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Abstract: This paper investigates the response of high strength concrete (HSC)
beams subjected to reversed cyclic loading using carbon fiber-reinforced
polymer (CFRP), glass fiber-reinforced polymers (GFRP), and hybrid
FRP/steel bars as bottom tensile reinforcement. Five HSC beams with a
rectangular cross-section were prepared and poured using with a 28-day
concrete compressive strength of 60 MPa (8.7 ksi). A displacement-controlled
reversed cyclic loading has been applied to all the beams. The test setup has
been designed to represent seismic effect on structures. Flexural capacity,
concrete and reinforcement steel strains, cracking behavior, and ductility
results were obtained. The hybrid steel/FRP has shown an improved
performance in terms of flexural capacity, strains, and ductility. While the
inclusion of FRP grids reduces the flexural capacity, this can be improved by
adding more layers of FRP. Overall, the nominal moment of the hybrid
sections were the highest between all beams. The ACI 318 code’s empirical
equations showed close results in terms of the tensile strength of the FRP. The
ACI 440R has shown overestimated nominal moment values compared to the
experimental results.
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1 Introduction

Over many years, High Strength Concrete (HSC) was considered the main building material used
in structures. The aging problem of infrastructure is increasing and solutions to extend the service life
need to be found. Corrosion is one of the main leading causes of structures’ aging, where it accelerates
the deterioration process. The very popular signs of steel corrosion is delamination and concrete spalling.
Alternative solutions need to be more investigated to mitigate such corrosion problems in concrete
structures.

The addition of Fiber-Reinforced Polymer (FRP) in HSC is a one of the promising solution to
avoid corrosion problems [1-6]. In the last 25 years, FRP has been widely used in different civil
engineering applications [7-10]. Various commercial kinds of FRP are available in the market for
implementation in concrete structures such as bars, grids and FRP wraps [11-12]. Those FRP types
might be used as internal reinforcement or used externally to strengthen damaged concrete elements.
FRP is distinguished from conventional steel due to its corrosion resistance and extremely high tensile
strength [13-16]. The behavior of conventional steel bars is usually linear up to the elastic limit,
followed by yielding and strain hardening and then strain softening and failure. The FRP is a brittle
material that has linear elastic behavior up to failure. The usage of both conventional steel bars and FRP
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bars/grids might be an advantage of combining the two behaviors to enhance the overall concrete
element’s strength and ductility

Most of the published research [9, 11, 14-15, 17-19] was focused on the performance of reinforced
concrete elements reinforced by FRP bars under monotonic loading. The Inclusion of FRP grids in high
strength concrete elements is very limited and the behavior of such beams under reverse cyclic loading
is also limited and need more investigation. The cyclic loading is a type of loading protocols that mimic
the seismic forces’ effect on a concrete member. The reason of performing cyclic is due to the difficulty
and cost of investigating such behavior using a shaking table.

Fiber-Reinforced Polymer (FRP) are considered high-performance materials with superior
characteristics, such as; light weight, high tensile strength, fatigue resistance, corrosion resistance, and
heat insulation. Recently, FRP has been utilized in many civil engineering applications, for instance,
bridges, marine constructions, and underground infrastructures [20]. Four types of FRP are commonly
used in structures applications (Carbon FRP, Glass FRP, Aramid FRP, and Basalt FRP). These FRP
materials are distinguished by their corrosion resistance, making them a good substitute for
conventional steel reinforcement. The physical and mechanical properties of the different FRP materials
compared to conventional steel are shown in Table 1. The reduced density of FRP leads to a reduced
weight, almost 1/5 compared to conventional steel. Although FRP has demonstrated a high tensile
strength, the elongation percentage is low, resulting in a brittle failure. Moreover, the elastic modulus
of FRP usually is lower than that of steel (except for some CFRP, which has a high elastic modulus).

