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Abstract: The most frequent cause of reinforced concrete deterioration is corrosion of the steel reinforcement, especially in harsh
weather. One of the promising materials for structural applications is fiber-reinforced polymer (FRP) material because of its non-
corrosive nature. One of the most productions of FRP material is FRP bars which are used in reinforced concrete structures. FRP bars
have many advantages such as high strength to weight ratio. This research aims to evaluate the ultimate capacity of reinforced
concrete beams with FRP bars by using available specimens in the literature against Eurocode 2 (EC2) specifications and compared
with ACI-440.1R-06 code. The results showed that EC2 code overestimates the ultimate moment capacity for 5 samples only (4% of
the examined specimens) for normal strength concrete, while EC2 code overestimates the ultimate moment capacity for 16 samples
(14% of the examined specimens) for high strength concrete. Therefore, EC2 is more conservative for predicting moment capacity of
reinforced concrete beams with FRP bars for normal strength concrete than high strength concrete. On the other hands, ACI 440.1R-
06 underestimated the ultimate moment of all concrete beams reinforced with FRP bars. Accordingly, ACI 440.1R-06 is more

conservative for predicting moment capacity than EC2.
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1. Introduction

The design standards for steel reinforced concrete
elements are no longer valid for FRP materials because it is
a linear elastic brittle material. Multiple standards for the
RC structures with FRP were published as a consequence of
international research in this area through professional
organizations. Utilizing of (GFRP, CFRP, and AFRP) is
permitted by the design and construction guidelines (JSCE
design recommendations of 1997[1]; CAN/CSA S806
2012[2]; ACI-440.1R-06[3]). In addition, the design codes
(CAN/CSA S6 2014[4] and ACI 440.1R 2015[5]) and
material specifications (CAN/CSA S807 2010[6]; ACI
440.6M 2008[7]) that are now in use enable engineers to
design structural concrete elements reinforced with GFRP,
CFRP, and AFRP. Therefore, multiple investigations have
been conducted to study the accuracy of international codes
to calculate the shear capacity and ultimate moment of FRP
reinforced concrete beams. For instance, the literature found
that ACI-440.1R-06 [3] predicts the shear capacity of FRP
reinforced concrete beams with underestimation of the
experimental results [8,9,10]. Also, ACI-440.1R-06 [3]
underestimates the ultimate moment of reinforced concrete
beams with FRP bars. [11,12]. Additionally, more
investigations were carried out to study the accuracy of
CAN/CSA S806-12 [2] to calculate the shear capacity and
ultimate moment of reinforced concrete beams with FRP
bars. The results showed that CAN/CSA S806-12[2]
underestimates both shear and moment capacities of
reinforced concrete beams with FRP bars [13,14].

However, the assessment of ultimate capacity for FRP
reinforced concrete beams by using European standard is
not available. Fib Bulletin No. 40[57] is the appropriate
reference which is used instead of Eurocode 2 (EC2) [15] to
design FRP reinforced concrete beams. Limited research
investigate the accuracy of EC2 [15] for assessment the
structural behaviour of flexural concrete members
reinforced with FRP bars in terms of load capacity and
deflection [16,17]. For instance, Barris et al. [17] collected
the data obtained from twelve tests to assess the accuracy of
EC2[15] for predicting the behaviour of reinforced concrete
beams with FRP bars in terms of ultimate moment. The
authors proved that EC2 forecast the flexural performance
till the service load level accurately, while the prediction of
ultimate moment was conservative. Cashell et al. [16]
revealed that although, EC2[15] overestimates the flexural
strength of concrete beams reinforced with BFRP bars, it
provides an accurate forecast for deflection. In a more
recent study, Borzovic et al [18] evaluated the reliability
and precision of the second generation of EC2[15] for
estimating the ultimate shear of reinforced concrete slabs
with FRP bars by using statistical analyses. The authors
came to the conclusion that by adjusting the ratio of
reinforcement with the ratio of elastic modulus (GFRP to
Steel), the design procedures that was initially designed for
calculating the ultimate shear of steel reinforced concrete
members could be successfully implemented to reinforced
concrete members with FRP bars.

This research evaluates the load- carrying capacity of
FRP reinforced concrete beams with massive available test
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data. The findings are compared with the provisions of EC2
[15] and ACI-440.1R-06[3].

RESEARCH SIGNIFICANCE

Most of previous research studied the accuracy of
using American code (ACI-440.1R-06) [3] to evaluate the
flexural performance of reinforced concrete beams with
FRP bars in terms of moment capacity. However, there is a
lack of knowledge for using Eurocode 2 (EC2) [15] to
investigate the flexural performance of reinforced concrete
beams with FRP bars. This research overcomes this
problem by using the available data in the literature and
making a comparison with EC2[15] and ACI-440.1R-
06[3]. Based on the results, the code equations for
predicting shear capacity, ultimate moment, and cracking
moment were statistically evaluated.

2.

3. EXAMINED DATA

The previous research of reinforced concrete beams
with FRP bars was investigated carefully to obtain the
results which served the current research. Forty nine
references with 292 specimens were examined for load-
deflection behaviour. The collected data involves beams
with normal and high strength concrete with and without
stirrups. FRP or steel stirrups were used as transverse
reinforcement; while the main reinforcement was FRP bars.
Additionally, the differences between the examined
specimens were the beam geometry, ratio and mechanical
properties of tensile and shear reinforcement. The type of
loading is four - point bending for all the tested beams.
Moreover, all concrete beams have rectangular cross
section. Table 1 presents the examined FRP reinforced
concrete beams from the literature relevant to the current
study.

