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concrete beams have been reviewed and compared with the results of the experimental investigations of
eight GFRP (Glass Fibre-Reinforced Polymer) bar reinforced concrete (GFRP-RC) beams. It has been
demonstrated that experimentally determined load carrying capacities, maximum deflections and energy
absorbing capacities have been over-predicted by the relevant code recommendations for the under-
reinforced and balanced GFRP-RC beams while being under-predicted for the over-reinforced GFRP-RC
beams. This paper will provide a better understanding on the design methods in the two codes to the
designers and rational suggestions for further improvements to the code design recommendations.
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Flexural Design of GFRP Bar Reinforced Concrete Beams: An Appraisal

of Code Recommendations

Zein Saleh!, Matthew Goldston?, Alex M. Remennikov?, and M. Neaz Sheikh*

ABSTRACT

In this paper, two design codes for the flexural design of Fibre Reinforced Polymer (FRP) bar
reinforced concrete beams have been reviewed and compared with the results of the
experimental investigations of eight GFRP (Glass Fibre-Reinforced Polymer) bar reinforced
concrete (GFRP-RC) beams. It has been demonstrated that experimentally determined load
carrying capacities, maximum deflections and energy absorbing capacities have been over-
predicted by the relevant code recommendations for the under-reinforced and balanced GFRP-
RC beams while being under-predicted for the over-reinforced GFRP-RC beams. This paper
will provide a better understanding on the design methods in the two codes to the designers and

rational suggestions for further improvements to the code design recommendations.

Keywords: GFRP, Reinforced Concrete, Beam, Flexure, Design Recommendation

1. Introduction

Traditional Reinforced Concrete (RC) structures exposed to highly aggressive environments
are susceptible to corrosion of the steel reinforcement, resulting in the loss of durability and
serviceability. To counteract this problem, Fibre Reinforced Polymer (FRP), as a non-corrosive
material, can substitute traditional steel reinforcement in RC structures. The FRP is a composite
and anisotropic material containing fibres embedded within a polymeric matrix. The advantages
of FRP include high strength to weight ratio, non-conductivity, electromagnetic neutrality, and

non-corrosiveness. Although FRP is currently expensive compared to steel reinforcement, the
2
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low maintenance costs over the service life of the structure may make FRP a feasible option.
The FRP reinforcement can be used in the form of plates or sheets as external reinforcement [1-
3] or as the confinement for RC columns [4, 5]. The FRP bars have been recently used as the
internal reinforcement in concrete beams [6, 7]. The most popular types of FRP bar
reinforcement include Aramid FRP (AFRP), Glass FRP (GFRP), and Carbon FRP (CFRP).
Among these FRP reinforcement bar types, the GFRP bars are the most popular due to their
abundance and relatively low cost. The behaviour of GFRP bar reinforced concrete beams was
investigated in recent years [8-21]. It was found that increasing the FRP reinforcement ratio in
GFRP bar Reinforced Concrete (GFRP-RC) beams constructed with normal strength concrete
resulted in a decrease in the maximum midspan deflection and the crack width [20]. Moreover,
GFRP-RC beams constructed with high strength concrete provided improved load carrying
capacity and reduced deflection compared to GFRP-RC beams constructed with normal
strength concrete [22]. Furthermore, the type of GFRP bar (sand coated, helically grooved, or
deformed) and the bar diameter influenced the bond strength and crack width of GFRP bars
with concrete [23].

Recent research investigations have led to the development of design codes for FRP
bars reinforced concrete (FRP-RC) structures including “Guide for the Design and Construction
of Structural Concrete Reinforced with Fiber-Reinforced Polymer (FRP) Bars” (ACI [24]) and
“Design and construction of building structures with fibre-reinforced polymers™ (CSA [25]).
However, the code recommendations for the flexural design of GFRP-RC beams have not been
adequately compared with the experimental investigations results. In this paper, design code
recommendations in ACI [24] and CSA [25] for the flexural design of FRP-RC beams are
reviewed. Experimental investigation results of eight GFRP-RC beams tested under flexural
load have been presented. Recommendations in ACI [24] and CSA [25] for the calculation of

nominal loads, midspan deflections at nominal loads, and Energy Absorption Capacities (EAC)

3
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of GRRP-RC beams are critically compared with the experimental results.

2. Review of design recommendations for FRP-RC beams

Mechanical and physical properties of FRP bars are significantly different than those of steel
reinforcement bars. FRP is a linear elastic material whereas steel reinforcement is ductile
(Figure 1). The tensile strength of GFRP and CFRP can vary from 483 MPa to 1600 MPa and
600 MPa to 3690 MPa respectively, compared to 483 MPa to 690 MPa for steel reinforcement
ACI [24]). However, the elastic modulus of FRP, especially GFRP, is considerably lower than
the elastic modulus of steel reinforcement (35-51 GPa for GFRP and 200 GPa for Steel) (ACI
[24]). Table 1 summarises the typical material properties of FRP bars and steel bars according
to ACI [24]. Significant differences in the behaviour of FRP reinforced and traditional steel bar
Reinforced Concrete (Steel-RC) beams have led to the development of design
recommendations for FRP-RC beams [19-23]. According to the FRP design recommendations,
the preferred failure mode of FRP-RC beams was concrete crushing, as the beam experiences
some form of “ductility” and plastic behaviour before failure. Rupture of the FRP bars in tension
can be catastrophic and may occur without any warning and should be avoided (as FRP is a
linear-elastic material). Hence, the design philosophy of FRP-RC beams differs from that of
traditional Steel-RC beams. For traditional Steel-RC beams, yielding of steel before reaching
the moment capacity is essential, as it provides ductility and warning of failure. For FRP-RC
structures, failure due to concrete crushing is preferred since it provides pseudo-ductile failure
and warnings before the collapse of the structure. The following sub-sections (sub-sections 2.1
and 2.2) provide a review of the current FRP design code recommendations (ACI [24] and CSA
[25]) for FRP-RC beams in terms of the calculation of nominal flexural capacity (design for

