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Abstract

The aims of this paper are to evaluate the current design procedures and to assess the
reliability of FRP-reinforced concrete beams. Firstly, 299 FRP beams are collected to provide
a useful source of data for other studies. The designs of these beams based on ACI
440.1R-15, CSA S806-02, and CEB-FIB are also summarized in detail. Secondly, a reliability
analysis process considering the uncertainties of numerous variables of FRP-reinforced
concrete beams is developed in Matlab R2024b. Based on this reliability analysis process,
current prevalent design documents are rigorously assessed. Finally, the effect of numerous
parameters on the reliability indices of FRP beams are investigated. The results of the study
show that the developed procedure is highly reliable. Among three design documents,
ACI 440.1R-15 can predict the ultimate moment of FRP-reinforced concrete beams better
than others, as the mean and CoV of the model error are approximately 1.07 and 0.19,
respectively. In addition, over 98% of beams designed by ACI 440.1R and CSA S806 meet
the target reliability index. The design equations of CEB-FIB in the case of concrete crushing
are less safe than those of ACI 440.1R and CSA S806.

Keywords: design guidelines; FRP-reinforced concrete beams; Monte Carlo method;
reliability analysis; subset simulation

1. Introduction

Steel-reinforced concrete members play a key role in the construction industry since
they are crucial components of various kinds of structures, from residential houses to
high-rise buildings or mega-dams [1,2]. Even though steel has numerous superior features
that allow it to become a perfect partner of concrete, it can be attacked by chemicals and
its structural durability will be reduced, especially in the case of marine structures. Under
environmental factors such as chemical attacks or oxidation, steel bars can be deteriorated,
leading to the load-carrying capacity of concrete structures declining [3]. These phenomena
contribute to reducing the service life of structures and increasing maintenance costs.
To cope with this problem, fiber-reinforced polymer (FRP) bars are utilized to replace
traditional steel bars in concrete elements, since they have a lightweight nature, high tensile
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strength, and a strong capability of chemical resistance [4-6]. However, fire can have certain
influences on the behavior of FRP-reinforced concrete structures [7-9], which can limit the
application of FRP as reinforcing bars.

Among FRP-reinforced concrete structures, FRP-reinforced concrete beams have
drawn great attention from researchers with different kinds of studies on their behav-
ior [10-19]. Notably, FRP bars used to reinforce concrete beams are manufactured mainly
from basalt-fiber-reinforced polymer (BFRP) and glass-fiber-reinforced polymer (GFRP).
The application of carbon-fiber-reinforced polymer (CFRP) bars as a type of reinforcement
of concrete beams is quite limited due to their expensive cost. FRP is a brittle material
with a linear stress—strain relationship, and the tensile strength and the elastic modulus
of FRP bars (BFRP and GFRP) are in the range from 0.48 GPa to 4.9 GPa and 51.7 GPa to
110 GPa [4,20], respectively. In contrast, steel is a ductile material with an elastic—plastic
stress—strain relationship and a much higher elastic modulus. Hence, the behavior and
the failure mechanism of beams reinforced with steel and FRP are different. In addition, a
comprehensive design process needs to be established for FRP-reinforced concrete beams,
as they consist of two brittle materials (concrete and FRP bars). Currently, the design of
FRP-reinforced concrete beams can be found in ACI 440.1R [21], CSA S806 [22], or CEB-
FIB [23]. The common hypothesis of these design documents is that the section of the beam
remains planar under loading conditions, sectional strain is linearly distributed, and the
stress distribution of the concrete compression zone is converted to a rectangular stress
block to simplify the calculation. Based on these assumptions and the equivalent equations,
the loading capacity of the beam is determined, and this is multiplied with the reduction
factors to find the allowable applied loads. There are two general forms indicated in the
design documents [21-23] to check the safety of the designed structures, as follows:

PR (fer frur---) =Y 70iQi 1)

Ra(for/ Yer ful Vere-) = ) 70iQi 2)

