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Abstract: In the reinforced concrete structures, fiber
reinforced polymer (FRP) has been considered an
alternative material to steel reinforcement with
advantages of corrosion resistance, non-conductivity and
a high strength to weight ratio. This work is devoted to
study the flexural behavior of normal and high strength
concrete continuous beams reinforced with glass fiber
reinforced polymers (GFRP) rebars. Ten continuous
beams, with dimensions 150 mm wide x 250 mm deep x
2300 mm length consisting of two equal span were
investigated. The beams were divided into three groups
according to the compressive strength of concrete (30,
50 and 70) MPa. Each group consists of three beams with
different longitudinal pr (pfmin, p and 1.5pm; where pPfmin
and pm are the reinforcement ratio at minimum and
balanced condition, respectively). Failure load, mid-span
deflection, mid-span concrete strains, GFRP
reinforcement strains, crack width and ductility of the
tested beams were verified and been compared. The
experimental results indicate that the increase in the
longitudinal pf increases the failure load by 125% and
decreases the crack width and mid-span deflection by
78% and 57%, respectively.

Keywords: Flexural Behavior, Continuous Beams, GFRP
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1. Introduction

Studies and practical for decades of allowed
fiber-reinforced polymers (FRPs) to become a
particularly actual steel substitute while
avoiding problems of corrosion due to their
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different benefits compared to the conventional
materials like high tensile strength, low self-
weight, ease of use, easy repairs and even in
rather tough environments high durability [1-3].
Carbon, glass, and aramid are the most common
types of fibers. GFRP rebars have linear (c-¢)
relationship under stress up to collapse;
although, they have lesser elasticity modules
and no ductility such as steel rebars, GFRP
rebars were used in a developing number of
applications due to their higher performance at a
reasonably inexpensive cost[4-7].
The flexural behavior of simply supported FRP
rebars reinforced concrete members
experimentally studied by a many of studies,
Rebars is et al. [8] tested twelve simply
supported beams reinforced by GFRP rebars,
the main variables were longitudinal pf and
effective depth-to-height ratios, all beams
demonstrated a concrete crushing mode of
collapse with final load 51% than expected
according to ACI 440.1R-06 [9], also a High
degree of deformability was achieved before
collapse . Yinghao and Yong [10] studied the
flexural behavior of high strength simply
supported concrete beams reinforced with
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hybrid steel reinforcements and (GFRP), the
arrangement of reinforcement layers was the
main parameters considered, the use of
reinforcement rebars (GFRP - Steel) in the form
of a single layer is more effect on final moment
capacity than the other arrangements, deflection
and cracks size of hybrid beams is greatly
affected by the depth of the steel layer. Adam et
al. [11] presented an experimental and
theoretical study of the flexural behavior of
concrete  beams reinforced with locally
produced (GFRP) rebars, the main parameters
were reinforcement material type (GFRP and
steel), concrete compressive strength and pf, the
test results showed that, by increasing the pf, the
crack sizes and mid-span deflection were
reduced significantly, the collapse load for over-
reinforced sections increased by 97% as
compared with balanced section and ACI
440.1R-06[9] codes showed underestimate
deflection values of FRP reinforced concrete
beams. Maranan et al. [12] evaluated the
flexural strength of geopolymer concrete beams
reinforced with (GFRP) rebars; the parameters
analyzed were nominal rebar diameter, pf, and
anchorage method. Based on the experimental
results, the rebar diameter had no major
influence on the flexural efficiency of the beams
and the serviceability efficiency of a beam is
improved when the pf increases. Yang et al. [13]
presented the entire collapse progression in the
form of crack destruction and energy
degeneracy of concrete beams reinforced with
(GFRP) rebars, they established that the
advanced FE model developed is appropriate as
a feasible and cost-effective method for perfect
modeling and analysis of the destruction
behavior of concrete beams reinforced with
(GFRP) rebars, in particular in design-oriented
parametric studies. Dong et al. [14] investigated
the flexural performance of concrete beams
reinforced with (FRP) rebars grouted in
corrugated sheaths test results showed that the
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use of FRP rebars grouted in corrugated sleeves
in beam tension zone was an active method to
reduce crack sizes and improving performance
in serviceability, and Reinforced FRP beams at
the start of concrete crushing showed greater
deflection than the steel-RC beam. FRP
reinforced beams may also give a sign of
catastrophe by facing significant cracking and
large deflection. Ahmed et al. [15] studied
Flexural strength and collapse of geopolymer
simply supported concrete beams reinforced
with CFRP rebars, the results showed that the pf
affected the stiffness of the beam specimens. As
a result, the beams with a low pf were
significantly deformed and the final load
increase (17.51-155.85 %) was verified with an
increasing pf as regards their load-deflection
behavior.

