Curved and Layer. Struct. 2022; 9:146-162

DE GRUYTER

Research Article

Ata El-kareim Shoeib, Ahmed Noureldean Arafa, Ahmed EL-sayed Sedawy*, and Awad M.

EL-Hashmy

The shear strength of concrete beams
hybrid-reinforced with GFRP bars and steel bars in
main reinforcement without shear reinforcement

https://doi.org/10.1515/cls-2022-0013
Received Oct 07, 2021; accepted Feb 11, 2022

Abstract: The investigation of the structural performance
of reinforced concrete members in the construction process
has become a critical issue for Hybrid GFRP bars with steel
bars. The ultimate concrete shear strength of reinforced
concrete beams contains both GFRP bars and Steel bars
in main reinforcement are a main task of work. This paper
examines the effect of sharing the fiber-reinforced polymer
(FRP) bars with steel bars for reinforced concrete (RC) struc-
tures on the concrete shear strength of RC beams. Fourteen
RC beams without shear reinforcement were constructed
and tested up to failure. The test beams included two steel-
RC beams, one GFRP-RC beam, and eleven steel bars and
GFRP bars (hybrid GFRP/steel)-RC beams. The main param-
eters were the reinforcement ratio, shear span to depth ra-
tio, depth of the beam, concrete compressive strength, and
compression reinforcement. The test results are presented
in terms of crack patterns, failure modes, load-deflection,
and load-strain behavior. The test results showed that hy-
brid GFRP/steel bars causing significant improvement in
the ductility with reduction of the deformation comparing
with an only steel bar in main steel in tested beams. The
dowel action can play a major role in the process by which
shear is carried in a beam. Finally, the initial proposal equa-
tion that calculates the shear strength of hybrid reinforced
elements can serve as a guideline for the introduction of
hybrid bars (GFRP and Steel) at the main reinforcement in
RC beams.
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Notation list

0] the diameter of steel

# the diameter of the fiber

p the percentage of reinforcement
c the concrete cover

d

the effective depth

X1 the distance of the diagonal crack from the beam
support

fe the concrete compressive strength

Cs the side cover

Ci the horizontal distance between consecutive bars

fet the concrete tensile strength

bn the net width of the beam (b - no)

nb the number of bars in one layer

Cm the minimum cover (side or bottom)

Ver shear capacity of concrete beams without shear
reinforcement

E, modulus of elasticity of reinforcement

bw width of the web in mm

fe concrete compressive strength

Ef modulus of elasticity FRP

Es modulus of elasticity steel

b width of beam

My factored moment

Ve the factored shear

1 Introduction

Numerous studies have been carried out to evaluate the
performance of using FRP bars to substitute steel bars to
solve the durability problem of reinforced concrete struc-
tures in an aggressive environment, such as bridges’ decks
and roadbeds which may encounter serious corrosion of
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steel reinforcement [1-3]. Moreover, the lifespan of FRP ma-
terials has been demonstrated to be much longer than that
of traditional steel reinforcement. It is reported that the
embodied energy of FRP is 68% lower than that of steel [4].
Due to these characteristics, FRP can be considered as a
sustainable construction material with less environmental
effect compared to steel. Despite the above-mentioned ben-
efits, FRP exhibits a linear elastic behavior up to failure and
has little ductility in general compared to steel bars, which
is a drawback when it serves as internal reinforcement in
concrete structures [5-7]. various researchers have experi-
mentally studied the design of adding steel bars to FRPRC
beams, to improve the ductility of FRP reinforced concrete
(FRPRC) [8, 9]. Bui et al. [2] investigated the ductility of
FRP/steel RC beams by taking into account the effects of the
FRP reinforcement position on the mechanical performance
of the beams as well as the effects of the fiber-reinforced
polymer on the steel reinforcement ratio. The results of this
study revealed that ductility defined by absorption energy
differed from ductility measured by conventional steel RC
beams. Maranan et al. [6] also showed that there was a
ductility contradiction between displacement ductility and
energy-based ductility, with the increase in displacement
ductility leading to a decrease in energy absorption. In a
hybrid reinforcement scenario, the strength can be mainly
provided by FRP reinforcement and the ductility can be
provided by the addition of steel reinforcement. Since the
additional steel reinforcement is not designed for the load-
bearing capacity of the beam. Moreover, the deformation
and the crack width of hybrid FRPRC beams are reduced
compared to those of pure FRPRC beams [10-13]. A large
number of tests on steel or FRP-reinforced concrete mem-
bers without shear reinforcement have been carried out to
quantify (V) [14-24]. This resulted in developing multiple
formulas for predicting the concrete shear contribution in
steel or FRP-reinforced elements [25-34]. Yet, due to the
absence of experimental studies on the behavior of hybrid
reinforced elements, no equations have been developed to
predict the shear response of such structural elements.
The GFRP bars are considerably different from steel,
owing to their substantially lower elasticity modulus and
binding to concrete behaviour, which is heavily influenced
by surface preparation. Due to the tensile stress transmis-
sion from the concrete matrix to the reinforcement, the
performance of FRP reinforced concrete necessitates an
appropriate interfacial connection between the bars and
the concrete. Stress propagation ensures bond-slip contact
between the FRP bar and surrounding concrete, which is
dependent on the geometry of the bar, mechanical interac-
tion, chemical adhesion, and frictional forces, as well as
the compressive strength of concrete. The nominal diame-
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ter of the bars, the concrete cover, the kind of FRP bar, it’s
surface preparation, bond length, and concrete strength all
have a significant impact on the bond behaviour of the FRP
reinforcement to concrete. There has been a lot of study
on the bond behaviour of FRP reinforcement to concrete,
mostly using the direct pull-out test, beam test, splice test,
and ring pullout test [35-41]. The bar’s ultimate bond stress
(ty) is defined as the average bond shear stress over the em-
bedded length and can be determined using the following
equation:

- ﬂ.@.Lb

tu

where Fy, is the pull-out force, ¢ is a nominal bar diameter
and L, is the embedded bond length. The increase in a slip-
loaded end SLP and bond length Lb in ribbed bars is greater
than in sand-coated bars [42]. Furthermore, the bond stiff-
ness and shear stress of the ribbed bars are larger than
those of the sand-coated bars [40]. The shear bond stress
and ultimate bar slip were both reduced as the bar diameter
was increased. Many researchers [43-46] have conducted
comprehensive experimental experiments focused on the
shear failure of reinforced concrete beams over the last
two decades to capture the failure causes. As a result, many
shear failure models were presented in an attempt to obtain
suitable equations for designing engineers to forecast the
shear strength of reinforced concrete beams with high pre-
cision. However, the calculations utilised in various design
codes are empirical because there is no physically sound
analytical model that can produce adequate results for all
scenarios of shear failure of reinforced concrete beams. In
recent years, some researchers have focused on the applica-
tion of fracture mechanics to the shear failure of reinforced
concrete beams without stirrups to establish an analytical
model with a solid physical foundation. This is based on
the notion that the shear failure of a beam is caused by a
sequence of fractures.

Predicting the shear strength of R.C. beams in different
types of material bars is critical for their safe design and
acceptance of hybrid FRP/steel as reinforcement. Despite
numerous investigations dedicated to evaluating the shear
strength of pure steel or pure fiber bars in R.C. beams, fewer
studies have been conducted on the assessment of the shear
strength in the case of Hybrid GFRP bar with steel bars (hy-
brid) in the main reinforcement of the R.C beams. This has
been the main impetus to carry out this study to fill this gap
of knowledge and provide information about this behavior.
The effect of using hybrid reinforced elements is studied
taking the following items into account: the type of rein-
forcing bars, reinforcement configuration and ratios, size
effect, shear span-to-depth ratio, and concrete strength.
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2 Experimental program

This study included testing and analysis of fourteen tested
RC beams with rectangular cross-sections, sized 120 mm
(width) x variable (height) x 2300 mm (length). The details
of the tested specimens are shown in Figure 1. In this work,
when the main reinforcement is combined between GRFP
bars and Steel bars the tested specimens are defined as
hybrid GFRP/steel RC tested specimens.

2412
see table 1 IH| H‘I

120~ LA
sec AA

Pa——

Figure 1: Details of a typical specimen

The tested RC beams were divided into fifth groups;
Group one study the behavior of pure steel reinforcement
beams and pure GFRP reinforcement beams. two RC tested
beams with bottom steel bars (4610, 4¢12), And one RC
tested beam with GFRP bars (4#4). Group two study the
reinforcement configuration and ratios have three tested
beams with bottom reinforcement (210, 2#3), 212, 2#4),
and (2¢10, 2#5). The third group study size effect, and has
two tested RC beams with depth(200mm,400mm), bottom
reinforcement (212, 2#4).

The fourth group examines the effect shear span-to-
depth ratio and has three tested RC beams with, span-to-
depth ratio equal to (2, 3, and 4), bottom reinforcement
is (212, 2#4). The fifth group studies concrete strength,

Table 1: The experimental program and results
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and has three tested RC beams with concrete strength
(30Mpa, 40Mpa, 50Mpa), depth 300mm, bottom reinforce-
ment (2§12, 2#4), and span to depth ratio 2.67.All beams
top reinforcement (2¢10). Details of the tested beams with
different parameters are shown in Table 1.

2.1 Manufacturing and testing of plain
concrete

The concrete mix used to cast the RC beams consisted of
aggregates, Portland cement, and natural water. The type
of cement used was Portland cement CEM-142.5N. Coarse
aggregate was crushed dolomite with a maximum parti-
cle size of 12.50 mm. Mixing was performed using a con-
crete tilted rotating drum mixer with a maximum capacity
of 0.125 m>. Dolomite, sand, and cement were dry mixed.
Then, water was progressively added, as the concrete mixed
for an additional two minutes, after which the concrete be-
came homogeneous. The concrete was cast in molds and
moist burlap sheets covering the specimens until ready for
testing.

2.2 Manufacturing and testing vars

The GFRP bars were made locally by glass fiber roving. Dou-
ble sets of plastic mold were manufactured at a special
workshop that manufactures variable long GFRP bars with
10mm, 12mm, and 16mm diameter as shown in Figure 2.
The tensile average strength of GFRP bars was equal to 505

Specimen h Reinf. AS’ a/d fe First crack  Failureload  Maximum Deflection
no (mm) steel GFRP (Mpa) load Pcr Pu (KN) load Pmax at pmax
(KN) (KN)
G1 B1 300 4010 —_ 2¢12 2.67 25 39.5 20.8 82.8 5.771
B2 300 412 _ 2.67 25 64.5 30.7 92.8 5.319
B3 300 - 44 2.67 25 17.5 35.8 51.3 8.609
G2 B4 300 2¢10 2#3 2.67 25 21.84 38.4 67.84 6.164
B5 300 2012 2#4 2.67 25 37.4 25 73.2 5.951
B6 300 2012 2#5 2.67 25 40.7 23 105.7 6.95
G3 B7 200 2¢12 2#4 2.67 25 48.2 34.3 65 5.996
B8 400 2¢12 2#4 2.67 25 41.3 13.2 99.3 6.37
G4 B9 300 2¢12 2#4 2.0 25 37.7 21.1 75.6 5.154
B10 300 2¢12 2#4 3.0 25 24.8 24.5 59.8 6.018
B11 300 2¢12 2#4 3.5 25 23.7 12.9 53.4 7.067
G5 B12 300 2012 2#4 2.67 30 40.5 23 78.9 5.73
B13 300 2012 2#4 2.67 40 49 18.3 103.2 5.563
B14 300 2¢12 2#4 2.67 50 64.8 8.4 126.4 4.804

() the diameter of steel, and (#) the diameter of the fiber

#3 equals to 10 mm, #4 equals to 12 mm, and #5 equals to 16 mm
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Table 2: The ductility index and area energy absorption of tested RC beams