The aforementioned design documents acknowledge that FRP-reinforced concrete
beams should be designed to meet certain target reliability indices. Reliability indices
reflect the failure probability of a structure. The higher the reliability index of a structure,
the lower the failure probability of the structure and the safer that structure. In ACI 440.1R-
15, the target reliability index is recommended to be 3.5, whilst the value of the target
reliability index in CSA S806 and CEB-FIB can be taken as 3.8. Using the target reliability
index and the reliability analysis, the resistance reduction factors and the partial safety
factors can be evaluated. However, current studies on the reliability analysis and the
assessment of prevalent design guidelines and standards of FRP-reinforced concrete beams
are still limited. Hassanzadeh et al. [24] assessed ACI440.1R-15 using a first-order reliability
method (FORM). Their study found that the provisions given by ACI for the design of
FRP-reinforced concrete beams are quite conservative. They also proposed modified
reduction factors for the design of these beams. Behnam and Eamon [25] conducted
a reliability analysis based on the Monte Carlo method to optimize the design of FRP-
reinforced concrete decks and beams. The purpose of their study was to minimize costs
while making sure that the designed structures still met the safety requirements. He and
Qiu [26] applied the Rackwitz-Fiessler method to carry out the reliability assessment of
ACI 440.1R. Their study showed that the design using ACI 440.1R is conservative. They
also proposed a new resistance reduction factor of 0.8 for the design of FRP-reinforced
beams. Ribeiro and Diniz [27] calibrated the design recommendations given in ACI 440.1R
based on the Monte Carlo method. Their study demonstrated that reliability indices of
under-reinforced beams were higher than those in the transition zone and over-reinforced.
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Although some studies have been conducted to evaluate the design guidelines of FRP
reinforced concrete beams, there are still areas to be improved. Most of the previous studies
only focus on ACI 440.1R and ignore other prevalent design guidelines and standards.
Hence, studies on other design documents need to be carried out. In addition, a set of
up-to-date tested specimens is necessary and useful for future studies on the flexural
behavior of FRP-reinforced concrete beams, but such specimens are not fully available yet.
Moreover, while the Monte Carlo method is a good reliability analysis approach and has
been widely applied in many previous studies, it requires a large number of simulations
and consumes lots of computational time. Therefore, a comprehensive study with an
efficient reliability analysis procedure should be conducted to evaluate the reliability of
FRP-reinforced concrete beams and to evaluate the current prevalent design documents.
In this paper, a reliability analysis procedure based on subset simulation and the Monte
Carlo method is developed in Matlab to assess the design guidelines and standards of
FRP-reinforced concrete beams. It should be noted that this reliability analysis process
only focuses on evaluating the ultimate flexural strength and the serviceability limit state
is not considered. First, an up-to-date test database which includes 299 tested specimens
has been collected to determine the model error of current design documents. These
specimens can serve as a useful resource for future studies to calibrate their numerical
models. Additionally, an extensive set of designed specimens is considered in the reliability
analysis. Many key parameters are also investigated to explore their effects on the failure
probability of FRP beams. Based on the results of the study, the design provisions of ACI
440.1R, CSA S806 and CEB-FIB are evaluated, and recommendations are provided.

2. Design of FRP RC Beams

In this section, three design documents including ACI 440.1R, CSA S806, and CEB-
FIB are considered. To determine the flexural capacity of FRP-reinforced concrete beams,
these design documents assume that the section of the beam remains plane under loading
conditions, strain distributes linearly along the section, and the concrete compressive stress
is converted to an equivalent rectangular stress block using reduction coefficients such as
a1, B1, a2, P2, A and 7 (see Figure 1). In the compression zone of the beam, FRP bars can be
used to replace steel bars as steel bars can be corroded, which can lead to concrete cracking
and spalling at this zone. FRP bars in the compression zone of the beams are not considered
in the design equations and they do not affect the ultimate moment of FRP-reinforced
concrete beams.