There are limited studies on the behavior of
continuous beams reinforced with FRP rebars,
Habeeb and Ashour [16] conducted an
experimental research on continuous concrete
beam reinforced with (GFRP) longitudinal
rebars; the major parameter investigated was the
amount of GFRP reinforcement, The
experimental results indicate that the over-
reinforcement of the bottom layer of
continuously supported GFRP beams is a main
factor in monitoring the size and propagation of
cracks, increasing the final load and decreasing
the deflection of these kind of beams. Zinkaah
and Ashour [17] experimentally tested to
collapse nine continuous concrete deep beams
reinforced with (GFRP) rebars, the main
parameters were evaluated: the span-to-overall
depth ratio of the shear, web reinforcement and
the size effect, the test results were used to
assess the applicability of the methods
suggested by the American , European, and
Canadian codes as well as previous studies to
predict the load capacity of continuous deep
beams reinforced with GFRP rebars. Mohamed
et al. [18] examined the behavior of simple and
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continuous concrete deep beams reinforced with
GFRP rebars, the test parameter was the shear
span-to-depth ratio, results showed that the ACI
318-14 [19] for steel-RC structures was un-
conservative in calculating GFRP-RC capacity
of simple and continuous beams; where the
experimental load capacity was lower than the
calculated ones, with an average of (0.58 and
0.74%), respectively. Abdallah et al. [20]
studied the strengthening of continuous
reinforced concrete (RC) beams with CFRP and
GFRP rebars by using the Near Surface
Mounted (NSM) technique, the major test
parameters were the type, ratio and length of the
FRP rebars and the filling material properties,
the test results showed that the moment of
redistribution and ductility of the NSM-FRP
beams were adversely affected by increased
FRP reinforcement, decreased FRP length or the
use of mortar as a filling material rather than
epoxyresin

Few available research data about the ductility
of FRP reinforced members, Wang and Belarbi
[21] studied the effect of fiber concrete on
ductility of beams reinforced with (GFRP and
CFRP) rebars, The ductility indices for all the
beams tested were found to exceed the
minimum requirement of 4. The adding of fibers
enhanced the flexural performance by
increasing the ductility level by more than (30
%). Zhu et al. [22] investigated flexural
behavior of partially fiber-reinforced high-
strength FRHSC beams reinforced with FRP
rebars, ductility of (FR-HSC) beams reinforced
with FRP rebars reduced by increasing the
thickness of the (FR-HSC) layer and the fraction
content of the steel fiber. For structures with
high ductility requirements, it is necessary to
add steel fibers at the all depth of structures.

46

2. Research Significance

Due to the lack of available data on the flexural
behavior continuous beams reinforced with FRP
rebars, this research provides a study on the
behavior of this type of beams taking in
consideration the increasing in concrete
compressive strength and the ratio of
longitudinal GFRP reinforcement also includes
a study of the effect of this type of
reinforcement on the catastrophe characteristics
of beams like deflection, cracks width, modes of
collapse and ductility and comparison the
experimental results with the American
Canadian code and some proposed equations
from the previous research.

3. Experimental Program
3.1 Materials

3.1.1 Concrete

The concrete mixture made of cement, fines
sand, 10 mm coarse aggregates, superplasticizer,
micro silica and w/c ratio, Table 1 shows the
mix proportions of concrete used in this study.

Table 1. Mix proportion of concrete

Mix G S C SP MS W/C

(kg/m®)  (kg/m®)  (kg/m®) %  (kg/m3)
N 1000 550 400 0 0 0.45
H1 767 880 575 4 45 0.3
H2 500 900 650 4 90 0.22

G: coarse aggregate; S:sand; C:cement; MS: micro silica;
SP:superplasticizer is % of the weight of cement; W/C:
water-cement ratio.