TABLE 1. The examined FRP reinforced concrete beams from the literature

References | No. | Compressive | Dimensionsofthebeam | Mainlongitudinal Shear reinforcement
and tensile reinforcement
properties of
concrete
& € [3 |59 =% |& |s|= R |a& (<
Adametal |4 19.85- |2.1- [ 120 250 | 1100 44(0.32 | 640 |44 | GFRP | 0.56 | Steel | 500
[11] 6026 |58 -
2.26
Abedet al. 10 [47.5- [45- 180 182 | 750 0.45- (1028 | 42- | BFRP- | 0.87 | Steel | 460
70.5 6.8 41]184 |- 1 CFRP
[20] 2068
Bamsetal. |2 [563- [52- [140- | 142|600 | 42]1.77 [995 |64 | GFRP | 0.90- | Steel | 500
[17] 61.7 59 160 1.03
Cashelletal. |2 [335- [35- |125 162 | 650 | 40|0.78 | 1356| 54- | BFRP |08 Steel | 523
[16] 359 3.7 - 56
1565
Therault& |4 [52.1- |53- [130 129 [ 500 | 30]1.23-[773 |38 | GFRP | 0.54 | Steel | 460
Benmokrane 974 88 283
[19]
Pecceetal. |2 [30 28 500 14511200 83[0.7- |600 |42 | GFRP | 0.2 Steel | 500
[21] 122
Al-Sunnaet |4 |3767- |35- |150 193 | 767 | 4.0]0.28- | 665- | 42- | GFRP- | 0.89 | Steel | 590
al. [22] 4487 |42 393 |1475| 133 | CFRP
Elgabbaset |35 [425 39 200 233 | 1100 47]0.44-| 1162 44- | BFRP | 0.79 | Steel | 450
al. [12] 1.72 |- 48
1189
Zhangetal (4 |263-34(23- [180 187 [600 | 320.17-[1075| 44- | BFRP [ 0.56 | Steel | 335
[23] 32 0.70 |- 49
1204
Kassemetal | 11 [39.05- (4.1- | 200 232|875 | 38]0.51-|617- 36- | GFRP- | 0.98 | Steel | 460
24] 408 42 2.18 | 1988 | 122 | CFRP
Pawlowskiet | 2 [4236 |44 200 257|900 [ 35(022-|1185|52- | BFRP | 0.5 Steel | 500
al. [25] 062 |- 36
1485
Rafietal [9] | 1 417 42 120 169 [ 675 [ 40[069 [1676] 135 | CFRP | 047 | Steel | 421
Alsavedetal [4 [313- [33- | 200 157 |1250| 8.0 1.15-|700- | 35- | GFRP | 0.5 Steel | 553
[26] 40.7 41 360 | 886 |43
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TABLE 1. The examined FRP reinforced concrete beams from the literature (continued)

References | No. o
~—
2 |le |- |2la |2 $lzlt | |2 |3
& = = = E 2 B = = e
e | |& |E|lE|=|E S |25 |& |E |§
< < |5 S |7 |F|8 |&|€|2 g |z |
Sunet al. 2 3953 |4 220 252|600 | 2.4]0.62- | 907- | 46- | BFRP- | 0.57 | Steel | 500
[27] 1.70 [2550| 147 | CFRP
Bamsetal |35 321- [33- |140- | 144|600 | 42[0.98-[1015|63-| GFRP [ 0.90- | Steel | 500
[28) 545 6 160 266 |- 64 1.03
1321
Ohetal 29] 7 |[286 29 180 185|680 [ 3.7]047-[841-[ 42 | GFRP | 1.45- | Steel | 500
093 | 1200 218
Kalpana& |4 [20-60 [2.1- | 200 198 | 550 | 28/ 0.99-[600 | 55 | GFRP [ 0.28 | Steel | 500
Subramarian 59 1.57
[39]
Erfanetal 8 |30-60 [29- |150 208 [ 600 [ 29]0.31-[1400[ 56 | BFRP | 0.45- | Steel | 500
[31] 59 1.63 134
Yanget al. 1 759 17 230 206|800 [ 3916 [941 [48 | GFRP | 0.85 | Steel | 477
B2]
Thiagarajan (6 [43.88- [45- | 152 122|508 | 42]0.36-[1900| 140 [ CFRP | 0.65 | Steel | 415
etal [33] 5331 |55 0.76
Khorasamet | 20 |30 29 250 211|800 | 3.8]0.72-[775- | 42- | GFRP | 0.57- | Steel | 462-
al [34) 145 [ 825 |46 1.15 473
Tomlnson& [ 6 |[48-60 |49- | 150 250 | 1100| 44]0.13-[1158| 68 | BFRP | 0.17- | Steel | 485-
Fam[35] 6.1 0.84 068 | FRP | 1158.
5
Duranovicet | 9 | 24- 25- | 150 215512 [ 24]0.88-[1000[ 45 | GFRP | 0.38- | Steel | 600-
al. [36] 3472 |36 133 168 | FRP | 1000
Toutami & 3 35 35 180 2551200] 4.7[0.53-|695 |40 | GFRP | 126 | FRP | 695
Deng [37] 1.10
Jumaaetal |4 | 73 T4 200 |234[610 |26]3 1089 58 | BFRP | 0.25- | FRP | 1100
[38] 0.63
Wanget. [13]] 1 325 34 120 212|700 | 353|088 [ 826 | 109| CFRP |04 |FRP | 826
Saidetal [8] | 10 [19.85- | 2.1- |120 250( 500 |20 1.13-| 640 | 44 | GFRP | 0.39- | FRP | 640
6026 |62 2.26 0.84
Massam[39] | 6 3549 [36- 430 404 3050| 7.5 0.48-]| 517 |40 | GFFP | 0079 | FRP | 517
5.1 223 £0.16
Zhaoetal 9 [343 36 150 250 750 [ 30| 151-] 1124] 105| CFRP | 041 |FRP | 1100-
[40] 3.02 1300
Issaetal 9 [359 37 200- | 165] 397 [ 54 [0.78-] 1050 48- | BFRP | 031 |[FRP | 1070
[41] 300 397 |- 33
1070
Nagasakaet | 12 |229- 24- (230 253480 | 19]|19 1000| 56 | AFRP | 0.5- [FRP | 650
al [42] 36.7 37 1.5
Mamuyamad: | 13 [27.5- [29- [150 250 750 0.55-| 1170 94 | CFRP | 0.12- | FRP | 690
3.0
Zhao [43] 383 39 211 024
Alkhrdapet |3 |24 25 178 279750 [ 27|23 [690 |40 | GFRP | 0.40- | FRP | 690
al [44] 0.52
Niewels [45] [ 8 [4348 [4.4- ]300 412[1302] 3.2[3.25-[ 690 |63 | GFRP | 0.14- [ FRP | 690
5.1 3.65 0.54
Razagpuret |7 [4049 [39- [200 2251410 [ 18|022-[2250[ 145| CFRP [ NA [NA [NA
al [10] 48 0.78
Ashour[46] |12 |27 47 | 2.6- [130 164 666 | 4.1|0.14-]650-[32- | GFEP [ NA [NA [ NA
46 138 (705 | 38
ElRefar & § |49 5.1 152 206545 [ 26|033-[ 116850 | BFRP | NA |[NA |[NA
Abed [47] 145
Kimé& Jang | 12 [30403]3.1- |150- |213|625 | 29|030-|900-]|40- |CFRP/ [ NA |NA |NA
[48] 42 200 0.83 | 2130 147 | GFRP