: o & a.f, o/, Wea
B — — —r
X ﬂ]x ,Bzx Ax
FRP bars
FRP bars
P ®- id b —_— —_— —_—
FRP Frpp Frpp Frrp
a) b) 9) d) e)

Figure 1. Distribution of strain and stress of rectangular sections: (a) section dimension; (b) strain
distribution; (c) stress and forces of the section (ACI 440.1R); (d) stress and forces of the section (CSA
5806); (e) stress and forces of the section (CEB-FIB).
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2.1. ACI 440.1R-15

In ACI 440.1R, guidelines are provided for the design of FRP-reinforced concrete beams
that fail by either FRP rupture or concrete crushing. To determine the type of failure mode in
the design, the balanced FRP reinforcement ratio (pp,) is compared with the FRP reinforcement
ratio (py) of the section. These values are determined by Equations (3) and (4), respectively.

fc Effcu
— -_— 3
Pre alﬁlffu Efscu +ffu G
A
= o @

where a1 and B; are the factors to convert the concrete compressive stress—strain diagram
into an equivalent rectangular stress block, «; is taken as 0.85 and 1 can be calculated
by Equation (5).

0.85 if fo <28 MPa .

Pr= max| (085 - 0.05 x £52%),0.65] if £, > 28 MPa ©)

In the case p; > pg, the failure of the beam is dominated by concrete crushing. Based

on the force equivalent equation and the strain compatibility, the nominal moment capacity
of the beam can be determined by the following equations [21]:

My = Agfs(d—3) (6)
_ Arfy

* = 0.85f.b @

ff = Efscuﬁldia (8)

When py < pg, the beam will fail because of FRP rupture. In this case, the nominal
moment capacity of the beam is determined by the equations as follows [21]:

My = Asfpa <d—[512”’> ©)
Ecu

where a and c;, are the height of the concrete compression zone (mm). The design moment
capacity is determined by multiplying the nominal moment capacity with a reduction
factor that can be computed by Equation (11).

0.55 for pr < pgp
¢ = 0.3—1—0.25% for ppy < pg < Ldpg, (11)
0.65 for ps > 1.4py,

2.2. CEB-FIB

The concept for the design of FRP-reinforced concrete beams by CEB-FIB is relatively
similar to that of ACI 440.1R as both concrete crushing and FRP rupture are considered. To
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determine the type of failure mode, the reinforcement ratio of the section (py) is also compared
with the balanced reinforcement ratio (pg) that is calculated by the equation below [23]:

_ 081(fex +8)ecu

- ffk(% Jrecu) .

Ofb

When pf > pp,, the dominant failure mode of the beam is concrete crushing, and the
moment capacity is calculated as follows [23]:

A
M, = nfab00) (1 5F ) 13)
fck
== 14
fed 7e (14)
\ 0.8 if fox <50 MPa 5
08— (%450 50 < fuk < 90 MPa (15)
1.0 if f < 50 MPa »
T 10— %) if 50 < fo < 90 MPa 16)
X Ecu
= = 17
o N (17)
—€cu + 4/ €cu® + 74’,1{:)’})?;“
€f = 5 (18)
If pr < pp, FRP rupture occurs, the moment capacity is determined by the follow-
ing equation [23]:
A¢fad
M, = 2455 <1—§> (19)
Vf 2
x ec
S R (20)

To compute the height of the compression zone (x) and the concrete compressive strain
at the top of the section (e), equations based on the strain compatibility and force balance
are established as follows:

€ x

F. = Fs (22)

In CEB-FIB, F, is calculated from the compressive stress by dividing the compression
zone of the section into very small areas named as da (see Figure 2). The value of F is
defined as follows:

F— /0 " £(e).b.da 23)

where f(¢) is the compressive stress of concrete (as shown in Figure 2). Based on the strain
compatibility equation, the following equation can be established:
a €

d—xza (24)
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FRP bars

R R FFRP
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Figure 2. Calculation of F.: (a) section dimension; (b) strain distribution; (c) stress distribution
and forces.

