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Abstract

Glass fiber reinforced polymer (GFRP) rebars have been identified as an alternate construction material for reinforcing concrete
during the last decade primarily due to its strength and durability related characteristics. These materials have strength higher than steel,
but exhibit linear stress—strain response up to failure. Furthermore, the modulus of elasticity of GFRP is significantly lower than that of
steel. This reduced stiffness often controls the design of the GFRP reinforced concrete elements. In the present investigation, GFRP rein-
forced beams designed based on limit state principles have been examined to understand their strength and serviceability performance. A
block type rotation failure was observed for GFRP reinforced beams, while flexural failure was observed in geometrically similar control
beams reinforced with steel rebars. An analytical model has been proposed for strength assessment accounting for the failure pattern
observed for GFRP reinforced beams. The serviceability criteria for design of GFRP reinforced beams appear to be governed by max-
imum crack width. An empirical model has been proposed for predicting the maximum width of the cracks. Deflection of these GFRP
rebar reinforced beams has been predicted using an earlier model available in the literature. The results predicted by the analytical model

compare well with the experimental data.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Earlier research works by Nawy and Neuwerth [1], The-
riault and Benmokrane [2] Saadatmanesh and Ehsani [3],
Shapira and Bank [4], Nanni [5], Yost et al. [6] Razaqpur
etal.[7]and Kumar et al. [8] on utilization of glass fiber rein-
forced polymer (GFRP) rebar have indicated that it could
be a promising material as an alternative to the conventional
steel reinforcement in concrete structures. Presently, codes
of practice (CSA S806 [9], ACI 440 [10], JSCE [11] and
design guidelines — Sonobe et al. [12]) are available for prac-
ticing engineers to design and construct FRP reinforced
concrete structures. The GFRP rebar have relatively high
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tensile strength and better resistance against corrosion in
moist environments when compared to the conventional
steel reinforcement [5]. However, GFRP rebars are brittle,
which imposes a restriction on it being stressed to its failure
limit. To avoid possible catastrophic failures, generally
GFRP reinforced beams are designed using working stress
design principles. In the present study, an attempt has been
made to study the strength and serviceability performance
of flexure critical concrete beams reinforced with GFRP
rebar, which are designed based on limit state principles.
Nawy and Neuwerth [1] showed that the sectional anal-
ysis model used for concrete beams reinforced with steel
rebars predicted the moment capacity of the concrete
beams reinforced with GFRP rebar. Theriault and Ben-
mokrane [2] studied on the strength, cracking behavior
and deflection behavior of the concrete beams reinforced
with FRP reinforcements. The strength of the concrete
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beam reinforced with FRP rebar was computed by plane-
section analysis, in which the strain in concrete was set to
0.0035. Saadatmanesh and Ehsani [3] studied the behavior
of concrete beams reinforced with GFRP rebar. At failure
of the beams, debonding of GFRP rebar was not observed
in this study. The research works of Shapira and Bank [4]
indicated that FRP rebar is an alternate for conventional
steel reinforcement in RC beams. The life-cycle cost of
the FRP reinforced concrete beams has been computed
and was found to be less than the corresponding cost of
beams with conventional steel rebar. Nanni [5] proposed
analytical models to compute the strength of concrete
beams reinforced with FRP rebar. In these models the con-
crete is set to attain the failure strain and the strain in the
reinforcement was limited to a maximum value corre-
sponding to the failure strain in the rebar. Yost et al. [6]
studied the strength and deflection of concrete beam rein-
forced with FRP rebar. The rotation of a block of concrete
and the debonding of longitudinal reinforcement resulting
in the anchorage failure were observed in the test program.
The beams with FRP rebar failed at a load of 46-70% of
their flexural capacity. The flexural capacity of the beam
was computed by sectional analysis in which the rebar is
assumed to maintain perfect bond with the surrounding
concrete. Razaqpur et al. [7] proposed an analytical model
for computing the deflection of concrete beams reinforced
with FRP rebar. The model utilizes a tri-linear variation
for the moment-curvature response of the beam. In all
these works, the longitudinal reinforcement is assumed to
be perfectly bonded to the surrounding concrete at failure.
In the present study, beams reinforced with GFRP rebar
were cast using two different grades of concrete (65 MPa
and 35 MPa) and tested. Control beams with longitudinal
steel rebar were also cast and tested and the results are
compared with the corresponding GFRP reinforced beams.
The experimental study conducted by Xiao et al. [13] on the
bond behavior of FRP with concrete indicated that the
bond shear stress of FRP is as low as 1.287 MPa. The
low modulus of elasticity of GFRP rebar resulting in rela-
tively large deformations and smooth surface characteris-
tics of the GFRP rebar leading to debonding type of
failures, are important in determining the serviceability
performance of GFRP reinforced beams. Hence, the ser-
viceability constraints (cracking and deflection) generally
will control the design of the GFRP reinforced beam sec-
tions. In the present study, an empirical model has been
proposed for predicting the maximum width of the crack
at various loading stages. An attempt has also been made
to predict the deflection of the GFRP reinforced beams
using models proposed in the literature (Razaqpur et al.
[7]). Based on the present study, an analytical model has
been proposed to estimate the ultimate strength of GFRP
reinforced beams accounting for the slip between rebars
and concrete as observed in the experiments. The predicted
information such as ultimate strength, crack width and
deflection has been compared with the corresponding
experimental results and has been reported in this paper.