3.1.2 GFRP Rebars

The used GFRP rebars in this study were
produced NANJING FINGHUI ® _China [23];
rebars were contrived by the pultrusion method
of E-glass fibers impregnated in modified vinyl
ester resin. Table (2) provides the results of the
tensile tests carried out on samples of the used
GFRP rebars, tensile and modulus properties
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were calculated in accordance with ASTM
Standard (ASTM D7205-06) [24].

Table 2. GFRP rebars specifications

Rebar type GFRP
Density (G/cm?) 2.2
Final strength (MPa) 1200
Modulus of elasticity (MPa) 55000
Strain,gs ([LE) 1950

3.2 Details of tested beams

The design methods defined according to the
ACIl 440.1R-15[25] and ACI 318R-14 [21]
were followed were followed for design nine
continuous beams reinforced with GFRP rebars

were divided into three groups depending on the
f'c, Each group consists of three specimens
with different GFRP pf (pfmin, pio and 1.5 pfb
), with a adequate quantity of shear
reinforcement to fail either due to tensile
collapse due to GFRP rebars fracturing or
crushing of concrete in the central region,
examined beams specifics are summed up in
Table 3.

The specimens were measured with an effective
range of 1100 mm for each span subjected to 2-
point loading at mid of each span, all beam with
rectangular  section  with  (250x150)mm
dimensions, each specimen was supported roller
support assemblies and sharp edges to allow for
movement and turning. Configuration of the test
is outlined in Fig. 1

Table 3. Specifics of tested beams

Beam dimensions

Bottom Top

Effective

Total

Target

Bearm Beam Span, beam concrete reinforcements reinforcements Stirrups b
Series specimen B(mm) H(m) length strength (GFRP rebar's) (GFRP rebar's)
L (mm) (mm) (MPa)
(mm) (mm)
BS-30-2 150 250 1100 2300 30 1p6+2 ¢10? 208" 8@100
BG-30-1 150 250 1100 2300 30 496 298 8@100
" BG-30-2 150 250 1100 2300 30 1p6+2 10 208 8@100
BG-30-3 150 250 1100 2300 30 1 10+2¢13 2098 8@100
BG-50-1 150 250 1100 2300 50 2010 208 8@100
H1 B.G-50-2 150 250 1100 2300 50 313 2¢8 8@100
B G-50-3 150 250 1100 2300 50 1o10+3 @13 2908 8@100
B G-70-1 150 250 1100 2300 70 1p6+2 10 208 8@100
" B G -70-2 150 250 1100 2300 70 2¢16 2¢8 8@100
B G-70-3 150 250 1100 2300 70 3016 208 8@100

2 reference beam reinforced with steel rebars

b the stirrups spacing were 100mm along the beam except interior support region were 50mm due to high shear stress
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Figure 1. Tested beams geometry and details
4. Test Results and Discussion 0
300
This discussion summarizes the tests data, 250
containing the load—deflection performance, T -
collapse type, flexural strength, central % i “"';i e T BEI02
deflection, strains concrete, GFRP strain, crack 50 5‘3‘%*‘““* s
width, number of cracks and crack patterns. s s s Lk 5 Js ; 15
Deflection (mm)

4.1 Load-Deflection Performance

The experimental load of the (GFRP) reinforced
concrete continuous beams to central deflection
and collapse loads were shown in Figures 2 to 4.
The curve matches the central beam deflection
readings obtained from the dial gage. Visually
examined during the test beams appear up to the
first crack, and the load value corresponds was
verified. The Pcr was also checked from the
load- deflection figures and concrete tensile
strain. Table 4 summarizes the main findings for
all experiments beams.
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Figure 2. Load—midspan deflection of beam with fc'=30
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Figure 3. Load—midspan deflection of beam with fc'=50
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Figure 4. Load-midspan deflection of beam with fc'=70
MPa
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Table 4. Experiments results and modes of collapse

