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In the last few years, there has been a significant increase in the utilization of Fiber Reinforced Polymer (FRP)
materials as reinforcing elements in concrete structures due to their excellent properties. Unlike traditional steel
rebars, FRP rebars do not rust, which helps to prevent degradation and deterioration of the concrete structure
over time. This growth has resulted in a rise in the application of design regulations for FRP-reinforced concrete
(RC) members. There are currently no European standards that offer suggestions about FRP RC structures. This
paper aims to assess the load- carrying capacity and deflection of FRP RC beams with large number of test data
available against design standards. The results are compared with ACI 440.1 R-06 specifications and EC2 con-
cepts available in fib Bulletin No. 40. It was found that both ACI and EC2 underestimate the shear flexural ca-
pacity. Both design codes presented 38% and 62% of the collected data that overestimated and underestimated
the calculation of the deflection, respectively. A parameter influence analysis is performed considering the
database collected, and a reliability analysis based on Annex D EN 1990 (2002) is conducted. The reliability
analysis allowed suggestion new partial safety factors values of 1.45 and 1.65 for moment and shear capacities,

respectively, which can be used by design engineering communities.

1. Introduction

Excessive cracks in steel reinforced concrete (RC) infrastructures
reduce the overall durability of structures by allowing the penetration of
water and aggressive agents, thereby accelerating the deterioration,
mainly corrosion, of reinforcing steel. Corrosion reduces the cross-
section area of reinforcing steel, resulting in the reduction of the
bearing capacity of steel-reinforced concrete. Studies showed that under
excessive corrosion, the reinforcing steel suffers a significant loss of
ductility [1-2], reduction in yield and ultimate strength, and deterio-
ration in bond properties [3]. Cracking of concrete and the reduction in
the cross-sectional area of steel rebar endanger the safety and service-
ability of reinforced concrete structures. Unsatisfactory durability of
concrete structures not only impacts the economy negatively and causes
the repairing expense of deteriorated structures which is almost equal to
the cost of construction of new ones, but also industrial, environmental,
and social problems also arise because of the reduced reliability and
safety. According to estimations released by the UK government’s
Department for Transport, the annual cost of steel corrosion on
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highways and trunk road bridges, exclusively in England and Wales, is
approximately £616.5 million [4]. Therefore, steel corrosion always
remains a continually ongoing research focus.

Steel corrosion is mostly caused by Chloride ions in harsh environ-
ments such as in bridges, marine infrastructures and parking facilities
along coastlines [5], where steel RC structures are subjected to saltwater
or deicing salts. There are a number of protection methods to deal with
the corrosion problem in RC members, such as cathodic protection,
epoxy-coated steel rebar, or increasing concrete cover thickness [6,7].
However, these methods are not radical solutions to the steel rein-
forcement corrosion problem, and they are reactive and add to material
usage in design. The use of fibre-reinforced polymers (FRP) such aramid
FRP (AFRP), carbon FRP (CFRP), and glass FRP (GFRP) is an effective
alternative to traditional steel reinforcement, which recently have
gained popularity in construction industry.

FRPs are composite materials made of a matrix and reinforcement
fibres; according to various specifications (e.g., ISIS CANADA Design
Manual No.3 2007 [8]), the fibre-volume percentage must typically be
higher than 55% to fulfil the reinforcement role [7]. Externally bonded
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fibre-reinforced polymers (FRPs) have been used for retrofitting rein-
forced concrete (RC) beams in shear [81,82] and flexural [83]. In gen-
eral, FRPs have been used as reinforcement materials in civil
engineering since the 1980 s, due to their low density, good mechanical
performance, sustainability and affordability, in addition to their high
resistance to corrosion in comparisons to steel. Another type of FRPs that
has evolved, in recent years, and has drawn a lot of interest is Basalt FRP
(BFRP), owing to its durability, sustainability and cost savings with
respect to Glass and Carbon FRPs [9].

Compared to steel, FRPs have a variety of advantages. For instance,
they are easier and less costly to produce as no additives are used during
the fabrication process, particularly BFRP [10]. Additionally, FRP ma-
terials have a high strength-to-weight ratio, which lowers transportation
cost. In terms of durability, FRPs are highly resistant to aggressive en-
vironments due to their excellent resistance to corrosion and chemical
effects. For example, Duo et al. [11] studied the durability of GFRP and
BFRP bars in harsh environmental conditions, including saline, alkaline
and acid, using existing test data available in the literature. They found
that the matrix type, fibre volume fraction, and exposure temperature
are the main factors influencing durability. Besides, both materials
performed best in the salt solution, followed by the acid solution, water,
and alkaline solution. The durability and mechanical performance of
GFRP in an aggressive environment at ambient temperature was also
investigated by Lu et al. [12]. According to the test results, GFRP has
good durability in saline solutions and tap water followed by alkaline
solutions, where strength degradation was observed in the latter. For
instance, for 11.2 mm GFRP bar diameter, the tensile strength decreases
by 20%, 9.1% and 10.7% when exposed to Alkaline, Saline, and Tap
water solutions at 90 days, respectively. They also found that resistance
to strength deterioration increases as the diameter of the bar increases.
For instance, the tensile strength of the 11.2 mm and 15.6 mm decreased
by 20% and 8.3%, respectively, when exposed to Alkaline solution for
90 days. Regarding sustainability, the production of FRPs emits less
carbon dioxide than traditional steel [13], thereby minimizing envi-
ronmental effects. Moreover, FRPs outperform steel because they are
lighter, which reduces construction costs and accelerate the construction
rate. Furthermore, because of their high strength and stiffness (for
CFRP), FRP RC structures require less reinforcing material to perform
similarly to their steel RC counterpart, thus lowering resource con-
sumption and reducing pollution [14]. In terms of mechanical proper-
ties, FRPs have a material behaviour that is distinguished by a low
elastic modulus (e.g., the elastic modulus of GFRP typically ranges from
35 to 45 GPa [15]), no yielding point (i.e., linear behaviour up to fail-
ure), but higher tensile strength than steel.

Numerous experimental research studies have been conducted to
understand the structural behaviour (bending and shear) of concrete
elements reinforced with FRP. An illustration would be the research
studies given in references [1,5-7,9,15-66], where several parameters
were taken into account when conducting the experiment (e.g., concrete
strength, flexural and shear reinforcement ratio and type, and shear
span-to-depth ratio, etc.). With regards to the flexural behaviour, Sha-
mass and Cashell [1] examined the bending characteristics of simply
supported BFRP beams and showed that, for the same reinforcement
ratio, BFRP reinforced beams had a higher moment capacity than steel
RC beams, however, wider cracks, larger deflections and lower bending
stiffness were observed. Abed et al. [9] conducted an experimental study
on the flexural behaviour of simply-supported concrete beams rein-
forced with BFRP, CFRP, or steel. For a comparable reinforcement ratio,
FRP RC beams were found to have smaller crack widths, higher moment
capacity, and better deflection behaviour than Steel RC beams. One
other study conducted by Balendran et al. [21] on sand-coated GFRP
reinforced beams and mild steel RC beams, revealed that GFRP RC
beams had higher deflection, and 1.4-2.0 times higher ultimate strength
than that for steel RC beams. With regards to the shear behaviour,
Tomlinson and Fam [22] examined the shear performance of BFRP RC
beams with and without BFRP shear reinforcement and found that all of
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these beams failed in shear, reaching 90-96% and 55-58% of flexural
capacity, respectively. On the other hand, the ultimate capacity was
observed to increase as the BFRP flexural reinforcement ratio increased
in both test configurations. Furthermore, it was found that the
load-deflection behaviour in the service load range was unaffected by
the type of shear reinforcement (i.e., steel, BFRP, or no shear rein-
forcement). Said et al. [7] conducted another study on the shear
behaviour of GFRP RC beams with and without GFRP shear reinforce-
ment and revealed that adding GFRP as shear reinforcement increases
the ultimate shear capacity by 41% and 82% of the beam without stir-
rups. It is worth pointing out that the capacity of FRP RC members was
influenced by the concrete strength, RC member geometry, type of FRP
reinforcement, reinforcement ratio, and shear-to-effective depth ratio.