flexure) and midspan deflection.
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2.1 American Concrete Institute Guide (ACI [20])

The American Concrete Institute (ACI) Committee 440 developed a guide for the design of
concrete structures with FRP Bars (ACI [24]). The ACI [24] states that the flexural capacity of
FRP-RC beams can be calculated similarly to that of Steel-RC beams. The ACI [24] does not
recommend the use of FRP reinforcement in compression for flexural members due to the lower
compressive strength compared to the tensile strength of FRP bars. Hence, the contribution of
the FRP bars in compression for FRP-RC flexural members was neglected in the design process.
2.1.1 Design for flexure

The recommended failure mode of an FRP-RC member was by concrete crushing (over-
reinforced section) which was preferred over the failure due to rupture of FRP bars (under-
reinforced section). This was particularly because if the FRP bars reach the rupture strain (&¢,,),
the failure will be sudden and non-ductile, unlike concrete crushing. For FRP-RC beam, the

balanced reinforcement ratio (psp) can be calculated by Eq. (1).

f'c  Epécu (1)
= 0.8503, ——"——
pfb 'Bl ffu Ef‘gcu + ffu

where, f’. was the compressive strength of concrete at 28 days; E; was the modulus of elasticity
of the FRP bar; €., was the ultimate concrete strain (taken as 0.003); ff,, was the ultimate tensile

strength of the FRP reinforcement; and 5; was the stress block parameter. The [; parameter

was calculated by Eq. (2).

B = (0.85 —0.05 (fc+28>> > 0.65 (2)

To ensure the design of an over-reinforced section, the FRP reinforcement ratio (pr)
should be 1.4 times larger than the balanced reinforcement ratio (pf > 1.4pfb). The FRP

reinforcement ratio can be computed by Eq. (3)
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ps = Ar/bd (3)

where A was the area of the FRP tensile reinforcement; b was the width of the beam; and d
was the effective depth of the beam.

However, for the FRP bar rupture to occur before concrete crushing, the FRP
reinforcement ratio must be less than the balanced reinforcement ratio (py < pysp). This is
referred to as an under-reinforced design of an FRP-RC section.

For a balanced failure condition, the FRP tensile reinforcement must reach the rupture
strain simultaneously with concrete crushing (ef = &py, With g, = 0.003), where & is the
strain in the FRP bar. The FRP-RC beam was considered balanced when ps, < pr < 1.4pg),.

For an over-reinforced FRP-RC beam (concrete crushing governs), the rectangular
stress block can be used to compute the nominal flexural capacity (M,,) in terms of the FRP

reinforcement ratio (Eq. (4)).

M, = pf; (1 ~0.59 pj{—ff> bd? 4)

where f; was the stress in the FRP reinforcement in tension and must be less than or equal to

the ultimate tensile strength of the FRP reinforcement (fz,,). The ff can be calculated by Eq.

(5).

()

2
Ere 0.858;f"
ff = \[( s Cu) + ﬁlf CEfgcu - O'SEfSC‘u. < ffu

For an under-reinforced FRP-RC beam (FRP rupture governs), ACI [24] provides a

conservative and simple method for obtaining the nominal flexural capacity (Eq. (6)).

.Blcb> (6)

M, = Arfr <d -2

where c¢;, was the distance from extreme compression fibre to neutral axis at balanced strain

conditions and can be computed by Eq. (7).
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Ecu + Sfu

According to ACI [24], the nominal flexural strength of a section (M,,) must exceed the

factored moment (%) (Eq. (8)).
M, > u (8)

A conservative strength reduction factor (@) in flexure is recommended since FRP-RC
beams should have higher reserve strength to account for the lack of ductility. The graph of the
strength reduction factor (@) as a function of the reinforcement ratio is presented in Figure 2.
2.1.2 Calculation of midspan deflection
The calculation of the midspan deflection in ACI [24] is based on the effective second moment
of area, as provided in Eq. (9). The factor y in Eq. (10) is dependent on the load and boundary
conditions and accounts for the length of the uncracked regions of the member and for the
change in stiffness in the cracked regions in the FRP-RC beam. The factor y is presented in Eq.
(10) in terms of the applied moment (M) and the cracked moment (M,.) provided in Eq. (11).
The second moment of area of cracked section (I,,-) can be calculated by Eq. (12).