*NA stands for no stirrups were used as shear reinforcement.
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4. EUROCODE 2 (EC2) DESIGN

4.1 CRACKING MOMENT

The cracking moment (M) of reinforced concrete
beams with FRP bars can be estimated using the following
equation (1) [15]:

1)

Where (fr) stands for the  modulus of rupture of
concrete and could be estimated using equation (2), (y:) is
the distance between the extreme tension fibers of concrete
and the neutral axis of the cross section, and (I,) indicates
the gross moment of inertia.

fr ec2=0.3 (fc)Z/3 (2

Where (f.) is the compressive strength of the cylindrical
concrete.

4.2 ULTIMATE CAPACITY

421 FLEXURAL CAPACITY

The term of ultimate capacity of reinforced concrete
beams with FRP bars refers to shear and bending capacities.
The flexural failure takes place due to rupture of FRP bars or
crushing of concrete at the extreme compressive fibers,
depending on the ratio of reinforcement. If the ratio of FRP
reinforcement (ps=As/bd) is less than the balanced ratio (o),
the flexural failure is rupture of FRP bars (FRP bars reaches
the ultimate strain), otherwise, the flexural failure takes place
due to crushing of concrete (the compressive concrete fibers
reaches the ultimate compressive strain=0.003). Depending
on EC2[15], the balanced ratio of reinforcement (p;) can be
calculated using equation (3):

Anfeecu
Fru(eput €cu)

PoEC2= 3)

Where () and (1) are factors of the rectangular stress
block and can be calculated from equation (4) and equation
():

n= 1 fe=50

200 (4)
1=08- == ©)
(ecu) is the compressive strain of concrete at ultimate (i.e.,

crushing strain) and it equals 0.003 according to EC2, (&f.)

is the ultimate tensile strain of FRP bars and it equals ( ’;ﬂ ).
£

The mode of failure will be crushing of concrete in the
extreme compressive fibers when ps>py, ,and the ultimate
moment (Mw ec,) can be determined depending on EC2 by
using equation (6):

Muigeo = (A§) n b o (1-25) ®)
Where:
— _Ecu
- £f+Scu (7)
—ecut /sgu+—“fgzg*;w
Ef = 2 (8)

Where &ris the actual FRP strain during crushing of
concrete.
The mode of failure will be rupture of FRP bars when
Pr<pp2,and the ultimate moment (Mult,EC2) can be
determined depending on EC2 by using equation (9):

Muiteco= Ar fru (1- g)
Where (Ay) stands for area of FRP bars.
To calculate the compressive strain of concrete (&) at
the moment of rupture of FRP bars, the following equations
could be used (10-13).

Ec

©)

£C+€fu (10)
_ f;c ocecd
Fo=Fr >> bd§=—"—=4; fr, (11)
o.=f. [ 1- (1- j—C)" 0<e <e¢, (12)
c2
C¢= fc €2 < € = Ecyp (13)

(&c2) and (ecup) can be determined by using EC2 [15].

422 ULTIMATE SHEAR CAPACITY

The ultimate shear capacity (V) can be estimated by the
contribution of the stirrups (V) and the concrete (V) for
resisting shear stresses and can be calculated using equation
(14).

V=V fEC2 + ch’E(jz (14)

The concrete shear capacity (Vs ec2) can be determined
by equation (15) which depends on the axial stiffness (EA)
of the main reinforcement of FRP bars

Ve eco 0.120d (1+ |29 (10052 0, £)1F° (15)

Where (¢.) is the permitted strain ratio in the FRP bars
(££), and could be taken as 0.004, and the yield strain of the
steel bars (&y) is 0.2% according to EC2.