2. Experimental program
2.1. Details of beam specimens tested

A total of 10 beams of cross sectional dimension
180 mm width and overall height 250 mm were cast and
tested under four-point bending. All the beams were tested
over a clear span of 1340 mm. The shear span was main-
tained constant (420 mm) as shown in Fig. 1. The cross sec-
tional details and loading arrangement of the test beams
have also been presented in Fig. 1. All the beams were
designed as singly reinforced sections based on the limit
state principles.

In the first phase of the experimental program, five beams
were cast with moderately high strength concrete (65 MPa)
and tested. Out of the five beams, one had conventional steel
reinforcement and the remaining four had GFRP rebar as
longitudinal reinforcement. Among the four GFRP rein-
forced beams, one had plain concrete matrix and steel stir-
rups; the second one had plain concrete matrix and GFRP
stirrups, the third had polymer modified fiber reinforced
concrete (FPC) matrix and steel stirrups and the fourth beam
had polymer modified fiber reinforced concrete (FPC)
matrix and GFRP stirrups. Epoxy based GFRP rebar were
used to reinforce the beams in this phase. The five beams in
this phase were designed for an ultimate load of 290 kN.

In the second phase of the test program, five beams were
cast with normal strength concrete (35 MPa). Out of these
five beams, two had conventional steel reinforcement and
other three had GFRP rebar as longitudinal reinforcement.
One of the beams with longitudinal steel reinforcement had
plain concrete matrix and steel stirrups while the other had
GFRP stirrups and fiber reinforced concrete matrix. Of the
three GFRP reinforced beams, one had plain concrete
matrix and steel stirrup, the second one had fiber rein-
forced concrete and GFRP stirrup and the third beam
had fiber reinforced concrete matrix and steel stirrups. As
a substantial decrease was seen in the compressive strength
of the concrete due to the addition of polymers in the first
phase of the experimental program, a combination of fibers
and polymers was not included in the second phase. Poly-
ester based GFRP rebar were used to reinforce the beams
in the second phase. The five beams in this phase were
designed for an ultimate load of 225.0 kN.

The beams were designated to indicate its type (Flexure-
F), the type of longitudinal reinforcement (steel-S, GFRP-
G), the phase of the study (Phase I-1 corresponding to
65 MPa strength concrete and Phase II-2 corresponding
to 35 MPa strength concrete), the type of transverse rein-
forcement (steel-S, GFRP-G) and the type of concrete used
(ordinary concrete-OC, fiber reinforced concrete — FC and
polymer modified fiber reinforced concrete — FPC). Thus
FS1SOC indicates a flexure critical beam with steel as lon-
gitudinal reinforcement cast and tested in Phase-I (with
moderately high strength concrete of 65 MPa) having steel
stirrups and plain concrete matrix. The designations and
the details of the test beam have been given in Table 1.
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Fig. 1. Details of test beam and loading arrangement.