Table 1. Physical and mechanical properties of FRP materials compared to conventional steel [20]

; ; Longitudinal Elastic Ultimate
Material Unit Weight coefficient of Tensile strength Modulus elongation
(glcm®) thermal expansion (MPa) (GPa) (%)
(10-6/°C)
CFRP 1.50-1.60 -9.0-0.0 600 - 3690 120 - 580 05-1.7
GFRP 1.25-2.10 6.0-10.0 483 - 1600 35-51 1.2-31
AFRP 1.25-1.40 -6.0-2.0 1720 - 2540 41 -125 19-44
BFRP 1.90-2.10 9.0-12.0 600 - 1500 50 - 65 1.2-26
Steel 7.85 11.7 483 - 690 200 6.0- 12.0

Various research work has been conducted to investigate the non-corrosive behavior of FRP when
used as reinforcement in ordinary concrete. The FRP has been used in different forms (bars, tubes,
sheets, plates, discrete needles, and grids) [21]. The literature indicated that GFRP and CFRP are the
most common FRP reinforcement materials. GFRP has been examined under different environmental
conditions to investigate its long-term performance. Aggressive environments were considered, such
as; normal and high alkaline and saline solutions [22-26], seawater [27-34], and acids [23]. In addition,
elevated temperature has been applied to accelerate the reactions [22, 25, 30]. The results showed a
maintained high tensile strength of the GFRP, and no chemical degradation was detected. In addition,
it was found that the degradation level depends on the conditioning temperature rather than the
conditioning duration [31-32].

To avoid the CFRP-reinforced concrete beams' sudden brittle failure, most design codes suggest
designing the sections as under-reinforced sections [14, 31-37]. The CFRP under-reinforced sections
have experienced a less catastrophic failure with excessive deflection and wide cracks due to the lower
elasticity modulus of CFRP compared to the conventional steel [38-43]. Although the modulus of
elasticity of CFRP is lower than steel, it is four to five times higher than the elastic modulus of GFRP
(See Table 1). In return, CFRP beams have shown higher flexural strength compared to GFRP beams.
However, the behavior of concrete beams reinforced by CFRP and GFRP under different conditions is
still under study, GFRP reinforced behavior has experienced higher deflection and wider cracks than
conventional steel reinforcement [42]. The low elastic modulus of GFRP, compared to steel, results in
low post-cracking stiffness compared to conventional reinforced concrete beams [42].

Most of the stakeholder and owners of structures have reported that the initial cost of FRP is an
overburden to the overall project cost. However, if the overall cost of labor and materials of both steel
and FRP have been compared. The FRP might win in certain cases depending on the complexity of the
project, the construction time, maintenance cost and many other factors [44-45]. The FRP bars showed
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very effective cost-saving (57%) when implemented in bridge deck compared to normal steel
reinforcement, Berg et al. [13]. The initial cost of FRP bars might be high as 60%, Berg et al. [13]. In
addition, the maintenance cost through the service life of the structure could be eliminated by using
FRP reinforcement.

Cyclic load is defined as a repeated load (reversed cyclic) that includes push and pull of the
structural element, [46-47]. Cyclic loads creates a state of stress that produces fatigue to the element
and the element might fail at a stress value that is less than its ultimate stress. Fatigue analysis might be
performed under high or low cyclic loads. High cyclic fatigue might include millions of cycles applied
to the concrete element, whereas low cyclic is performed under few limited number of cycles similar to
the one conducted in this study. Cyclic load is applied to the element in a short period of time, which is
considered a dynamic load that mimic seismic loads. Limited number of studies have been performed
to study the response of HSC under reversed-cyclic loading.

Various studies [48-50] have reported results related to the behavior of high strength concrete
reinforced by normal and FRP bars under cyclic loading. High strength concrete cantilever beams have
been tested under fatigue loads, Fang et. al. [50]. The study showed that the high strength concrete could
offer a better ultimate loading capacity with better energy absorption. In addition, other study showed
that normal weight concrete is better than high strength concrete in terms of ductility under cyclic loads,
Xue et. al. [51]. The hysteretic behavior of high strength concrete beams under cyclic loads is much
better than normal weight concrete, Xiao et. al. [52]. The implementation of FRP grids as reinforcement
in high strength concrete under cyclic loading is very limited. The behavior of normal weight concrete
cantilever beams reinforced with FRP grids has been investigated by Sharbatdar et. al. [53]. The results
showed that the beams flexural strength have been degraded progressively due to cracking.