Specimen h Reinf. a/d fe Maximum AMax Afailure Ductility index Area under
no (mm) steel GFRP (Mpa)  load Pmax =Afailure/AMax P-d
(kN)
G1 B1 300 4010 — 2.67 25 82.8 5.771 7.474 1.295 393.6433
B2 300 4012 — 2.67 25 92.8 5.319 6.69 1.257 396.2522
B3 300 — 44 2.67 25 51.3 8.609 9.469 1099 315.2754
G2 B4 300 210 2#3 2.67 25 67.84 6.164 6.994 1.134 335.9676
B5 300 212 2#4 2.67 25 73.2 5.951 7.626 1.281 384.9197
B6 300 2012 2#5 2.67 25 105.7 6.95 12.621 1.816 834.21
G3 B7 200 2012 2#4 2.67 25 65 5.996 6.8 1.281 265.57
B8 40 2¢12 244 2.67 25 99.3 6.37 7.058 1.108 423.3834
G4 B9 300 2¢12 2#4 2.0 25 75.6 5.154 8.127 1.576 391.7413
B10 300 2012 2#4 3.0 25 59.8 6.018 8.931 1.484 342.59
B11 300 212 2#4 3.5 25 53.4 7.067 8.952 1.266 320.7889
G5 B12 300 2912 2#4 2.67 30 8.9 5.73 7.428 1.296 412.6021
B13 300 20912 2#4 2.67 40 103.2 5.563 7.90 1.420 504.30
B14 300 2012 2#4 2.67 50 126.4 4.804 9.184 1.911 627.3329

Figure 2: Shape of GFRB bars

MPa with a corresponding strain equal to 0.055 mm. The
manufacture steel-reinforced concrete had 360 MPa yield
strength for main and secondary steel reinforcement.

3 Experimental setup and testing

The beams were tested using a hydraulic jack with a capac-
ity of 1000 kN, manually powered by an oil pump. The test
setup and instrumentation used are shown in Figure 3. An
electrical load cell with an accuracy of 0.1 kN connected to
a digital load indicator is used to calculate the applied ver-
tical loads. The deflection of the tested beams was recorded
using three electric dial gauges LVDT, one at mid-span, and
the others located at quarter-span from each support of
the tested beam located at the bottom surface of the beam
supports. The strain of the main fiber, steel reinforcement
were measured using two strain gauges. The three electric
dial gauges, load cell, and two electric strain gauges were
attached to the data acquisition system connected to the
computer. Continuous recording of the load, displacements,
and reinforcement strains were recorded during each test
beam up to failure.

Applied Load ,P

Load Cell

— Hydraulic Jack

Spread Beam —p W //’/’/’/’/’/’/’/’/’/’/’/’/’4

Strain Guage i — VDT i~——LVDT

LVDT"i

Steel Bed

(b) Test set-up photo

Figure 3: Experimental test setup

4 Test results and analysis

Tables 1 and 2 show the experimental results of the tested
RC beams, and Figures 4-7 show the behavior of tested
RC beams for different parameters. The load-deflection
curves, crack patterns and mode of failures, and the strain
in the main GFRP/steel bars at the mid-span section are
presented.
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4.1 Crack patterns and modes of failure

The crack patterns and modes of failures of the tested RC
beams are shown in Figure 4. In general most of the cracks
were found in the shear zone and prolonged in the direction
of the compression zone causing all beams failure in the
shear. Some cracks formed in the moment zone and their
length increased together with an increase in the load until
beam failure occurs.

A comparison of cracks formed in tested RC beam with
pure steel (B2), beam with pure fiber (B3), and beam with
hybrid (B5), found that the number and width of cracks in-
creased when fiber was used. However, using hybrid beams
decreased the number and width of cracks compared to
using pure steel or pure fiber.
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Figure 4: The crack patterns of tested specimens
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For groups (G1, G2) which studied using different rein-
forced bars with different reinforcement ratios, the study
showed that more cracks appeared on the shear zone and
that the number of flexural cracks decreased together with
an increase in the reinforcement ratio, the number and
width of cracks decreased when hybrid bars were used
compared with steel or fiber bars. Additionally, the num-
ber of cracks decreased with an increased diameter bar as
shown in Figures 4a and 4b, also the sound of failure of hy-
brid beams such as beams reinforced with steel bars but no
sound occurs during failure on beams reinforced with GFRP
only. A comparison of cracks formed in tested RC beams
variable depth 200 mm, 300 mm, and 400 mm, found the
cracking load and the number of cracks decreased when
the depth of the beam is decreased. Group G4 studied the
effect of span -to- depth ratio. Figure 4d shows that by in-
creasing span-to-depth ratio, the crack width increased
while the number of cracks goes down. The crack patterns
for group G5 show a decrease in the number and width of
cracks when the concrete strength is increased.

A comparison of cracking load in tested RC beam with
pure steel (B2), beam with pure fiber (B3), and beam with

100 100
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Load(KN)
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b
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N

o 2 a 6 8 10

Deflection at mid span {mm) Deflection at mid span (mm)

(b) Load-deflection curve for
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(a) Load-deflection curve for
reinforcement ratio and configu-
ration effect

Load (KN

o 2 4 6 8 10 o 2 4 -] B 10
Deflection at mid span (mm)
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(d) Load-deflection curve for
concrete strength effect

(c) Load-deflection curve for
span -to- depth ratio effect

Figure 5: Load-deflection curve at mid-span curves
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Figure 7: Mechanism of shear transfer in a cracked concrete beam

hybrid GFRP/steel, were 64.5kN, 17.5 kN, and 374 kN re-
spectively. The point is that the cracking load in pure steel
increased by 260% more than pure fiber, the cracking load
in hybrid beams decreased by 70% less than pure steel but,
the cracking load in hybrid beams increased by 110% more
than pure fiber. As a result, we can say that using hybrid
and pure steel delayed cracking appearance more than pure
fiber.