ICT'

I = <I 9
oy (M) k] ®)
Y\ m, I

where M, was the cracking moment (Eq. (11)), M, was applied moment where M, > M, and

1. was second moment of area of the transformed cracked section.

M
y=172-072 (10)

a

M = (1241, [f' )/ h (11)

bd3
ICT = Tkg + TlfAfdz(l - k)Z (12)
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2.2 Canadian Design Manual (CSA [25])
The CSA [25] provides background information in relation to FRP materials, design process for
flexure and shear, serviceability limit states, development, anchorage and splicing of
reinforcement, placement of reinforcement and constructability and field applications. The CSA
[25] recommends that the contribution of the compressive FRP reinforcement and the tensile
strength of concrete are ignored.
2.2.1 Design for flexure
For the flexural design of FRP-RC beams, CSA [25] recommends concrete crushing failure
when the factored resistance of a section is smaller than 1.6 times the effect of the factored load.
If the factored resistance of a section is greater than 1.6 times the effect of the factored load,
then failure can be initiated by FRP bar rupture. According to CSA [25], the failure due to
concrete crushing occurs at €., = 0.0035.

In order to calculate the balanced reinforcement ratio of an FRP-RC beam, the concrete

compressive force (C) and tensile force (T') are calculated by Egs. (13) and (14), respectively.

C =ad.f' Pcyb (13)

T = QrAsfru (14)
where f’_ was the compressive strength of concrete at 28 days; Ay was the area of FRP
reinforcement; ¢, was the depth of the neutral axis; fr,, was that ultimate stress of the FRP bar;
a and f are stress block parameters, which can be calculated by Eq. (15) and Eq. (16),
respectively

a = 0.85—0.0015f, = 0.67 (15)
B =0.97 —0.0025f, = 0.67 (16)
The FRP reinforcement ratio corresponding to a balanced failure (pfb) can be

calculated by Eq. (17).
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_ o0 f Ecu (17)
Pro = af Q)_fff_u <€cu + gfu>

Where the factors @, and @ are the material resistance factors for concrete and FRP.
The factor @, was taken as 0.65 for pre-cast concrete and 0.6 for cast in-situ concrete. The factor
@ was taken as 0.75 for CFRP, GFRP and AFRP.

For the failure due to concrete crushing, equilibrium between the compression and
tension forces must apply (C = T). The FRP bars do not rupture in this case. Hence, the stress
in the FRP bars was smaller than the ultimate stress ( fr < ffu). The stress in the FRP bars of
an over-reinforced FRP-RC beam can be calculated by Eq. (18).

%)E 4 (18)

1
=-Ese 1+
Ir =5 Breeu ( PrOsErecy

Hence, the nominal flexural capacity (M,,) of an over-reinforced FRP-RC beam can be

calculated by Eq. (19).

c
M, =T<d—%) (19)
where T for an over-reinforced section was calculated by Eq. (20).

For the failure to be initiated by FRP rupture (ec < &g and g = efu), the stress block

parameters a and [ cannot be used since the strain in concrete at compression was lower than
the ultimate compressive strain. Previously, the ISIS (2007) [18] recommended using
equivalent stress block parameters for the compressive strength of concrete between 20 MPa
and 60 MPa. However, CSA [25] recommends the use of strain compatibility and the relevant
stress-strain relationships between concrete and FRP bars. The strain in concrete at compression

can be calculated by Eq. (21).
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e = (72) < e 1)

To avoid failure immediately after cracking, CSA [25] recommends that the nominal
flexural capacity should be 1.5 times greater than the cracking moment (Eq. (22)).

M, = 1.5M,, (22)
where M., = f,1;/V;; f» is the modulus of rupture of concrete; I; is the second moment of area
of the transformed uncrack sections about its centroidal axis; and y; is the distance from the
centroid of uncracked section to extreme surface in tension.

2.2.2 Calculation of midspan deflection

The CSA [25] calculates the midspan deflection of the FRP-RC beam using an effective second
moment of area. The effective second moment of area of FRP-RC beams was calculated by Eq.
(24). However, if the service load is lower than the cracking load, CSA [25] recommends using

the transformed second moment of area, I, for calculating the midspan deflection.
Itlcr
M \° 24
I, + <1 ~05 (M—Ca) >(It ~ 1) 24

where I, is the transformed second moment of area.

I, =

3. Experimental program

3.1 Preliminary material testing

Nine sand-coated GFRP bars were tested to measure the ultimate tensile strength (f7,,), elastic
modulus (Ef), and rupture strain (&r,,). The GFRP bars with three different diameters were
tested: 6.35 mm (#2), 9.53 mm (#3) and 12.7 mm (#4). Steel anchors were attached to the end
of the specimen using an expansive cement grout, Bristar 100, as recommended in ASTM [24].
Table 2 provides details of the test specimens including, the free length (L), defined as the length

between the steel anchors, steel anchor length (L), total length of tensile test specimen (L)

10
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and experimental results including the mean f7,, &, and Er. The stress-strain curves of the
GFRP reinforcement bars were linear up to the point of rupture with no yielding. The design
compressive strengths of the concrete mixes were 50 MPa and 70 MPa. Three cylinders from
each concrete batch were tested to determine the compressive strengths of concrete. The
concrete cylinders tested were 100 mm in diameter and 200 mm in height. The average
compressive strengths of concrete of the three cylinders tested were 47 MPa and 66 MPa at 28
days.