Initial Collapse
Beam Reinforcements . cracking load, Maximum midspan  Collapse
sample Ratio (%) JreMPa) - 5ad, Per PU,exp Por / Puecp deflection (mm) modes ?
(kN) (kN)
B.G-30-1 0.00383° 29 1195 0.24 2.8 G.R
B.G-30-2 0.00529¢ 315 30.2 135.5 0.22 2.35 %Rg
B.G-30-3 0.00984¢ 32 176 0.18 2.5 C.C
B.G-50-1 0.00433° 38 125 0.3 2.65 G.R
B.G-50-2 0.00767 ¢ 50.75 414 166 0.24 2.25 %Rg
B.G-50-3 0.0136¢ 42 270 0.15 3.1 C.C
B G-70-1 0.00529° 47 180 0.26 2.2 G.R
B G -70-2 0.012° 715 48 256 0.18 2.75 %Rg
B G -70-3 0.01797¢ 50.1 325 0.15 2.4 C.C
BS-30-2 0.00529° 315 34.5 125 0.27 1.08 S.R

@ C.C: crushing of concrete, G.R: GFRP rebars rupture, Steel rebars rupture.

® Minimum pf (pmin) ¢ Balanced pf (pf) 4(1.5 pm)

¢ Reference beam reinforced by steel rebars

4.1.1 Effect of px.
Table 5 and Figure 5 illustrations the pf

influence on the collapse load, it can be gotten
that the increase in (pf) increase the collapse
load, increasing the (pf) from (pfmin) to (ptb)
lead to increase the collapse load by (13, 38 and
42%) for beams with compressive strength (30,
50 and 70 MPa), respectively. While the
increasing in collapse load when (pf) increasing
from (pfmin) to (1.5pfb) were (47, 125 and
80%) for the same order of f'¢ ,it can be notice
that the percentage of increase in collapse load
was slight in normal strength concrete beams
while this percentage was significant for high

strength concrete beams . The increasing in (ps)
causing decreases the deflection at the same
load level for all tested beams as shows in
Figures 2 to 4.

350
300
250 /
s /
= 200 /
@ 100 fc'=30MPa
2 50 —a— fc'=50MPa |
L fc'=70MPa
0 e e .
pmi pb 15
Longitudinal pf Py

Figureb. Effect of pf on failure loads

Table 5. Effect of pf on collapse loads

Beam

Reinforcements

Collapse load, Pu Increasing ratio of

specimen J'e(MPa) ratio (%) (kN) Pu (%)
B.G-30-1 0.383% 119.5 0
B.G-30-2 315 0.529° 1355 13
B.G-30-3 0.984° 176 47
B.G-50-1 0.433% 125 0
B.G-50-2 50.75 0.767° 166 38
B.G-50-3 1.36° 270 125
B G -70-1 0.5292 180 0
B G-70-2 715 0.012° 256 42
B G -70-3 0.01797°¢ 325 80
@ Minimum pf (prmin)  ° Balanced pf (pm) © (1.5 pm)
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4.1.2 Effect of concrete compressive strength

The tested specimens with the same dimensions
and reinforcement area would differ only in f'c,
BG-30-2 and BG-70-1. By increasing the
concrete compressive strength, the deflection in
the same consequent load levels was reduced.
The final load increased by 32.8% when
concrete compressive strength increased from
31.5t0 71.5 MPa. The f'c had a major influence
on the first crack, particularly when f'c
increased from (31.5 to 71.5 MPa), the first load
of cracking increased 55.6%.

4.2 Mode of collapse.

Table 4 summarizes the modes of collapse
found for the beams tested. The most common
mode of collapse was concrete crushing for all
over reinforced beams (beams reinforced with
(1.5pm)), whereas all beams reinforced with
(prmin) failed by rupture of GFRP rebars.

On the other hand the compound collapse mode
(crushing of concrete and GFRP rebars rupture)
was seen in all balanced reinforced sections.
The ACI 440.1R-15 [25] and CSA S806-12 [26]
codes recommend crushing concrete collapse
for any concrete beams reinforced with FRP
rebars meanwhile this type of collapse is less
brittle, further gradual, and less disastrous with
higher deformability related to the rupture of
FRP rebars [27,28]. In addition, more shear
cracks seemed and spread intensely for
specimens with a higher GFRP pf. This can be
attributed to the greater shear stress relating to
the higher final load. Figure 6 shows modes of
collapse of the tested beams.