In the first and second group, the cracking loads for
tested specimens, beam with steel diameter 10 mm (B1),
beam with steel diameter 12 mm (B2), beam with hybrid
GFRP/steel diameter 10 mm (B4), and beam with hybrid di-
ameter 12 mm (B5) were 39.5 kN, 64.5 kN, 21.84 kN, and 374
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kN, respectively. Consequently, we observed approxima-
tions ranging from 35% to 70% of cracking loads reduction
when using GFRP with steel. We also found that the crack-
ing load goes down when the depth of beams increased.
Comparing the cracking load for beams with variable span-
to-depth ratios (2, 2.67, 3 and 3.5) were 37.7 kN, 374 kN,24.8
kN, and 23.7 kN, we found that the cracking load decreased
when span- to- depth ratio increased delayed cracking ap-
pearance. The crack patterns for group G5 are revealed in
Figure 4e. When the concrete strength was increased, the
cracking loads were 40.5 kN, 49kN, and 64.8 kN respec-
tively. For this reason, we concluded that increasing con-
crete strength caused the cracking load to reduce, however,
the width of cracks increased. Finally, cracks and mode of
failure in hybrid beams are closer to beams with steel bars
than to beams reinforced with GFRP only.

4.2 Load deflection curves

A comparison of maximum deflection in tested RC beam
with pure steel (B2), beam with pure fiber (B3) and beam
with hybrid, were 5.319 mm, 8.609 mm, and 5.951 mm re-
spectively and maximum load were 92.8 kN, 51.3 kN, and
73.2 kN respectively from this the maximum load in pure
steel increased by 80% and deflection decreased by 62%
compared to pure fiber, the maximum load in hybrid beams
decreased by 26% and deflection increased by 11% com-
pared to pure steel but, the maximum load in hybrid beams
increased by 42% and deflection decreased by 45% com-
pared to pure fiber. From this, we can say using a hybrid
beam increased load and decreased deflection compared
to pure fiber.

As shown in Figure 5a, we found that the maximum
deflection increased with a used GFRP bar where the max
deflections were equal to 5.771 mm and 5.319 mm for tested
beams reinforced with a steel bar, 8.609 mm for beam
reinforced with GFRB bar only, 6.164 mm and 5.951 mm
for tested beams reinforced with hybrid steel/GFRP bar.
From load-deflection curves, we found that the beams re-
inforced with hybrid GFRP/steel decreased the deflection
of RC beams reinforced with GFRB bar only and caused
increasing the maximum load. By using variable depth 200
mm, 300 mm, and 400 mm, the maximum load were 65
kN, 73.2 kN, and 99.3 kN, respectively, causing increased
maximum loads, The influence of span- to- depth ratio on
the load-deflection curves as shown in Figure 5c, the max-
imum deflection for tested specimens a/d (2, 2.67, 3 and
3.5) were equal to 5.154 mm, 5.951 mm, 6.018 mm and 7.067
mm, respectively. From this, we concluded by increasing
a/d the ductility and maximum loads decreased, and maxi-
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mum deflection increased so a/d equals 2 is the best ratio
because it gave good results compared to other ratios. Also,
Figure 5d shows increasing the concrete strength works to
reduce deflection; therefore increasing concrete strength
has a very important and fundamental role in improving
the behavior of the beams in general.

4.3 Stiffness and energy absorption

Energy absorption is defined as the area under a load-
deflection curve. In general, load-deflection curves in Fig-
ure 5 shows that the energy absorption increased by us-
ing hybrid bars compared with GFRP bars. A comparison
of energy absorption in tested RC beam with pure steel
(B2), beam with pure fiber (B3) and beam with hybrid, were
396.25, 315.27, and 384.91, respectively. In other words, the
energy in pure steel increased by 25% more than pure fiber,
the energy in hybrid beams decreased by 2% less than pure
steel but, the cracking load in hybrid beams increased by
23% more than pure fiber. To conclude, we can say that
using hybrid and pure steel enhances energy more than
pure fiber.

As for the first group, that’s to say the beams with pure
steel: the energy for tested specimens with a diameter (10
mm, 12mm) was equal to 393.64 and 396.25, respectively,
and the energy for a beam with GFRP only was equal to
315.27. On the other hand, the second group, with hybrid,
GFRP/steel the energy for tested specimens with diame-
ter 10 mm, 12mm and 16 mm were equal to 335.96, 384.91,
and 834.21, respectively. For this reason, we concluded that
using GFRP with steel may enhance the energy especially
when the reinforcement ratio of hybrid bars increased. To
put it another way, on using variable depth 200 mm, 300
mm, and 400 mm, the energy increased by 10%-27% as
shown in Table 2. The influence of span-to-depth ratio and
the energy for tested specimens with a\d (2,2.67,3 and 3.5)
were equal to 391.74,384.91, 342.59, and 320.78, respectively.
That’s why, we concluded that when we increased a/d the
energy decreased by 1%-18%. Finally, Figure 5e, shows that
the effect of concrete strength: when the concrete strength
is increased, the energy goes up by 7%-63%.

A beam’s stiffness indicates its ability to return to its
original shape or form after an applied load is removed
(ratio between the load to deflection), A comparison of stiff-
ness in tested RC beam with pure steel (B2), beam with pure
fiber (B3), and beam with hybrid, were 1745, 5.96, and 12.3,
respectively from this the stiffness in pure steel is more than
pure fiber, the stiffness in hybrid beams is less than pure
steel but, the stiffness in hybrid beams are more than pure
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fiber. From this, we can say using hybrid and pure steel
enhance the stiffness more than pure fiber.

