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ABSTRACT

This paper experimentally investigated the flexural behavior of reinforced recycled aggregate concrete (RAC) beams
reinforced with glass fiber-reinforced polymer (GFRP) bars. A total of twelve beams were built and tested up to
failure under four-point bending. The main parameters were reinforcement ratio (0.38%, 0.60%, and 1.17%),
recycled aggregate replacement ratio (R = 0, 50%, and 100%) and longitudinal reinforcement types (GFRP and steel).
The flexural capacity, failure modes, flexibility deformation, reinforcement strains and crack distribution of the
tested beams were investigated and compared with the calculation models of American code ACI 440.1-R-15,
Canadian code CSA S806-12 and ISIS-M03-07. The tested results indicated that the reinforcement ratio has great
influence on the ultimate load, crack width and deflection of GFRP-RAC beams, the recycled aggregate replacement
ratio has little influence on it. However, it was found that the reinforcement ratio has no obvious influence on the
cracking load which was only related to the recycled aggregate replacement ratio. The average cracking load
decreased by 5% and 15% as the recycled aggregate replacement ratio increased from 0 to 50% and 100%. For
the steel-RAC beams, the ultimate load was found to be about 1/2 of the ultimate load of GFRP-RAC beam under
the same condition and the trend of strain, deflection and crack width were different from GFRP-RAC beams. This
is due to the different material properties of GFRP bars and steel rebar. On the other hand, the calculation results
showed that ACI 440.1-R-15 and CSA S806-12 underestimated the ultimate load of GFRP-RAC beams. Moreover,
the deflection prediction of GFRP-RAC beams by CSA S806-12 is relatively accurate compared with ACI
440.1-R-15 and ISIS-M03-07. As for the prediction of crack width, the results of ACI 440.1-R-15 prediction were
in good agreement with the experimental results at the ultimate load, with the average value of 1.09 ± 0.28.
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Nomenclature
a: shear span, (mm)
A: effective tension area of concrete surrounding surround flexural tension reinforcement and bearing the

same centroid as that reinforcement, divided by the number of bars, (mm2)
Af : nominal area of BFRP tension reinforcement, (mm2)
b: the effective width of the beam, (mm)
Cb: the distance from extreme compression fiber to neutral axis at balanced strain condition, (mm)
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d: distance from extreme tension fiber to the center of the centroid of tension reinforcement, (mm)
Ef : modulus of elasticity of FRP, (MPa)
fc
0: concrete compressive strength, (MPa)

ff : stress in BFRP reinforcement in tension, (MPa)
fr: modulus of rupture of concrete, (MPa)
ffu: the ultimate strength of BFRP longitudinal reinforcement, (MPa)
h1: the distance from neutral axis to center of tensile reinforcement, (mm)
h2: the distance from neutral axis to extreme tension fiber, (mm)
Icr: transformed moment of inertia of cracked reinforced-concrete section, (mm4)
Ie: effective moment of inertia, (mm4)
Ig: gross moment of inertia of uncracked section, Ig = bh3/12 (mm4)
kb: the bond-dependent coefficient
k: the ratio of the depth of neutral axis to reinforcement depth
L: length of clear span, (mm)
Lg: un-cracked length of the beam, (mm)
Ma: applied moment, (kN.m)
Mcr: cracking moment, (kN.m)
Mu: ultimate moment, (kN.m)
nf : the ratio of elastic modulus of FRP bar to the elastic modulus of concrete
P: applied load, (kN)
Pu: ultimate load, (kN)
s: the spacing between the longitudinal reinforcement bars;
w: the maximum crack width;
a1; b1: the concrete rectangular strain diagram coefficient;
ecu: ultimate concrete strain
efu: ultimate strain in FRP reinforcement
dExp: experimental mid-span deflection, (mm)
dExp: experimental mid-span deflection, (mm)
dPre: calculated mid-span deflection, (mm)
qf : actual longitudinal reinforcement ratio
qfb: balance longitudinal reinforcement ratio
yt: distance from the centroidal axis of the gross section to the tension face

1 Introduction

In recent decades, the problems of structural safety and high maintenance costs caused by steel bar
corrosion have attracted much attention. To prevent reinforcement corrosion, Fiber Reinforcement
Polymer (FRP) bars are used in special environments [1]. Compared to traditional steel bars, FRP bars
have the advantages of lightweight, high strength, corrosion resistance, fatigue resistance, non-magnetic
characteristics and so on [2–5]. In order to accelerate the application of FRP-reinforced concrete
structures in actual engineering, a series of experimental studies and theoretical analyses of the flexural
performance of FRP-reinforced concrete beams were performed [6–12]. Adam et al. [1] experimentally
studied the flexural behavior of nine concrete beams reinforced with glass fiber reinforced polymer
(GFRP) bars, and the study showed that as the reinforcement ratio increases, the deflection and crack
width of the GFRP-RC beams decrease obviously. Rafi et al. [5] carried out a flexural test on concrete
beams reinforced with carbon fiber reinforced polymer (CFRP). They found that the flexural performance
of CFRP reinforced concrete (RC) beams were in many ways similar to the steel-RC beams.
Elgabbas et al. [6] investigated the bending performance of six concrete beams reinforced with basalt
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fiber-reinforced polymer (BFRP) and concluded that the BFRP-RC beams exhibited bilinear behavior of
strain and deflection till failure. Similarly, Tomlinson et al. [7] assessed the structural behavior of BFRP-
RC beams and indicated that the strengths of BFRP-RC beams were about 2.6–2.9 times higher than that
of the steel-RC beams under the same conditions. In another investigation, Kara et al. [8] numerically
studied the flexural capacity of FRP-RC members. Their results showed that an increase of FRP bars has
little influence on moment capacity, but has a greater effect on the deflection after initial cracking.