Overall, FRP has shown promising properties to be used as an alternative sustainable solution
compared to conventional steel reinforcement. The main advantages of FRP are their high strength-to-
weight ratio and high corrosion resistance. Much research work has been performed on the flexural
behavior of FRP and hybrid FRP and steel reinforcement. Limited research has been conducted on the
reverse-cyclic analysis of FRP and hybrid FRP/steel reinforced HSC beams. This paper aims to
experimentally investigate the structural response of HSC beams subjected to reversed cyclic loading
in the case of using CFRP, GFRP, and hybrid FRP/steel reinforcement. This work introduces the
behavior of the HSC beams reinforced under the grid action of CFRP and GFRP. Most of the works
cited have used bars only. This study shows a preliminary behavior of HSC beams reinforced with such
grids under reverse cyclic loads.

Table 2. Details of beam specimens

Type Beam ID Bottom Reinforcement RFT. Az\rea
(mm?)
Control Specimen ST Two 16 mm Grade 60 reinforcement 400
CFRP Grid CF 1 row - CFRP grid 200
GFRP Grid GF 1 row - GFRP grid 160
CFRP + Steel CF/ST Two 16 mm Grade 60 reinforcement + 1 row - CFRP grid 600
GFRP + Steel GF/ST Two 16 mm Grade 60 reinforcement + 1 row - GFRP grid 560

2 Experimental Program

2.1 Test Specimens

This paper aimed at investigating the response of HSC beams subjected to low- cyclic fatigue
loading by using CFRP, GFRP, and hybrid FRP/steel bars as tensile reinforcement. Five high strength
concrete beams were prepared and cast using concrete with a 28-day compressive strength of 60 MPa
(8.7 ksi). All beams had a rectangular cross-section of 200 mm (8 in.) wide <230 mm (9 in.) high with
2140 mm (7 ft.) long. The control beam was reinforced using two 16 mm diameter, high yield strength
deformed bars Grade 60 (with a yield strength of 415 N/mm?) as bottom reinforcement. Carbon fiber
and glass fiber grids were used as bottom reinforcement for CF and GF specimens. The last two beams
were reinforced using conventional steel and FRP grids as hybrid bottom reinforcement. The details of
the specimens are shown in Table 2. Finally, all beams used two 10 mm diameter Grade 60 steel rebar

000018-3



Ibrahim et al., SUST, 2022, 2(2): 000018

for top reinforcement and stirrups, spaced at 200 mm. Clear cover for reinforcement was maintained at
25 mm at all sides.

2.2 Materials

A single HSC mix with an actual 28-day compressive strength of 60 MPa (8.7 ksi) has been used
in all the specimens. The target compressive strength provided to the concrete plant was 48.2 MPa (7
ksi). The coarse aggregate used was dolomite with a nominal particle size of 19 mm (0.75 in.), and the
fine aggregate was natural sand. Type Il Portland cement with a specific gravity of 3.15 and conforming
to the requirements of the ASTM C150 was used. The design of HSC mixes always requires water-
reducing agents to maintain strength while keeping the water-to-cement ratio low and providing a more
workable concrete. This was obtained using an air-entrainer (Daravair) and a water-reducing agent
(Daracem) as admixtures. As a result, a water-to-cement ratio of 0.33 with a slump value of 100 mm (4
in.) was produced. The details of the concrete mixture are shown in Table 3.

Table 3. Concrete mix proportions

Cement Water Fine Agg. Coarse Agg. Air-entrainer Water reducing agent
kg/m?® lit./m3 kg/m?® kg/m?® kg/m?3 kg/m?®
(Ibs/yd®) (gal/yd®) (Ibs/yd®) (Ibs/yd®) (ozlyd®) (ozlyd®)
500.00 163.39 860.25 1023.40 0.116 1.934
(842) (33) (1450) (1725) (3) (50)

NEFMAC (New Fiber Composite Material for Reinforcing Concrete) FRP glass and carbon fibers
were used in this study [54-56]. The carbon and glass fibers had a fiber volume of approximately of
40%. The grid was produced to form a 2D orthogonal grid with symmetrical mechanical properties, as
shown in Fig. 1. The properties of the used FRP are shown in Table 4.