The design of FRP reinforced concrete members can be assisted by
different international standards, including the American ACI 440.1 R-
06 [67], the Canadian CSA S806-02 [68], and the Russian SP295 [69].
Nevertheless, there is currently, up to this date, no European standard
available to assess, for example, the load capacity or deflection of FRP
RC structures. The corresponding technical reference is fib Bulletin No.
40 [70], which applies the Eurocode 2 (EC2) [71] methodology, is
frequently used in the design of FRP reinforced structures. However,
none of the aforementioned standards and guidelines have yet to make
any recommendations for BFRP reinforcement material [1,9]. Hence,
several attempts have been made to investigate the accuracy interna-
tional standards to predict the load-bearing capacity as well as the de-
flections to obtain safe and sustainable design. For examples, research
studies found that ACI-440.1R-06 [67] underestimates the flexural ca-
pacity of FRP RC beams [9,15,31], underestimates the shear capacity
with and without stirrups [7,29,30,32,38,39], and underestimates
deflection at service loading [5,24-26,33]. Similarly, research investi-
gation concluded that CSA S806-02 [68] underestimates the flexural
capacity of FRP RC beams [1], underestimates the shear capacity with
and without stirrups [34,42,46], and overestimates the deflection at
service loading [1,24]. On the other hand, only a limited number of
studies have examined the performance of EC2 [71] in predicting the
flexural behaviour of FRP RC beams [1,15,36]. For example, Barris et al.
[15] used 12 test data to evaluate the applicability of EC2 equations for
GFRP RC beams at the serviceability and ultimate limit states. They
revealed that EC2 accurately predicts flexural behaviour up to service
load while providing conservative results at the ultimate limit state.
Shamass and Cashell [1] found that EC2 gives the most accurate pre-
dictions for the deflection, while slightly overestimates the flexural ca-
pacity of BFRP RC beams. More recently, Borzovic et al [84] assessed the
accuracy and reliability of the of the 2nd generation of EC2 for pre-
dicting the shear capacity of GFRP RC one-way slabs based on statistical
evaluations. They concluded that the design provision that was origi-
nally developed for predicting the shear capacity of steel RC members
can be successfully applied to GFRP RC members by adjustment of the
reinforcement ratio with modulus ratio (GFRP modulus-to-Steel
modulus ratio). To authors’ knowledge, no research with sufficient
data has been conducted to assess EC2 in predicting the shear and
flexural behaviour of FRP RC beams.

Even though the structural behaviour of FRP reinforced beams has
been the subject of extensive experimental investigations (e.g.,
[1,5-7,9,15-66]) little work has been done to assess the accuracy of the
existing design codes in predicting the load capacity and deflection of
FRP-RC beams using large number of experimental data. The interna-
tional design code equations do not accurately predict flexural/shear
behaviour of FRP RC members. Furthermore, there is little research
studies have been done to investigate the applicability of the design
concepts in the EC2 [71] to predict flexural/shear behaviour of FRP-RC
beams. This work aims at evaluating the load carrying capacity and
deflection behaviour of simply-supported beams reinforced with high
and normal strength concrete in accordance with ACI 440.1 R-06 [67]
specifications and EC2 concepts available in fib Bulletin No. 40 [70]
using a large number of the available test data in the literature between
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1993 and 2022. The key parameters include the beam dimensions (i.e.,
beam with (b), effective depth(d), and shear span (a), compressive
strength of concert (f.), tensile strength (fp) and Young modulus of
longitudinal reinforcement (Ef) and that of shear reinforcement (Ep),
longitudinal and transverse reinforcement ratio , (o) and (p,) respec-
tively, and type (GFRP, CFRP, BFRP or AFRP) for the main reinforce-
ment and FRP or steel for shear reinforcement. The accuracy of the
existing EC2 concepts in fib Bulletin No. 40 [70], has been evaluated
using 336 experimental data points to estimate the maximum load ca-
pacity, and 195 experimental data points were used to compare with the
estimated deflection for FRP reinforced beams at service loading. The
obtained predicted results from ACI 440.1 R-06 standard [67] are also
provided and used for comparison. Finally, design suggestions according
to EC2 [71] for FRP-RC beams are provided in light of the findings ob-
tained in this research paper.

2. Collected test data

To provide relevant experimental data for this study, the published
literature on simply supported FRP RC beams was carefully examined. A
total of 336 test data from 53 references on ultimate load and 195
experimental data points on load-deflection in 36 references have been
collected. Three points, from the load—deflection curve, have been taken
into consideration: the curve’s origin, the corresponding deflection at
67%, and 90% of the ultimate load P,. The database includes beams with
high and normal concrete strength, with and without transverse (shear)
reinforcement. FRP materials are used for the main reinforcement,
while, in the case of beams with stirrups, steel or FRPs are used for shear
reinforcement. Additional elements are also considered, such as rein-
forcement ratio, the concrete cover, and the beam size. Table 1 provides
characteristics about the FRP RC beams that served as the database, and
Fig. 1 shows the statistical analysis, considering the number of obser-
vations per variation of physical and geometric parameters relationship
of the collected tests via mean, standard deviation, maximum and
minimum values of each parameter analysed, in which No. is number of
samples, f. is the compressive strength of concrete, b is beam with, d: is
the effective depth, a is the shear span, p; and p, are the reinforcement
ratio of longitudinal and shear stirrups, respectively, f;, is the ultimate
strength of FRP, E; and Ej, are the Young modulus of longitudinal and
shear FRP, respectively, ffR and f$ are the ultimate strength of FRP and
steel stirrups, respectively. It is worth mentioning that due to inacces-
sibility of some paper, the data was retrieved from an alternative
reference [72], and therefore were only used for load capacity
calculation.

3. Methodology

This section covers the design provisions in ACI 440.1 R-06 [67] and
EC2 [71] for FRP-RC simply supported beams, with special emphasis on
cracking load, ultimate capacity and deflection response. Depending on
the amount of FRP reinforcement and concrete, the failure is classified as
flexural (crushing of concrete / rebar rupture) or shear. Considering that
FRP rupture occurs suddenly, concrete crushing is generally seen as the
most acceptable flexural failure. Nevertheless, both flexural failure
modes are generally acceptable for FRP RC design structures as long as
the strength and serviceability requirements are respected [1]. Excessive
cracking and deflections are both indication of FRP rupture, whereas in
the case of concrete crushing, the FRP RC element exhibits high defor-
mation, and the cross-section shows pseudo-plastic behaviour prior to
failure [73]. The methodology described in the following subsections
was used to calculate the cracking moment, shear and moment capacity,
and deflection with respect to EC2 and ACI 440.1 R-06. It is worth
pointing out that the partial material factors were taken equal to unity
for comparisons with tests results.
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3.1. 4.1 Eurocode 2 design

3.1.1. Cracking moment
The bending moment at first visible crack (M) for each FRP RC
beam is determined using the following equation [70-71]:

@

where (I,) denotes the gross moment of inertia, (y;) is the vertical dis-
tance between the extreme tension fibres and the neutral axis, and (f;)
represents the concrete’s modulus of rupture and can be obtained based
on EC2, using Eq. (2).

frorer = 0.3(f) 2

where (f;) is the cylindrical compressive strength of concrete, which is
taken as 0.81 f, in the current work if cubic strength (f.,) is provided.