2.2. Materials and mix proportion

The constituent materials used in the concrete for casting
of beams were cement, fine aggregate, coarse aggregate,
fibers, polymer and water. Blended type cement with a spe-
cific gravity of 3.15 was used for casting the beam. Natural
river sand of fineness modulus 2.32 was used as fine aggre-
gate. Crushed stones having maximum aggregate size of
20 mm was used as coarse aggregate. Polypropylene fibers
of 20 mm long were used at 0.1% by weight of the cement
to prepare the fiber reinforced concrete. Styrene butadiene
rubber was used at 10% by weight of cement along with the
polypropylene fibers to prepare polymer modified fiber rein-

forced concrete. Sulponated naphthalene based super plasti-
ciser was used for moderately high strength concrete mixes at
a dosage of 0.54% of cement weight. The details of the mix
proportion used for different test beams are given in Table 2.

Two types of GFRP rebar were used in the present
study. GFRP rebar having an ultimate tensile strength
(feu) of 971 MPa had 66.67% glass fibres and embedded
in epoxy matrix. Similarly GFRP bars having an ultimate
tensile strength of 466 MPa had 67.77% of glass fibers
embedded in polyester matrix. The difference in strength
of the two types of GFRP rebar was mainly due to the var-
iation in strength of the binding matrix in the rebar. The
matrix strength greatly influences the bond shear stress of
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Table 1
Details of beam specimens tested
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SI. no. Beam designation Type of rebar Longitudinal Transverse reinforcement® Companion cube
reinforcement® (2-legged rectangular stirrup) strength £, (MPa)
Moderately high strength concrete (65 MPa) — Phase I
1 FS1SOC Steel 3, 160 + 1, 8 8 @ 130 ¢/c 65.23
2 FG1SOC GFRP Epoxy 4, 10 8 @ 130c/c 67.77
3 FG1GOC 4, 10 G® @ 130c/c 63.84
4 FGISFPC 4, 102 8 @ 130c/c 44.92
5 FG1GFPC 4, 10 G® @ 130c/c 39.26
Normal strength concrete (35 MPa) — Phase I
6 FS2SOC Steel 3, 16 8¢ @ 130c/c 42.28
7 FS2GFC 3, 160 G® @ 130c/c 37.82
8 FG2S0OC GFRP polyester 7, 10 8 @ 130c/c 41.82
9 FG2SFC 7, 10 8¢ @ 130c/c 38.26
10 FG2GFC 7, 10 G® @ 130c/c 38.26
* All dimensions are in mm.
® GFRP stirrup as shown in Fig. 3.
Table 2
Details of the concrete mix for the test beams
SL. no. Beam designation Mix proportion W:C:FA:CA? Additives
Super plasticiser Fibres Polymers
by weight % by weight of cement
1 FS1SOC 0.37:1:1.09:1.45 0.54 - -
2 FG1SOC - -
3 FG1GOC - -
4 FGISFPC 0.1 10
5 FG1GFPC 0.1 10
6 FS2SOC 0.50:1:2.3:3.25 - - -
7 FS2GFC 0.1 -
8 FG2SOC - -
9 FG2SFC 0.1 -
10 FG2GFC 0.1 -

& W = water, C = cement, FA = fine aggregate and CA = coarse aggregate.

the discrete fibers. Though the fiber content is relatively
high, the matrix strength is sensitive to the rebar rupture
because the contribution of the fiber in load sustenance is
a function of matrix strength (weakest link). Both types
of GFRP used had approximately the same modulus of
elasticity and were available in the form of 10 mm diameter
bars. The experimental study of Orozco and Maji [14] and
Thiagarajan [15] indicated that the surface treatments on
smooth FRP rebar is essential to develop adequate bond
in FRP reinforced concrete beams. Hence in the present
study, two numbers of 2 mm diameter glass fiber strands
dipped in epoxy were helically wound around the smooth
10 mm diameter GFRP rebar through a secondary manu-
facturing process to improve the bond with concrete as
shown in Fig. 2. The tension test result of the steel and
GFRP rebar used in the present study has been reported
in Table 3.

Two legged closed loop steel stirrups and GFRP stirrups
of rectangular cross section as shown in Fig. 3 were used as
transverse reinforcement. The GFRP stirrups were pre-
pared by cutting a GFRP rectangular tube made by fila-

ment winding process and cut to the width of 25 mm.
The required width of the GFRP stirrups was computed
by equating the shear resistance to that offered by an
8 mm J 2-legged steel stirrup based on strength criteria.
The strength and elastic properties of the GFRP stirrup
strips have been given in Table 3.