At present, most of the researches on FRP bars only considers the application of FRP bars in natural
concrete and relatively few studies on FRP bars in other types of concrete [13]. In recent years, with the
further acceleration of economic construction, a large amount of construction waste has caused a lot of
problems such as reduction of arable land area and environmental pollution. Therefore, the application
and development of recycled concrete have attracted widespread attention [14,15]. The recycled concrete
as a raw material to make recycled aggregate can realize the recycling of construction waste, not only
save natural resources, but also protect the ecological environment, and reduce construction waste in the
process of urbanization, which is an important part of a sustainable development strategy [16].
Consequently, it has attracted many research interests. In particular, there have been many kinds of
research on the performance of members made with recycled aggregate concrete (RAC) [17–25]. For
example, Ignjatović et al. [17] experimentally evaluated the flexural behavior of nine steel-RAC beams.
Results indicated that compared to the natural aggregate concrete beams, the service and ultimate loading
of RAC beams are both satisfactory. Sato et al. [18] tested 37 RC beams produced by 100% RAC to
investigate the flexural performance and indicated the possibility of using recycled concrete into RC
structures under the proper design. Knaack et al. [19] examined the structural performance of 24 RAC
beams. It’s found that the recycled aggregate has little effect on the strength of concrete. However, with
the increased of recycled aggregate replacement ratio, the initial stiffness of the RAC beams is
considerably decreased and the ultimate deflection is increased. Similarly, Kang et al. [22], Seara-Paz
et al. [23], and Arezoumandi et al. [24] also investigated the flexural behavior of RAC beams, respectively.

It should be noted that all of the RAC beams in these studies mentioned above are reinforced with steel
reinforcing; however, few studies have been conducted to investigate the structural performance of RAC
beams reinforced with FRP bars (FRP-RAC beams). Thus, this paper designs nine GFRP-RAC beams
and three steel-RAC beams for flexural performance tested. The effects of recycled aggregate replacement
ratio, longitudinal reinforcement ratio, and longitudinal reinforcement types on the flexural performance
of GFRP-RAC beams were analyzed. Based on the calculation formulas of ACI 440.1-R-15 [26], CSA
S806-12 [27], and ISIS-M03-07 [28], the cracking moment, flexural capacity, crack width, and deflection
of GFRP-RAC beams are compared and analyzed.

2 Experimental Program

2.1 Materials Properties
The GFRP bars with a diameter of 8, 10, and 14 mm which have a sand-coated surface (Fig. 1a) were

used as longitudinal tension reinforcement in GFRP-RAC beams. The grade of steel bars used in the
experiment was HRB 335. The physical and mechanical properties of FRP bars and steel bars were
shown in Tab. 1. The cement used in the tested was Bohai ordinary Portland cement, with a strength
grade of 42.5 and a density of 3 g/cm3. Fine aggregate was natural medium and coarse river sand with a
fineness modulus of 2.52. Recycled coarse aggregate was obtained from construction wastes in the
structure laboratory after crushing, screening, and cleaning by a crusher, as shown in Fig. 1b. It was
continuously graded with particle size ranging from 5 mm to 20 mm. Natural coarse aggregate was made
of gravel with particle size ranging from 5 mm to 20 mm. Tab. 2 shows the mixed proportion of recycled
concrete. Tab. 3 shows the modulus of elasticity and compressive strength of the different recycled
aggregate replacement ratio (R = 0%, 50%, and 100%).
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2.2 Test Specimens
A total of 12 full-scale simply supported beams were cast and experimentally tested under four-point

bending, including 9 RAC beams reinforced with GFRP bars and 3 reference beams reinforced with steel
bars. The tested parameters were types of bars (GFRP and steel), reinforcement ratio (ρf = 0.38%, 0.60%
and 1.17%) and recycled aggregate replacement ratio (R = 0%, 50%, 100%), as shown in Tab. 4. All the

Figure 1: The material of Experiment: (a) Glass FRP bars, (b) Recycled coarse aggregate

Table 1: Tensile properties and bond strength of FRP and steel bars

Type db (mm) Af (mm2) Ef (GPa) fy (MPa) ffu (MPa)

GFRP 8 101 51.2 – 1025

10 157 55.6 – 1173

14 308 59.5 – 1037

Steel 14 308 200 304 435

Table 2: Concrete mix designs

Replacement ratio of
recycled coarse
aggregate, R (%)

Water
(kg/m3)

Cement
(kg/m3)

Fine aggregate
(kg/m3)

Recycled coarse
aggregate (kg/m3)

Sand
(kg/m3)

0 200 434 1175 – 680

50 555 555 690

100 – 1054 702

Table 3: Mechanical properties of concrete

R (%) fcu (MPa) fc (MPa) ft (MPa) Ec (GPa)

0 46 42 2.84 34

50 43 40 2.71 32.23

100 42 39.26 2.49 30.46
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tested beams were 150 mm wide, 200 mm deep, and 2100 mm long. Besides, the effective span of the tested
beams was 1800 mm, and the clear shear span of 600 mm. The tested beams were reinforced with two 8 mm
steel bars that were provided as top reinforcement and the bottom reinforcement was GFRP bars with
different bar diameters (8 mm, 10 mm, and 14 mm). The tested beams were designed with closely spaced
steel stirrups in the shear spans to avoid shear failure, while in the constant moment zone, no stirrups
were provided. Fig. 2 shows the details for all specimens.