3.1.2. Ultimate capacity

The ultimate capacity of FRP-RC beams is defined based on bending
and shear capacities. As stated already that the flexural failure can take
place due to concrete crashing or rebar rupture, depending on the
reinforcement ratio. If the FRP reinforcement ratio (p; = %) is more than
the balanced reinforcement ratio (p;) then the flexural failure occurs due
to concrete crashing (i.e., the concrete reaches the ultimate strain ca-
pacity), otherwise, the flexural failure is rebar rupture (i.e., the rebar
reaches its ultimate tensile capacity). The reinforcement ratio (py) is
assumed to be balanced (p,) when both concrete and FRP longitudinal
reinforcement are in such a proportion that concrete crushing and FRP
reinforcement failures occur simultaneously.

The balanced reinforcement ratio (p,) can be obtained using the
following equation, according to EC2 principles [70]:

Mlfe€eu

oy = 3)
PrEC2 T (é’fu Jr&’m)

where (1) and (i) are parameters related to the equivalent rectangular
stress blocks in the concrete and are equal to 0.8 and 1, respectively, for
fe <50 MPa. Otherwise, for 50 <f. < 90 MPa, the following expressions
are used:

f. — 50

A=08~— 200 4
. —50
n— 1.off200 ®)

In these expressions, (&) is the ultimate compressive strain (i.e.,
crushing strain) of concrete and it is taken accordance to EC2 design,
(s, is the ultimate strain in the FRP and is defined as the ratio of the
ultimate strength (fy) to the elastic modulus (Ef) of longitudinal FRP
rebar.

If pf > pypco the flexural failure mode is expected to be concrete
crushing, and the flexural moment capacity (Mult.ECZ) is calculated,
based on EC2, as follows:

A
Myzes = nfob (36) (1 - 75) ©)
where
SCu
N & + €y @
and
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Table 1

Summary of the FRP-RC beams characteristics used in the current study.

References No.  Beam geometry and concrete strength Tensile reinforcement Shear reinforcement
fe(MPa) b d a pp(%) fru(MPa) E;(GPa) Longitudinal p,(%) Shear fIRE(FRP)/ Ep,(MPa)
(mm) (mm) (mm) reinforcement at tension reinforcement fi (Steel)
(MPa)
Shamass & Cashell 2 33.53-35.96 125 162 650 0.78 1356-1565 54-56 BFRP 0.80 Steel 523 -
[1]
Adam et al. [5] 4 19.85-60.26 120 250-258 1100 0.32-2.26 640 44 GFRP 0.56 Steel 500 -
Theriault & 4 52.1-97.4 130 129.2-147.85 500 1.23-2.83 773 38 GFRP 0.54 Steel 460 -
Benmokrane [6]
Abed et al. [9] 10 47.5-70.5 180 182-186 750 0.45-1.84 1028.7-2068  42.8-131 BFRP/CFRP 0.87 Steel 460 -
Barris et al. [15] 2 56.3-61.7 140-160 142-162 600 1.77 995 64.152 GFRP 0.90-1.03 Steel 500 -
Pecce et al. [19] 2 30 500 145 1200 0.7-1.22 600 42 GFRP 0.2 Steel 500 -
Al-Sunna et al. [23] 4 37.67-44.87 150 193.45-221.83 767 0.28-3.93 665-1475 42-133 GFRP/CFRP 0.89 Steel 590 -
Elgabbas et al. [24] 5 425 200 233.5-256 1100 0.44-1.72 1162-1189 44.4-48.7 BFRP 0.79 Steel 450 -
Zhang et al. [25] 4 26.3-34 180 187-189 600 0.17-0.70 1075-1204 44.3-49 BFRP 0.56 Steel 335 -
Kassem et al. [26] 11 39.05-40.8 200 232.3-251 875 0.51-2.18 617-1988 36-122 CFRP/GFRP 0.98 Steel 460 -
Pawlowski et al. 2 42.36 200 257.5-258.5 900 0.22-0.62 1185-1485 52.8-56.3 BFRP 0.50 Steel 500 -
[28]
Rafi et al. [29] 1 41.71 120 169.25 675 0.69 1676 135.9 CFRP 0.47 Steel 421 -
Alsayed et al. [33] 4 31.3-40.7 200 157.5-247.5 1250 1.15-3.60 700-886 35.63-43.37 GFRP 0.50 Steel 553 -
Sun et al. [35] 2 39.53 220 252-258 600 0.62-1.70 907-2550 46.2-147 BFRP/CFRP 0.57 Steel 500 -
Barris et al. [36] 5 32.1-54.5 140-160 144-164 600 0.98-2.66 1015-1321 63.44-64.63  GFRP 0.90-1.03 Steel 500 -
Oh et al. [37] 7 28.6 180 185-195 680 0.47-0.93 841-1200 42.1-42.80 GFRP 1.45-2.18 Steel 500 -
Kalpana & 4 20-60 200 198-202 550 0.99-1.57 600 55 GFRP 0.28 Steel 500 -
Subramanian
[40]
Erfan et al. [41] 8 30-60 150 208-213 600 0.31-1.63 1400 56 BFRP 0.45-1.34 Steel 500 -
Yang et al. [44] 1 75.9 230 206 800 1.6 941 48.1 GFRP 0.85 Steel 477 -
Thiagarajan et al. 6 43.88-53.31 152.4 122.29-123.88 508 0.36-0.76 1900 140 CFRP 0.65 Steel 415 -
[47]
Khorasani et al. 20 30 250 211-217 800 0.72-1.45 775-825 42-46 GFRP 0.57-1.15 NA/Steel 462-473 -
[31]
Tomlinson & Fam 6 48-60 150 250-270 1100 0.13-0.84 1158.5 68.35 BFRP 0.17-0.68 NA/Steel/ FRP 485-1158.5 68.35
[22]
Duranovic et al. 9 24—34.72 150 215.25—223.25  512-767 0.88-1.33 1000 45 GFRP 0.38-1.68 NA/Steel/ FRP 600-1000 45
[48]
Toutanji & Deng 3 35 180 255-268 1200 0.53-1.10 695 40 GFRP 1.26 FRP 695 40
[20]
Jumaa et al. [27] 4 73.4 200 234-408 610-1070 3.0 1089 58 BFRP 0.25-0.63 FRP 1100 56
Wang et. [34] 1 325 120 212 700 0.88 826 109.7 CFRP 0.40 FRP 826 109.7
Said et al. [7] 10 19.85-60.26 120 250 500 1.13-2.26 640 44 GFRP 0.39-0.84 NA/FRP 640 44
Massam [43] 6 35-49 450 404-937.5 3050 0.48-2.23 517 40.8 GFRP 0.079-0.16  NA/FRP 517 40.8
Zhao et al. [46] 9 34.3 150 250 750-1000 1.51-3.02 1124 105 CFRP 0.41 NA/FRP 1100-1300 39-100
Issa et al. [52] 9 35.9 200-300 165-270 397.5-1190 0.78-3.97 1050-1070 48-53 BFRP 0.31 NA/FRP 1070 53
Nagasaka et al. [55] 12 22.9-36.7 250 253-265 480.7-503.5 1.9 1000* 56 AFRP 0.5-1.5 NA/FRP 690 56
Maruyama & Zhao 13 27.5-38.3 150 250 750 0.55-2.11 1170 94 CFRP 0.12-0.24 NA/FRP 690 94
[56]
Vijay et al. [57] 6 31-44.8 150 265 503.5 0.64-1.43 690 54 GFRP 0.62-0.93 NA/FRP 690 54
Maruyama [58] 5 29.5-34 150-300 250-500 625-1250 1.07 1170 10 CFRP 0.43-1.28 NA/FRP 690 10
Alkhrdaji et al. [59] 3 24.1 178 279 750.5 2.3 690 40 GFRP 0.40—0.52 NA/FRP 690 40
Niewels [60] 8 43-48 300 412-441 1302-1323 3.25—3.65 690 63 GFRP 0.14-0.54 NA/FRP 690 63
Razaqpur et al. [30] 7 40.5-49 200 225 410-950 0.22-0.78 2250 145 CFRP - NA NA -
Ashour [32] 12 27.54-47.79 150 164-267 666.67 0.14-1.38 650-705 32-38 GFRP - NA NA -