2.3. Casting and testing of beams

One electrical resistance strain gauge capable of measur-
ing £20,000 micro-strains was mounted at the mid-span of
the central longitudinal reinforcement and protective
waterproofing coating was applied over it. All the longitu-

30 mm

e Nty

¢2 mm
0

10 mm

Fig. 2. Sketch of surface deformation with 2 mm & GFRP strand on
10 mm & rebar.
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Table 3
Tension test result for different rebar

Rebar/stirrup material Tension test

Modulus of elasticity MPa

Yield strength (MPa)

Ultimate tensile strength (MPa)  Ultimate tensile strain

Mild Steel (6 mm &) 195,000 262
Deformed Steel (8 and 16 mm ) 189,800 440
GFRP Epoxy (G1) 49,000 -
GFRP Polyester (G2) 49,620 -
GFRP strip (stirrup) 13,310 -

280 0.032600
557 0.038200
972 0.019854
464 0.009370
205 0.015420

220

150

Fig. 3. Geometrical details of GFRP stirrup.

dinal reinforcements were placed in the mould with a clear
cover of 20 mm for the bottom layer and sides. The constit-
uent materials were weigh-batched and mixed using a
rotating drum mixer. The fresh homogeneous mix was
poured into the moulds and compacted using a needle
vibrator. The sides of the mould were removed after 24 h
of casting and wrapped with moist burlap for curing. After
28 days of moist curing, beams were white washed and sur-
faces were prepared to mount the demec points/electrical
strain gauges. The demec points were mounted at the mid
span and shear span (in the form of rosette) to measure
the strain at various locations (Fig. 1(f)). The strains were
measured using demec gauges having a least count of
1.57 x 107 strains. In addition, three numbers of wire type
electrical strain gauges (range +5000 micro-strains) were
mounted on the rear face of the beam to measure the con-
crete surface strains. Deflection in the beam was measured
using LVDT’s at mid span and at the location of the load-
ing points as shown in Fig. 1(f). The loading set-up of the
test beams is shown in Fig. 1(e). Load was applied in incre-
ments of 50 kN. At each increment of load, concrete sur-
face strains, deflections, width of the cracks and
propagation of the cracks were recorded. The loading
was stopped when the inclined crack formed in the shear
span reached the top compression fiber leading to rebar
pullout and failure.

3. Analytical model

The slip of the rebar and the block type rotation of
cracked concrete have been observed at ultimate stage of
loading of the GFRP reinforced beams. Hence load in
these beams did not reach the designed ultimate value.
Accounting for this fact, a model has been proposed for
predicting the ultimate strength of the GFRP reinforced

beams. In addition, prediction of the serviceability require-
ments such as crack width and deflection of the GFRP
reinforced beams has also been attempted.

3.1. Prediction of beam strength accounting for the slip of
rebar

Based on the experimental observations, the critical
crack in the GFRP reinforced beams has been assumed
to be inclined at 45 degrees with respect to the longitudinal
axis as shown in Fig. 4. This crack initiated at a distance
equal to effective depth of the beam ‘@ from the point of
application of the load in the shear span of the beam.
Strength of the beam has been computed by analyzing a
critical section corresponding to a stage at which slip of
the rebar is significant because beyond this stage, stress
build up in the rebar is negligible (Fig. 5). The limiting
strain in the rebar at stage where slip governs the failure
of the beam (&y,.5ip) has been computed using Eq. (1).

b = toLa(mpy)
" Ey(ndy/4)

where Lq is the anchorage length of the rebar as shown in
Fig. 4, 1, is the maximum value of the average bond shear
strength of the FRP rebar from the pullout test data shown
in Fig. 5, ¢y is the diameter of the rebar and Ej, is the mod-
ulus of elasticity of rebar as given in Table 3. From the
Fig. 4, the anchorage length Ly of the GFRP rebar has
been computed and is equal to (shear span + bear-
ing — cover — effective depth).

(1)

¢P/2

250 =

v
7
s
i

‘ Ly . d

|
L 420 |
[ 1
J
1

| 520

Fig. 4. Development length in GFRP reinforced beam.
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Fig. 5. Pullout test data of GFRP rebar.