The stirrups shear capacity (V rec,) can be determined by
equation (16)

Ary frp d
Vf,ECZZ% (16)

fry =0.0045 E;, )

Where f;, is developed stress in the stirrups and can be
calculated using equation (17), Ay, is area of FRP stirrups, S
is spacing between FRP stirrups and E;, is the elastic
modulus of FRP stirrups.

5. ACI-440.1R-06 CODE

5.1 CRACKING MOMENT

The cracking moment (M.,) of reinforced concrete beams
with FRP bars can be estimated using equation (1) , where
(fr) is can be determined according to ACI 440.1 R-06 [3]
by using equation (18):

f.=0.62 (f)"? (18)

5.2 ULTIMATE CAPACITY

5.2.1 FLEXURAL CAPACITY
The balanced reinforcement ratio can be determined
according to ACI 440.1 R-06 [3] by using equation (19):

P bACI =0.85 ﬂl (gcuscu fe

+gfu)ffu (19)
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where (&c,) can be defined as the ultimate compressive
strain of concrete and equals to 0.003 as determined by
ACI-440-1R-06, and the factor () can be determined by
using equation (20):
27.6

fr=0.85-005 12" (20)

Accordingly, if p ;> p , then the mode of failure is
concrete crushing, and the ultimate moment (M) can be
determined according to ACI 440.1 R-06 [3] by using
equation (21):

- PETFN\hd2

Muiaci = pr fr (1- 0.59 T)bd (21)

Where f7 is the stress in the FRP bars at the point of
concrete crushing, and can be determined by using equation
(22):

_ [(Efgcuw)? | 0.85 By f,
ff_\[ f4c + pf1 “Epecy = 05(Epec) <fru (22)

if p { <p , then the mode of failure is rupture of FRP bars,
and the ultimate moment (M) can be determined according
to ACI 440.1 R-06 [3] by using equation (23):

Muraci = As fry (d- ﬁl%)

The neutral axis depth (c,) can be determined from
equation (24):

Ecu ) d

Cb - (Ecu"'gfu

(23)

(24)

52.2 SHEAR CAPACITY

The ultimate shear capacity (V) can be estimated by the
contribution of the stirrups (V) and the concrete (V) for
resisting shear stresses and can be calculated using equation
(14). The contribution of concrete to shear capacity can be
determined according to ACI 440.1 R-06 [3] by using
equation (25):

Veract = g Vb e (25)

The contribution of shear reinforcement to shear capacity
can be determined according to ACI 440.1 R-06 [3] by using
equation (16) and the stress in the stirrups can be determined
by using equation (26):

fr, =0.004 E;, (26)

6. RESULTS AND DISCUSSION

6.1 EC2 CODE

6.1.1 ULTIMATE SHEAR

Figure 1 demonstrates the comparison of the
experimental results of the literature with predicted results
using EC2 for 95 reinforced concrete beams with FRP bars
and without stirrups. The average values of the standard
deviation, variance and relative error were 14.5%, 2.1%, and
-16.3%, respectively for normal strength concrete, while the
average values of the standard deviation, variance and
relative error were 20.1%, 4.0%, and -25.3%, respectively
for high strength concrete . It should be mentioned that the
comparison was conducted by using the relative error

between the predicted results and the experimental results.
Therefore, the positive and negative values of relative error
indicate that EC2 code overestimates or underestimates the
shear capacity, respectively compared to experimental
results. For normal strength concrete, the minimum relative
error was -53.6%, while the maximum was 21.2%. For high
strength concrete, the minimum relative error was -72.8%,
while the maximum was 31.2%. EC2 code overestimates the
ultimate shear capacity for fourteen samples only (9% of the
examined specimens without stirrups) for normal strength
concrete, while EC2 code overestimates the ultimate shear
capacity for 25 samples (17% of the examined specimens
without stirrups) for high strength concrete . The Root Mean
Squared Error (RMSE) values for the prediction of EC2
code were 23.2 and 25.2 kN for normal and high strength
concrete, respectively. Table 2 presents the statistical
parameters obtained from the current study.

Experimental (kN)

100 150 200

Predicted (kN)

o 50

FIGURE 1. Experimental vs. predicted ultimate shear strength of the
examined specimens without stirrups (EC2 code).

Figure 2 demonstrates the comparison of the
experimental results of shear capacity vs. predicted results
using EC2 for reinforced concrete beams with FRP bars and
with stirrups. The average values of the standard deviation,
variance and relative error were 16.1%, 2.6%, and -24.8%,
respectively for normal strength concrete, while the average
values of the standard deviation, variance and relative error
were 19.8%, 3.9%, and -31.9%, respectively for high
strength concrete.  For normal strength concrete, the
minimum relative error was -69.3%, while the maximum
was 14.8%. For high strength concrete, the minimum relative
error was --79.3%, while the maximum was 16.8%. EC2
code overestimates the ultimate shear capacity for four
samples only (3% of the examined specimens with stirrups)
for normal strength concrete, while EC2 code overestimates
the ultimate shear capacity for 18 samples only (12% of the
examined specimens with stirrups) for high strength
concrete. Therefore, the most of samples reinforced with
FRP bars and with stirrups were underestimated by EC2.
The Root Mean Squared Error (RMSE) values of the
samples reinforced with FRP bars and with stirrups for the
prediction of EC2 code were 61.15 and 81.2 kN for normal
and high strength concrete, respectively as presented in
Table2.
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FIGURE 2. Experimental vs. predicted ultimate shear strength of the
examined specimens with stirrups (EC2 code).