(continued on next page)
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Table 1 (continued)

‘D 32 SSDWDYS Y

References No.  Beam geometry and concrete strength Tensile reinforcement Shear reinforcement
fe:(MPa) b d a Pp(%) fr(MPa) E;(GPa) Longitudinal P, (%) Shear fERP(FRP)/ E;(MPa)
(mm) (mm) (mm) reinforcement at tension reinforcement f3(Steel)
(MPa)
El Refai & Abed 8 49 152 206-220 545-726 0.33-1.45 1168 50 BFRP - NA NA -
[38]
Kim & Jang [39] 12 30-40.3 150-200 213.5-215.5 625-750 0.30-0.83 900-2130 40-147.90 CFRP/ GFRP - NA NA -
Alam & Hussein 10 37.4-44.7 250 305-460 762.5-1150 0.18-0.92 751-1899 46.3-144 GFRP/CFRP - NA NA -
[42]
Matta et al. [45] 5 29.5-59.7 114-457 147-883 457-2743 0.60 517 40.7-40.8 GFRP - NA NA -
Tariq et al. [49] 6 34.1—43.2 130-160 310-346 950-1150 0.73-1.56 674-1596 42-120 GFRP/CFRP - NA NA -
Yost et al. [50] 6 36.3 178—279  224-225 914 1.10-2.22 689.5 40.34 GFRP - NA NA -
Tureyen et al. [51] 2 34.5 457 360 1224 0.96 592.9-606.7 37.58-40.54 GFRP - NA NA -
Ali et al. [53] 12 13-33.5 130 195 450-600 0.30-0.91 770 51.5 GFRP - NA NA -
Zeidan et al. [54] 4 24-54 150 280 350-700 0.11-0.21 2840 148 CFRP - NA NA -
Tottori & Wakui 9 44.5-46.9 200 325 1040 0.7-0.9 1170 58-192 CFRP - NA NA -
[61]
Nakamura & Higai 2 22.7 300 150 1.3-1.8 690 29 GFRP - NA NA -
[62]
Mizukawa et al. 7 28.2-34.7 200-305 158-260 1.3 1170 / 13-40 CFRP/GFRP - NA NA -
[63] 690
Lubell et al. [64] 1 40 450 970 0.5 690 40 GFRP - NA NA -
El-Sayed et al. [65] 8 40 1000 154-165 0.4-2.6 1170 / 40-114 CFRP/GFRP - NA NA -
690
El-Sayed et al. [66] 6 43.6-55 250 326 0.9-1.7 1170 / 40-130 CFRP/GFRP - NA NA -
690

* assumed minimum value in fib Bulletin No. 40 [70] 5
** assumed minimum value recommended in ACI;
" data inaccessible.
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Fig. 1. Statistical analysis of geometric and physical parameters of collected data.
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With & is the strain in FRP material when concrete reach the
crushing strain.

Alternatively, if p; < pj g, then the FRP rupture is expected, and the
strain in the main FRP rebar reaches that ultimate strain, but the strain
in the concrete is below the crushing strain. According to the EC2
framework in [70], the corresponding flexural moment capacity
(Mygpc2) is defined as:

Musscs = Adfy (1 f§> ©

where (Ay) represent the cross-sectional area of FRP.

To determine the concrete compressive strain (e.) at which the FRP
fails, it is necessary to use trial and error procedures to solve the equi-
librium equation, this is obtained by solving the following equations:

€,
- 1
e= 10)
. (‘d c
Fe = FT—>bd§f°;# — A, an

where o, the compressive stress in concrete, is calculated using these
expressions:

o;:fc[l— (1—5—”) ]forogst. < € 12)
2
0. = f.foreqn < e < €un 13)

The values provided by EC2 [71] are used for concrete strains (&qs)
and (&), the exponent (n) corresponds to the characteristic strength of
concrete.

On the other hand, the total shear capacity (V) represents the sum of
the shear capacities of the concrete (Vi) and the stirrups (Vf).

V =Vyic2+ Ve 14)

The concrete contribution in shear (V) can be calculated using the
following equation which takes into considerations the effect different
axial stiffness of flexural FRP reinforcement [70]:

200 A E 13
Virea = 0.12bd<1 + ,/7> (10 ;; Equsﬁ) (15)
2
wn (19) <2

where (¢,) is the ratio of the maximum allowable strain in the FRP
reinforcement (&), which is equal to 0.0045, and the elastic strain of the
steel (e, = 0.2%).

The stirrups contribution (Vy) can be calculated using the same
method as for steel RC but with the assumption that the strut angle is
45°, as observed experimentally in many research studies
[7,20,27,43,46] and considering the level of stresses in the shear link is
controlled by maximum strain developed in the shear reinforcement.
The initial recommendation of the limiting strain was based on the yield
stress of steel (between 0.2% and 0.25%). However, it was recom-
mended by members of FIB TG 9.3 [70] and based on experimental
evidence that higher limiting strains can be utilized up to 0.45%. Hence,
the stress developed in the shear link is:

fi» = 0.0045E;, (16)

The shear contribution of shear reinforcement links is then calcu-
lated as:

Apfrd
s

Viecr = 17
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with Ejz,Ap, s refer to the Young’s modulus, cross-sectional area and
spacing of FRP stirrups.

3.1.3. Deflections

The expression given in Eq. (18) is provided by EC2 [71] to obtain
the maximum deflection ( §max) for steel RC members, and it is used in
this study to calculate the maximum deflection of FRP RC beams. This
equation presumes that elements designed to crack, but may not fully
cracked, will perform in a manner between no cracking and full cracking
conditions.