50

Figure 6. Collapse modes of tested beams

4.3 Load-strain relationships.
4.3.1 GFRP strain.

Figures 7 to 9 presents the load — GFRP strain
relationship for all tested beams, increasing in
GFRP pf decreases the strain in rebars, at the
same load level (P=119.5kN) for beams with
(fc' =30) MPa the strain in the (GFRP) rebars
decreased by (31 and 53%) when the pf
increased from (pfmin) to (pfb and 1.5 ptb),
respectively. While for beams with (fc' =50)
MPa at a load of (125kN) the strain in the
(GFRP) rebars decreased by (61 and 72%) as
the pf increased from (pfmin) to (ptb and 1.5
pfb), respectively. In addition for beams with
(fc' =70) MPa at a load of (180kN) GFRP
rebars strain decreased by (57 and 78%) as the
pf increased from (pfmin) to (pfb and 1.5 ptb),
respectively. From the above results it can
notice that the increasing in concrete
compressive strength increases the decreasing
percentage in GFRP rebars strain, also for
beams with the same reinforcement area BG-30-
2 and BG-70-lincreasing the concrete
compressive strength from 31.5 to 71.5 MPa
decreased the GFRP strain by 32.4%.
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Figure 7. Load—GFRP strain of beam with f'c=30 MPa
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Figure 8. Load—GFRP strain“of beérr-l with f'¢=50 MPa
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Figure 9. Load—GFRP strain of beam with f'¢c=70 MPa

4.3.2 Concrete strain

Results delivered by the two electrical strain
gauges on the concrete surface at the extreme
top and bottom ends of the mid-span section
showed that the maximum compressive strain
ecu between (0.25 and 0.33%) , these values
were match with one established by the
ACI440.1R-15 [25] which consider ecu to
between 0.3% and 0.35%. Table 6 displays the
maximum compressive and tensile strain for the
experienced beams. Increasing pf increases the
final compressive strain and decreases  final
tensile strain for all tested beams. Table 6
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showed the final
concrete strains.

compressive and tensile

Table 6. Final compressive and tensile concrete strain of
tested beams

Final Final

Beam Reinforcements fc . tensile
sample Ratio (%) (MPa) cgg;rp:r(lss%\g/e strain
S Ecu)70 (Stu)%
BG-30-1 0.003832 0.25 1.47
BG-30-2 0.00529° 315 0.26 1.38
BG-30-3 0.00984°¢ 0.32 1.24
BG-50-1 0.00433¢ 0.26 1.56
BG-50-2  0.00767" 5075 0.31 151
BG-50-3 0.0136°¢ 0.33 1.33
BGim' 0.00529 0.27 1.74
BGZO' 0.012° 715 0.32 141
BG;O' 0.01797°¢ 0.3 1.21

BS-30-2 0.00529¢ 315 0.05 0.4
2 Minimum pf (Pfmin) b Balanced pf (psw) € (1.5 p)

d Reference beam reinforced by steel rebars

4.4 Crack size

The cracks width are measured using image
analyzed using Photoshop Creative Cloud (CC)
software where a real scale object reference is
located at the same distance of tested beam and
then the captured image analyzed for crack size
prediction with high accuracy. Figures 10 to 12
shows the relationship between the cracks size
(Wecr) in the mid-span and the applied load on
each beam, the first cracks appeared at the
internal support due to the fact that the shear
strength and the amount of bending moment are
greater in this region than the rest of the critical
sections in continuous beam.The increasing (pf)
leads to minimize the size of crack. At a load of
(60 kN), the crack size noted values of, (0.43
m.m, 0.35 and 0.3 m.m) for beam (BG-30-1,
BG-30-2 and BG-30-3), respectively. While, at
a load of (100 kN) the size of crack is (1.3 m.m,
.0.6 m.m, and 0.3 m.m) for beam (BG-50-1,
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BG-50-2 and BG-50-3) respectively. In
addition, at a load of (150 kN) the crack size
noted values of (0.94 m.m, 0.52 m.m and 0.3
m.m) for beam (B.G-70-1, B.G-70-2and B.G-
70-3), respectively, results showed that there
was a significant decrease in crack size due to
increasing in pf for beams with f'c= 50 and 70
MPa than beams with f'c= 30 MPa, also for
beams with the same reinforcement area BG-30-
2 and BG-70-1,increasing the f'c from 31.5 to
71.5 MPa decreased the crack size by 48.6%.