6.1.2 ULTIMATE MOMENT CAPACITY

One hundred and fifteen tested specimens were used to
calculate their moment capacities by EC2 code [15]. Figure
3 demonstrates the comparison of the experimental results of
ultimate moment capacity vs. predicted results using EC2 for
reinforced concrete beams with FRP bars. The average
values of the standard deviation, variance and relative error
were 15%, 2.2%, and -10.7%, respectively for normal
strength concrete, while the average values of the standard
deviation, variance and relative error were 16.5%, 2.7%, and
-11.7%, respectively for high strength concrete. For normal
strength concrete, the minimum relative error was —51.8%,
while the maximum was 39.6%. For high strength concrete,
the minimum relative error was --61.7%, while the
maximum was 49.5%. EC2 code overestimates the ultimate
moment capacity for 5 samples only (4% of the examined
specimens) for normal strength concrete, while EC2 code
overestimates the ultimate moment capacity for 16 samples
(14% of the examined specimens) for high strength concrete.

The Root Mean Squared Error (RMSE) value of the
ultimate moment for the prediction of EC2 code were 7.3
and 9.28 kN for normal and high strength concrete,
respectively as presented in Table2.

120

40

¢
100 ,‘,xv’v
T + ’?—“” *
2 80 + S0,
= 9"9',,"
g 50 —’—%%’ ‘& **
E R
3 N §

20

0 +==

T T
60 80

Predicted (kN.m)

T
40

FIGURE 3. Experimental vs. predicted ultimate moment capacity of the
examined beams reinforced with FRP bars (EC2 code).

6.1.3 CRACKING MOMENT

Figure 4 shows the relationship between experimental
and theoretical cracking moment of 195 reinforced concrete
beams with FRP bars. The average values of the standard
deviation, variance and relative error were 55.7%, 31.1%,
and 11.5%, respectively for normal strength concrete, while
the average values of the standard deviation, variance and
relative error were 64.4%, 41.5%, and 13.4%, respectively

for high strength concrete. For normal strength concrete, the
minimum relative error was —74.9%, while the maximum
was 27.9%. For high strength concrete, the minimum relative
error was —85.3%, while the maximum was 38.1%. EC2
code overestimates the cracking moment capacity for 6
samples only (3% of the examined specimens) for normal
strength concrete, while EC2 code overestimates the
cracking moment capacity for 12 samples (6% of the
examined specimens) for high strength concrete. The Root
Mean Squared Error (RMSE) value of the cracking moment
for the prediction of EC2 code were 3.54 and 4.83 kN for
normal and high strength concrete, respectively as presented
in Table2.

60

w
=1

B
=1

Experimental (kN.m)
~ w
(=] o

[
=)
'

(=]

T T T T 1
o 10 20 40 50 60

Predicted (kN.m)

FIGURE 4. Experimental vs. predicted cracking moment of the examined
beams reinforced with FRP bars (EC2 code).

6.2 ACI-440.1R-06 CODE

6.2.1 ULTIMATE SHEAR

Figure 5 demonstrates the comparison of the
experimental results of the literature with predicted results
by using ACI-440.1R-06 for 95 reinforced concrete beams
with FRP bars and without stirrups. The average values of
the standard deviation, variance and relative error were
13.8%, 1.9%, and -15.2%, respectively for normal strength
concrete, while the average values of the standard deviation,
variance and relative error were 14.1%, 2.0%, and -17.3%,
respectively for high strength concrete . All theoretical
results predicted by ACI-440.1R-06 are in safe side because
the relative errors are negative values (range between -51.0%
and -8.3% for normal strength concrete and -62.0% and -
14.3% for high strength concrete). Therefore, ACI 440.1R-
06 [3] underestimated the ultimate shear of all concrete
beams reinforced with FRP bars and without stirrups. Table
3 presents the statistical parameters obtained from the
current study.

200
180 4
v .
160 * N .-
+* -
z 140 T
= . L
S 120 P e
2 ’. * e
5 100 P
£ % L o >
a
Z 60 -
a0
20 -
0 T T T )
0 50 100 150 200
Predicted (kN)

FIGURE 5. Experimental vs. predicted ultimate shear strength of the
examined specimens without stirrups (ACI-440.1R-06 code).

250



Engineering Research Journal (ERJ)

Ahmed Elsheikh et al

Vol.53, No2 April 2024, pp: 245-254

TABLE 2. Statistical analysis of the experimental and theoretical results (EC2 code).

Concrete type Parameter Ultimate shear of | Ultimate shear of | Ultimate moment Cracking
the beams the beams with moment
without stirrups stirrups
Normal Strength Correlation 0.88 0.82 0.93 0.74
Concrete (NSC) Coefficient (R2)
Average Error % -16.3 -24.8 -10.7 115
Mean Absolut 13.2 62.5 8.3 15
Error MAE
S.D.% 145 16.1 15 55.7
Var. % 2.1 2.6 2.2 31.1
Max Error % 21.2 14.8 39.6 27.9
Min Error % -53.6 -69.3 -51.8 -74.9
RMSE 23.21 61.15 7.3 3.54
High Strength Correlation 0.76 0.68 0.82 0.61
Concrete (HSC) | Coefficient (R2)
Average Error % -25.3 -31.9 -11.7 134
Mean Absolut 16.7 71.3 9.7 2.9
Error MAE
S.D.% 20.1 19.8 16.5 64.4
Var. % 4 3.9 2.7 415
Max Error % 31.2 16.8 495 38.1
Min Error % -72.8 -79.3 -61.7 -85.3
RMSE 25.21 81.2 9.28 4.83
Figure 6 reveals the relationship between the 6.2.2 ULTIMATE MOMENT

experimental results of the literature and the predicted results
by using ACI-440.1R-06 for reinforced concrete beams
with FRP bars and with stirrups. The average values of the
standard deviation, variance and relative error were 15.8%,
2.5%, and -11.8%, respectively for normal strength concrete,
while the average values of the standard deviation, variance
and relative error were 16.7%, 2.8%, and -13.5%,
respectively for high strength concrete . All theoretical
results predicted by ACI-440.1R-06 are safe because the
relative errors range between -42.5% and -15.3% for normal
strength concrete and -51.7% and -17.8% for high strength
concrete. Therefore, ACI 440.1R-06 [3] underestimated the
ultimate shear of all concrete beams reinforced with FRP
bars and with stirrups. Table 3 presents the statistical
parameters obtained from the current study.
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FIGURE 6. Experimental vs. predicted ultimate shear strength of the
examined specimens with stirrups (ACI-440.1R-06 code).