From Equations (21) and (24), the values of 2 and its derivative can be determined

as follows: o
a=— (25)
Ec
da = Xde (26)
Ec

If we substitute Equation (26) into Equation (23), F. can be calculated as follows:

5:£7@hé@ 27)

In the case e < & < eqy, f(€) =fq [28]. If we substitute this equation into Equation (27),
the value of ¢, can be found as follows:

_ by
T fbd—F (28)
A
F = Athr (29)
s

In the case 0 < e, < ep, f(e) =fa(1 — (1 — & /ex)") [28]. If we substitute this equation
into Equation (27), the value of ¢, can be found by solving the following equation:

e n+1 P n e
A<1C> A(lc)+B<1C>+C:O (30)
€2 €2 €2

n, &, and &g, are given in [28].

where

A= fcd'b'd'SCZ (31)
B = €C2Ff —A (32)
C=A- (€62 + gfu)-Ff (33)

2.3. CSA 5806-02

The failure mode in CSA can be detected by comparing the balanced reinforcement
ratio (pg) with the reinforcement ratio (py). The value of pg is determined by Equation (34).
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However, FRP rupture is not allowed in the design by CSA S806 [22]. As a result, the
reinforcement ratio (py) of the designed FRP beam must be larger than the balanced rein-
forcement ratio (pp). In this case, the moment capacity of the designed beam is computed
by Equation (35).

_ ¢ fe Ef‘SC”
=y fr By T e
M = gpAsfs[d—7] (35)
(Efgcu>2 PeraPafe Efecu
ff = 4 + 910 Efgcu ——— < ffu (36)
_ P Asfy
a= %achb (37)

where «; and j3, are the factors used to convert concrete compressive stress to the equivalent
rectangular stress block. These can be calculated by the following equations:

ay = 0.85 —0.0015f, > 0.67 (38)
B2 = 0.97 — 0.0025f, > 0.67 (39)

3. Test Database

In this section, 299 simple supported beams reinforced with FRP bars have been
collected from current studies [29-68]. The main criteria for selecting these beams include
the type of failure (flexural failure), type of concrete, and type of FRP bars. The failure
mode of these beams is flexural failure that includes concrete crushing or FRP rupture.
Most of the collected beams are cast from normal or high strength Portland cement concrete,
while several beams are cast from geo-polymer concrete and coral aggregate concrete.
However, the type and strength of the concrete do not significantly affect the accuracy of
the equations used to predict the ultimate moment of FRP-reinforced concrete beams. In
the collected studies, GFRP, BFRP, AFRP, and CFRP are used to reinforce concrete beams.
Among these types of FRP, GFRP is the most commonly used reinforcement as they are
applied to reinforce almost 68.6% of the tested beams (around 205 beams). Beams reinforced
by BERP bars make up 15.7% with 47 beams. Beams reinforced by CFRP bars account for
11% with 33 beams. Beams reinforced with AFRP only account for approximately less than
4.7%. The type of FRP bars has certain influences on the accuracy of the equations used
to predict the ultimate moment. Particularly, the ultimate moments of beams reinforced
with GFRP, BFRP and AFRP predicted by the design equations (M) agree quite well
with experimental results (Mest) because the mean of Mest/Mpye is in the range from 0.98
to 1.11. In contrast, the mean of Miest/Mpre in the case of CFRP beams ranges from 1.15 to
1.3, which is slightly higher. This difference can be attributed to the higher modulus of
CFRP. This parameter can affect the deformation, crack formation, crack propagation, and
the height of the beam’s compression zone, which leads to the influence on the ultimate
moment of the beam. Due to the unique material properties of FRP, the flexural failure
of FRP-reinforced concrete beams is relatively brittle and it includes two typical failure
modes, concrete crushing and FRP rupture. Among the 299 collected specimens, 242 beams
(approximately 81%) fail by concrete crushing, whilst 57 beams fail by FRP rupture. It
shows that FRP rupture is not a desired failure mode since it is brittle, and it can lead to
sudden damage. CSA S806 even does not allow FRP rupture to occur in the design [22].
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The summary of the tested specimens is presented in Table 1, which includes the
number of beams for each failure mode (number of specimens), and the range of basic
parameters such as the width of the section (b.), the height of the section (4.), the com-
pressive strength of concrete (fc), the elastic modulus of FRP bars (Ef), and the ultimate
tensile strength of FRP bars (fg,). More details about the geometry and material properties
of these beams can be found in Appendix A of the paper. Based on the test results of the
collected beams, two typical failure modes, i.e., concrete crushing and FRP rupture, have
been observed. In the case of FRP rupture, the failure is very brittle as it occurs suddenly
without any clear warning due to the linear behavior of FRP. In contrast, the failure by
concrete crushing is more ductile as cracks appear at the compression zone of the beam.
Since the failure modes result in different stress and strain distributions in concrete and
FRP, the calculation of the ultimate moment is also not similar. Therefore, in the current
design documents, the calculation of ultimate moment is classified by the type of failure
mode. According to ACI 440.1R [21] and CEB-FIB [23], the failure modes of FRP-reinforced
concrete beams are classified by the reinforcement ratio (o), and the balanced reinforcement
ratio (op). Particularly, it is assumed in the design that concrete crushing occurs when
pf > pfp, and FRP will rupture when pr < pp,. However, in practice, FRP rupture can also
happen when pr > pg. Therefore, ACI 440.1R recommends that the range from pg, to 1.4py,
is the transition zone, where either concrete crushing or FRP rupture can occur.