The strain in the concrete at depth x; from the extreme
compression fiber (e.) in the cross section of the beam
was calculated using Eq. (2)

sb—slip
(db _ xu) (xll xl) (2)
where di, and x, are the effective depth and the depth of
neutral axis from extreme compression fiber, respectively.
In the presents study, d}, has been taken as the distance
from the extreme compression fiber to the centroid of the
layer of longitudinal rebar closest to the tension face of
the beam section (dy3 in Fig. 6) and is computed as (overall
depth — clear  cover to  longitudinal  reinforce-
ment — 0.5 X diameter of the bar).

As shown in Fig. 6, a linear variation of strain has been
assumed along the depth of the cross-section of the beam.
As proposed in IS 456 [16], the stress in concrete under
compression has been assumed to be parabolic in the initial
portion (up to a strain of 0.002) and constant beyond. The
total compressive force offered by the concrete block is cal-
culated using Eq. (3).

Eei =

e 2555~ (55) ] s for 0 < e <0.002

0.002

Ce==1 21 (wx>b+f (xu —%xu)b; for 0.002 < & < 0.0035
0.00; if &, > 0.0035
3)
b
da T PY o A i|:i|}u
Xect
ds2 ds%
A§2
o 0 0o :
00 00 |Aj
a b

Fig. 6. Stress-strain variation along the depth of cross-section: (a) beam
section, (b) concrete strain variation and (c) concrete stress variation and
component forces.

feu In Eq. (3) is the cube compressive strength of concrete
determined by testing the companion cube specimens. &..
in Eq. (3) is the strain at the extreme compression fiber,
which is computed from Eq. (2) by substituting x; = 0. ‘b’
is the width of the section.

The tension contribution of the concrete has been con-
sidered up to the cracking stage and the post cracking
softening part of the tensile behavior of the concrete
has been neglected. Also, the presence of polypropylene
fibers has been ignored in tensile and compressive
stress—strain properties. A linear variation has been
assumed for the pre-cracking tensile stress—strain curve
and the total tensile force due to the uncracked part of
the concrete below the neutral axis (7,) has been com-
puted using Eq. (4)

T.= %fct(xct - xu) (4)
fou=07/feu (5)
Ect = fct/Ect (6)
Eq =E./2 (7)
E. = 50001/ fey (8)

fo In Eq. (4) is the tensile strength of concrete and is com-
puted using Eq. (5), the prediction model proposed in IS
456. x. in Eq. (4) is the depth of the concrete from the
extreme compression face at which cracking occurs and
has been computed using Eq. (2) by substituting &.; = &.
feu In Eq. (5) is the cube compressive strength of concrete
and average compressive strength of the companion cubes
tested has been presented in Table 1. &, is the strain in
concrete at cracking and has been computed using Eq.
(6). E. in Eq. (6) is the initial tangent modulus of con-
crete in tension and has been computed using Eq. (7),
originally proposed by Zhuang et al. [17]. E, is the initial
tangent modulus of concrete in compression and has been
computed using Eq. (8), the model proposed in IS 456
[16].

The force contribution of the longitudinal reinforce-
ments (F;) has been computed using Eq. (9)

Fg = fsiAsi (9)

where f;; and A4g; are the stress in the rebar and area of the
rebar, respectively. A sectional analysis has been carried
out to compute the beam strength corresponding to a stage
where bar slip governs the failure of the beam. The stress in
the rebar f;; has been obtained from test data of the stress—
strain plots shown in Fig. 7. The strains in the rebar at ith
layer in the cross section has been assumed to be equal to
the strain in surrounding concrete and has been computed
using Eq. (2) by substituting appropriate values of depth of
the layer from extreme compression fiber x;. Splitting crack
along the longitudinal reinforcement into the shear span
(towards the support) formed at ultimate stage. Thus, the
reduction in the embedded length of longitudinal rebar
due to the formation of splitting crack has not been consid-
ered for the computation of load at ultimate stage.
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The depth of neutral axis, x, has been computed by an
iterative technique based on the force equilibrium criteria
given by Eq. (10)

< 0.01 kN (10)

C0+Tc+ZFsi

Ultimate load carrying capacity of the section has been
computed from the moment of resistance (M) using the
beam geometry and has been given by Eq. (11).