350
300
250

200
150 P

Load [ KN )

_.ﬁ!-r/—f——‘ —+— Crack width BG-30-1 EXP.
100 —
< A Crackwidth BG-30-2 EXP,
’ —— Crackwidth BG-30-3 EXP.
0
0 05 1 15 2 25
Crack size (mm)

Figure 10. Load-crack size of beams with f'c=30 MPa
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Figure 11. Load-crack size of beams with f'c=50 MPa
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Figure 12. Load-crack size of beams with 'c=70 MPa

The ACI 440.1R-06 [9] mentions the next
formula to compute the size of crack of member
reinforced by FRP rebarss :

i S2
W=2=BK, |d?+— 1

"where W is the crack size at tensile face of the
beam, fy is the stress in the FRP reinforcement,
E; is the modulus of elasticity for the FRP
reinfor.cement, B is the coefficient to contrary
crack size corresponding to the level of
reinforcement to the tensile face of beam, kb is
the coefficient that accounts for the degree of
bond between the FRP rebars and the
surrounding concrete, ACI 440.1R-06 [9]
suggests 1.4 for deformed FRP rebars if kb is
not experimentally known, dc is the thickness
of concrete cover measured from extreme
tension fiber to the center of the closest level of
longitudinal rebars, and S is the rebars spacing.
As shown in Table 3, the accurateness of
evaluation is highly reliant on the value of kb,
and the approximation is on the conservative
side when kb = 1.4. CEB-FIP [29] model
predicts the crack size as follows:

W = BSmém (2)
Where [ = 1.3, Sm is the average crack
spacing of the FRP reinforced member, em is
the mean reinforcement strain permitting for
tension stiffening.

em = 0s[1= BB /6 )?1/Ee  (3)

os is the stress in the tension reinforcement
calculated on the base of a cracked section. osr
is the stress in the tension reinforcement
calculated on the basis of a cracked section
under loading circumstances that cause the first
crack, B1= 1.0 for high-bond rebars and 0.5 for
plain rebars; 2 = 1.0 for single short-term
loading and 0.5 for sustained or cyclic loading.
ISIS Canada- 07[30] suggest the following
equation for crack size calculation:

f h
W = 2.2k, ——23[d_A 4)
E¢h,
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Where Kb bond dependent coefficient. For FRP
rebars having bond properties similar to
concrete, kb=1.0, h2 distance from the extreme
tension surface to the N.A., hl distance from the
centroid of tension reinforcement to the N.A.
and A effective tension area of concrete
surrounding the flexural tension reinforcement
and having the same centroid as that
reinforcement, divided by the number of rebars.
Table 7 shows the experimental and calculated
crack size for all tested beams.

Table 7. Experimental and calculated final crack size

Beam Wexp Waci Wees-  Wigis
specimen (mm) (mm) pp (mm) — (mm)
B.G-30-1 143 1.28 1.38 143
B.G-30-2 152 14 1.49 155
B.G-30-3 1.46 1.34 1.55 1.45
B.G-50-1 2.1 2.35 2.17 2
B.G-50-2 2.13 2.27 2.08 1.99
B.G-50-3 1.7 1.9 1.82 1.36
B G-70-1 1.36 1.86 1.6 1.6
B G-70-2 1.26 2.17 1.85 15
B G-70-3 1.16 1.37 13 121

The calculations of the ACI 440 equation show
lowly agreement with the test results. The
accuracy of the equation mainly depends on the
value of kb. Most of the test data can be
enclosed between kb = 1.0 and kb = 1.4.

Following the ACI 440’s recommendations, kb
of 1.4 can be used to evaluation the crack size,
and it is on the conservative side.