Table 1. Summary of the tested FRP-reinforced beams under bending forces.

Number of
Specimens b; (mm) h. (mm) fc (MPa) E; (GPa) ff« (MPa)
Concrete  ps<pp 6 150-200 250-450  47.7-1149  41.6-49.64  620-896.3
crushing — pr> pp, 236 80-500 120-400 20-974  35.63-148 551.58-2069
ERP ruoture PF< 0% 46 110-500 150-550  20-114.9 38-200  489.3-2000
TIPS o> 0p 11 100-280 175-380  20-105.2 40-148  520-2000

The distributions of parameters including the section dimensions and material prop-
erties are depicted in Figure 3. As can be seen from this figure, the collected beams cover
both normal and high strength concrete, reinforced with either normal or high-strength
FRP bars. Particularly, the values of b, h, f;, Ef, and fﬁl of the tested specimens fluctuate in
a wide range from 80 mm to 500 mm, 120 mm to 550 mm, 20 MPa to 114.9 MPa, 35.6 GPa
to 200 GPa, and 489.3 MPa to 2069 MPa, respectively. Among these specimens, 92% of the
tested beams have a width from 100 mm to 250 mm, while 84% of the beams a height from
150 mm to 350 mm. Beams with concrete compressive strengths ranging from 25 MPa to
50 MPa account for 74%. In addition, 72% of the collected beams have an FRP modulus
between 30 GPa and 60 GPa, while 73% of the beams have an FRP tensile strength from
600 MPa to 1200 MPa.

Based on the collected data and equations given in the considered design documents,
Mtest/Mpre ratios are determined. Subsequently, the Anderson-Darling goodness of fit
test [69] is conducted to identify the distribution of the model error for each design guideline
and standard. In this test, the p-value of each distribution is calculated. The type of
distribution with the largest p-value, provided it exceeds 0.05, is chosen to represent the
model error. Regarding ACI 440.1R, when the failure mode is concrete crushing, the values
of mean and coefficient of variation (CoV) of the model error are 1.07 and 0.19, respectively.
When FRP rupture is the dominant failure mode, the values of mean and CoV are 1.1 and
0.21, respectively. Based on the values of Myest/Mpre ratios, it has been found that Gumbel
distribution (Figure 4) can reflect well the distribution of the model errors of both concrete
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crushing and FRP rupture because the p-values obtained from Anderson-Darling test are