Transverse Spacing
—

Transverse Bar Longitudinal Bar

[l I I S O

!
U

o T T

=

S £

= 3

(=5

w

=

£

=

2

™

U u o o u u S

—

Length
Fig. 1. FRP grid
Stirrups: ——— 2T10 steel bars
R10@200 mm 2110
E 2T16
2140 mm 2 / 4
o~ /
Bottom RFT —— FRP grid
* 2T16 steel bars (if existed) _
« 1 row FRP grid (if existed) 200 mm
(a) Longitudinal Section (b) Cross Section

Fig. 2. Typical beam reinforcement details

000018-4



Ibrahim et al., SUST, 2022, 2(2): 000018

Table 4. Properties of the Steel and FRP bars

Area Tensile Elastic Yield Stress Strain at Weight
. ) Strength Modulus 2
Reinforcement Type mm > 5 N/mm Break kg/m
(in?) N/mm N/mm (Ksi) % (Ib/ft)
(ksi) (ksi)
200 690 199,950 415 1.55
16 mm Grade 60 (0.310)  (100) (29,000) (60) 0.14-0.25  (f ng3)
. 100 1200 99,975 0.78
NEFMAC CFRP grid (0.155) (174) (14.,500) N/A 0.50-1.90 (0.525)
. 80 600 29,995 0.43
NEFMAC GFRP grid (0.122) 87) (4,350) N/A 1.20-3.10 (0.292)

2.3 Instrumentation, test setup, and loading program

All formwork has been prepared and manufactured using available wood achieving a concrete
cover of 25 mm on all sides of the beams. Fig. 2 shows the reinforcement details of the beams and Fig.
3 shows the hybrid FRP/steel reinforcement cages. The test setup has been designed to simulate the
forces and boundary conditions that could happen during a seismic action. The two ends of the beam

were fixed, as shown in Fig. 4.

A

Fixed End

I - =f -~
Fig.4. Test setup

000018-5




Ibrahim et al., SUST, 2022, 2(2): 000018

Reversed cyclic loading has been applied to the mid-span using a hydraulic actuator with a 2000
kN capacity. A steel reaction beam was used to apply the load at the midspan. A load cell has been used
to record the applied load in kKN. The load cell has a maximum capacity of 225 kN (50,000 Ibf.). An
LVDT has been used to measure the deflection at midspan. Three steel strain gauges were attached to
the reinforcement and stirrups at the midspan of each beam. In addition, one strain gauge has been
externally attached to the midspan of the concrete. Test setup details are shown in Fig.4. The reverse
cyclic system is controlled by Shore Western System. The reversed cyclic loading history is shown in
Fig.5. Displacement controlled loading protocol has been applied to all specimens. This loading
protocol has been designed based on multiple data found in the literature.

3 Experimental results and discussion

The parameters that have been considered were the flexural capacity, concrete and reinforcement
strains, cracking behavior, and ductility index. A summary of the experimental results is shown in Table
5.

Table 5. Summary of the experimental results

Corresponding

Max. Load . Ultimate Strain
Beam Displacement Ductilit
Push Pull Push Pull Steel FRP Concrete y
ID Index
kN kN mm mm mm/mm mm/mm mm/mm
(Kips) (kips) (in) (in))
109.16 55.60 16.52 18.66
ST (24.54) (12.50) (0.6504) (0.7231) 0.03341 N/A 0.03127 2.64
91.63 36.20 19.26 16.06
CF (2060)  (8.14) (0.7585) (0.6323) N/A 0.03570  0.00002 N/A
44,93 27.18 18.23 16.43
GF (10.10) (6.11) (0.7178) (0.6470) N/A 0.03362 0.00049 N/A
126.95 40.61 19.15 15.98
CF/ST (28.54) (9.13) (0.7541) (0.6294) 0.00481 0.03373 0.00082 1.94
GF/sT 10702 3002 19.72 1877 000586 003375 000022  1.70

(24.08)  (6.75)  (0.7764)  (0.7393)

3.1 Failure Load and Ductility Index
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Fig. 5. The reversed cyclic loading protocol

The specimens were tested under cyclic loading using a displacement-controlled regime. Fig. 6

shows the peak load results for all specimens under the reversed cyclic loading. The controlled beam
with the conventional reinforcement had shown a peak load of 109.16 kN (24.54 kips) when subjected
to the cyclic loading protocol illustrated in Fig. 5. The use of FRP only as bottom reinforcement reduced
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the flexural capacity by 16% for CFRP grids and 58% for GFRP grids compared to the control beam.
Compared to the control beam, the hybrid system has improved flexural capacity, especially for the
CFRP, with an increase in flexural capacity by 17%.