3.2 Details of GFRP-RC beams

Eight GFRP-RC beams were constructed with 100 mm in width, 150 mm in height, 2400 mm
in length, and 15 mm clear concrete cover as shown in Figure 3. The GFRP-RC beams were all
tested under static loading until failure. Six beams were tested under four-point bending and
two beams under three-point bending. The main test variables were the FRP reinforcement
ratios and the compressive strengths of concrete. Three different diameters of FRP bars were

used: 6.35 mm (#2), 9.53 mm (#3) and 12.7 mm (#4), providing reinforcement ratios of py =

0.5%, 1%, and 2%, respectively. Two GFRP reinforcement bars were used in compression (to
hold the shear reinforcement and to form the reinforcement cage) and two similar bars were
used in tension. The 4 mm diameter steel stirrups at 100 mm centres were used as shear
reinforcement, as shown in Figure 3b. The experimental setup of these beams was shown in
Figure 4a and Figure 4b. The loads and midspan deflections were measured using a load cell
and a linear potentiometer, respectively. One strain gauge was attached to one GFRP bar in
tension of each beam at the midspan and another strain gauge was attached to the surface of
concrete at the compression zone at the midspan of the beam. In the three-point bending
configuration, the load was applied at the midspan of the beam, whereas in the four-point
bending configuration, the load was applied at a distance of 667 mm (L /3) from the supports.

The GFRP-RC beams were analysed in accordance with ACI [24] and CSA [25] to
11
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compare with experimental data. The GFRP-RC beams were designed for three failure modes.
One GFRP-RC beam was designed as a balanced beam, one GFRP-RC beam was designed as
an under-reinforced beam, and the remaining six GFRP-RC beams were designed as over-
reinforced beams.

The GFRP-RC beams were labelled (Table 3) in the form A-B-C. The first number (A)
represents the design compressive strength of concrete (47 MPa or 66 MPa), the second number
(B) represents the percentage of the reinforcement ratio (0.5%, 1%, or 2%), and the third
number (C) represents the condition of loading (3 for three-point bending or 4 for four-point
bending). For example, Beam 47-0.5-4 represents the GFRP-RC beam constructed with

concrete compressive strength of 47 MPa, reinforcement ratio of py = 0.5% and tested under
four-point bending. Table 3 presents the experimental maximum load (P, ), midspan deflection
at the maximum load (Aexp), and Energy Absorption Capacity (EACexp) of the tested GFRP-
RC beams. The maximum load was defined as the load corresponding to the first major drop in
the load for the over-reinforced GFRP-RC beams or failure of the balanced and under-
reinforced GFRP-RC beams. The data reported in Table 3 was calculated using the material
data obtained from preliminary material testing. The maximum load (Pexp) was calculated for
four-point bending (F,x, = 6M,/L) and for three-point bending (B cxp = 4My/L) as well,

where L was the clear span length of the beam (L = 2000 mm). All the GFRP-RC beams were

designed to fail in flexure.

4. Experimental results and discussion

Initially, all eight GFRP beams displayed high bending stiffness (E.1,;). However, once cracking
initiated, the stiffness of the beam decreased due to the contribution of GFRP bars with a low
modulus of elasticity. The cracking load was recorded as the load where the first crack in

concrete was observed. The change from the pre-cracking bending stiffness (E.I) to the post-

12
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cracking bending stiffness (E.I,) was shown in Figure 5. For example, in case of the GFRP-RC
Beam 47-0.5-4, with a reinforcement ratio of 0.5%, the post-bending stiffness (E.I,) was 8%
of the pre-cracking bending stiffness (E.l;). Also, the GFRP-RC beams with higher
reinforcement ratio (o = 1.0% and 2.0%) had higher post-cracking bending stiffness due to
the higher modulus of elasticity of the #3 and #4 GFRP bars. Hence, GFRP-RC beams with a
higher elastic modulus of the GFRP bars have comparatively higher post-cracking bending
stiftness.

For the two GFRP-RC beams with the same reinforcement ratio (py = 0.5%) but
different compressive strengths of concrete (47 MPa and 66 MPa), it was observed that the
post-cracking bending stiffness (E.I,) increased by 7% (from Beam 47-0.5-4 to Beam 66-0.5-
4) when the compressive strength of concrete increased from 47 MPa to 66 MPa. On the other
hand, for Beam 47-0.5-4 and Beam 47-1.0-4, with the same compressive strength of concrete
but different reinforcement ratios, it was observed that the post-cracking bending stiffness
(E:l,) increased with the increase in the reinforcement ratio. The post-cracking bending
stiffness of Beam 47-1.0-4 was 1.8 times the post-cracking bending stiffness of Beam 47-0.5-
4. This means that the post-cracking bending stiffness of the GFRP-RC beam was influenced

by the reinforcement ratio more than it was influenced by the compressive strength of concrete.