larger than those of other distributions (see Table 2).
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Figure 3. Key parameters of the collected FRP-reinforced concrete beams.
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(a) Concrete crushing (b) ERP rupture
Figure 4. Model error for ACI 440.1R.
Table 2. p-value of the Anderson-Darling test.
o Concrete Crushing FRP Rupture
Distribution
ACI 440.1R CEB-FIB CSA S806 ACI 440.1R CEB-FIB
Normal 1.5 x 107 1.88 x 1071 2.6 x 107 7.5 x 107° 0.00017
Lognormal 0.0052 0.0029 0.091 0.0038 0.018
Gamma 0.0046 0.0017 0.0205 0.0008 0.0054
Gumbel 0.0668 0.074 0.0003 0.11 0.072

In Figure 5, the influences of some basic parameters on the test-to-prediction moment
ratios (Mest/Mpre) and the failure mode are depicted. As can be seen from this figure,
ACIT 440.1R obviously underestimates the moment capacity of FRP beams. Figure 5a
demonstrates that pg/pg can affect the type of failure mode significantly since the rise of
this ratio can lead to the change in the failure mode of tested beams. When pgpg < 1,
almost all the beams fail by FRP rupture, whilst most specimens fail by concrete crushing if
pf/op > 1.4. When 1 < pgpg < 1.4, either FRP rupture or concrete crushing can occur. As can
be seen from Figure 5b, the section width-to-height ratio (b./h.) also affects the values of
Mitest/Mpre and the type of failure mode. When this ratio rises, less fluctuation in the values
of Miest/Mpre has been observed. When b./h, is over 0.8, most of the collected beams fail by
concrete crushing. Similarly, when FRP tensile strength increases over 1200 MPa, the failure
mode of most of the collected beams is concrete crushing (Figure 5c). The fluctuation of
concrete strength (f.) also results in the variation of Mest/Mpy. ratios, but they do not have
significant influence on the failure modes as shown in Figure 5d.

Using the design provisions given by CEB-FIB, the failure mode and the ultimate
moment are predicted. Myest/Mpy ratios are then calculated to determine the distribution
of the model error. As can be seen from Table 2, Gumbel distribution provides the best fit
for both concrete crushing and FRP rupture failure modes. The values of mean and CoV
in the case of concrete crushing and FRP rupture are 1.15, 0.22 and 1.3, 0.2, respectively.
More details about the distribution of the model error can be found in Figure 6. Figure 7
illustrates the effects of some principal parameters on the failure mode and the Myest/Mpre
ratio. As can be seen from Figure 7a, the pf/pfb ratio can affect not only the Miest/Mpye
ratio but also the type of failure mode. When pf/pﬂ, rises, M;est and Mprg converge. When
pf/op < 1, the main failure mode is FRP rupture, while pg/og, > 1 leads to concrete crushing
in almost all specimens. Figure 7b illustrates that when the section width-to-height ratio
(be/he) increases, the Myest/Mpy ratio decreases. As shown in Figure 7c, the main failure
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mode of the collected beams is concrete crushing when the tensile strength of FRP bar (fz,)
is larger than 1200 MPa. Figure 7d demonstrates that concrete compressive strength (f.)
does not significantly affect the failure mode or Mtest/Myye ratio.

39 O Concrete crushing 37 O Concrete crushing
26 1 6
AFRP rupture 26 AFRP rupture
22 22 A
§ 18 § 18
S 14 S 14 A
§ S 8o a
= =T s TTT T
0.6 0.6
0.2 A 0.2 1
027 2 4 6 8 10 0202 04 06 08 1 12 14 16
pf/ptb be/he
(a) The effect of pf/pp (b) The effect of be/he
34 .
O Concrete crushing 37 O Concrete crushing
2.6 i
6 AFRP rupture 2.6 AFRP rupture
2.2 A 22
)
§ 1.8 R § 18 1
S 14 - g S 14 1 4
g | o g a ©
S & = -
0.6 A 0.6 A (e)
02 4 0.2 4
020 500 1000 1500 2000 2500 0270 30 60 90 120 150
fiu (MPa) Je(MPa)
(c) The effect of f (d) The effect of f.
Figure 5. Effect of basic parameters on Mest/Mpre in the case of ACI.