Omax = (1 = 0)61™ + {5 18
where

M[r m
(=1-p (V) a9

where (f) and (m) are assumed to be equal to 1 and 2, respectively. For
uncracked sections, (£) equals 0, and (§7**) and (87%) are calculated
assuming constant uncracked and cracked sectional moments of inertia
and are calculated, for four-point bending, as:

max __ Pa 2 2

5 = iE. i (31% — 4a?) (20)
max __ Pa 2 2

B = ST (31> —4a?) [3))

where (I;) is the gross moment of inertia and the cracked moment of
inertia (I.;) is calculated using elastic analysis principles as:

b3 d®
Io == +nAd (1 — k)’ (22)

where

k=1/2np; + (n,of)2 —np; (23)

in which, (n) is the ratio of the modulus of elasticity of the FRP rein-
forcement (Ey) to that of the concrete (Ec), (b) and (d) are respectively
the effective width and depth of the section, (k) is a factor used to
calculate the height of the compressed area of concrete from the top
surface. It should be noted that the elastic modulus of concrete is
required in the Eq. (20) and (21) and can be calculated using EC2
recommendation as:

- 8 0.3
E. pe» = 2000 (%) (24)

3.2. 4.2 ACI-440-1R-06 design

3.2.1. Cracking moment
The cracking moment can be calculated using the expression given in
Eq. (1), where (f;) is calculated according to ACI 440.1 R-06 [67] as:

£ =0.62(£,)"? (25)

3.2.2. Ultimate capacity
The balanced reinforcement is calculated using the formula given in
ACI-440-1R-06 [67] as:

Sl’uﬁ:

26
(gcu + 6fﬁt)ffu ( )

Poact = 0.855,

where (ey,) is the ultimate compressive strain of concrete and is
assumed to be 0.003 as specified in ACI-440-1R-06, and () is defined
as follows:
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£ —276

=0.85—0.05"——
I 69

(27)

Therefore, if P52 Poact then the failure is concrete crushing, and the
corresponding flexural moment capacity (M,;) is estimated as [67]:

Pely
Muact = pify (1 -0.59 }—’) bd (28)
where f;, the stress in the FRP rebars, and it is computed as;
(Erea)’  0.854.f.
f=\\"7 " T“Efsw —0.5Ee0, | < fu 29)
r

Or else, if p; < p, oc; then the beam failure occurs due to the FRP
rebar rupture, and flexural moment capacity (M,m AC,) is determined
using the following approximate equation:

Muacr = Adf ( - %) (30)

where (cp) is calculated as;

€,
— cu 1
@ <€cu + 8fu> d @D

With regards to the shear capacity, the total shear capacity (V)
represents the sum of the shear capacities of the concrete (V) and the
stirrups (Vy), as stated in the Eq. (14). The concrete contribution in shear
(Vi) is calculated using the following equation [67]:

2 ,
Vaacr = 2 \/f be 32)

where (c) is the depth of the cracked transformed section neural axis. For
a singly reinforced rectangular cross section, it is calculated as follows:

c=kd (33)

where, (k) is calculated from Eq. (23).

The stirrups contribution in shear (Vyaq) is calculated based on the
assumption that the limiting strain in the stirrups is 0.4%, therefore the
stress in the stirrups is:

fi» = 0.004Ej, (34)

Similarly, the shear contribution of FRP stirrups can be calculated
using Eq. (17). It is worth noting that when steel is used as shear rein-
forcement in FRP concrete beams, the failure is most probably not a
shear failure because the steel stirrups have a very high shear capacity.
Thus, shear failure, in this case, is avoided.

3.2.3. Deflection

Typically, the integration of curvatures is used to calculate deflection
of RC elements. This process requires a lot of time, making design
impractical. In order to easily and precisely estimate the deflection, a
simplified design approach using basic elastic analysis models and the
effective moment of inertia was developed. This approach, which is
based on the use of Branson’s equation, has been proved to be successful
for steel reinforced members and was subsequently adopted for FRP RC
members [23]. In fact, to allow recommendations to be applied to FRP
RC members, the ACI 318-08 steel design standard [74] has undergone
a number of modifications. Taking references [16-20] as an example,
Branson’s equation, which aims to overestimate the effective moment of
inertia of FRP RC beams, was modified to incorporate a correction factor
for predicting the effective moment of inertia and consequently the
maximum deflection of FR -RC beams.

The ACI 440.1R-06 [67] code for FRP-RC members recommends the
following equation for determining the effective moment of inertia in
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order to determine the maximum deflection (max) at the mid-span for
simply supported beams:

M.,\° M.\’
I, = (M> B+ |1— (ﬁ> ]1[, <I, (35)
where

1/ p
ﬂ:_<_~ )gl 36)
75 Praci

where (M,,) represents the cracking moment calculated from Eq. (1)
along with Eq. (25), and (M,) is maximum moment in beam at stage
deflection.

The cracked moment of inertia (I.;) is calculated using Eq. (22). It
should be noted that Eq. (35) can be applied, only if M, > M. As a

result, the mid-span deflection for a four-point bending is expressed as
follows:

Pa
24E.1,

Bpax = (317 —4a?) 37)

where (a) is the shear span, (P) is the service point load, (L) is the
effective span of the beam and (E.) is the elastic modulus of concrete and
is expressed according to ACI 440.1R-06 [67] as:

E.aci = 4730\/f. (38)
4. Results and discussion

In this section, the data collected, according to Table 1, are compared
against to the calculation procedures presented by ACI 440.1R-06 [67]
and EC2 [71], taking into account the analyses referring to capacity and
deflection.

4.1. 5.1 capacity

The test data is compared with calculation procedures presented
previously, considering the shear strength with and without stirrups, the
flexural behaviour and the cracking moment. It is important to highlight
that the comparison is made through the relative error between the
calculation model and the experimental one (Prediction/Test-1). In this
context, the negative and positive values show that the calculation
procedure underestimates and overestimates the capacity, respectively,
in comparison with the experimental model.

4.1.1. Shear

Fig. 2 shows the results of the experimental shear capacity of 154
beams without stirrups. The comparison of these results with ACI
440.1R-06 [67] predictions is illustrated in Fig. 2a. In this context, the
average value of the relative error, as well as the standard deviation, the
variance and regression R? were equal to —49.4%, 14.5%, 2.1%, and
0.8124 respectively (Table 2). All predicted results are in favour of
safety as the relative errors range between —81.0% and —11.3%, hence,
the ACI 440.1R-06 [67] underestimates the capacity of FRP-RC beams
without stirrups. Similarly, El Rafai and Abed [38] indicated that ACI
440.1R-06 [67] method was conservative in predicting the shear ca-
pacity of BFRP RC beams with mean test-to-predicted ratio value of 1.94
and standard deviation value of 0.43. Interestingly they found that the
accuracy of the ACI 440.1R-06 [67] depends on the type of the longi-
tudinal FRP used. For the BFRP, GFRP, and CFRP, the mean test-to-
predicted ratio was 1.94, 2.03 and 1.84, respectively, with less scatter
prediction for GFRP. Furthermore, Alam and Hussein [42] found similar
observation that ACI 440.1R-06 [67] underestimated the shear capacity
of CFRP and GFRP RC beams with test-to-predicted value of 1.66. For
BFRP RC beams, Issa et al [52] indicated that ACI 440.1R-06 [67] un-
derestimate the capacity and average test-to-predicted value of the
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Fig. 2. Experimental vs. predicted shear strength without stirrups.

investigated beams was 1.45. On the other hand, the comparison with
EC2 [71] prediction is shown in Fig. 2b. In this context, the average
value of the relative error, standard deviation, variance and regression
were equal to —25.1%, 20.1%, 4.0%, and 0.81 respectively. The
maximum relative error was equal to 31.2%, while the minimum was
equal to —72.8%. EC2 overestimate the shear capacity for only 14
samples (9% of the tested beams). It is important to highlighted that, the
Root Mean Squared Error (RMSE) values for ACI 440.1R-06 [67] and
EC2 [71] predictions were equal to 35.8 kN and 25.2 kN, respectively.
The EC2 [71] provided better match with the test results than those for
ACI 440.1R-06 [67] as indicated in the index of agreement value stated
in the Table 2.

Table 2
Statistical analysis for the predicted and test results.