The stiffness of tested specimens increased when the
reinforcement ratio of bars was increased as shown in Fig-
ure 5a. Besides, As shown in Figure 5b, it is clear that by
using variable depth the stiffness of tested specimens with
depth 400 mm is more than that of the stiffness of tested
RC beams with depth 200 mm and 300 mm. As shown in
Figure 5c, it can be observed that by using variable span
to depth ratio, the stiffness increased when span-to-depth
ratio decreased, so a\d equals 2 gave more stiffness than
a\d equals 2.67, 3 and 3.5. Finally, Figure 5d showed that
the stiffness of tested RC beams with compressive strength
(30, 40, and 50) are more than compressive strength 25.

4.4 Ductility

The ductility of RC beams is the ratio between the deflec-
tions at the failure to deflection at the maximum loads. A
comparison of ductility in tested RC beam with pure steel
(B2), beam with pure fiber (B3) and beam with hybrid, were
1.257, 1.099 and 1.281, respectively. From this the ductility
in pure steel increased by 14% more than pure fiber, the
ductility in hybrid beams increased by 2% more than pure
steel but, the cracking load in hybrid beams increased by
16% more than pure fiber. From this, we can say using a
hybrid beam enhance the ductility more than pure fiber.
For group one, reinforced with steel, the ductility index
for tested specimens with a diameter of 10mm and 12 mm
were equal to 1.295, and 1.257, respectively. On the other side,
for group two, with hybrid GFRP/steel the ductility index for
tested specimens with diameter 10mm, 12mm, and 16mm
were equal to 1.134, 1.281, and 1.816, respectively. From this,
we concluded that using GFRP with steel may enhance
ductility. By using variable depth 200 mm, 300 mm, and
400 mm, the ductility induced were 1.134, 1.281, and 1.108,
respectively, causing a slight effect on the ductility. The in-
fluence of span-to-depth ratio on the load-deflection curves
as shown in Figure 4c, the ductility index for tested speci-
mens a\d (2, 2.67, 3, and 3.5) were equal to 1.576, 1.281, 1.484,
and 1.266, respectively. From this, we concluded by increas-
ing a/d the ductility decreased. Also, Figure 5e, shows the
effect of concrete strength and that increasing the concrete
strength works to improve ductility and reduce deflection.

4.5 Main reinforcement strain at mid-span

The load-strain curves of the tested RC beams were pre-
sented in Figure 6. In general, from the figure, it is found
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that the maximum strains for steel bars at the mid-span
section were between 0.9% and 2.5%, knowing that the
yield strain and the ultimate strain of steel used (12 mm
diameters) were equal to 1.8%, and 2.7%, respectively. From
this, we concluded that the tensile stress of the main steel
bar reached and also exceed the yield strain of steel bars
because of the beams without stirrups. Also, it found that

the maximum strains for fiber bars at the mid-span sec-

tion were between 0.7% and 2.1% in beams reinforced with
hybrid, and fiber reached 4.99% in beams reinforced with
FRP only due to using hybrid decreased the strain in the
bars. By comparison strain in GFRP equal approximately
85% from strain in steel. From this, we concluded that the

GFRP bar plays the same role as the steel of resistive loads.

With increasing the depth of the beam, the strain in the
bar increases, and the strain in the bar decreased when the
span-to-depth ratio equals 2 and the concrete strength is
increased, the bars get close to ultimate strain. From this,
we understand that the effect of tension hybrid reinforced

testing RC beams has an important role in resistance loads.

There is a match in the strain of steel and fiber values in
most hybrid beams.

5 Theory studied

In a reinforced concrete beam without shear reinforcement,
the internal shear force is currently assumed to be resisted
by the uncracked concrete (V.), aggregate interlock (Vy),
and dowel action (V,;) as shown in Figure 7. This paper
focuses on the dowel action because the main objective
evaluates the ultimate shear strength with hybrid main
reinforcement of RC beam.

5.1 Fracture mechanics

It was widely assumed that shear failure of reinforced con-
crete beams is intimately related to a succession of fracture
processes and has a significant size effect. Previously, sev-
eral existing models with some physical meaning based
on such intensive investigations on the shear failure of re-
inforced concrete beams without stirrups only captured
a small portion of the interpretation for the shear mech-
anisms in both physics and mathematics. These studies
primarily include Bazant’s size effect formula [32], Gustafs-
son and Hillerborg’s numerical stimulation using fictitious
crack model [43] Jenq and Shah’s diagonal shear crack
analysis based on two-parameter fracture model [44] Kari-
haloo’s modification [45] for Jenq and Shah’s model, and
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Gastebled and May’s analytical model by a fracture energy
approach [46]. A more detailed description of Gastebled
and May’s shear fracture principle and accompanying cal-
culation expressions is provided for the sake of convenience
and clarity in deducing new analytical formulas in the se-
quence section.

5.1.1 Proposed analytical formula
Shilang Xu devired equation to predict the shear bearing

capacity of reinforced concrete beams without stirrups is
anew obtained using fracture toughness Kj;¢ as follows

0.33
0.446 |Es( H 1
v, - 2440 ,/ﬁ(—) Pt~ VA" KucbH (1)

VvH as
as steel
0.446 [Ef (H\"P 1
Ves VH Fﬁ(;s) pe(1-vp)*KuchH (2
as fiber

0.33
VE: + /By
| VE

The corresponding comparison results are shown in Table 3.
As shown in Table 3, the proposed equation gives ac-
ceptable results compared with the CSA.

Table 3: The shear bearing capability calculated using several
formulae

CSA S806-02 Proposed Proposed/CSA
equation

B4 3.1 3.0 0.97
B5 4.09 4.05 0.99
B7 2.6 2.67 1.02
B8 5.5 5.3 0.96
B9 4.2 4.25 1.01
B10 3.6 3.7 1.02
B11 3.47 3.5 1

B12 4.3 4.25 0.99
B13 4.8 4.7 0.98
B14 5.2 5.3 1.02
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5.2 Dowel action

The dowel force is caused by the contact between the bars
and the surrounding concrete. when the reinforcement bars
resist forces perpendicular to their axis. Yielding of the bar
and concrete crushing under the dowel, and concrete split-
ting are two failure modes that occurred under the dowel
action mechanism depending on the concrete strength, bar
diameter, and concrete cover [24—-27]. However, the equa-
tions did not take into account the various bar materials
and strengths. The experimental program consisted of four
specimens with the same dimensions and the same main
reinforcement, but they had different shear plane reinforce-
ment. Figure 8 shows the specimen dimensions, the main
steel, and the shear reinforcement details.