Table 4: Reinforcement details of beam specimens

Beam ID R (%) ρf (%) Bottom reinforcements ACI 440.1-R-15 CSA S806-12

ρfb (%) ρf/ρfb ρfb (%) ρf/ρfb
G-1-0 0 0.38 GF 2Φ8 0.34 1.12 0.42 0.90

G-2-0 0 0.60 GF 2Φ10 0.28 2.14 0.35 1.71

G-3-0 0 1.17 GF 2Φ14 0.38 3.08 0.46 2.54

S-3-0 0 1.17 S 2Φ14 – –

G-1-50 50 0.38 GF 2Φ8 0.33 1.15 0.40 0.95

G-2-50 50 0.60 GF 2Φ10 0.27 2.22 0.33 1.82

G-3-50 50 1.17 GF 2Φ14 0.37 3.16 0.44 2.66

S-3-50 50 1.17 S 2Φ14 – –

G-1-100 100 0.38 GF 2Φ8 0.33 1.15 0.39 0.97

G-2-100 100 0.60 GF 2Φ10 0.27 2.22 0.33 1.82

G-3-100 100 1.17 GF 2Φ14 0.36 3.25 0.44 2.66

S-3-100 100 1.17 S 2Φ14 – –
Note: The beam types were identified as A-B-C. The first term of the identification corresponded to the kind of longitudinal reinforcement rebar, and
the second indicates the reinforcement ratio of the specimen (1, 2, 3 denoted that 0.38%, 0.60%, 1.17%, respectively), and the last term parameter
identifies the recycled aggregate replacement ratio of the specimen.

Figure 2: Layout of set up and test device diagram
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2.3 Instrumentation and Testing
The experiments were carried through a 5000 kN electro-hydraulic servo universal testing machine with

a gradual loading process. The test operation should be strictly according to the GB 50152-82-92 [29]. The
longitudinal tension reinforcement bars were instrumented six electrical resistance strain gauges at different
locations, and two electrical resistance strain gauges were instrumented at the compression zone concrete of
tested beams to measure concrete strain, as shown in Fig. 2. Also, five vertical linear displacement gauges
(VLDG) were provided to measure the mid-span deflection of test specimens.

3 Test Results and Discussion

3.1 First Cracking Load
During the experimental process, all the GFRP-RAC beams were found to show a similar behavior

before cracking. The first crack appeared in the middle of the constant moment region and the
corresponding cracking load was recorded. The cracking load can also be demonstrated by the load-strain
and load-deflection curve relationships. Tab. 5 provides the cracking loads of all the tested beams. It can
be seen that the cracking loads decreased with the increased of the recycled aggregate replacement ratio.
While the reinforcement ratio has no remarkable affect on the cracking load. This is because the cracking
load is directly related to the concrete tensile strength, which is a function of the compressive strength.
Therefore, the cracking load is closely related to the concrete compressive strength. For the tested beams
with the recycled aggregate replacement ratio R = 0, the cracking load ranged from 11.8 kN to 12.7 kN
with an average of 12.2 kN. While for the tested beams with the recycled aggregate replacement ratio
R = 50% and 100%, the cracking load ranged from 11.2 kN to 11.8 kN and 10.1 kN to 10.6 kN with an
average of 11.6 kN and 10.4 kN, respectively. The cracking load was predicted using Eq. (1), where fr
was calculated from Eq. (2a) for ACI 440.1-R-15 and Eq. (2b) for CSA S806-12 and ISIS-M03-07.

Mcr ¼ fr � Ig

yt
(1)

fr ¼ 0:62
ffiffiffiffiffiffi
f 0c

q
(2a)

fr ¼ 0:60
ffiffiffiffiffiffi
f 0c

q
(2b)

Tab. 5 also shows the cracking load comparison between experimental and predicted values. The
average cracking load of the GFRP-RAC (R = 0) beams was highly consistent with ACI 440.1-R-15 and
CSA S806-12, and the experimental-to-predicted ratio was 0.91 and 0.94, respectively. The average
cracking load of the GFRP-RAC (R = 50%) beams was slightly lower than those predicted, the
experimental-to-predicted ratio was 0.88 and 0.92, respectively. While for the GFRP-RAC (R = 100%),
the experimental-to-predicted ratio was 0.80 and 0.83, respectively. As can be seen from the comparison
results of all the tested beams, CSA S806-12 provided slightly better predictions of cracking load than
ACI 440.1-R-15, because CSA S806-12 has a smaller modulus of rupture. Similar results were reported
for the cracking moments of GFRP-RC beams [3]. Therefore, the cracking load of the GFRP-RAC beams
was generally 20% and 17% lower than predicted with ACI 440.1-R-15 and CSA S806-12.

3.2 Mode of Failure
All the GFRP-RAC beams were designed to fail by tension failure and concrete crushing. This is the

common design concept for GFRP-RAC sections according to ACI 440.1-R-15 and CSA S806-12. The
failure modes of GFRP-RAC beams depend on the relationship between the actual reinforcement ratio and
the balanced reinforcement ratio. The balance reinforcement ratios were calculated with Eq. (3). The terms
α1 and β1 were computed from Eqs. (4) and (5) for ACI 440.1-R-15 and CSA S806-12, respectively.
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qfb ¼ a1b1
f
0
c

ffu

ecu
ecu þ efu

(3)

a1 ¼ 0:85 (4a)

b1 ¼ 0:85� 0:05 f
0
c � 27:6

� �.
6:9 (4b)

a1 ¼ 0:85� 0:0015 f
0
c � 0:67 (5a)

b1 ¼ 0:97� 0:0025 f
0
c � 0:67 (5b)

The failure modes of all the tested beams were shown in Tab. 5. As anticipated, the tested beams
reinforced with steel bars as control beams failed in flexure by bottom steel yielding and top concrete
crushing. However, the failure of GFRP-RAC beams was divided into concrete crushing in the
compressive zone and tension failure at the region of maximum bending moment, as shown in Fig. 3.