The Pr / Psb ratio was calculated according to ACI [24] for all the beams tested and was
presented in Table 3 to determine whether the beams were under-reinforced, balanced, or over-
reinforced. The under-reinforced GFRP-RC Beam 66-0.5-4 with py = 0.5% failed once the
maximum load (P, ) was reached. There was no warning prior to the collapse of the beam with
the rupture of the GFRP bars. Figure 6 shows the failure mode of Beam 66-0.5-4 due to GFRP

bar rupture. Moreover, for the balanced GFRP-RC beams (Beams 47-0.5-4 and 47-0.5-3),

crushing of the concrete cover and GFRP bar rupture occurred simultaneously at the point of

13



286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

failure, as shown in Figure 7 (only one beam was chosen for presentation purposes since both
balanced GFRP-RC beams showed a similar failure mode). For the under-reinforced and
balanced beams, the readings of the strain gauges at the compressive side of concrete (g, =
0.0014) were lower than ultimate strain values specified by the design codes (&.,= 0.003) which
confirm the codes predictions. Furthermore, crushing of the concrete cover was the assumed
failure for the six over-reinforced GFRP-RC beams, which occurred at the first drop in the load
(Pn,exp)- At the time of failure, all GFRP-RC beams displayed a flexural-critical response with
vertical cracks initially propagating in the pure bending region before moving towards the
supports. These cracks continued to extend through the depth of the GFRP-RC beams towards
the compression zone, as shown in Figure 8 for Beam 47-1.0-4. The over reinforced GFRP-RC
beams continued to sustain load after the first drop in the maximum load (Figure 9), indicating
a sign of pseudo “ductility” or reserve capacity. The readings of the strain gauges at the failure
of the beams were in the vicinity of 0.003, ranging between 0.0027 and 0.0033 and having a
mean value of 0.0029. The load-midspan deflection curves of an under-reinforced, balanced,
and over-reinforced GFRP-RC beam were presented in Figure 9. It can be observed from Figure
9 that the ACI [24] and CSA [25] load-midspan deflection curves reasonably matched with the
experimental load-midspan deflection curves. The initial pre-cracked behaviour of the beam
was captured by both ACI [24] and CSA [25]. The ACI [24] and CSA [25] also captured the
slope of the post-cracking bending stiffness. The ACI [24] showed a bilinear response of the
load-midspan deflection at the nominal load of the GFRP-RC beams, whereas CSA [25] showed
a trilinear response of the load-midspan deflection at the nominal load of the GFRP-RC beams.
Table 3 provides a summary of the experimental results including the maximum load (Pexp)
defined as the load corresponding to the first major drop in the load for the over-reinforced
GFRP-RC beams or failure of the balanced and under-reinforced GFRP-RC beams (Figure 9).

Moreover, Table 3 provides the midspan deflections (A, ) at the maximum loads (Pexp) and
14
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the Energy Absorption Capacities (EAC,yy) of the beams. Adhikary et al. [28-29] used the term
Energy Absorption Capacity (EAC) to define the energy absorbed by the beam and calculated
it as the area under the load-midspan deflection curve. In other words, the EAC was the integral

of the load—midspan deflection graph from zero to the midspan deflection corresponding to the
maximum load ( fOAexp P. dA), where A,,,, was the midspan deflection corresponding to the

maximum load. It was noted from Table 3 that as the reinforcement ratio increased, the
maximum load (P,,,) of the GFRP-RC beams increased as well. The maximum loads for the
GFRP-RC beams with 1% reinforcement ratio for Beams 47-1.0-4 and 66-1.0-4 were 39.18 kN
and 42.65 kN respectively. Upon increasing the reinforcement ratio to 2%, the maximum loads
increased to 49.7 kN and 49.53 kN for Beams 47-2.0-4 and 66-2.0-4, respectively. The increase
in the maximum loads was 27% and 16% for the increase of the reinforcement ratio from 1%
to 2%. However, for the increase of the reinforcement ratio from 0.5% to 1%, the increase in
the maximum load was significantly larger. Beams 47-0.5-4 and 66-0.5-4 had maximum loads
of 13.7 kN and 15.52 kN, respectively, whereas Beams 47-1.0-4 and 66-1.0-4 had maximum
loads of 39.18 kN and 42.65 kN, respectively. The increase in the maximum loads (186% and
175%) for beams with a reinforcement ratio of 0.5% compared to beams with a reinforcement
ratio of 1% was significantly larger than the increase in the maximum loads for beams with a
reinforcement ratio of 1% compared to beams with a reinforcement ratio of 2%. This increase
was due to the shift in the failure mode from under-reinforced and balanced failure modes to
over-reinforced failure mode. The GFRP-RC beams that were designed to fail due to GFRP bar
rupture resisted a maximum load that was significantly less than that of the GFRP-RC beams
that were designed to fail due to concrete crushing. Moreover, the influence of the compressive
strength of concrete on the maximum loads of the beams was investigated. Beams with similar

reinforcement ratio but different compressive strengths of concrete (47 MPa and 66 MPa) were
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analysed. It was found that an increase in the compressive strength of concrete for beams with
a fixed reinforcement ratio of 0.5% (Beams 47-0.5-4 and 66-0.5-4) experienced an increase in

the maximum load by 13%.