P = 2(M,/a) (11)
Mu - Ccdcc+Tcdct+ZFsi(dsi_xu) (12)

‘a’ in Eq. (11) is the shear span of the beam. The moment of
resistance of the section (M) in Eq. (11) has been com-
puted by multiplying the component forces C., T, and Fy;
with the corresponding distance of their line of action from
the neutral axis, d.., d, and (dy; — x,), respectively as
shown in Fig. 6. The first crack load has also been com-
puted using the same iterative method by fixing the value
of the strain in the extreme tensile fiber in the cross section
as the cracking strain of the concrete matrix (¢, given by
Eq. (4)).

The analytical model proposed in the present investiga-
tion is based on bending action of the beam. The present
model is similar to the crack based analysis of single,
straight shear crack accounting for only the dowel splitting
of concrete along the reinforcement proposed by Stratford
and Burgoyne [18]. In the proposed analytical model, only
tensile stress in the rebar limited to the axial pullout of the
rebar based on to the pullout test performed in this study
has been considered (Egs. (1) and (2)). Since the tests on
beam did not indicate dowel rupture of the GFRP rein-
forcement, the same was not included in the proposed
analysis.

3.2. Crack width prediction

A model has been proposed for predicting the maximum
width of the crack (w) in the concrete beams reinforced
with GFRP at various loading stages and has been given
by Eq. (13). The proposed model for predicting the maxi-

mum crack width (w) has been derived from the model
originally proposed by Tountanji and Saafi [19] incorporat-
ing modifications accounting for test data of the present
study.

0.2 —0.5 , (D B xu) 3
w=— i/ d.A. 13
Errp (PErp) S (dy —x0) t (13)

2(D — d)b

Ay = —m—F—
'~ number of bars

(14)
where Ergrp is the modulus of elasticity of FRP longitudi-
nal reinforcements, pgrp is the longitudinal reinforcement
ratio of FRP reinforcements and f;; is the axial stress in
the FRP bars located at a depth of d,;. For the beams with
longitudinal tension reinforcements provided in multiple
layers, stress in the bars closest to the tension face of the
beam located at a depth equal to dg; as shown in Fig. 6
has been taken as f;;. D is the overall depth of the section,
x, is the depth of neutral axis from the extreme compres-
sion fiber determined using the iterative procedure de-
scribed earlier and d. is the thickness of the concrete
cover measured from extreme tension fiber to the center
of closest layer of longitudinal bars. 4., is the effective ten-
sion area of the concrete having the same centroid as that
of the rebars in tension divided by number of longitudinal
tension reinforcement and has been computed using Eq.
(14). d is the effective depth of the cross section of the
beam.

3.3. Deflection prediction

The prediction model of deflection given by Eq. (15)
proposed by Razagpur et al. [7] has been employed to com-

pute the deflection
PL} a a3 L\’
= ——— —) —4(=) — -} 1
oo = () -4 (%) s)

where L is the clear span of the simply supported beam and
E_ is computed using Eq. (8). I, is the moment of inertia of
the cracked section about the neutral axis and has been
computed based on the details given in Fig. 6. L, is the un-
cracked length of the beam from the supports. As proposed
by Razagpur et al. [7],  is computed using Eq. (16). I, is
the moment of inertia of the gross section about its centroi-
dal axis.

4. Results and discussion

Ten concrete beams including three steel reinforced
beams and seven GFRP reinforced beams were tested in
the present experimental program. The ultimate flexural
strength, crack width at various stages of loading and
load—deflection performance of the beams have been pre-
dicted and compared with the experimental data.
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4.1. Behavior of the test beams

In the initial stages of loading, for all the beams, cracks
first appeared in the constant moment zone. As the load
increased, additional cracks developed in the mid span
and new vertical cracks formed in the shear span. With fur-
ther increase in load in steel reinforced beams (FS1SOC,
FS2SOC and FS2GFC), one of the flexural crack in the
constant moment zone extended deep into the compression
zone, reducing the area of concrete in compression leading
to crushing of concrete. Hence, crushing of concrete was
observed in beams reinforced with steel rebar at the ulti-
mate stage of loading. The cracks developed in the test
beams at the ultimate stage are given in Fig. 8. In the case
of GFRP reinforced concrete beams, one of the vertical
cracks in the shear span became critical and extended
towards the loading point at the ultimate stage. These
beams failed at a load lower than the design load and the
failure was observed to be mainly due to the slip of the
rebar from the surrounding concrete. The slipping of rebar
in GFRP reinforced beams was indicated by splitting of
concrete at the level parallel to the reinforcements shown
in Fig. 8.