Tensile failure was due to the sudden rupture of GFRP bars at the maximum bending moment (Fig. 3a), it
occurs in GFRP-RAC beams with lower reinforcement ratio (except for G-1-0 beam, which failure mode is
concrete crushing). At the failure loading, the GFRP bars suddenly failure without a visible sign.
Simultaneously, during the tested, the friction sound of the GFRP bar and RAC could be clearly heard.
Adam et al. [1] and Goldston et al. [12] recorded the same type of failure modes in the FRP reinforced
concrete beams. Concrete crushing was the most common failure mode, occurring in GFRP-RAC beams

Table 5: Experimental and predicted cracking and ultimate load

Beam Experimental results ACI 440.1-R-15 CSA S806-12

Pcr(kN) Pu(kN) Failure
mode

Pcr Pu Failure mode Pcr Pu Failure
modeExp/Pre Exp/Pre Exp/Pre Exp/Pre

G-1-0 12.1 69.9 C.C 0.90 1.38 C.C 0.93 1.26 C.C

G-2-0 11.8 79.8 C.C 0.88 1.26 C.C 0.91 1.15 C.C

G-3-0 12.7 107.5 C.C 0.95 1.29 C.C 0.98 1.19 C.C

S-3-0 12.3 58.4 F.F – – F.F – – F.F

G-1-50 11.8 67.8 G.B 0.90 1.36 C.C 0.94 1.23 G.B

G-2-50 11.2 81.6 C.C 0.85 1.31 C.C 0.89 1.20 C.C

G-3-50 11.7 102.5 C.C 0.89 1.26 C.C 0.93 1.16 C.C

S-3-50 11.5 57.9 F.F – – F.F – – F.F

G-1-100 10.1 63.8 G.B 0.78 1.29 C.C 0.81 1.16 G.B

G-2-100 10.4 75.2 C.C 0.81 1.22 C.C 0.83 1.12 C.C

G-3-100 10.5 97.4 C.C 0.81 1.20 C.C 0.84 1.11 C.C

S-3-100 10.6 55.4 F.F – – F.F – – F.F

Average 0.80 1.24 0.83 1.13

SD 0.05 0.06 0.05 0.05

COV(%) 6.5 4.5 6.6 4.1
Note: Pcr is the crack load; Pu is the ultimate load; C.C refers to concrete crushing, G.R refers to GFRP bar rupture, and F.F refers to
flexure failure due to steel yield and concrete crush; SD means standard deviation; COV means coefficient of variation.
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with a larger reinforcement ratio (ρf = 0.6% and 1.17%), which exhibits some warning before failure. The
failure modes of GFRP-RAC beams were shown in Fig. 3b. The results are in good agreement with a
study by Adam [1]. It is worth mentioning that, the GFRP-RAC beams with a larger reinforcement ratio
recovered most of the deformation after unloading.

3.3 Ultimate Load
Tab. 5 presents the ultimate load of all the tested beams. It is found that the ultimate load of the GFRP-

RAC beams increased with the increased of the reinforcement ratio. Take the GFRP-RAC beams containing
100% of recycled aggregate (R = 100%) as an example, increasing the reinforcement ratio from 0.38% to
0.60% and 1.17% increased the ultimate load from 63.8 kN to 75.2 kN and 97.4 kN (17.9% and 52.7%).
Similarly, the same results were found for the GFRP-RAC beams (R = 0% and 50%). When the
reinforcement ratio increased from 0.38% to 0.60% and 1.17%, the ultimate load increased by 14.2%,
53.8%, and 20.4%, 51.2%, respectively. Therefore, increasing the reinforcement ratio can significantly
increase the ultimate load of GFRP-RAC beams. This is because with the increased of the reinforcement
ratio, the tensile capacity of the tensile zone increased, and the failure mode of the tested beams change
from tensile failure to compression failure. With the further increased of the reinforcement ratio, the
height of the compression zone and the compression capacity of the tested beams increased, and the
ultimate capacity was still greatly improved. Therefore, increasing the reinforcement ratio of BFRP bars
is an effective way to improve the ultimate capacity of BFRP-RAC beams.

In contrast, the ultimate load of the GFRP-RAC beams tends to decrease with the increased of the
recycled aggregate replacement ratio. For the GFRP-RAC beams (ρf = 1.17%), the ultimate load
decreased by 5%, and 10% when the recycled aggregate replacement ratio increased from 0 to 50% and
100%. Compared with the GFRP-RAC beams with a reinforcement ratio of 0.38%, it was decreased by
3% and 9%, respectively. Similar behavior was found for the steel-RAC beams. Moreover, for the GFRP-
RAC beams (ρf = 0.60%), the ultimate load decreased by 6% when the recycled aggregate replacement
ratio was increased by 100%. However, the ultimate load increased slightly when the recycled aggregate
replacement ratio increased by 50%. Overall, however, the trend was decreased. The reason is that the
compressive strength of recycled concrete is lower than that of ordinary concrete in the compression
zone, and there are fine cracks in the processing of recycled coarse aggregate, which led to the internal
defects of recycled concrete and the compressive strength decreased.

Furthermore, compared with different types of longitudinal reinforcement, it was found that under the
same conditions, the ultimate load of GFRP-RAC beams is obviously higher than that of steel-RAC beams.
For the group of specimens with recycled aggregate replacement ratio R = 100%, beam G-100-3 failed at
97.4 kN, the value of which is higher than beam S-3-100 (55.4 kN). This is attributed to the higher
tensile strength for GFRP bars compared with steel bars.