Fig. 3 presents the comparison between the experimental shear ca-
pacity of FRP RC beams with FRP stirrups and the design standards.
Considering the shear capacity prediction by ACI 440.1R-06 [67]
(Fig. 3a), the average value of the relative error, as well as the standard
deviation, variance and regression were equal to —43.1%, 16.1%, 2.6%,
0.74, respectively. The relative errors range between —74.7% and
—2.7%. It can be noted that ACI 440.1R-06 [67] underestimates the
shear capacity for all test data considered. Similarly, Said et al. [ 7] stated
that ACI 440.1R-06 [67] was overly conservative in predicting the shear
capacity of FRP RC beams with FRP stirrups. Issa et al. [52] indicated
that ACI 440.1R-06 [67] provided the most conservative shear capacity
predictions in comparisons to other international design codes such as

Shear- Without Stirrups

Shear-With Stirrups

Flexural Capacity Cracking Moment Deflection at 0.67P,

ACI EC2 ACI EC2 ACI EC2 ACI EC2 ACI EC2
Correlation Coefficient (R2) 0.81 0.81 0.74 0.71 0.91 0.90 0.59 0.61 0.79 0.78
Pearson’s correlation coefficient (R) 0.90 0.90 0.86 0.84 0.96 0.95 0.77 0.78 0.89 0.88
Average Error % —49.4 -25.1 -43.1 -31.8 -14.8 -8.6 —4.8 8.3 9.4 5.8
Mean Absolut Error MAE 27.69 16.86 76.83 61.65 8.76 6.92 3.34 2.90 4.74 4.15
S.D. % 14.5 20.1 16.1 19.8 15.0 16.5 55.7 64.4 70.5 83.1
Var. % 2.1 4.0 2.6 3.9 2.2 2.7 31.1 41.5 4942 6939
Max Error % -11.3 31.2 -2.7 16.8 41.2 39.6 226 279 98 703
Min Error % —81.0 -72.8 —74.7 —69.3 -52.5 —51.8 -77.1 -74.9 —690 —84.1
RMSE 35.80 25.21 95.57 81.14 11.33 9.28 5.36 4.83 6.69 6.24
Index of Agreement 0.76 0.89 0.70 0.79 0.93 0.96 0.86 0.87 0.9 0.93
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Fig. 3. Experimental vs. predicted shear strength with stirrups.



R. Shamass et al.

120
y =1.2036x +0.1533 o',»-°
~ 100 R2=09122
: X e
Z 80 Ra$B
= o ¥
— a”
3 60 0, %
=
[} e
g 40
St
(]
20
m
0

0 20 40 60 80 100 120
Predicted (kN.m)

() ACT 440.1R-06 [67]

Engineering Structures 297 (2023) 116933

120 :
y=1.1037x+ 0.872 Q‘,-‘
~ 100 R =0.9028 g
£
é 80
s 60
=
(]
£ 40
i
Q
& 20
4] P
Ke)
0 L

0 20 40 60 80 100 120
Predicted (kN.m)

(b) EC2 [71]

Fig. 4. Experimental vs. predicted moment capacity.

CSA S806-02 [68]. This is due to the fact that ACI 440.1R-06 [67] is
conservative in predicting the shear contribution of concrete and FRP
stirrups. Jumaa and Yousif [27] found that ACI 440.1R-06 [67] was very
conservative in predicting the shear contribution of BFRP stirrups of the
tested beams by 172% on average. With the aid of collected data
available in the literature they found that ACI 440.1R-06 [67] was still
conservative in predicting the shear contribution of other types FRP
stirrups by 69% on average. Hence, they proposed alternative equation
to calculate the strain limit value in the stirrups. The comparison of the
test results with EC2 [71] is shown in Fig. 3b. The average value of the
relative error, standard deviation, variance and regression were equal to
—31.8%, 19.8%, 3.9%, and 0.71, respectively. The maximum relative
error was equal to 16.8%, while the minimum relative error was
—69.3%. The shear capacity of only 4 beams were overestimated by EC2
[71]. Similar to ACI 440.1R-06 [67], EC2 [72] also underestimated the
shear capacity of FRP-RC beams with stirrups. The RMSE values for ACI
440.1R-06 [67] and EC2 [71] were equal to 95.6 kN and 81.1 kN,
respectively. The EC2 [71] provided better match with the test results
than those for ACI 440.1R-06 [67] as indicated in the index of agreement
value stated in the Table 2.

4.1.2. Moment

Regarding flexural capacity, 115 experimental results are used and
compared with ACI 440.1R-06 [67] and EC2 [71] predictions (Fig. 4).
Fig. 4a illustrates comparisons between test results and ACI 440.1R-06
[67] and it can be noted that the average relative error, standard devi-
ation, variance and regression values were equal to —14.8%, 15.0%,
2.2%, and 0.91, respectively, being the relative errors range between
—52.5% to 41.2%. In this context, 90% of the predictions were in favour

50

40

30

20

Experimental (kN.m)

0 10 20 30 40 50
Predicted (kN.m)

(a) ACI 440.1R-06 [67]

of safety, while 10% of the predictions were against safety. This is in-line
with Elgabbas et al. [24] who indicated that ACI 440.1R-06 [67]
underestimated the flexural capacity of the six tested beams by 24% on
average. On the other hand, considering the EC2 [71] prediction
(Fig. 4b), it was verified that the average relative error, standard devi-
ation, variance and regression values were equal to —8.6%, 16.5%,
2.7%, and 0.90, respectively. The relative errors ranged between
—51.8% and 39.6%, and EC2 [71] showed an efficacy of 71% of the data
collected in favour of safety. Similarly, Shamass and Cashell [1] found
that EC2 [71] slightly overestimated the flexural capacity of 40% of the
investigated beams and underestimated the capacity of 60% of the
studied beams. However, ACI 440.1R-06 [67] was more on the conser-
vative side than the EC2 [71]. As can be seen in the Table 2, the RMSE
values for ACI 440.1R-06 [67] and EC2 [71] were equal to 11.3 kN.m
and 9.3 kN.m, respectively. The EC2 [71] provided slightly better match
with the test results than those for ACI 440.1R-06 [67] as indicated in
the index of agreement value stated in the Table 2.

4.1.3. Cracking moment

Fig. 5 illustrates the comparisons between tests and predicted
cracking moment, considering a total of 193 test results. Regarding the
comparison with the ACI 440.1R-06 [67] (Fig. 5a), the mean relative
error value, standard deviation, variance and regression were equal to
—4.8%, 55.7%, 31.1%, 0.59, respectively. The relative errors range
between —77.1%, and 226.1%. It is important to highlight that 137
(71%) observations were in favor of safety. On the other hand, Elgabbas
etal. [24] indicated that ACI 440.1R-06 [67] overestimated the cracking
moment by 27% on average. Finally, the comparison with EC2 [71] is
shown in Fig. 5b. In this context, the average value of the relative error

50 -
[ ,/’io
40 © o0°® ,’/'.A-"'“
° /’ o [

y=0.8536x + 1.339
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Fig. 5. Experimental vs. predicted cracking moment.



R. Shamass et al.

140 v
/
120 /o 4
/é\ 20 //
+15%
£ 100 / -
N
= p/ -15%
E 80 ° 9 o0 L _
Q ® o5/ 7
g 60 0@ 6/
g ®g /
240 | sEBBE
& P ye o
o o o 0.67Pu
© 0.90Pu
0

0 20 40 60 80 100 120
Predicted deflection (mm)

140

(a) ACI 440.1R-06 [67]

Engineering Structures 297 (2023) 116933

140 7
/

120 /8 4
,é\ 5% pd
£ 100 s .