The load at first crack and at ultimate stage of loading is
presented in Table 4. All the beams reinforced with the
steel rebar failed in flexure approximately at an ultimate
load close to the design load. The addition of polypropyl-
ene fibers at a maximum dosage (0.1% by weight of the
cement) as recommended by the manufacturer was found
to reduce the compressive strength of the concrete as could
be seen in Table 1. The strength of polymer modified fiber
reinforced concrete in Phase I (65 MPa concrete beam ser-

v v

ies) was found to be about 65% of the strength of corre-
sponding ordinary concrete (Table 1). The cracking
strength of the beams was observed to be varying with
the compressive strength of the concrete. As the mechanism
of failure in GFRP reinforced concrete beams was due to
the slip of rebar, the ultimate strength was not much
affected by the variation of concrete strength. In addition,
debonding of the secondary surface deformations from
the GFRP rebar surface was observed at ultimate stages
of the loading. Accounting for this bond failure within
the rebar, GFRP polyester binder based rebar having a ten-
sile strength of 50% of the epoxy binder based GFRP rebar
was used in the second phase. This prevented bond failure
from controlling the design, as additional numbers of poly-
ester binder based rebar were introduced to achieve the
design moment capacity.

Figs. 9 and 10 show the crack width in the test beams at
various loading stages. As seen in these figures, crack
widths are higher in beams with GFRP rebars as compared
to similar beams with steel rebars. This may be attributed
to the significantly reduced stiffness of the GFRP reinforce-
ment (same order as that of the concrete matrix).

Figs. 11 and 12 present the load deflection characteris-
tics of the test beams of the present study. The load deflec-
tion plot indicated that for all the test beams the stiffness of
the member at the initial stages of loading prior to the
cracking is governed by the gross section properties of
the member. The post cracking stiffness of all the beams
were affected by the stiffness of the longitudinal reinforce-
ments. As the steel rebar has greater stiffness and less slip
with respect to the surrounding concrete matrix, steel rein-
forced beams showed a greater post cracking stiffness when
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Fig. 8. Crack pattern in test beams at ultimate stage.
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Table 4
Comparison of predicted load and experimental load of test beams
Sl. no. Beam designation Load at first crack Load at ultimate

Pero (KN) Perp (KN) — Pyo (KN) Pyp (kN) P2

1 FS1SOC 72.85 - - 299.20 - -
2 FGI1SOC 74.05 70.93 0.96 174.24 155.87 0.89
3 FG1GOC 71.75 68.59 0.96 168.96 155.62 0.92
4 FGISFPC 59.55 56.28 0.94 163.08 153.89 0.94
5 FGIGFPC 55.46 52.17 0.94 161.92 153.02 0.95
6 FS2S0C 56.86 234.53 - -
7 FS2GFC 51.92 - - 221.10 - -
8 FG2S0C 58.03 55.43 0.96 194.57 195.00 1.00
9 FG2SFC 56.35 52.77 0.94 187.33 194.00 1.04
10 FG2GFC 54.41 52.77 0.97 185.50 194.00 1.05
Average - - 0.95 - - 0.97
Standard deviation - - 0.01 - - 0.06

P, = Observed cracking load (experimental).

P, = Predicted cracking load (in Fig. 6 x, = D).
P, = Observed ultimate load (experimental).

P, = Predicted ultimate load (in Fig. 6 &3 = &p.gip)-
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Fig. 9. Crack width in test beams of Phase I (65 MPa concrete beam
series).
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Fig. 10. Crack width in test beams of Phase II (35 MPa concrete beam
series).

compared to the GFRP reinforced beams. The strain in the
rebar at ultimate stage was found to be 0.004480, 0.004386
and 0.004495 for FS1SOC, FS2SOC and FS2GFC, respec-
tively, indicating that yielding of longitudinal steel rein-
forcement (&, = 0.00429) commenced very close to the
ultimate stage. However, the LVDT instrumentations were
removed before reaching to the expected ultimate stage
loading, hence the post yielding plateau of the load deflec-
tion curve could not be captured in the steel reinforced test
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Fig. 11. Mid-span deflection of test beams in Phase I (65 MPa concrete
beam series).
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Fig. 12. Mid-span deflection of test beams in Phase II (35 MPa concrete
beam series).