Overall, beams with hybrid reinforcement (FRP grids and conventional steel) have shown the
highest flexural capacity and ductility, compared to the beams reinforced with FRP only. Beams
prepared with hybrid reinforcement did show an increase in the flexural capacity. The weight of the
steel bottom reinforcement used in the control specimen is roughly equal to 3.3 kilograms (7.3 pounds).
At the same time, the carbon fiber and glass fiber grids weigh approximately 1.7 kg (3.7 pounds) and
0.9 kg (2.0 pounds), respectively. That’s why specimens containing FRP only did not show superiority
in the flexural capacity compared to the control beam. However, the flexural capacity can be increased
by adding more layers/grids of the FRP.
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_. 80 1800 =
g 7 1575 &
g 60 1350
= 50 1125 =
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(=]

Fig. 6. Peak load results

Fig. 7 to Fig. 11 show the load-displacement Hysteresis curves. The improved flexural capacity
due to the hybrid reinforcement can be seen in Figure 10 for CFRP and Fig. 11 for GFRP. Load
displacement failure envelopes were developed, Fig. 12 to Fig. 16. The green highlighting region
illustrates the ductility area using the strain values obtained for the steel and FRPs during the test. The
first bound of the box corresponds to the load where the reinforcement yield (dy). The second bound of
the box corresponds to the ultimate reinforcement strength (ou). These two values were used to obtain
the ductility index (u) illustrated in Table 5.
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Fig. 7. Load-Displacement Hysteresis curve for the control beam (ST)
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Fig. 8. Load-Displacement Hysteresis curve for the CF beam
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Fig. 9. Load-Displacement Hysteresis curve for the GF beam
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Fig.10. Load-Displacement Hysteresis curve for the Hybrid (ST and CF) beam
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Fig. 11. Load-Displacement Hysteresis curve for the Hybrid (ST and GF) beam
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Fig. 12. Load-Displacement failure envelope for the control beam (ST)
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Fig. 13. Load-Displacement failure envelope for the CF beam

The ratio of the maximum deflection to the deflection corresponds to the yield stress is defined as
the Ductility index. The maximum deflection is the value of the beams” vertical displacement where the
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beam would not be able to resist further load. For CF and GF beams, there was no ductility index due
to the brittleness behavior of the FRP, as shown in Fig. 13 and Fig. 14. However, hybrid reinforcement
has shown an acceptable ductility behavior, Fig. 15 and Fig. 16. Fig. 17 shows an overall comparison

of load-deflection

envelopes for all beams.
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Fig. 14. Load-Displacement failure envelope for the GF beam
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Fig. 15. Load-Displacement failure envelope for the Hybrid (ST/CF) beam
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Fig. 16. Load-Displacement failure envelope for the Hybrid (ST/GF) beam
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Fig. 17. Load-Displacement failure envelopes for all beams

3.2 Strain

All beams have experienced flexural failure, where reinforcement reaches its yield strength before
the failure of the concrete. For the control beam, it was observed that the main steel has yielded before
concrete. The steel strain was 0.0334, corresponding to a load of 104 kN (23.4 Kips). For the FRP
specimens, flexural cracks were developed at the midspan and increased until the FRP reached the
ultimate strain and was delaminated. Fig. 18 to Fig. 22 show the flexural failure shapes of the specimens.