5. Experimental results versus recommendations in FRP design codes

The experimental results obtained from the testing of GFRP-RC beams under four-point and
three-point bending were compared with the FRP design recommendations in ACI [24] and
CSA [25] in terms of the failure mode, nominal load, midspan deflection at the nominal load,
and Energy Absorption Capacity (EAC). Table 3 presents the experimental and code
predictions, in ACI [24] and CSA [25], of the maximum and nominal loads

(Pexp,Pn,AC,,Pn,CSA), midspan  deflections at maximum and nominal loads

(Aexp Dnacr Bncsa), and EAC (EAC,yp, EACy act, EACycs4) of the GFRP-RC beams. The

xp’
calculations of the reinforcement ratios, nominal loads, midspan deflections at nominal loads,
and EAC in ACI [24] and CSA [25] were based on the data obtained from the preliminary
material testing. It is noted that the stress block parameters used in this manuscript were based
on the recommendations in ACI [24] and CSA [25]. Table 4 presents the comparisons between
the experimental results and the code predictions from ACI [24] and CSA [25]. The results were
presented in terms of the difference (in percent) between the experimental results and the
predictions of ACI [24] and CSA [25]. The positive numbers indicate that the design codes
under-predict the behaviour, whereas the negative numbers indicate that the design codes over-

predicted the results.

The ACI [24] and CSA [25] accurately predicted the failure modes of GFRP-RC beam:s.
Beam 47-0.5-4 with a reinforcement ratio (p f / D fb) of 1.02 (calculated as per ACI [24], where
1.02 was between 1 and 1.4) was balanced and failed due to simultaneous rupture of the GFRP

bars and concrete crushing. Beam 66-0.5-4 with a reinforcement ratio ('D r/ D fb) of 0.7 (less
16
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than 1) failed due to GFRP bar rupture. The remaining over-reinforced beams with
reinforcement ratios (p r /p fb) higher than 1.4 failed due to concrete crushing on the

compression side.

5.1 Influence of the reinforcement ratio of GFRP-RC beam

The under-reinforced Beam 66-0.5-4 failed at a maximum load of 15.5 kN (Figure 10
(a)) and a midspan deflection at the maximum load of 54.53 mm, Figure 10 (b). The EAC was
calculated to be 518.2 J under four-point bending, Figure 10 (c). The predictions of the nominal
load, midspan deflection at the nominal load, and EAC were 17.2 kN, 59 mm, and 660.36 J,
respectively, according to ACI [24]. The predictions of the nominal load, midspan deflection at
the nominal load, and EAC were 16.5 kN, 64.2 mm, and 644.67 J, respectively, according to
CSA [25]. The ACI [24] over-predicted the maximum load, midspan deflection at the maximum
load, and EAC by 10%, 8%, and 22%, respectively, whereas CSA [25] over-predicted the
maximum load, midspan deflection at the maximum load, and EAC by 6%, 15%, and 20%,
respectively. Hence, both ACI [24] and CSA [25] over-predicted the response of the under-
reinforced GFRP-RC beam.

The balanced Beam 47-0.5-4 failed at a maximum load of 13.7 kN and a midspan
deflection at the maximum load of 52.2 mm. The EAC was calculated to be 433.74 J under
four-point bending. The ACI [24] over-predicted the maximum load, midspan deflection at the
maximum load, and EAC by 20%, 15%, and 35%, respectively. The CSA [25] over-predicted
the maximum load, midspan deflection at the maximum load, and EAC by 17%, 21%, and 32%,
respectively. Hence, both ACI [24] and CSA [25] over-predicted the response of the balanced
GFRP-RC beams.

For the over-reinforced beams both ACI [24] and CSA [25] under-predicted the
response of all six over-reinforced GFRP-RC beams in terms of the maximum loads, midspan

deflections at maximum loads, and EAC. The ACI [24] under-predicted the average maximum
17
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loads, midspan deflections at maximum loads, and EAC of the six over-reinforced GFRP-RC
by 38%, 41%, and 65%, respectively. Whereas, the CSA [25] under-predicted the average
maximum loads, midspan deflections at maximum loads, and EAC of the six beams by 27%,
33%, and 52%, respectively. Hence, both codes under-predicted the response of the over-
reinforced GFRP-RC beams.

In general, ACI [24] predicted higher nominal loads and EAC than CSA [25], while
ACI [24] predicted lower deflections than CSA [25]. Moreover, for the under-reinforced and
balanced beams, ACI [24] predicted midspan deflections at nominal loads closer to the
experimental results. However, CSA [25] predicted nominal loads and EAC that were closer to
the experimental results. For the over-reinforced GFRP-RC beams, it can be observed from
Table 3 that ACI [24] predicted higher nominal loads, midspan deflections at nominal loads,
and EAC than CSA [25] (Ppaci > Pucsar Dnacr™ Dncsa and EACy 4c; > EACycs4)- The
ACI [24] predicted higher nominal loads, midspan deflections at nominal loads, and EAC by
an average of 27%, 20%, and 43%, respectively than CSA [25]. This means that CSA [25] was
more conservative than the ACI [24] in terms of predicting the nominal loads, midspan

deflections at nominal loads, and EAC.