One hundred and fifteen tested specimens were used to
calculate their moment capacities by ACI-440.1R-06 code
[3]. Figure 7 demonstrates the comparison of the
experimental results of the literature and the predicted results
for reinforced concrete beams with FRP bars. The average
values of the standard deviation, variance and relative error
were 18.4%, 3.4%, and -15.3%, respectively for normal
strength concrete, while the average values of the standard
deviation, variance and relative error were 20.5%, 4.2%, and
-19.5%, respectively for high strength concrete.  All
theoretical results predicted by ACI-440.1R-06 are safe
because the relative errors range between -38.5% and -8.3%
for normal strength concrete and  -63.5% and -12.7% for
high strength concrete. Therefore, ACI 440.1R-06 [3]
underestimated the ultimate moment of all concrete beams
reinforced with FRP bars. Table 3 presents the statistical
parameters obtained from the current study.
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FIGURE 7. Experimental vs. predicted ultimate moment of the examined
beams reinforced with FRP bars (ACI-440.1R-06 code).
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6.2.3 CRACKING MOMENT

Figure 8 shows the relationship between experimental
and theoretical cracking moment of 195 reinforced concrete
beams with FRP bars. The average values of the standard
deviation, variance and relative error were 17.6%, 3.1%, and
-14.5%, respectively for normal strength concrete, while the
average values of the standard deviation, variance and
relative error were 22.1%, 4.9%, and -18.7%, respectively
for high strength concrete. For normal strength concrete, the
minimum relative error was —72.5%, while the maximum
was -28.6%. For high strength concrete, the minimum
relative error was —81.3%, while the maximum was -32.5%.
Accordingly, the most theoretical results predicted by ACI-
440.1R-06 are safe because it underestimated the cracking
moment of the most concrete beams reinforced with FRP
bars.
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FIGURE 8. Experimental vs. predicted cracking moment of the examined
beams reinforced with FRP bars (ACI-440.1R-06 code).

TABLE 3. Statistical analysis of the experimental and theoretical results (ACI-440.1R-06 code).

Concrete type Parameter Ultimate shear of Ultimate shear of Ultimate moment Cracking moment
the beams without the beams with
stirrups stirrups
Normal Strength Correlation 920. 910. 40.9 820.
Concrete (NSC) Coefficient (R2)
Average Error % -15.2 -11.8 -15.3 -14.5
Mean Absolut Error 155 425 124 5.6
MAE
S.D. % 13.8 15.8 18.4 17.6
Var. % 1.9 25 3.4 31
Max Error % -8.3 -15.3 -8.3 -28.6
Min Error % -51 -42.5 -38.5 -72.5
High Strength Correlation 0.91 0.88 0.91 0.81
Concrete (HSC) Coefficient (R2)
Average Error % -17.3 -13.5 -19.5 -18.7
Mean Absolut Error 18.7 62.5 14.7 8.6
MAE
S.D. % 141 16.7 205 221
Var. % 2.0 2.8 4.2 4.9
Max Error % -14.3 -17.8 -12.7 -32.5
Min Error % -62.0 -51.7 -63.5 -81.3
moment for 292 concrete beams reinforced with FRP bars.
7. CONCLUSIONS

This research aims to assess the accuracy of EC2 and
ACI-440.1R-06 for predicting the ultimate capacity (shear
capacity and moment capacity) in addition to cracking

Depending on the results, the following conclusions can be

written:

1- The statistical results proved that EC2 is more
conservative for predicting moment capacity of
reinforced concrete beams with FRP bars for normal
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8.

strength concrete than high strength concrete with a
reasonable prediction. Therefore, EC2 equations can be
used safely for predicting moment capacity of concrete
beams reinforced with FRP bars for normal strength.
However, a modification on EC2 equations should be
applied for predicting moment capacity of concrete
beams reinforced with FRP bars for high strength
concrete.

The statistical results revealed that EC2 is more
conservative for predicting shear capacity of reinforced
concrete beams with FRP bars for normal strength
concrete than high strength concrete. Accordingly, EC2
equations can be applied without modifications for
predicting shear capacity of concrete beams reinforced
with FRP bars for normal strength.

ACI 440.1R-06 underestimated the ultimate shear of all
concrete beams reinforced with FRP bars with a
reasonable prediction. Therefore, ACI-440.1R-06
equations can be applied safely for predicting ultimate
shear of concrete beams reinforced with FRP bars for
normal and high strength concrete.

ACI 440.1R-06 predicted the ultimate moment of all
concrete beams reinforced with FRP bars reasonably.
Accordingly, ACI-440.1R-06 equations can be applied
without a modification for predicting ultimate moment
of concrete beams reinforced with FRP bars for normal
and high strength concrete.

Recommendations for future research
Statistical analysis should be carried out by making a

comparison between ACI and EC2 codes to investigate their
accuracies for predicting deflections of concrete beams
reinforced with FRP bars at different loading stages.
Moreover, a modification on EC2 equations should be
applied for predicting moment capacity of concrete beams
reinforced with FRP bars for high strength concrete.