-aie

Fig. 20. Flexural failure of the (GF) beam

For the hybrid reinforcement (CF/ST) beam, the CFRP was delaminated at a load of 109.43 kN
(24.6 kips) before the yielding of the steel bars. The delamination has occurred at a strain value of
0.0336. The dominant failure of the beam was due to flexure, as shown in Fig. 19. The steel bars have
reached its yield strength after the delamination of the CFRP at a strain value of 0.0022 in the first cycle
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and corresponding to a load of 110.76 kN (24.9 kips). On the other hand, the steel in the hybrid
reinforcement (GF/ST) beam first yielded a strain value of 0.0044, corresponding to a load of 90 kN
(20.3 kips). Then the GFRP grid showed delamination at a strain value of 0.0338, corresponding to a
load of 95 kN (21.4 kips). As mentioned earlier, these strain values and observations were used to obtain
the ductility index.

1
\

-5 ‘a\

Fig. 22. Flexural failure of the hybrid (ST/GF) beam

3.3 Cracking behavior

Table 6 shows the crack details. The method described in [57] was used to find crack density as
another ductility indication. The crack density was calculated using Eqg. (1). Crack density results are
shown in Fig. 23. The following paragraphs have a detailed description of the cracking observations
during the experimental work.

Crack Density = i LW

1)
Where, L; is the length of the crack, Wi is the width of the crack, n is the number of cracks, and d is the
beam depth.

The controlled beam (ST) showed its first crack at a load of 41 kN (9.2 kips) (around 38% of its
peak load), and conforming to a displacement of 3.59 mm. (0.14 in.). While the test is proceeding, the
flexural crack at the mid-span becomes wider until it fails at a deflection of 18.66 mm. (0.73 in.). This
specimen had shown the highest ductility behavior, Fig. 18. On the other hand, CFRP and GFRP beams
had evenly spread-out cracks suddenly before the failure when the FRP delaminated, Fig. 18 and Fig.
19. For the hybrid (ST/FRP) beams, the first crack was observed at around 40% of their failure load due
to the existence of reinforcement, which gave them more ductility than FRP beams.

30

N
o o

Density (1/mm)
BN
o (6]

o o

ST CF GF CF/IST  GFIST

Fig. 23. Cracks density results
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As can be seen from Fig. 23, the control beam has shown the highest ductility results compared to
FRP specimens. The results obtained in this section, based on the approximate method, conforming to
the results obtained using the ductility index.

Table 6. Cracks details

Beam ID Averagﬁ]ﬁqr.a(cilr(L)Spacmg Avera?sn?r?i(;ll.()wmh Number of Cracks Cracl:rsm??nsny
PC 144.78 (5.7) 6.35 (0.250) 5 20.77
CF 157.48 (6.2) 2.56 (0.101) 8 14.30
GF 203.20 (8.0) 3.58 (0.141) 4 6.69
PC/CF 116.84 (4.6) 1.93 (0.076) 15 18.66
PC/GF 106.68 (4.2) 2.26 (0.089) 9 10.93

4. Mechanistic model for predicting flexural capacity of FRP grid reinforced beams

This section presents the analysis of the results based on the mechanistic models adopted from the
ACI 318 [56]. The ACI 318 does not provide a prediction equation for high strength beams reinforced
with FRP grid, therefore the authors used the available normal reinforced concrete beams’ ultimate
flexural capacity equations to predict the nominal capacity of all beams presented in this study. However,
the ACI 440R [58] presents the state of the art of FRP reinforcement, and it does not provide any
mechanistic models to predict the behavior of high strength concrete beams reinforced with FRP grids.
The authors used [58] as a guide to help in calculating the nominal capacity of the hybrid beams (4 and
5) presented in this study. The nominal capacity of beams 1, 2 and 3 have been calculated based on [56]
as shown below:

In EQ. (2), Mnsp is the nominal moment provided by the FRP only and M is the nominal moment
provided the steel. There moment capacities are calculated using the Eq. (3) to Eqg. (5) below.