N
S 80 o Pl
= ° ° s
Q / Ve
g 60 0%’
= o® 7
o & //
% 40 o ° °
2] e o 0.67Pu
0
0 20 40 60 80 100 120 140

Predicted deflection (mm)

() EC2 [71]

Fig. 6. Experimental vs. predicted deflections.

was equal to 8.23%, while the standard deviation, variance regression
obtained the following values 64.4%, 41.5% and 0.61, respectively. The
maximum and minimum values of the relative error were equal to
278.7% and —74.9%, respectively. Unlike the ACI 440.1R-06 [67], EC2
[71] was only 60% effective (115) compared to the tests. This means
that the ACI calculation was more effective to predict cracking moment.
Shamass and Cashell [1] found that EC2 [71] overestimated the cracking
moment of the RC beams reinforced with ribbed surface BFRP by 57% on
average and only overestimated the cracking moment by 4.5% on
average for sand coated surface BFRP. This indicated the effect of
different BFRP surface on the cracking moment predictions.

4.2. Deflection

The deflections obtained from 195 experiments are compared with
ACI 440.1R-06 [67] and EC2 [71], considering 67% (assumed service
loading), and 90% of the ultimate load (P,) (Fig. 6). Fig. 6a illustrates
comparison between test results and ACI 440.1R-06 [67] predictions,
and it can be seen that the average value of the relative error for de-
flections at 0.67P, was 9.4%. The relative errors ranged between —690%
and 98%. Elgabbas et al. (24) found that ACI 440.1R-06 [67] slightly
underestimated the deflections at 0.67P,.. Similarly, Khorasani et al [31]
found again that ACI 440.1R-06 [67] underestimated the deflections
with average test-to-predicted value 1.24 for beams with high
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(a) Without stirrups

longitudinal reinforcement ratio and 1.38 for beams with low rein-
forcement ratio. On the other hand, considering the loading at 0.90P,,
there was an increase in the average relative error at —18.3%. It is
important to emphasize that in the total of 195 tests, in comparison with
the ACI 440.1R-06 [67], 41 tests presented a relative error of up to
—15%, while 21 tests presented a relative error of up to + 15%,
considering the loading at 0.67P,,. As for loading at 0.90P,, the number
of observations verified were 30 and 11, considering errors of up to
—15% and 15%, respectively. The RMSE values for both cases, i.e.,
0.67P, and 0.90P,, were equal to 6.69 mm and 10.98 mm, respectively.

On the other hand, considering EC2 [71] prediction (Fig. 6b),
average values of relative error for deflections at 0.67P, and 0.90P,
equal to 5.83% and —13.05%, respectively. The maximum relative er-
rors for the 0.67P, and 0.90P,, cases were 703% and 214%, respectively,
while the minimum relative errors were —80.5% and —84.1%, consid-
ering 0.67P, and 0.90P,, respectively. In this context, the number of
observations checked for loading at 0.67P,, considering the relative
errors up to —15% and 15%, were 37 and 34, respectively. These values
for the 0.90P, were 36 and 22, for errors up to —15% and 15%,
respectively. The calculated values of RMSE were equal to 6.24 mm and
10.48 mm, for deflections at 0.67P, and 0.90P,, respectively.
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Fig. 7. Regression analysis for shear capacity.
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Fig. 9. Sensitivity parameters for the estimated shear capacity of FRP beams.

5. Influence of parameter

A regression analysis is performed to evaluate the influence of geo-
metric and materials parameters on the shear capacity, the flexural ca-
pacity and the cracking moment. For this task, the proposed regression
equations are analysed by varying one parameter while maintaining the
others as constants based on their mean value. For example, to assess the
influence of the effective depth on the shear capacity of beams without
stirrups, this value was varied from 147 mm to 937.5 mm (the minimum
and maximum value from the collected data), while compressive
strength of concrete, beam width, elastic modulus of FRP rebars, rein-
forcement ratio, and a/d ratio were kept constant at mean values of
37.23 MPa, 197.5 mm, 70515.15 mm, 1.016% and 3.23, respectively.
The shear capacity was calculated from the regression analysis and the
sensitivity analysis parameter of each input parameter is calculated
using the Eq. (39) [75,76]:

o Srnax (xi) — Jnin (x[)
S S o) — 1)

x 100 (39)

where frax(X;) and finin(x;) are the maximum and minimum estimated
output related to the input variable x;, with all other parameters kept
constant at their mean values.

The nonlinear regression analysis was conducted using Multiple
Regression with Logarithmic Transformations, a statistical technique
used to model the relationship between multiple independent variables
and a dependent variable when the relationship is not linear. This
approach assumes a power form relationship between the input and
output, and the logarithmic transformation is applied to convert the
relationship into a linear model with coefficients that need to be
determined (representing the indices).

To implement this method, the data transformed using logarithms
and then fitted in multiple linear regression model using Excel’s Linear
Regression data analysis tool to identify the coefficients. Subsequently,
the equation was transformed back from its logarithmic form into the
original power form.

5.1. Shear capacity

The shear capacity equations with and without stirrups are presented
in Egs. (40)-(41), respectively. The Regression (R?) is illustrated in
Fig. 7. It can be noted that the proposed regression model provided
better predictions than the EC2 [71] predictions, particularly for the
beam with stirrups for which the regression R? is 0.71 and 0.92 for the
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EC2 [71] prediction and the regression equation, respectively. This is
due to the fact that the regression takes into consideration the influence
of shear span-to-effective depth ratio (a/d). Therefore, Eq. (40) can be
used as design equation alternative to EC2 [71].
ay\ —0.50 035
x (d) <Py

(40)

V =355x 10—4 ><fl:l].l‘) x b0.40 x EfO.]G x dl.22 x pf0,36

x Eﬁ}0419

V =427 x 10—4 XﬁO.OQ x b().91 x EfO.Z() x d().78 x pr.4| % (3)7066

Fig. 8 illustrates the parameter influence, considering the concrete
strength (Fig. 8a), the section width (Fig. 8b), the Young’s modulus of
longitudinal bars (Fig. 8c), the effective depth (Fig. 8d), the reinforce-
ment ratio of longitudinal bars (Fig. 8e), the a/d ratio (Fig. 8f), the shear
reinforcement ratio (Fig. 8g) and the Young’s modulus of shear stirrups
(Fig. 8h). It can be noted from these graphs that, as expected, the ratio a/
d has negative influence on the shear capacity, the larger the ratio and
lower the shear capacity, while the other parameters, namely f., b, Ey, d,
p5, pv and Ep, have positive influence on the shear capacity. Fig. 9 il-
lustrates the importance of each of the parameters on the shear capacity
of beams with FRP stirrups. It is possible to state that the parameter with
the greatest influence is the effective depth with high sensitivity scores
of 44% while shear reinforcement ratio has moderate influence. The
parameters of lesser influence are the compressive strength of concrete,
Young’s modulus of longitudinal and transversal bars with low sensi-
tivity scores of 3%, 2% and 4%, respectively. Hence, the parameters that
play an important role in the shear capacity of FRP beams with FRP
stirrups are effective depth, shear and longitudinal reinforcement ratio
and a/d ratio.