References

[1]

[2]

B3]

(4]
[5]

[6]
[71

(8]

Japan Society of Civil Engineering (JSCE). Recommendation for
Design and Construction of Concrete Structures using Continuous
Fiber Reinforcing Materials. Concrete Engineering Series. 1997, No.
23, Tokyo, Japan.

Canadian Standards Association. Design and Construction of
Building Structures with Fiber Reinforced Polymers (CAN/CSA
S806-12). 2012,Rexdale, ON, Canada.

ACIl Committee 440 .Guide for the Design and Construction of
Concrete Reinforced with FRP Bars (ACl 440.1R-06). 2006,
Farmington Hills, Michigan, USA.

Canadian Standards Association. Canadian Highway Bridge Design
Code (CAN/CSA S6-14). 2014, Rexdale, ON, Canada.

ACIl Committee 440.Guide for the Design and Construction of
Concrete Reinforced with FRP Bars (AClI 440.1R-15). 2015,
Farmington Hills, Michigan, USA.

Canadian Standards Association. Specification for Fiber-Reinforced
Polymers(CAN/CSA-S807). 2010, Rexdale, ON, Canada.

ACI Committee 440. Specification for Carbon and Glass Fiber-
Reinforced Polymer Bar Materials for Concrete Reinforcement (ACI
440.6M-08). 2008, Farmington Hills, Michigan, USA.

Said M, Adam MA, Mahmoud AA, Shanour AS. Experimental and
analytical shear evaluation of concrete beams reinforced with glass
fiber reinforced polymers bars. Construction and Building Materials.
2016;102:574-91.

(]

[10]

(11]

[12]

(13]

(14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

Rafi MM, Ali F, Talamona D, Nadjai A. Aspects of behaviour of
CFRP reinforced concrete beams in bending. Construction and
Building Materials. 2008;22(3):277-85.

Razagpur AG, Selley A, Greenaway S, Isgor BO. Concrete
contribution to the shear resistance of fiber reinforced polymer
reinforced concrete members. Journal of Composites for
Construction. 2019;8(5):452-60.

Adam MA, Said M, Mahmoud AA, Shanour AS. Analytical and
experimental flexural behavior of concrete beams reinforced with
glass fiber reinforced polymers bars. Construction and building
materials. 2015;84:354-66.

Elgabbas F, Benmokrane B, Ahmed EA, Vincent P. Experimental
testing of basalt-fiber-reinforced polymer bars in concrete beams.
Composites Part B: Engineering. 2019;91:205-18.

Wang L, Fu F, , Huang C, Zhang J. Comparative study of steel-FRP,
FRP and steel-reinforced coral concrete beams in their flexural
performance. Materials. 2020;13(9):2097.

Alam M, Hssen A. Experimental investigation on the effect of
longitudinal reinforcement on shear strength of fibre reinforced
polymer reinforced concrete beams. Canadian Journal of Civil
Engineering. 2011 ;38(3):243-51.

Eurocode 2: Design of concrete structures, European Committee for
Standardization; 2004

Cashell KA, Shamass R. Experimental investigation into the flexural
behaviour of basalt FRP reinforced concrete members. Engineering
Structures. 2020;220:110950.

Barris C, Catalan A, Baena M, Turon A, Torres L. An experimental
study of the flexural behaviour of GFRP RC beams and comparison
with prediction models. Composite Structures. 2019;91(3):286-95.

Borzovi¢ V, Gregusova K, Halvonik. Partial factor for the shear
resistance model in the 2nd generation of Eurocode 2 for GFRP
reinforced concrete members. Engineering Structures. 2023,285,
p.116005.

Theriault M, Benmokrane B. Effects of FRP reinforcement ratio and
concrete strength on flexural behavior of concrete beams. Journal of
composites for construction. 1998;2(1):7-16.

Abed F, Ahmed S, Al-Mimar M. Performance of BFRP RC beams
using high strength concrete. Composites Part C: Open Access.
2021;4:100107.

Pecce M, Cosenza E, Manfredi G. Experimental response and code
models of GFRP RC beams in bending. Journal of Composites for
Construction. 2000;4(4):182-90.

Al-Sunna R, Guadagnini M, , Hajirasouliha I, Pilakoutas K.
Deflection behaviour of FRP reinforced concrete beams and slabs:
An experimental investigation. Composites Part B: Engineering.
2020;43(5):2125-34.

Zhang L, Xiong W, Sun Y. Experimental study on the flexural
deflections of concrete beam reinforced with Basalt FRP bars.
Materials and Structures. 2015;48(10):3279-93

Kassem C, Benmokrane B, Farghaly AS. Evaluation of flexural
behavior and serviceability performance of concrete beams reinforced
with FRP bars. Journal of composites for construction.
2021;15(5):682-95.

Pawlowski D, Szumigata M. Flexural behaviour of full-scale basalt
FRP RC beams-experimental and numerical studies. Procedia
Engineering. 2020;108:518-25.

Alsayed SH, Almusallam TH, Al-Salloum Y. Performance of glass
fiber reinforced plastic bars as a reinforcing material for concrete
structures. Composites Part B: Engineering. 2019;31(6-7):555-67.

Sun ZY Wu G, Ren ST, Qin WH, Yang Y. Experimental study on
flexural behavior of concrete beams reinforced by steel-fiber
reinforced polymer composite bars. Journal of Reinforced Plastics
and Composites. 2012 ;31(24):1737-45.

Barris C, Mias C, Comas J, Torres L. Cracking and deflections in
GFRP RC beams: an experimental study. Composites Part B:
Engineering. 2020 ;55:580-90.