The ultimate load of the GFRP-RAC beams was predicted using Eqs. (6) and (7) (for ACI 440.1-R-15 and
CSA S806-12) and compared with the experimental values. Tab. 5 presents the experimental-to-predicted

Figure 3: Typical failure modes of the tested beams. (a) Rupture of GFRP reinforcement bars; (b) Crushing
failure of concrete
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ultimate load of the GFRP-RAC beams and the average values were 1.24 ± 0.06 and 1.13 ± 0.05 for ACI 440.1-
R-15 and CSA S806-12, respectively. The predicted results show that ACI 440.1-R-15 and CSA S806-12 are
conservative in predicting the ultimate load for GFRP-RAC beams. This is an agreement with the observations
reported by Elgabbas et al. [6] for BFRP-RC beams. The difference between ACI 440.1-R-15 and CSA S806-
12 in predicting the experimental results is due to the difference between β1 and the assumed ultimate strain of
concrete, which is 0.003 for ACI 440.1-R-15 and 0.0035 for CSA S806-12, respectively. Therefore, CSA S806-
12 provides a more reasonable ultimate load for GFRP-RAC beams compared with the ACI 440.1-R-15.

When qf � qfb,

Mn ¼ qf ff 1� qf ff
2a1 fc

0

� �
bd2 (6)

ff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðEf ecuÞ2

4
þ a1b1fc

0

qf
Ef ecu

s
� 0:5Ef ecu

2
4

3
5 � ffu (6a)

When qf � qfb,

Mu ¼ Af ffu d � b1cb
2

� �
(7)

cb ¼ ecu
ecu þ efu

� �
d (7a)

3.4 Strain in Reinforcement and Concrete
The load-strain curves in the tensile reinforcing bars and the compression concrete zone, as shown in

Fig. 4. Generally, the GFRP-RAC beams show a typical bilinear load-strain curves relationship. In the
first stage, the beam does not crack and FRP rebar and RAC work together to bear the tensile forces. The
strain of GFRP bars increased slowly with the increased in the load. However, the curves slope sudden
change at cracking. This is in agreement with the results reported for different types of FRP bars in
concrete beams [25]. In the second stage, the concrete cracks in the tensile zone are further aggravated,
the tensile reinforcing bars begin to bear the stress independently, and the tensile reinforcement strain
increased significantly. In contrast, for the steel-RAC beams, it was observed that the load-strain curve
consists of three stages. The steel-RAC beams showed a similar relationship followed by a yield stage,
which is determined by material properties.

Figs. 4a–4c show the load-strain curves under the different reinforcement ratio. It can be seen that both
the tensile strains in the GFRP bars and the compressive strains in the concrete decreased with the
reinforcement ratio increased at the same load level. In the case of the GFRP-RAC (R = 100%) beams,
increasing the reinforcement ratio from 0.38% to 0.60% and 1.17%, the strain of GFRP bars decreased
from 19768 με to 15214 με and 12679 με, which reduced by approximately 23% and 36%, respectively.
In addition, the strain of concrete decreased from 3790 με to 2786 με and 1938 με, which reduced by
approximately 26% and 49%, respectively. Similar behaviors were observed for the GFRP-RAC beams
(R = 0 and 50%).

On the other hand, the load-strain curves with the different recycled aggregate replacement ratios were
shown in Fig. 4d. It indicates the recycled aggregate replacement ratio has no significant effect on the load-
strain behavior of GFRP-RAC beams with a low reinforcement ratio, while the influence on GFRP-RAC
beams with high reinforcement ratio is slightly greater. The reasons for this phenomenon are: Due to the
reinforcement ratio is low, the failure of GFRP-RAC beams is mainly determined by the tensile strength
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of GFRP bars. When reaching the limit state, concrete in compression zone does not exert its material
properties. While the reinforcement ratio is high, the damage of GFRP-RAC beam is controlled by
the crushing failure of concrete in the compression zone, so the longitudinal reinforcement strain of
GFRP-RAC beams with a high reinforcement ratio is greatly affected by the recycled aggregate
replacement ratio. In addition, the elastic modulus of recycled concrete is small, the strain of recycled
concrete is large under the same load level, so the strain of longitudinal reinforcement is also large.

Figs. 4a–4c also show the load-strain curves of different types of longitudinal bars. Due to the GFRP
bars relatively lower elastic modulus compared with a steel bar, the slope of the load-strain curve of steel-
RAC is smaller than that of GFRP-RAC before the steel yielding. However, once the steel-RAC beams
reached the yielding load (the corresponding strain of approximately 2000 με), the steel bars and the
concrete strains increased rapidly.

3.5 Deflection Behavior
As seen in Fig. 5, the mid-span load-deflection curve of GFRP-RAC beams is a typical bilinear

relationship, and the cracking point is the turning point. The first stage of the curve represents the
behavior of the un-cracked beams. In this stage, the deflection curve of the GFRP-RAC beams shows a
nearly similar relationship due to the influence of reinforcement ratio and elastic modulus on the gross
moment of inertia of the beams can be neglected. The second stage represents the behavior of the cracked
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Figure 4: Load-strain curves of the tested beams
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beams, in which all the GFRP-RAC beams exhibited decreased post-cracking stiffness until failure. Also, the
Fig. 5 also shows a typical trilinear load-deflection relationship for steel-RAC beams, which consisted of
three sections: Straight-line section, curve section, and horizontal section. The above results are in good
agreement with a study by Adam [1].

The mid-span load-deflection relationship of the tested beams was presented in Figs. 5a–5c. As
expected, the deflection of the GFRP-RAC experienced a significantly decreased with the increased of the
reinforcement ratio. For the GFRP-RAC beams (R = 100%), at the same load level (63.8 kN, the ultimate
load of G-1-100), the reinforcement ratio increased from 0.38% to 0.6% and 1.17%, and the deflection of
GFRP-RAC beams decreased by 26% and 60%, respectively. Similarly, for the GFRP-RAC beams
(R = 50%), at the same load (67.8 kN, the ultimate load of G-1-50), the deflection of GFRP-RAC beams
decreased by 28% and 59%; for the GFRP-RAC beams (R = 0), at the same load (69.9 kN, the ultimate
load of G-1-0), the deflection of GFRP-RAC beams decreased by 39% and 68%, respectively. The reason
is that when the reinforcement ratio is higher, the section stiffness of the beam is larger. So it can be seen
that the reinforcement ratio has a significant impact on the deflection for the GFRP-RAC beams.