The same analysis was performed regarding the shear capacity of
beam without FRP stirrups (Fig. 10). In this context, the investigated
parameters are the concrete strength (Fig. 10a), the section width
(Fig. 10b), the Young’s modulus of longitudinal bars (Fig. 10c), the
effective depth (Fig. 10d), the reinforcement ratio of longitudinal bars
(Fig. 10e) and the a/d ratio (Fig. 10f). Again, as expected, the ratio a/
d has negative influence on the shear capacity, while the other param-
eters, namely f,, b, E; d, and py, have positive influence on the shear
capacity. As shown in the Fig. 8, the parameter with the greatest influ-
ence on shear capacity of FRP RC beams without stirrups is the effective
depth with sensitivity score of 30%, while the parameters with the less
influence are the concrete strength and Young’s modulus of FRP, with
sensitivity score of 2% and 6%, respectively. This is expected as the

(41)
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Fig. 10. Influence of parameters for shear capacity without stirrups.
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concrete contribution to shear capacity is minimal due to low elastic
modulus of FRP. The reinforcement ratio and a/d ratio have moderate
influence on the capacity with sensitivity score of 20% and 19%,
respectively. Based on the above discussion it can be concluded that the
parameters that play important role in the shear capacity of FRP RC
beams are the beam geometry, longitudinal reinforcement ratio and a/
d ratio.

5.2. Moment capacity and cracking moment

The regression analysis for the study of parameter influence of
flexural capacity and cracking moment is obtained via Eq. (42) and Eq.
(43), respectively. The coefficient R? is illustrated in Fig. 11. It can be
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noted that the regression equation for the cracking moment provides
better results than EC2 [71] predictions. This is due to the fact that the
regression analysis takes into consideration the reinforcement ratio of
the rebars while the EC2 [71] cracking moment prediction considers
only the beams section geometry and the concrete strength.

M = 0.48 x 10—7 ><fCO.30 % b0.97 Xf;‘(),lli % Ef().Zﬁ X d2.02 % pfo.w (42)

M, =234 x 10°° x p*18 x p22° ><f{,.0'34 « pfO‘Sl (43)

The parameter influence analysis considering the moment capacity
(Fig. 12) is performed considering the concrete strength (Fig. 12a),
section width (Fig. 12b), the Young’s modulus of longitudinal bars
(Fig. 12c¢), the tensile strength of longitudinal bars (Fig. 12d), the
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reinforcement ratio of longitudinal bars (Fig. 12e) and the effective
depth (Fig. 12f). It can be seen that all considered parameters have
positive influence on the moment capacity, however, each parameter
has different impact on the moment capacity based on their sensitivity
score shown in Fig. 13. According to Fig. 13, the parameters with the
most influenced on the moment capacity were the beam effective depth,
width, and reinforcement ratio, with sensitivity score of 24%, 33% and
25%, respectively, while the parameter that least influenced on the
moment capacity was the tensile strength of longitudinal bars, with
sensitively score of only 3%. This is expected for beam with concrete
crushing failure as the moment capacity is governed by the crushing
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strain of concrete not by the tensile strength of the FRP rebars.

Fig. 14 illustrates the variation of the parameters as a function of the
cracking moment. This analysis was carried out considering the beam
width (Fig. 14a), the beam height (Fig. 14b), the concrete strength
(Fig. 14c) and the reinforcement ratio of longitudinal bars (Fig. 14d).
Similarly, all these parameters have a positive influence on the cracking
moment, however, the height of the beam is the most pronounced in-
fluence with 91% of sensitivity score (Fig. 13) and the width is the least
influence on the cracking moment.
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Table 3

Summary of the reliability analysis calculated according to EN 1990 [77].
Failure n b kin kn v, Mo
Flexural 115 1.121 3.04 1.64 0.271 1.45
Shear-without stirrups 154 1.292 3.04 1.64 0.372 1.63
Shear-with stirrups 67 1.420 3.04 1.64 0.371 1.65

6. Reliability analysis based on Annex D EN 1990

In this section, reliability analysis based on Annex D EN 1990 (2002)
[77] has been conducted to assess the reliability of the EC2 [71] for-
mulations and propose a partial safety factor for the flexural and shear
capacity of RC members reinforced with FRP. The statistical evaluation
of the EC2 [71] prediction model is done herein based on the collected
test data.

Table 3 illustrates the key statistical parameters, including the
number of data, n, the design fractile factor (ultimate limit state), k4,
the Characteristic fractile factor, k, the average ratio of test to resistance

model predictions based on the least squares fit to the data, b, the
combined coefficient of variation incorporating both resistance model
and basic variable uncertainties, V,, and the partial safety factor for
resistance y,,. The COV of geometric dimensions of the concrete beam
is 0.04 for the width and the height [78], while it is 0.015 for the
diameter of the longitudinal FRP rebars and stirrups [79]. The COV of
the tensile strength of FRP, elastic modulus of FRP and concrete
compressive strength were assumed equal to 0.05 [70], 0.05 [70] and
0.18 [80], respectively. Performing First Order Reliability Method
(FORM) in accordance with the Eurocode target reliability re-
quirements, the partial factors y,;, were evaluated. As can be seen from
Table 3, the partial factor for the FRP reinforced beams failed in flexural
and shear without and with FRP stirrups are 1.45, 1.63 and 1.65,
respectively.

7. Conclusions, recommendations, and prospects

In this paper, a total of 336 test data from 53 references on ultimate
load and 195 experimental data points on load—deflection in 36 refer-
ences was collected for supported FRP RC beams with high and normal
concrete strength, and with and without transverse reinforcement. This
experimental database was used and compared with the ACI 440.1R-06
and EC2 prediction. To date, there is no European design code for the
FRP RC members and hence this paper presented, for the first time, a
comprehensive design proposal for the FRP RC members according to
EC2 framework both in shear and flexural. Regression analysis was
conducted to discuss the influence of parameters on the shear and
moment capacities, as well as the cracking moment. The main findings
throughout this study were:

— Both FRP design guides ACI and EC2 underestimate the shear ca-
pacity of FRP RC beams. The parameters that most influenced the
shear capacity with stirrups were the effective depth and shear
reinforcement ratio, that is, the greater of these parameters, the
greater the shear capacity. On the other hand, for beams without
stirrups, the parameters with the greatest influence were the beam
width, effective depth, reinforcement ratio and a/d ratio. The pa-
rameters with the lowest influence on the shear capacity FRP RC
beams with and without stirrups were the Young’s modulus of lon-
gitudinal bars and the concrete strength.

— The flexural capacity of FRP RC beams showed that both ACI and
EC2 provided conservative moment capacity predictions, however,
greater number of ACI predictions were in favor of safety. Regarding
the analysis of the parameter influence on the moment capacity, the
most important parameters were the effective depth, width and
reinforcement ratio, while for the cracking moment the greatest in-
fluence was the height of the beam.
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- Regarding the deflection, both design codes presented 74 (38%) and
121 (62%) observations that overestimated and underestimated the
calculation of the deflection of FRP RC beams, respectively.

- Regarding the EC2 predictions, the R> and RMSE values were 0.81
and 25.2 kN, respectively for shear capacity without stirrups, while
they were 0.71 and 81.1 kN for shear capacity with stirrups. For
flexural capacity prediction, the R? and RMSE were 0.90 and 9.3 kN.
m, respectively. For deflection predictions at service loading, the R?
and RMSE were 0.78 and 6.24 mm, respectively.

— The reliability analysis was conducted, and it was suggested to use
the partial safety factor of 1.45, and 1.65 for flexural and shear ca-
pacities according to EC2, respectively.

— The main limitation of this study is that short-term deflections were
studied. However, the long-term deflections should be also investi-
gated, and the FRP RC design code predictions should be verified,
which can be a future study.

— The serviceability requirements investigated in this study were
limited by the deflections’ predictions. The crack width of the FRP
RC members has not been investigated and compared with the design
code in this study which can be suggested as future study.
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