Oh H, Zi G, Moon DY. Flexural characteristics of concrete beams
reinforced with a new type of GFRP bar. Polymers and Polymer
Composites. 2009 ;17(4):253-64.

253



Engineering Research Journal (ERJ)

Ahmed Elsheikh et al

Vol.53, No2 April 2024, pp: 245-254

[30]

[31]

[32]

[33]

[34]

[39]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Kalpana VG, Subram K. Behavior of concrete beams reinforced with
GFRP BARS. Journal of reinforced plastics and composites.
2011;30(23):1915-22.

Erfan AM, El-Sayed TA, Algash YA. Experimental & analytical
flexural behavior of concrete beams reinforced with basalt fiber
reinforced polymers bars. Int. J. Sci. Eng. Res.. 2019;10(8):297-315.

Yang JM, Yoon YS, Min KH, Shin HO. Behavior of high-strength
concrete beams reinforced with different types of flexural
reinforcement and fiber. InAdvances in FRP Composites in Civil
Engineering 2011 (pp. 275-278). Springer, Berlin, Heidelberg.

Thiagarajan G. Experimental and analytical behavior of carbon fiber-
based rods as flexural reinforcement. Journal of Composites for
Construction. 2020;7(1):64-72.

Khorasani AM, Sabzi J, Esfahani MR. The effect of transverse and
flexural reinforcement on deflection and cracking of GFRP bar
reinforced  concrete beams. Composites Part B: Engineering.
2019;161:530-46.

Tomlinson D, Fam A. Performance of concrete beams reinforced
with basalt FRP for flexure and shear. Journal of composites for
construction. 2015;19(2):04014036.

Duranovic N, Waldron P, Pilakoutas K. Tests on concrete beams
reinforced with glass fibre reinforced plastic bars. Non-metallic
(FRP) reinforcement for concrete structure. 1997;2:479-86.

Toutanji H, Deng Y. Deflection and crack-width prediction of
concrete beams reinforced with glass FRP rods. Construction and
Building Materials. 2021;17(1):69-74.

Jumaa G, Yousef A. Size effect on the shear failure of high-strength
concrete beams reinforced with basalt FRP bars and stirrups.
Construction and Building Materials. 2019;209:77-94.

Massam L. The behaviour of GFRP-reinforced concrete beams in
shear (PhD).

Zhao W, Suzuki H, Maruyama K. Shear behavior of concrete beams
reinforced by FRP rods as longitudinal and shear reinforcement.
InRilem Proceedings 1995 (pp. 352-352). Chapman & Hall.

Issa M.A., Ibrahim, M, Ovitigala T. Shear behavior of basalt fiber
reinforced concrete beams with and without basalt FRP stirrups.
Journal of Composites for Construction. 2020,20(4), p.04015083.

Nagasaka T, Tanigaki M, Fukuyama H. Shear performance of
concrete beams reinforced with FRP stirrups. Special publication.
1993;138:789- 812.

Maryama K, Zha W. Flexural and shear behaviour of concrete beams
reinforced with FRP rods. Corrosion and corrosion protection of steel
in concrete. 1994:1330-9.

Alkhrdaji T, Nanni A, Belarbi A, Wideman M. Shear strength of
GFRP RC beams and slabs. InProceedings of the international
conference, composites in construction-CCC 2001 (pp. 409-414).

Niewels J.  Zum Tragverhalten von Betonbauteilen
Faserverbundkunststoff-Bewehrung (PhD, 2008).

Ashour AF. Flexural and shear capacities of concrete beams
reinforced with GFRP bars. Construction and Building Materials.
2021;20(10):1005- 15.

El Refai A, Abed F. Concrete contribution to shear strength of beams
reinforced with basalt fiber-reinforced bars. Journal of Composites
for Construction. 2019;20(4):04015082.

Kim C, Jang H. Concrete shear strength of normal and lightweight
concrete beams reinforced with FRP bars. Journal of Composites for
Construction. 2023;18(2):04013038.

Matta F, Benmokrane B, Hernandez TM, Nanni A. Scaling of
strength of FRP reinforced concrete beams without shear
reinforcement.  InFourth International Conference on FRP
Composites in Civil Engineering (CICE2008) Zurich, Switzerland
2008 (pp. 1-6).

Tariqg M, Newhok J. Shear testing of FRP reinforced concrete without

transverse reinforcement. InProceedings, Annual Conference of the
Canadian Society for Civil Engineering 2019 (pp. 1330-1339).

Yost JR, Dinehart DW, Gross SP. Shear strength of normal strength
concrete beams reinforced with deformed GFRP bars. Journal of
composites for construction. 2019;5(4):268-75.

Turyen A, Froch R. Shear tests of FRP-reinforced concrete beams
without stirrups. Structural Journal. 2020;99(4):427-34.

mit

(53]

(54]

(55]
[56]

(571

Ali |, Noridah M, Abdul AA, Thamrin R. Diagonal shear cracks and
size effect in concrete beams reinforced with glass fiber reinforced
polymer (GFRP) bars. Applied Mechanics and Materials.
2020;621:113-9.

Zeidan M, Khalifa A, Mahmoud Z, Barakat M. Evaluation of
concrete shear strength for FRP reinforced beams. InStructures
Congress 2019 (pp. 1816-1826).

Tottor S, Waki H. Shear capacity of RC and PC beams using FRP
reinforcement. Special Publication. 1993;138:615-32.

Nakamura H, Higa T. Evaluation of shear strength of concrete beams
reinforced with FRP. Doboku Gakkai Ronbunshu.;1995(508):89-100.

FRP reinforcement in RC structures. Lausanne: International 933
Federation for Structural Concrete; 2007.

254