M, =M, +M, )
Mot =Tep * dfrp 3)
Teo = €tp * Arp * By 4)
Afrp =Ngp * tfrp * bfrp (5)

The calculations of moment capacity was based on the allowable strain in the FRP grid, &fp., which
depends on the mode of failure. The ACI 440 correlated the mode of the failure to the concrete crushing
strength, steel yielding stress, and the rupture of FRP bars/grid. In addition, the ACI 440 differentiates
between the delamination and the depending on FRP bars/grid from the surrounding concrete.
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Fig. 24. Stress-Strain Relationship in FRP and Steel Reinforced Beams [56]
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Fig. 24 shows the basics of the stress-strain relationship in FRP and steel beams. The main target
of the design of such beams is to avoid sudden failure and provides enough ductility before failure.
Concrete crushing
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Fig. 25. Stress Block Diagram for Section Analysis [56]

In this study, the allowable tensile strain of FRP was taken equal to the debonding strain [58],
where it was used to find the nominal strength of the FRP (equation 4). The equivalent stress block was
used in the analysis and the compression reinforcement was neglected in the calculations as shown in
Fig. 25.The area of reinforcement included both the steel and the FRP. Equations 6 to 8 presents the
section equilibrium and the forces considered in the analysis. a was taken as 1.25 to account for strain
hardening and a: as 0.65 based on the strength of the concrete.

C= Ts + Tfrp (6)
C=o *f'*xA (7)
T, =axf, %A ®)
Table 7. Experimental and Mechanistic Models Moment Capacities
ACI 318-14 0
Code Used: Experimental (Material ACI 318-14 (60% ACI 440R
. FRP strength)
Properties)
. oM OMn OMn oM
Specimen [kip*f] [kip*f] [kip*f] [kip*f]
1 Control 21.48 22.7 N/A N/A
2 Carbon Fiber 18.03 30.5 18.7 N/A
3 Glass Fiber 8.84 12.4 75 N/A
4 CF + Steel 24.97 49.3 40.0 43.2
5 GF + Steel 21.05 32.8 28.6 33.2

Three models have been adopted from the ACI 318 and ACI 440R. One model used the whole
FRP tensile strength and the second model assumed only 60% of the FRP tensile strength and the third
model was based on [58]. It was shown that the second model showed results that were in good
agreement with the experimental results. Equations 9 to 11 shows the steps to calculate the nominal
moment strength. Table 7 shows the calculated moment capacities for all three models. For example,
beam 4 (CF+steel) showed the moment capacity of 24.97 k.ft, 49.3 k.ft, 40 k.ft., and 43.2 k.ft for the
experimental, ACI 318 and the 60% FRP strength and the ACI 440R, respectively.

- f

a2l . 9)
0.85- f;b

fop = 0.6 f (10)
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a
M, =0.85f,1, - Ay (d =) (12)

5 Conclusions

The main goal of this study was to investigate the structural response of high strength concrete
beams using fiber reinforced polymers under reversed cyclic loading. Five beams have been tested
experimentally. The compressive strength of the used concrete was 8.5 ksi. The control beam was
reinforced only by conventional steel bars, while other beams were reinforced with FRP and GFRP
grids and with hybrid reinforcement. The results of the analysis were used to draw the following
conclusions:

The CF and GF grids were practically used in high strength concrete beams as main reinforcement.

Beams included CF and GF showed more strength degradation (stiffness reduction) compared to
the control beam.

The nominal moment capacity of hybrid reinforced beams were 138%-238% higher than the
moment capacity of beams reinforced only by CF or GF grid.

The ductility index has been calculated for the control beam and the hybrid beams only, while
other beams reinforced with CF and GF grids only had no ductility index due to the no yield point
provided by the CF or the GF grid.

Hybrid beams still show good ductility indices (larger than 1.0) of 1.94 and 1.7 for the CF and GF,
respectively.

Beams reinforce only with CF and GF showed moment capacity that 98% and 48% less than the
capacity of the control beam.

Hybrid beams showed more number of cracks at failure, however the crack spacing was
approximately less (75% and 88%) compared to the CF and GF only reinforced beams, respectively.

The mechanistic models of the ACI 318 (60% of FRP tensile strength) showed good agreement with
the experimental results.

The mechanistic models of the ACI 440R, overestimated the nominal moment capacity of the hybrid
beams.

The deflection of the ACI 318 and the 60% of FRP tensile strength methods, showed less values (25%
- 88%) compared to the experimental results.

Finally, the ductility indices based on the ACI 318 were underestimated (58% - 67%) compared to
the experimental results.
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