In addition, the study found that with the increased of the recycled aggregate replacement ratio, the
deflection of the tested beams tends to decrease, but the influence was not significant. As shown in
Fig. 5d, for the GFRP-RAC beams (ρf = 1.17%), at 97.4 kN (the ultimate load of G-3-100), the mid-span
deflections were 26.8 mm, 30.8 mm, and 34.1 mm for beams G-3-0, G-3-50 and G-3-100, respectively.
This is because the recycled coarse aggregate itself adheres to the old mortar, which reduces the elastic
modulus of the recycled coarse aggregate, further leading to a reduction in its resistance to deformation
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Figure 5: Load-deflection curves of the tested beams
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and a large degree of deflection. Similarly, for the GFRP-RAC beams (ρf = 0.60%), at 75.2 kN (the ultimate
load of G-2-100), the mid-span deflection was 39.7 mm, 41.7 mm, and 46.5 mm for beams G-2-0, G-2-50,
and G-2-100, respectively. However, for GFRP-RAC beams (ρf = 0.38%), the G-1-0 mid-span deflection is
slightly larger. This may be due to the different failure modes.

On the other hand, compared with the GFRP-RAC beams, steel-RAC beams have relatively small
deflection deformation before the steel yielding. As shown in Tab. 6, at service load (0.3Pu), larger
deflection in the order of 5.7-6.1 times that of the steel-RAC beams. This is because steel bars have a
higher elastic modulus than FRP bars. However, the deflection increased rapidly after the steel bar
yielding, which was attributed to the difference in mechanical properties of steel bar and GFRP bars.

3.6 Crack Propagation and Crack Width
Fig. 7 shows and depicts the crack propagation of the tested beams, which followed the traditionally

flexural cracking patterns of simply supported beams. All the GFRP-RAC beams showed a similar
cracking development. The first crack appeared in the pure bending zone. As the load increased, more
cracks began to appear in the pure bending zone and extend vertically toward the compression zone. At
the same time, inclined cracks appeared in the shearing zone and developed toward the loading point.
Moreover, the existing cracks have begun to widen, especially the first formed crack. As expected,
increasing the reinforcement ratio can enhance the cracking performance characterized by smaller crack
width and better distribution. In addition, the study also found that with the increased of the recycled
aggregate replacement ratio, the number of cracks increased and the crack spacing decreased. On the
other hand, the crack development characteristics of steel-RAC beams and GFRP-RAC beams are
different. Once the GFRP-RAC beams are cracked, the crack propagation speed is observed to be faster

Table 6: Experimental to predicted deflection ratio

Beam δexp/δpre

Measured deflection (mm) ACI 440.1-R-15 CSA S806-12 ISIS-M03-07

0.3Pu 0.67Pu Pu 0.3Pu 0.67Pu Pu 0.3Pu 0.67Pu Pu 0.3Pu 0.67Pu Pu

G-1-0 9.9 32.3 56.8 0.92 1.34 1.58 0.90 1.12 1.30 1.06 1.17 1.33

G-2-0 8.1 24.6 44.1 0.92 1.26 1.51 0.85 1.07 1.29 0.92 1.07 1.25

G-3-0 7.3 19.0 30.1 1.15 1.35 1.43 1.06 1.19 1.26 1.06 1.14 1.19

S-3-0 1.2 4.6 49.4 – – – – – – – – –

G-1-50 9.5 32.1 50.3 0.89 1.34 1.41 0.86 1.11 1.16 1.03 1.20 1.21

G-2-50 8.1 26.6 47.2 0.93 1.38 1.63 0.87 1.18 1.40 0.94 1.18 1.37

G-3-50 7.4 20.7 32.3 1.19 1.49 1.55 1.09 1.33 1.38 1.10 1.26 1.31

S-3-50 1.3 5.2 52.4 – – – – – – – – –

G-1-100 9.2 30.9 50.8 0.87 1.30 1.44 0.83 1.07 1.17 1.00 1.15 1.23

G-2-100 8.7 27.8 46.5 1.01 1.44 1.61 0.94 1.24 1.38 1.01 1.24 1.36

G-3-100 7.5 21.1 34.1 1.21 1.52 1.65 1.10 1.35 1.46 1.12 1.29 1.39

S-3-100 1.3 5.0 57.7 – – – – – – – – –

Average – – – 1.01 1.38 1.53 0.94 1.18 1.31 1.02 1.19 1.29

SD – – – 0.13 0.08 0.09 0.10 0.10 0.10 0.06 0.06 0.07

COV(%) – – – 12.7 5.9 5.6 10.9 8.3 7.4 6.2 5.4 5.7
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than the steel-RAC beams. This may be because of the relatively small elastic modulus of FRP bars, which
results in a significant decrease in stiffness after cracking. As shown in Fig. 6, for the GFRP-RAC beams, the
crack width varied linearly. However, the relationship was bilinear in the case of steel-RAC beams.