The first specimen with steel in shear reinforcement
and the other specimen with GFRP with different diame-
ters (#3, #4, #5). The results obtained from the direct shear

150
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230

400

shear RFT  Stirrups

& &
N ~
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Figure 8: Dowel action test, sample details (dimensions and rein-
forcement). All dimensions are in mm

Table 4: Results of dowel action test
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tests are summarized in Table 4. Figure 9 shows modes of
failure in tested specimens with steel bars and fiber bars.
The experimental testing of the specimens showed that the
type of bar materials and properties is very important for
calculating the dowel action force.

From this, we concluded that the shear strength of
GFRP bar approximately equals 40% of steel bar.

Many researchers have performed experiments to ex-
amine the strength of the dowel when the mode of failure is
due to the splitting of concrete, so there are only empirical
formulas available. Table 5 shows some of the expressions
proposed for the prediction of the dowel force (V):

A
pefic s F | 7 A4 ;1
B AR o

Figure 9: Dowel action samples (failure modes)

Type GFPP steel
Diameter(mm) #3 (10mm) #4 (12mm) 5# (16mm) 12mm
Shear strength(KN) 284 567 1135 1367

Table 5: Some equations for prediction of the dowel force

1 - Krefeld and Thurston [35]

2 - Taylor [36]
3 — Houde and Mirza [37]

4 - Jimenez, Gergely and White [38]

5 — Baumann and Riisch [42]

_ 180 1
Va4 b\/fc[l.30(1+\/ﬁ)c+d]*m

Vg =9.1+0.0001[%" (cs + ¢;)*fet
Vg =37bni/fe

Vd - bnd}; 3.25 + 3.79Cm>

b
np fg+db

"
Vd = 1.64bn®3 \/ﬁ

p: is the percentage of reinforcement, c: is the concrete cover, d: is the effective depth, x;: is the distance of the diagonal crack from the beam

support, f¢: is the concrete compressive strength, cs: is the side cover, c;: is the horizontal distance between consecutive bars, f.;: is the concrete

tensile strength, bn: is the net width of the beam (b — n@), nb is the number of bars in one layer, ¢;;: is the minimum cover (side or bottom)



DE GRUYTER

The shear strength of concrete beams hybrid-reinforced with GFRP bars and steel bars = 155

Table 6: Shear capacity of concrete beams reinforced with FRP bars without shear reinforcement

Design procedure — FRP (researchers)

Calculations

Tottori and Wakui [13]

Zhao et al. [14]

Tureyen and Frosch [15]

Hegger et al. [27]

Nehdi et al. [28]

1/ 0\3
Verr =0.2(£)° (pf) " (192)""* [0.75 + &5 | ba
; *
v 02 (127) () v
Where p; = p,(%)
Vs as the larger of V1 and Vi,

Ve =0.2 (148, +By) [0.75+ &y | () °bd
Where B, = (100p}) <073

N 1/4
B, = (100pf) -1
Ver = 0.415/flbc
n= Er/Ec

2
c=kd k=1/2p,+(p,)" - py,
Vc=kf-ﬁ~0.zo5-k-(100-pf-§—§-fc)§-bw-d
ke=1-10-ps, - 5 B=3-9; k=1+,/200/d
fcpfd Ey 0.3 a
VC=2.1(T*E—S) bwd, when % =22.5

0.3
Ve = 2.1(’%’%"1 * g{) bwd - 224, when 4 <2.5

Design procedure — FRP (codes)

Calculations

The Japanese Society of Civil Engineers (JSCE)
Method 1 [21]

The Japanese Society of Civil Engineers (JSCE)
Method 2 [21]

ACI Committee 440. Guide for the design construction of
concrete reinforced with FRP bars. ACI440.1R-06. [20]

CEN (Euro code 2) [23]

CAN/CSA-S806-02 Code [24]

Ver = Bdﬁpﬁnfvcdbd/'Yb
frea=02(flg)"”
Ba= (%?0)1/4 <1.5

E\1/3
B, = (100pr—§) <1.5
Bn=1+%—3 for N_d=0
B,=1+4¢ for N_d<O
Bn should be within the limits: 1 < 8, < 2.0 where: v, is
the member safety factor = 1.3

SN\ 1
Wy = broballi) 000

1
Where B, = (%Oz)‘* <1.5
Brso = 0-17 i +0-66) <0.28
Ve =2/fo*bu*k*d
2
k=\/2*"f*Pf+(”f*Pf) s
pf=%;nf=%;fcs69MPa
1
ch = (CRd,c * k(loo*pf*fC)3) bwd VRd,c 2 Vmin b,,d
ps = (Ag/bwd) * (E—’;);k= 1+,/22<2.0
Vmin = 070315 * k3 *fe2; Cra,c = 8.1

=1

Ver = (1505 ) A@c/fibwd 2 0.08ADc/flbwd

V: shear capacity of concrete beams without shear reinforcement, p: longitudinal reinforcement ratio, n: modular ratio, E,: modulus of

elasticity of reinforcement, by,: width of the web in mm, c: cracked transformed section neutral axis depth in m, f.: concrete compressive

strength, d: effective depth, Ef: modulus of elasticity FRP, Es: modulus of elasticity steel
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Table 7: Shear capacity of concrete beams reinforced with steel bars without shear reinforcement

Design procedure-steel

Calculations

Zsutty Equation [25]
AClI 11-3 (ACI 2008) [26]

Bazant Equation [29]

ACI 11-5 (ACI 2008) [26]

