shown in
Fig. 9(a)—(e), it is clear that the relatively large strains and the relatively low ul-
timate load shown for beam B indicates an obvious slippage between the rebars
and concrete (Fig. 9(b)). The bars behave linearly up to concrete first crack, then
debonding at the concrete—bar interface was initiated along the bar length up to
failure. With reference to Fig. 9(c) it is clear that the two anchors at the bar ends of
beam C enhanced the bond strength between the FRP bars and concrete as the first
crack of concrete initiated at relatively low strain and widened up clearly in a short
time, then the two anchors at the bar ends worked as end blockage and thus the
FRP bars showed almost linear behaviour until failure. Using FRP bars with three
anchors improves the ductility of the FRP bars those showed behaviour similar to
some extent to that of ductile steel bars, as bar showed a clear yielding (Fig. 9(d)).
For beams reinforced with FRP bars with five anchors, the load—strain relation-
ship is bilinear with clear plateau. This results in remarkable enhancement in the
beam ductility. Also this improved the failure mechanism of the beam that was
shown to be similar to some extent to the failure mechanism of similar steel rein-
forced beams (Fig. 6(c)).
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Figure 9. Load—strain relationship for (a) beam A, (b) beam B, (c) beam C, (d) beam D and (e) beam E.

3.3.2. Effect of FRP Bars Type on Reinforcement Strains
The load-strain relations of beams F, G, H and I are shown in Fig. 10(a)—(d). It
can be noticed that changing the type of fibers used in manufacturing FRP rebars
affects directly the measured tensile strains in the bars. With reference to Fig. 10(a)
and 10(b), it is clear that increasing the aramid to glass ratio in the FRP bars de-
creases the tensile strain in the bars at cracking of concrete without significantly
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Figure 10. Load-strain relationship for (a) beam F, (b) beam G, (c) beam H and (d) beam 1.

affecting the cracking load. It is also noticed that the load strain behaviour of bars
with higher aramid-to-glass ratio is similar to some extent to that of the steel rein-
forcing bars, while for FRP bars with lower aramid-to-glass ratio showed nonlinear
behaviour after cracking and linear elastic behaviour before cracking load with re-
markable lower modulus of elasticity compared to that for bars with higher aramid
ratio. For beams with FRP bars manufactured with hybrid carbon—glass fiber, for
beam H reinforced with bars having lower carbon-to-glass ratio, the load—strain
in the bars showed ductile bilinear behaviour with clear yielding zone, while for
beam I, the bar showed linear elastic behaviour until cracking, then the behaviour
was nearly linear inelastic until failure. Thus using hybrid carbon—glass fiber bars
with lower carbon fiber percentage improves the behavioural characteristics and
failure mechanism than using hybrid bars with high carbon fiber percentage.

3.4. Ductility Index

Ductility describes the ability of a structural member to sustain large inelastic de-
formations before collapse without significant loss in resistance. FRPs have no
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ductility as is commonly associated with yielding of steel because they exhibit lin-
ear elastic behaviour until brittle failure. The lower strain at failure is of significant
concern to design engineers. Ductility is measured beyond the yield point of rein-
forcement in a concrete structure to describe the behaviour of the structure. There
are two concepts to define the ductility index [7].

3.4.1. Energy Consideration for Evaluation of Ductility

Although concrete by itself can be considered a rather brittle material, concrete
structures are usually designed to behave in a ductile manner through proper re-
inforcements. Such ductility is primarily achieved because conventional steel re-
inforcements undergo inelastic deformation prior to failure allowing the full strain
capacity of concrete to develop and hence consuming substantial amount of energy.
Eventually, concrete members fail by the concrete due to excessive strain beyond
their capacity. For a perfectly elasto-plastic behaviour, the ductility index can be

calculated from equation (1):
1 Wiotal )
o=+ 1), (1)
v 2 ( Welastic

where Wiga 1s the energy computed up to failure and Wejagiic is the energy com-
puted for the elastic portion of the load deflection.

3.4.2. Conventional Ductility Index

Several measures of ductility have been used in the past. They are generally ex-
pressed in the form of the ratio of deflection at ultimate to deflection at yield
(equation (2)). In this definition two important reference points are needed; the
yield point which helps define the denominator and the ultimate point which helps
define the nominator:

A = Aultimate ’ )
Ayield
where Ayltimate 18 the ultimate deflection and Ayielq is the yielding deflection.
A summary of the ductility indices for steel and the hybrid reinforced tested

beams is given in Table 6. Table 6 shows that the steel reinforced beam exhibited

Table 6.
Ductility indexes for steel and hybrid reinforced tested beams

Beam M UA Percentage of 11y (hybrid) / Percentage of (hybrid) /
code M (control*) (%) KA (control*y (%)

A 9.66 8.67 100 100

F 6.64 7.00 68.7 80.7

G 6.80 7.25 70.4 83.6

H 7.72 8.21 79.9 94.7

1 8.33 8.52 86.2 98.3

* The control specimen here is the steel reinforced beam with code A.
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high ductility indices, due to the large yielding plateau of steel. Beams reinforced
with the hybrid FRP reinforced rebars demonstrated their effectiveness in providing
semi-ductility to a concrete structure as indicated in Table 6.

4. Conclusions

In this paper the enhancement of concrete beams reinforced with FRP bars was
studied by using rebars with anchorage along the length of the bars, and using FRP
rebars manufactured with hybrid aramid-glass and carbon—glass fibers. Test results
revealed that the use of bar anchorage as described in this paper provided good
stress transfer between concrete and FRP rebars. It is also concluded that increas-
ing the number of anchorage points along the length of the FRP rebars increases
the ultimate load by about 14, 40 and 65% of the ultimate load of similar beams
reinforced with pure glass FRP bars, for beams reinforced with FRP bars with two,
three, and five anchorages, respectively. In addition, the anchorage system used en-
hances the load—deflection behaviour of tested beams and helps in approaching the
typical ductile behaviour of the reference steel reinforced beam. On the other hand,
it is concluded that, although using carbon—glass hybrid fiber bars in reinforcing
beams in this paper enhanced their load—deflection behaviour, they gave relatively
lower ultimate loads and ductility than those for beams reinforced with FRP bars
manufactured with hybrid aramid-glass fibers. Beams reinforced with FRP bars
manufactured with hybrid aramid—glass fiber of ratio 17-44.5% gives the maxi-
mum ultimate load that was estimated to be some 37% higher than that for beam
reinforced with pure glass FRP rebars. It was also shown that beams reinforced
with the hybrid FRP reinforced rebars demonstrated their effectiveness in provid-
ing semi-ductility to a concrete structure.
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