On the other hand the ISIS-Canada model’s
accuracy is similarly dependent on the pf. For
this study, ISIS-Canada model can calculate the
crack size objectively well for the GFRP
reinforced members. The cause may be: ISIS-
Canada model is established based on the steel
reinforced members, which usually have similar
prs as the GFRP reinforced members in this
study. While CEB-FIP equations showed good
agreement with experimental results for beams
having concrete compressive strength 30 and 50
MPa, but results were less consistent with the
beams with strength of 70 MPa.

4.5 Comparison between GFRP and steel
reinforcement.
Table 8 shows the different of experimental

results of BG-30-2 and BS-30-2 were reinforced
by the same rebars numbers and diameter and
same concrete compressive strength but with
different type of materials the first by GFRP and
the second by steel rebars. Results showed that
the collapse load for BG-30-2 was higher than
BS-30-2 by 8.4%, while deflection, rebar's
strain and crack size at collapse for BG-30-2
were higher BS-30-2 by 117.5, 240 and 740%,
respectively.

Table 8. Comparison of experimental results of GFRP and steel reinforcement

. Collapse Final . . .
Befalm PF (%) Reinforcement load, Pu deflection Fm.::ll Final crack size
specimen type (kN) (mm) strain (mm)
BG-30-2 0.00529 GFRP 135.5 2.35 0.0119 1.52
BS-30-2 0.00529 Steel 125 1.08 0.0035 0.18
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5. Ductility

Ductility of the beam characterized as its ability
to provide plastic deformation with no loss of
load prior to collapse. Ductility is also indicated
in terms of deformation or absorbed energy
following this description. For steel rebars-
reinforced elements where a strong plastic
deformation of steel occurs at yield, ductility is
also measured as the ratio of deformation at the
final to yield. There is no yield point for
reinforced FRP beams; therefore, the basic
description cannot be implemented. For this
reason, more than one method was proposed to
calculate the ductility; the most important of
these methods is shown below:

5.1 Deformability Based Approach

The deformation-based method that Jaeger et al.
first introduced [31], The ductility is expressed
by the deformability between the final stage and
the operation stage. The force effects and the
deflection effects on the ductility are taken into
account. Both strength factor, (Cs), and
deflection factor, (Cd) are defined as the ratio of
moment or deflection values to the
corresponding values at (0.001) concrete
compressive stress. The strain of (0.001) is

measured as the beginning of inelastic
deformation of concrete [31].

He = Cs X Cq ()
p—_ (6)
* Ms=0.001
Co= 7
¢ A£=0.001

where ug is the ductility index.

5.2 Energy Based Approach

This approach defined Ductility as the ratio
between the elastic energy absorbed and the
total energy, Naaman and Jeong [32] suggested
the following equation to calculate the ductility
index:
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(8)

Where Et is the total energy computed as the
area under the load deflection curve, and Eel is
the elastic energy computed as the area beneath
line S, up to the point of intersection with
Pcollapse @ shown in Figure 12

} Load
Failure point

P

Elastic energy (E.)
P
S=[P15 1 P2-P1)S:)/ P

Deflection
Figure 12. Energy approach definition of ductility index

The description of elastic slope depends on the
selection of points P1 , P2, S1 and S2. The
experimental load — deflection curves in Figures
2 to 4, however do not show any of these
distinct points. The elastic slope, S, presented by
Naaman and Jeong [32], is designed to quantify
the elastic energy. The unloading slopes were
the slope of the unloading curve corresponding
to 80% of its capacity. The calculated ductility
indices are summarized in Table 9.

Results showed that the ductility index by
deformability approach increases with the
increase of the pf. Many FRP-beams have
deformability based (ue) values below or close
to 4 which are considered to be the minimum
value for ensuring a ductile collapse as defined
by CSA-S806-12 [26]. In construction of FRP
reinforced beams, therefore, it is very important
to test the deformability. The Jaeger [31]
ductility index based on the deformation method
will individually represent factors such as the
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Table 9. Ductility indices by deformability and energy based approach