beams. However, due to the slipping of rebar from the con-
crete matrix, the GFRP reinforced beams show relatively
less stiffness in the post cracking stage when compared to
the steel reinforced beams. The effect of addition of poly-
propylene fibers on the post cracking behavior was
observed to be marginal. On comparing the load deflection
curves of FGISOC with FG1GOC and FG2SOC and
FG2GFC, it can be concluded that the GFRP stirrup rein-
forcements produced equal contribution in terms of force
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sustained when compared to that of the steel stirrups in the
post cracking stages of the GFRP reinforced beams. How-
ever, as GFRP stirrup material has substantially low stiff-
ness when compared to the steel, the crack width in the
shear span in the beams with GFRP stirrups was observed
to be more when compared to that in the corresponding
beams with steel stirrups. GFRP stirrup reinforcements
produced equal contribution in terms of the force sustained
as that of the steel stirrups in the post cracking stages in the
GFRP reinforced beams. However, these stirrups are rela-
tively less stiff and hence caused wider cracks in the shear
span resulting in an early failure.

In the case of concrete beams reinforced with polyester
based GFRP rebars (FG2SOC, FG2SFC and FG2GFC),
the axial force developed in the bar at the failure of the
beam due to the bond-slip mechanism was nearly 90% of
the tensile strength. Hence, additional stirrups could possi-
bly have lead to rupture of the polyester matrix based
GFRP rebars. In the case of concrete beams reinforced
with epoxy binder based GFRP rebar (FGISOC,
FG1GOC, FGISFPC and FGIGFPC), the axial tensile
forces mobilized in the bar at the failure of the beam was
only 50% of its tensile strength. Thus, additional stirrups
may not alter the observed failure mode in concrete beams
reinforced with epoxy binder based GFRP rebar.

4.2. Comparison of analytical models

The load at ultimate stage of GFRP reinforced beams
was predicted using the proposed model accounting for
the slip between the rebar and concrete matrix at ultimate
stage. The contribution of dowel action of the longitudinal
rebar against the rotation of concrete block near to the
support has been assumed to be negligible in the proposed
model. The main force preventing the crack rotation is the
force sustained by the longitudinal rebars. The slip along
these bars leads to the failure of the beam. The load at first
crack and the load at ultimate stage predicted using the
proposed model has been compared with the experimental
data in Table 4. The average value of the ratio of the pre-
dicted first crack load to the experimentally observed first
crack load across all the GFRP reinforced beams was
found to be 0.95 with a standard deviation of 1%. Simi-
larly, the average value of the ratio of the predicted ulti-
mate load to the actual ultimate load (observed in
experiment) across all the GFRP reinforced beams was
found to be 0.97 with a standard deviation of 0.06. This
indicates that the present model can predict the load in
GFRP reinforced beams at various stages of loading quite
accurately.

Figs. 9 and 10 compares the predicted crack width of
GFRP reinforced beams with the experimental data. It
may be noted that the width of the crack in GFRP rein-
forced beams at various stages of loading has been reason-
ably predicted using the proposed model given by Eq. (13).

Figs. 11 and 12 compares the predicted load deflection
characteristics of the GFRP reinforced beams with the

experimental data. The comparison indicates that the pro-
posed model given by Eq. (15) estimates the deflection of
the GFRP reinforced beams at various stages reasonably
well.

5. Conclusion

Based on the experiment and analytical investigation of
GFRP reinforced beams, the following conclusions were
derived:

1. Failure of the GFRP reinforced concrete beams was
mainly due to its reduced post cracking stiffness and
the slip between rebar and the concrete matrix.

2. Addition of polypropylene fibers had marginal effect on
the post cracking behavior of the GFRP reinforced
beams.

3. The proposed model accounting for the slip of the lon-
gitudinal reinforcements for predicting the strength of
the GFRP reinforced beam predicted the load at differ-
ent stages of loading quite accurately.

4. The crack width predicted using the proposed model for
GFRP rebar reinforced beams given by Eq. (12) shows
close agreement with the experimental data.

5. The load deflection response of the various GFRP rein-
forced beams have been predicted using Eq. (15) and
seems to closely predict the corresponding experimen-
tally observed response.
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