Ve=2.2(fepd)  bd
Ve = ({) bud

Ve = O.54\3fp(\/f7+249\/g)*\/;]bwd

1+, /508

d
1+ 5545

Ve=(0.158\/fc +17p * AZ—) bd <0.3\/flbd

Where Vy,d/My < 1.0

Eurocode draft (2003) [23]

Ve = 0.12k(100pf%)* bd

where k =1+ ./200/d < 2.0, p <0.02

Tureyen and Frosch (2003) [25]

Vc = %\/Ebc

where ¢ = kd, k = \/2pn + (pn)> - pnand n = Es/E_c

Bazant and Yu (2005) [32]

Ve = 1.1044p%b (1+¢)

fidod

do
1+-2

where do = k(f/)*/?, and k = 693.7623/d,

Russo et al. [33] (2005)

where { =

Ve = 1.13¢ [0 ()7 + 050083 8% (4) 204D pa

1+4/5.08/do
\/1+d/(25do)

5.3 Available equations and design
recommendations

Tables 6 and 7 show some of the available equations for
evaluating the concrete shear strength of concrete members
longitudinally reinforced with FRP bars and reinforced with

steel bars are presented here. These equations were pro-
posed by researchers or stated by design recommendations.

5.4 Proposed method for determining the
shear strength of FRP reinforced concrete
members without stirrups

From total experimental work, the proposed theoretical
equation for calculated shear forces is as follows:

V=Vc+Va+Vy (4)

V¢ - the contribution from uncracked (plain) concrete

V4 — the contribution from the aggregate interlock mecha-

nism
V4 — the contribution from dowel action.
The proposed method is an improved version of the

existing CSA S806-02 or proposed equation of fracture me-

chanics as give the same results to calculate (V. and V,)

V(_‘ = 0.0BSkmkska\/Ebwd (5)

Vq = 0.035kmkskakr/fibwd (6)

Ve + Vg =0.035kmkskq (1 + k) \/fibwd @)

< 0.2ks\/flbwd
where ki, represents the effect of interaction between the
factored moment and the factored shear at the section on
its shear strength; k;, represents the effect of reinforcement

rigidity (ofEy, psEs); and ke and ks represent the effects of
arch action and beam size, respectively. These factors are

given as follows
Ved\2\3
m= (MLF> (8)

where (%) is the same (a\ d)

1
kr = (prf +pgEs)’ )
_ My
ka=1 for Ved >2.5 (10)
2 My

ka = (ﬁ) <2.5 for Ved <2.5 (11)

Vpd
ks=1 for d<300 (12)



DE GRUYTER

Table 8: The comparison between theoretical and experiential results

The shear strength of concrete beams hybrid-reinforced with GFRP bars and steel bars = 157

Specimen h Reinf. AS’ a/d fe Ve+Va Vg Vihe = Vewppra) 72
no (mm) Steel  GFRP (Mpa) Ve+ Vg +
Va
B4 300 2¢10 2#3 2912 2.67 25 61.93 5.93 67.86 67.84 1.0
B5 300 2912 2#4 2.67 25 69.54 6.9 76.44 73.2 0.96
B6 300 2016 2#5 2.67 25 87.93 8.75 96.68 105.7 1.09
B7 200 2012 2#4 2.67 25 51.14 6.9 58.04 65 1.12
B8 400 2012 2#4 2.67 25 89.82 6.9 96.72 99.3 1.02
B9 300 2912 2#4 2.0 25 77.35 6.9 84.25 75.6 0.90
B10 300 2¢12 2#4 3.0 25 59.03 6.9 65.93 59.8 0.91
B11 300 2¢12 2#4 3.5 25 53.27 6.9 60.17 53.4 0.89
B12 300 2012 2#4 2.67 30 76.18 6.9 83.08 78.9 0.95
B13 300 2012 2#4 2.67 40 87.96 6.9 94.86 103.2 1.08
B14 300 2012 2#4 2.67 50 98.34 6.9 105.24 126.4 1.20
_ ( 750 ) x1.15 for d>300 (13) ¢ Using hybrid GFRP/steel bars in RC beams causes a re-
450 +d duction in the cracking loads, also decreased number

To calculate (V) use an improved equation of Jimenez,
Gergely, and White:

*

M 3.25 +
ny Zn
b

Vq-= (14)

Where by: is the net width of the beam (b - n@), n,, is the
number of bars in one layer, ¢, is the minimum cover (side
or bottom)

d;, is the bar diameter of bars equal to:

Er

d; = dﬁber * Eg + dsgeel (15)

V = 0.035kmkska (1 + kr) \/fibwd

bndb 3.25+ 3.79(:”[
np n%+db
b

As shown in Table 8, the theoretical Egs. (4-5) gives accept-
able results compared with the experiment work and can
be used as a guide equation for the prediction of the shear
strength of hybrid GFRP/steel of reinforced concrete beams
without shear reinforcement.

6 Conclusions

Based on the analysis of the experimental results of the
tested RC beams in this work, the following conclusions
can be drawn

and width cracks, crack width increased compared
to using GFRP only in RC beams.

Using hybrid GFRP/steel bars decreased deflection
with a ratio of 30% and increased ductility 16% for
beams reinforced with pure fiber

Using hybrid GFRP/steel bars decreased deflection
and increased ductility for beams reinforced with
steel so we can say GFRP/steel enhance ductility
Using variable span- to- depth ratio (2, 2.67, 3 and
3.5) we conclusion a/d equals 2 is the best ratio be-
cause it gave good results of stiffness, ductility, ulti-
mate loads, and decreased strain in bars compared
to other ratios, also increasing concrete strength in-
creased the ultimate load, stiffness, delayed the crack-
ing loads.

The sound of failure of hybrid beams such as beams
reinforced with steel bars but no sound occurs during
failure on beams reinforced with GFRP only

cracks and mode of failure in hybrid beams are closer
to beams with steel bars than to beams reinforced
with GFRP only.

Most of the main GFRP/steel bars exceed the yield
strain so the main tension bar plays an important role
in resisting the ultimate load, the failure together
with using hybrid reduces the strain in bars com-
pared with using fiber.