Beam fc Reinforcements Collapse load, Deformability Energy approach
specimen (MPa) ratio (%) Pu (kN) approach [g LE
B.G-30-1 0.3832 119.5 2.95 2.4
B.G-30-2 315 0.529° 1355 3.74 1.37
B.G-30-3 0.984¢ 176 4.9 1.23
B.G-50-1 0.4332 125 2.47 14
B.G-50-2 50.75 0.767° 166 2.68 1.19
B.G-50-3 1.36°¢ 270 5.97 1.17
B G -70-1 0.5292 180 5 4,18
B G -70-2 715 0.012° 256 7.12 3.75
B G -70-3 0.01797°¢ 325 7.4 1.27

@ Minimum pf (pfmin) ~ ° Balanced pf (pt) ¢ (1.5 pt)

load capacity. Whereas all indices of ductility
determined using the Jaeger method surpassed
the minimum requirements. Whereas all indices
of ductility calculated using the Jaeger method
surpassed minimum requirement 4 [31, 33]. On
the other hand the energy approach did not
provide clear and reliable results to discuss the
ductility and effects of variables studied in this
research on it, due to the estimation of selection
points P1, S1, P2 and Sz on the load-deflection
curves.

6. Conclusions

This research analyzed the flexural efficiency of
continuous concrete beams reinforced with
(GFRP) rebars. Evaluation of the experimental
findings with the values determined using some
codes equation resulted in the following
conclusions within the framework of this
investigation and consideration of the materials
used:

1. Increasing the pf from (pfmin) to (ptb),
leads to increase the final capacity by (13,
38 and 42) %, for beams with f'c (30, 50
and 70 Mpa), respectively. While increasing
the pf from (pfb) to (1.5 ptb), however,
leads to increase the final ability by (30.1,
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and 70 Mpa), respectively.

The curves of load-deflection for beams
with (GFRP) rebars contain three parts; the
performance of the un-cracked beams
reflects the first portion of the curve up to
crack. The second part reflects the output of
the cracked beams with reduced rigidity
including a steep linear division that
corresponds to the cracked beam response;
and a nonlinear section after the beam.
Increasing the pf shows a significant
decrease in deflection at all loading stages.
GFRP rebars reinforced continuous beams
with collapsed by crushing of concrete,
meanwhile they were over-reinforced
designed, whereas the under-reinforced
beam failed by rupture of GFRP rebars.

At same load level the strain in GFRP rebars
decreased with increasing in pf, when the pf
increased from (pfmin) to (1.5 pfb) strain in
GFRP rebars decreased by (53, 72 and 78%)
for beams with f'c (30, 50 and 70 Mpa),
respectively.

The maximum compressive strain &cu
between 0.25% and 0.33%, these values
were match with one established by the
ACI440. Increasing pf increases the final
compressive strain and decreases final
tensile strain for all tested beams.
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7.

10.

11.

The cracks size was significantly decreased
with increasing in pf, at the same load level
increases in pf from (pfmin) to (1.5 ptb)
decreasing the crack size by (30.2, 76.9 and
68%) for beams with f'c (30, 50 and 70
Mpa), respectively.

The beam specimens with the same GFRP
reinforcement area but differs only in
compressive strength, BG-30-2 and BG-70-
1, increasing the concrete compressive
strength from 31.5 to 71.5 MPa reduced the
deflection in the same consequent load
levels, also first crack and final load
increased by (55.6 and 32.8 %),
respectively, decreased the GFRP strain and
crack size by (32.4 and 48.6%), respectively
and decreased number of cracks at service
and final loads.

The effect of reinforcement type of BG-30-
2 and BS-30-2 were reinforced by the same
rebars numbers and diameter and same
concrete compressive strength but the first
reinforced by GFRP and the second by steel
rebars. Results showed that the collapse load
for BG-30-2 was higher than BS-30-2 by
8.4%, while deflection, rebar's strain and
crack size at collapse for BG-30-2 were
higher BS-30-2 by 117.5, 240 and 740%,
respectively.

ISIS-Canada model can calculate the crack
size objectively well for the GFRP
reinforced members, however  the
calculations of the ACI 440 formula show
lowly agreement with the test results.

The ductility index by deformability
approach increases with the increase of the
pf, over-reinforced beams presents a ductile
collapse where pE> 4, while  beams
reinforced with (pfmin) and (pfb) showed a
brittle collapse where nE< 4 except BG-70-
1, so increasing concrete compressive
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strength to 70 MPa change collapse type
from brittle to ductile.
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