5.2 Influence of the tensile reinforcement ratio of the GFRP-RC beam

It was observed that both ACI [24] and CSA [25] predicted responses of the GFRP-RC beams
closer to the experimental results in terms of the maximum loads, midspan deflections at
maximum loads, and EAC for a reinforcement ratio of 1% than for a reinforcement ratio of 2%.
For example, for Beam 66-1.0-3 with a reinforcement ratio of 1%, the experimental maximum
load was 32.9 kN. The predicted nominal loads from ACI [24] and CSA [25] were 23.5 kN and
19.2 kN, respectively. The ACI [24] and CSA [25] under-predicted the maximum load by 29%
and 42%, respectively. On the other hand, for beams with 2% reinforcement ratio such as Beam

66-2.0-3, the experimental maximum load was 46.1 kN. The predictions from ACI [24] and
18
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CSA [25] were 27.6 kN and 22.9 kN, respectively. The ACI [24] and CSA [25] under-predicted
the maximum load by 40% and 50%, respectively. For example, ACI [24] and CSA [25]
predicted the response of Beam 66-1.0-4 closer to the experimental results than Beam 66-2.0-
3 in terms of the maximum load, midspan deflection at the maximum load, and EAC. Hence,
the predictions of the ACI [24] and CSA [25] were closer to the experimental results for a

reinforcement ratio of 1% than for a reinforcement ratio of 0.5% and 2%.

5.3 Influence of the compressive strength of concrete of the GFRP-RC beam

It was observed that both design guidelines predicted the response of the GFRP-RC beams
closer to the experimental results in terms of the maximum loads, midspan deflections at
maximum loads, and EAC for beams with a higher compressive strength of concrete. For
example, Beam 47-2.0-4 had a midspan deflection at the maximum load of 59.9 mm. The
predicted midspan deflections at nominal loads by the ACI [24] and CSA [25] for Beam 47-
2.0-4 were 33.9 mm and 31.2 mm, respectively. The ACI [24] and CSA [25] under-predicted
the midspan deflections at maximum loads by 43% and 48%, respectively. On the other hand,
Beam 66-2.0-4 had a midspan deflection at the maximum load of 47.3 mm. The midspan
deflections at nominal loads predicted by ACI [24] and CSA [25] were 38.94 mm and 33.67
mm, respectively. The ACI [24] and CSA [25] under-predicted the midspan deflections at
nominal loads values by 18% and 29%, respectively. The predictions were closer for GFRP-RC
beams with the compressive strength of concrete of 66 MPa than for GFRP-RC beams with the
compressive strength of concrete of 47 MPa. The same was observed for the nominal loads and
EAC where the predictions of the ACI [24] and CSA [25] were closer to the experimental results
in the case of beams with a compressive strength of concrete of 66 MPa than beams with a
compressive strength of concrete of 47 MPa. Hence, the predictions of the design guidelines
were closer to the experimental results for the GFRP-RC beams with a higher compressive

strength of concrete.
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6. Conclusions

In this study, eight GFRP-RC beams were tested under static loads. The experimental load-
deformation relationships and Energy Absorption Capacities (EAC) were measured and
analysed. The flexural design of the GFRP-RC beams according to the ACI [24] and CSA [25]
was presented. Comparisons between the experimental data and predictions of ACI [24] and
CSA [25] were presented. Based on the results of the experimental and analytical investigations,
the following conclusions are drawn:

1. The failure modes of GFRP-RC beams were accurately predicted by the sectional analysis

techniques used for GFRP-RC beams. The pf/py), ratio held true for the failure mode of all the
GFRP-RC beams. The GFRP-RC beams designed as over-reinforced (pf/pyp, > 1.4) failed due
to the crushing of concrete. The under-reinforced GFRP-RC beams (p;/py), < 1) failed by the
rupture of the tensile GFRP bars. The balanced GFRP-RC beams (1 < p¢/py), < 1.4) failed by
the simultaneous crushing of concrete cover and rupture of GFRP bars.

2. The response of the GFRP-RC beams was found to depend on the reinforcement ratio and
concrete strength. It was found that increasing the GFRP reinforcement ratio increased the
maximum loads of the GFRP-RC beams, regardless of the concrete strength. An increase in the
maximum loads by an average of 22% was observed when the reinforcement ratio of the beam
was increased from pr = 1% to pr = 2%. However, a significant increase in the maximum
load was observed when the reinforcement ratio was increased from pr = 0.5% to pr = 1%.
The maximum load increased by an average of 180% when reinforcement ratio increased from

pr =0.5% to pr=1.0%. This was because the failure mode changed from GFRP

reinforcement rupture (in case of py = 0.5%) to concrete crushing (in case of pr = 1%).

However, it was found that the compressive strength of concrete has less significant influence

than the reinforcement ratio on the response of GFRP-RC beams.
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3. Design recommendations for GFRP-RC beams provided in ACI [24] and CSA [25] were
found to be conservative and under-predicted the response of the GFRP-RC beams in terms of
the maximum loads, midspan deflections at maximum loads, and EAC for the over-reinforced
beams. Whereas, these guidelines over-predicted the response of the under-reinforced and
balanced GFRP-RC beams. On average, for over-reinforced GFRP-RC beams, CSA [25] under-
predicted the maximum load, midspan deflection at the maximum load, and EAC by 38%, 41%,
and 65%, respectively, whereas ACI [24] under-predicted the maximum load, midspan
deflection at maximum load, and EAC by 27%, 33%, and 52%, respectively. As for GFRP-RC
beams failing due to GFRP bar rupture (including both under-reinforced and balanced), CSA
[25] over-predicted the maximum load, midspan deflection at the maximum load, and EAC by
11%, 18%, and 26% respectively, whereas ACI [24] over-predicted maximum load, midspan
deflection at the maximum load, and EAC by 15%, 11%, and 28% respectively.