Fig. 6 shows the load-crack width curves for all the tested beams, and Tab. 7 presents the values of crack
width under different loads. The crack widths of GFRP-RAC beams were greatly affected by the
reinforcement ratio. At a load of 40 kN, increasing the reinforcement ratio from 0.38% to 0.60% and
1.17%, the crack width was 1.61 mm, 0.91 mm, and 0.44 mm for the GFRP-RAC beams (R = 100%).
While the crack width was 1.35 mm, 0.82 mm, and 0.46 mm for the GFRP-RAC beams (R = 50%).
Also, for the GFRP-RAC beams (R = 0), the crack width recorded values of 1.28 mm, 0.74 mm, and
0.42 mm, respectively. However, it was less affected by the recycled aggregate replacement ratio. It can
also be seen in Fig. 6d that the crack width slightly increased with the increased of the recycled aggregate
replacement ratio. For the GFRP-RAC beams (ρf = 0.38%), at a load of 40 kN, the crack width tends to
decrease by 6% and 26% when the recycled aggregate replacement ratio increased from 0 to 50 and
100%. Furthermore, similar conclusions were obtained for the GFRP-RAC beams with reinforcement
ratios of 0.60% and 1.17%.
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Figure 6: Load-crack width relationship for the tested beams
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Figure 7: Crack patterns and crack propagation
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On the other hand, comparing the crack widths of tested beams with different longitudinal reinforcement
types. It can be seen from Fig. 6 that before the steel bar yielded, the crack width of the GFRP-RAC beam
was larger than that of the steel-RAC beam. After the load reached 45 kN (the steel bar yielding), the crack
widths of steel-RAC beams increased significantly, while the crack widths of GFRP-RAC beams developed
relatively slow.

4 Deflection and Cracking Provision

4.1 Deflection Provision
The load-deflection curve of the GFRP-RAC beams is divided into two stages, and the cracking point is

the turning point. In the first stage, which represents the un-cracked section, the behavior of the GFRP-RAC
beams was controlled by the gross moment of inertia of the section (Ig). While, in the second stage, the
section stiffness has been reduced when Ma > Mcr and the crack propagation occurs, in which the
effective moment of inertia (Ie) is calculated by Eq. (9) in GFRP-RC beams according to ACI 440.1-R-
15. Bischoff et al. [30] considered an integration factor γ to account for the variation in stiffness along the
length of the member. Therefore, the ACI 440.1-R-15 applies a formula to calculate γ, as shown in Eq.
(13). According to ACI 440.1-R-15, the deflection prediction of as imply supported beam that applied to
two-point loading after cracking can be obtained using Eq. (8).

D¼ Pa

48EcIe
3L2 � 4a2
� �

(8)

Table 7: Experimental to predicted crack widths ratio

Beam ωexp/ωpre

Measured crack width (mm) ACI 440.1-R-15 CSA S806-12 ISIS-M03-07

0.3Pu 0.67Pu Pu 0.3Pu 0.67Pu Pu 0.3Pu 0.67Pu Pu 0.3Pu 0.67Pu Pu

G-1-0 0.85 2.72 3.52 0.79 1.17 1.03 1.37 1.96 0.68 0.90 1.29 1.11

G-2-0 0.70 1.48 2.61 0.84 0.84 1.01 1.46 1.36 1.58 0.92 0.87 1.01

G-3-0 0.44 0.92 1.54 0.76 0.77 0.88 1.38 1.24 1.38 0.83 0.76 0.83

S-3-0 0.05 0.42 2.39 – – – – – – – –

G-1-50 0.90 2.78 3.61 0.84 1.21 1.07 1.45 2.00 1.73 0.96 1.32 1.14

G-2-50 0.77 1.62 2.83 0.94 0.94 1.11 1.64 1.51 1.75 1.04 0.97 1.12

G-3-50 0.51 1.13 1.62 0.88 0.96 0.94 1.65 1.57 1.47 0.98 0.96 0.90

S-3-50 0.07 0.47 2.51 – – – – – – – – –

G-1-100 0.72 2.81 NA 0.68 1.24 NA 1.16 2.02 NA 0.77 1.33 NA

G-2-100 0.75 1.76 4.53 0.93 1.03 1.80 1.60 1.67 2.83 1.03 1.06 1.80

G-3-100 0.46 1.24 1.56 0.81 1.06 0.91 1.48 1.75 1.43 0.90 1.06 0.87

S-3-100 0.07 0.48 2.67 – – – – – – – – –

Average – – – 0.83 1.02 1.09 1.47 1.68 1.61 0.93 1.07 1.10

SD – – – 0.08 0.15 0.28 0.15 0.27 0.56 0.08 0.19 0.29

COV (%) – – – 9.3 15.0 25.3 10.0 15.9 34.8 9.0 18.1 26.3
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Ie ¼ Icr

1� c
Mcr

Ma

� �2

1� Icr
Ig

	 
 � Ig (9)

k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2qf nf þ qf 2nf 2

q
� qf nf (10)

nf ¼ Ef

Ec
(11)

Icr ¼ bd3k3

3
þ nf Af d

2 1� kð Þ2 (12)

c ¼ 1:72� 0:72
Mcr

Ma

� �
(13)

CSA S806-12 suggests calculating the deflection of FRP-RC beams by the integration of moment-
curvature along the span at any point, assuming that the section is completely cracked and that the crack
area of the beam has no contribution to the tensile stiffness. Therefore, it can be assumed that the load-
deflection curvature relation of FRP concrete specimen is bilinear, where the curvature ψ is given by
Ma/(EcIg) and Ma/(EcIcr) for the un-cracked stage and cracked part, respectively. The CSA S806-
12 provides deflection formulas, as shown in Eq. (14), for calculating the deflection of supported
components. Furthermore, the cracked moment of inertia (Icr) can be obtained using Eq. (12).

D¼ PL3

48EcIcr
3

�
a

L

�
� 4

�
a

L

�3

� 8g

�
Lg
L

�3
" #

(14)

g ¼ 1� Icr
Ig

� �
(15)

Lg ¼ a
Mcr

Ma
(16)

The deflection calculation formula recommended by ISIS-M03-07 is the same as that of ACI 440.1-R-
15, as shown in Eq. (8). However, the effective moment of inertia (Ie) was calculated by Eq. (17) in GFRP-
RC beams according to ISIS-M03-07, which was based on the SIMTReC [31].