Based on shear transfer mechanisms, and numerous
published experimental data, the following equation
is derived for the nominal shear strength of hybrid
in reinforced concrete beams without web reinforce-
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ment
V = 0.035kmkska (1 + kr) \/fibwd

bnd, 3,95 4 3:79Cm

np b%+db
m

¢ Comparison with published experimental data in-
dicates that the proposed equation estimates prop-
erly the effects of primary factors, such as concrete
strength, longitudinal hybrid bars ratio, shear span-
to-depth ratio, and effective depth.
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Appendix: A

A Behavior prediction using
nonlinear finite-element analysis

The finite element method is a numerical analysis tech-

nique that can be used to obtain approximate solutions to

a wide range of engineering problems. ANSYS is a general-

purpose finite element modeling package that can be used

to solve a wide variety of problems, including heat trans-

fer, static and dynamic structural analysis (both linear and
non-linear), and fluid problems. The Hybrid GFRP/Steel

Bars in Reinforced Concrete Beams without shear reinforce-

ment have been analyzed using a finite element (FE) model
in ANSYS. The ‘ANSYS’ model accounts for cracks, strain
in bars, deflection, and stress transfer across the cracked
blocks of the concrete. The study was performed with the
Newton-Raphson technique in stages. The final results are
applied after the solution has been converged.

A.1 Modeling of concrete and reinforcement

SOLID65, defined as an eight-node brick element capable

of simulating the cracking and crushing of brittle materi-

als, was used to model the concrete. The compressive and

tensile strengths are determined using test data from speci-
mens cast and examined along with the rectangular beams.

The data was used in ’ANSYS’ to define concrete CCONCR’)

properties. Concrete is considered to be anisotropic elas-

tic material before crushing. The concrete is believed to

have lost hardness in all directions after crushing. The con-

crete Poisson’s ratio is 0.2 A constant mesh size of 50mm
is assumed in this study. The meshed solid is presented in
Figure 10. The longitudinal reinforcement i.e., the steel and

fiber bars have been modeled using LINK8 3D Spar element.

The 3-D spar element is a uniaxial tension-compression
element with three degrees of freedom at each node: nodal

X, V, and z translations with significant deflection capabili-

ties. The area equivalent to each rebar is used to calculate
the cross-sectional area of each element. For the rebar, the

same mesh size as that of a concrete element is adopted.

Figure 10 shows a typical beam modeled in ANSYS.
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Figure 10: Element Types of ANSYS Modelling

A.2 Discussion on test results
A.2.1 Crack pattern

The first crack observed in the shear span during the testing
of the beam was found to be similar in the ANSYS predicted
model. Cracks propagated through the moment zone at
higher loads in further stages of loading of the ANSYS pre-
dicted model. The orientations of cracks predicted by the
model are inclined in the shear span region and vertical in
the constant moment region. The crack patterns and the
order of cracks predicted by the ANSYS model are in con-
firming with experimental observations. During the test
process, at ultimate load, the inclined crack in shear span
widened and concrete under the load point crushed. The
ANSYS model predicted the crushing of concrete at ultimate
by indicating large distortion of element nodes. The crack
patterns indicate shear failure in all beams. The crack pat-
tern observed in the ANSYS model at failure is illustrated
in Figure 11.

Figure 11: Comparison between crack pattern from (F.E.) and experi-
mental test for specimens
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Figure 12: Comparison between Load-deflection from (F.E.) and experimental test for all specimens
A.2.2 Load-deflection curves dicted the ultimate strength of the test specimens success-

fully. Because the average difference between the ultimate
Theoretical (FEM-ANSYS) and the experimental mid-span  deflection and the experimental ultimate loads and their
deflection is calculated and obtained from the same loca- numerical simulated values was less than 5%. Furthermore,
tion on the tested beam. The load-deflection curves from the ratios between ultimate deflection and the experimen-
the FEM and the experimental results for beam specimens tal ultimate loads and their numerical simulated values
are shown in Figure 12. The predicted load-deflection curves  indicate an acceptable simulation. As a result, we can say
show good agreement with that from experimental work.  that the ANSYS response complements the experimental

Table 9 lists the analytical and experimental ultimate results.

loads. The findings demonstrated that the method had pre-
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Table 9: Experimental and predicted, first cracking load, ultimate load capacity, and ultimate deflection for all tested specimens

Beam Experemental Predicted First (Experimental/  Pu(exp) Pu(ANSYS) Pu(exp) Au(exp) Au(ANSYS) Au(exp)/

No.  First cracking cracking load predicted) First [kN] [kN] [kN]/ [mm] [mm] Au(ANSYS)
load (MPa) (MPa) cracking load Pu(ANSYS)
(MPa)
B1 39.5 28 1.4 82.2 80 1.027 5.771 5.261 1.096
B2 64.5 40 1.6 92.8 90 1.03 5.319 4.799 1.108
B3 17.5 14 1.25 51.3 54 0.95 8.609 8.403 1.024
B4 21.84 15 1.45 67.84 65 1.04 6.164 6.203 0.99
B5 37.4 27 1.38 73.2 76 0.96 5.951 6.101 0.975
B6 40.7 32 1.27 105.7 99 1.067 6.948 6.411 1.083
B7 48.2 35 1.37 65 61 1.065 5.996 5.786 1.036
B8 41.3 25 1.65 99.3 95 1.045 6.37 5.846 1.089
B9 37.7 25 1.5 75.6 82 0.92 5.154 4.988 1.03
B10 24.8 18 1.38 59.8 58 1.03 6.018 5.829 1.032
B11 23.7 15 1.58 53.4 57 0.936 7.067 6.406 1.10
B12 40.5 26 1.56 78.9 84 0.939 5.73 6.154 0.93
B13 49 30 1.63 103.2 99 1.042 6.545 6.927 0.94

B14 64.8 40 1.62 122 123.1 0.99 4.804 5.321 0.90
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