4. The ACI [24] predicted higher nominal loads, midspan deflections at nominal loads, and
EAC than CSA [25] by a range between 20% and 43%. The CSA [25] was more conservative
in the predictions of the nominal loads, midspan deflections at nominal loads, and EAC than
ACI [24]. Moreover, ACI [24] predicted values that were closer to the experimental results than
CSA [25].

5. Both ACI [24] and CSA [25] predicted closer results to the experimental results in terms of
the maximum loads, midspan deflections at maximum loads, and EAC for GFRP-RC beams
with high concrete compressive strength (66 MPa) and a reinforcement ratio of pr = 1.0%.
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Table 1 Nominal tensile properties of the reinforcing bars (ACI [24])

Material properties GFRP CFRP AFRP Steel
Tensile strength (MPa) | 483-1600 | 600-3690 | 1720-2540 | 483-690
Elastic modulus (GPa) | 35-51 120-580 41-125 200

Rupture strain (%) 1.2-3.1 0.5-1.7 1.9-4.4 6-12

Table 2 Results of tested GFRP bars
Specimen Lq L Ltot fu Efu Ef
(mm) | (mm) | (mm) | (MPa) | (%) | (GPa)
6.35mm (#2) | 150 | 380 | 680 | 732 |1.96 | 37.5
9.53 mm (#3) | 400 | 200 | 1000 | 1764 |3.18 | 55.6
12.7 mm (#4) | 400 | 200 | 1000 | 1605 |3.30 | 48.6
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Table 3 Maximum load, midspan deflection at maximum load, EAC, and shear capacity of the GFRP-RC beams tested

Pry, " Experimental ACI [24] CSA [25]
Beam CSA [25] ACI [24] Pexp Aexp EACnxp Pn,ACI An,ACI EACn,ACI Pn,CSA An,CSA EACn,CSA
&N | mm)| O &N [(mm)| @ | &N | mm) | ()
47-0.5-4 0.91 1.02 13.7 | 52.2 | 433.74 | 17.20 | 61.61 | 662.96 16.5 | 66.4 635.6
47-1-4 6.53 7.56 39.18 | 60.39 | 1370.89 | 29.60 | 40.90 | 680.07 | 26.1 37.2 521.27
47-2-4 11.1 12.8 49.7 | 59.9 |1788.95| 3450 | 33.93 | 641.08 309 | 31.15 | 507.13
66-0.5-4 0.66 0.7 1552 | 54.53 | 518.2 | 17.20 | 59.02 | 660.36 16.5 | 64.23 | 644.67
66-1-4 5.56 5.94 42.65 | 56.33 | 1347.23 | 34.50 | 46.87 | 903.49 | 28.9 | 40.6 630.9
66-2-4 9.42 10.1 49.53 | 47.3 | 1290.3 | 40.30 | 38.94 | 857.35 343 | 33.67 | 612.64
66-1-3 5.56 5.94 32.91 | 62.38 | 1230.77 | 23.50 | 36.70 | 489.89 19.2 | 31.82 330.2
66-2-3 9.42 10.1 46.14 | 58.34 | 1496.12 | 27.60 | 30.53 | 465.87 | 22.9 | 25.81 | 317.01
Table 4 Experimental results versus the predictions from ACI [24] and CSA [25]
ACI [24 CSA [25]
Beam Pexp : Pn,ACI Aexp: An,ACI EACexp: EACn,ACI Pexp : Pn,CSA Aexp: An,CSA EACexp: EA Cn,CSA
(%) (%) (%) (%) (%) (%)
47-0.5-4 -20 -15 -35 -17 -21 -32
47-1.0-4 24 32 50 33 38 62
47-2.0-4 31 43 64 38 48 72
66-0.5-4 -10 -8 -22 -6 -15 -20
66-1.0-4 19 17 33 32 28 53
66-2.0-4 19 18 34 31 29 53
66-1.0-3 29 41 60 42 49 73
66-2.0-3 40 48 69 50 56 79

deflection at the maximum load
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Note: P, is the maximum load defined as the peak load at the first drop in the load-midspan deflection curves and A,,,, is the midspan
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Figure 3. Details of the tested GFRP-RC beams: (a) Cross-sectional view (b) Side view
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Figure 4. Testing of the GFRP-RC beams: (a) Four-point bending and (b) Three-point

bending
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Figure 5. Load-midspan deflection behaviour of GFRP-RC Beams
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Figure 6. Rupture of GFRP reinforcement bars (Beam 66-0.5-4)
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Figure 8. Flexural response with crushing of concrete cover (47-1.0-4)
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Figure 9. Load-midspan deflection behaviour: (a) under-reinforced (66-0.5-4), (b) balanced
(47-0.5-4), and (c) over-reinforced (47-2.0-4) GFRP-RC beams
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