Ie ¼ ItIcr

Icr þ 1� 0:5
Mcr

Ma

� �2
" #

It � Icrð Þ
(17)

4.2 Crack Width Provision
The bond coefficient (kb) represents the bond between the surrounding concrete and FRP bars, which is a

key factor for predicting the crack width. Due to the absence of relevant experimental data, ACI 440.1-R-
15 suggests a kb value of 1.4 should be used when predicting the crack widths for FRP beams. CSA S806-
12, however, suggests a kb value of 0.8 and 1.0 for sand-coated FRP bars and deformed FRP bars,
respectively. In addition, ISIS-M03-07 recommends a kb value of 1.2 without experimental data. ACI 440.1-
R-15 and CSA S806-12 used equations Eq. (18). While ISIS-M03-07 used Eq. (19) to predict crack width.

x ¼ 2
ff
Ef

h1
h2

kb

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
dc

2 þ s=2ð Þ2
q

(18)
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x ¼ 2:2kb
ff
Ef

h2
h1

dcAð Þ1=3 (19)

5 Comparison between Predicted and Experimental Results

5.1 Deflection
Tab. 6 provided the experimental-to-predicted deflection ratio (δexp/δpre) at 0.3Pu, 0.67Pu, and Pu based on

ACI 440.1-R-15, CSA S806-12, and ISIS-M03-07 provisions. Fig. 8 compares the correlation between
experimental and predicted mid-span deflection curve. Besides, Tab. 6 confirms that the deflection
prediction of ACI 440.1-R-15 on the GFRP-RAC beams at 0.3Pu is relatively accurate, where the average
δexp/δpre was 1.01 ± 0.13. Similarly, at 0.67Pu and Pu, it greatly underestimated the deflection of the forecast
with an average δexp/δpre of 1.38 ± 0.08 and 1.53 ± 0.09. ISIS-M03-07 showed better predictions than ACI
440.1-R-15 at 0.3Pu, 0.67Pu and Pu, with an average δexp/δpre of 1.02 ± 0.06, 1.19 ± 0.06 and 1.29 ± 0.07,
respectively. However, CSA S806-12 relatively overestimated the deflection at 0.3Pu with an average
δexp/δpre 0.94 ± 0.10. In addition, it underestimated the deflection at 0.67Pu and Pu, where the average δexp/
δpre 1.18 ± 0.10 and 1.31 ± 0.10 with coefficient of variation (COV) of 8.1% and 7.3%, respectively.
Therefore, as mentioned above, CSA S806-12 may provide a reasonable prediction for GFRP-RAC beams.
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Figure 8: Comparison of predicted deflection with experimental data
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5.2 Crack Width
Tab. 7 compares the experimental crack widths to the predicted values at three different load levels: at

0.3Pu, 0.67Pu, and Pu. ACI 440.1-R-15 and ISIS-M03-07 predictions were conservative for GFRP-RAC
beams at 0.3Pu, with the average ωexp/ωpre of 0.83 ± 0.08 and 0.93 ± 0.08, respectively. Furthermore,
there is no significant difference between ACI 440.1-R-15 and ISIS-M03-07 for the prediction of test
results at 0.67Pu and Pu. ACI 440.1-R-15 was relatively accurate than ISIS-M03-07 for crack width
prediction and a smaller coefficient of variation. However, CSA S806-12 severely underestimates the
crack widths under various loads especially at both 0.67Pu and Pu, with an average ωexp/ωpre of 1.68 ±
0.27 and 1.61 ± 0.56.

6 Summary and Conclusion

The flexural behavior of GFRP-RAC beams has been investigated and compared with the steel-RAC
beams in this paper. Also, the experimental data were compared with the prediction by FRP design codes
and guidelines. According to the experimental and prediction results, draw the following conclusion:

1. Experimental research shows that the increase of the reinforcement ratio has a greater effect on the
ultimate load, while the replacement ratio has a smaller effect on it, but has a greater effect on the
cracking load. The GFRP-RAC beams showed cracking loads lower than the predicted values and
ultimate load higher than the predicted values using ACI 440.1-R-15 and CSA S806-
12 equations. ACI 440.1-R-15 and CSA S806-12 overestimated the cracking load by 20% and
17% and underestimated the ultimate load by 24% and 13% of the GFRP-RAC beams.

2. The GFRP-RAC beams behaved differently from the steel-RAC beam in terms of deflection and
strain curve. The GFRP-RAC beams exhibited typical bilinear behavior for strain and deflection.
The reinforcement ratio has a greater effect on the strain and deflection of the GFRP-RAC beams,
while the replacement ratio of the recycled aggregate has less effect on it.

3. Increasing the reinforcement ratio has a greater effect on the crack width, while the replacement ratio
of the recycled aggregate has less effect on it. The GFRP-RAC beams showed that the crack width
decreases significantly with the reinforcement ratio increases, and the crack width increases slightly
with the reinforcement ratio increases.

4. ACI 440.1-R-15 and ISIS-M03-07 underestimated the deflection at different loads. While ISIS-M03-
07 showed better predictions than ACI 440.1-R-15 at 0.3Pu, 0.67Pu and Pu, with an average δexp/δpre
of 1.02 ± 0.06, 1.19 ± 0.06 and 1.29 ± 0.07, respectively. In addition, CSA S806-12 overestimated the
deflection at 0.3Pu with the average δexp/δpre were 0.94 ± 0.10.

5. ACI 440.1-R-15 and ISIS-M03-07 predictions were conservative for GFRP-RAC beams and CSA
S806-12 severely underestimates the crack width at 0.3Pu. However, ACI 440.1-R-15 was
relatively accurate than CSA S806-12 and ISIS-M03-07 for crack width prediction and smaller
coefficient of variation at 0.67Pu and Pu, with an average ωexp/ωpre of 1.02 ± 0.15 and 1.09 ± 0.28.
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