The designed equations of CSA S806 are applied to determine the moment capacities
of the collected beams. The comparison between the results calculated by CSA S806 and
experimental results is depicted Figure 8. This figure shows that the formulas given in CSA
S806 underestimate the moment capacities of the tested beams. Based on Miest/Mye ratios,
it has been found that the lognormal distribution (shown in Figure 9 and Table 2) with a
mean of 1.13 and CoV of 0.21 can be the best fit for the model error in the case of CSA S806.

1.8F l‘ [ealz;l. 15 ‘ ——  Gumbel 2.0 F leeavn=1.3 e Su(l’nbcl_ |
1.6+ Col=0.22 —— Log-normal | 1.8 - /\\ Col=0.2 —_— ‘oc—nolma j
—— Gama 16+ —— Gama
14+ —— Normal : / —— Normal
12} L4 /
£ 10} g2y /
5 210 A
a o8k
0.8 fl
0.6 ] 06 )
0.4+ 1 04 ; \
0.2 1 0.2 ]
06 08 10 12 14 16 18 20 22 24 1.0 12 14 1.6 1.8 2.0
Mfesl Mm’ Mfesl Mp7'e
(a) Concrete crushing (b) ERP rupture

Figure 6. Model error for CEB-FIB.
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Figure 9. Model error for CSA S806.

4. Reliability Analysis of FRP-Reinforced Concrete Beams

In this section, reliability analysis is utilized to evaluate the failure probability and
reliability index of FRP-reinforced concrete beams. Based on reliability indices, the safety
of the designed beam can be evaluated and the reduction factor for the design can be
calibrated. In this paper, an efficient and highly reliable procedure is developed to evaluate
the reliability indices of beams designed by equations presented above.

4.1. Reliability Analysis Methods

Due to the uncertainty of variables such as concrete compressive strength, FRP bar
tensile strength, the section width/height, or FRP bar area, the designed load-carrying
capacity of FRP-reinforced concrete beams can differ from the predicted value. As a result,
the designed beams can fail with a certain failure probability even when they are subjected
to allowable loads. This failure probability is determined by reliability analysis, and it is
defined by Equation (40) [70]. The reliability index is calculated based on failure probability
by Equation (41) [71].

PfIPy[G(yl,...,yn) SO} (40)

B=—1 (pf) (41)

where Py is the probability of failure; P, is the probability of the event in the bracket; G(y) is
the limit state function; yy, .. ., y, are the random variables such as applied loads, model
errors, or material properties; ® is the standard normal cumulative distribution function;
&~ is the inverse of the standard normal cumulative distribution function, which computes
a value (in this case, it is the reliability index) corresponding to a particular probability. The
limit state function plays a key role in the reliability analysis. Since this study only focuses
on the strength limit state, the form of limit state function can be expressed as follows:

G(M) = ME x Mg — M, (42)

where ME is the model error that accounts for the difference between the experimental results
and the results obtained from the design equations as presented in Figures 4, 6 and 9.

Since the model error is dependent on the failure mode, the failure mode of each beam
is determined by comparing the reinforcement ratio with the balanced reinforcement ratio
calculated by each design document. After that, the model error for each failure mode will
be applied in the reliability analysis procedure conducted by either Monte Carlo method
or subset simulation. After obtaining the limit state function, Equation (40) can be solved
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by several approaches to achieve the failure probability. In this paper, two methods that

are Monte Carlo method [72] and subset simulation [73] are utilized. The details of Monte

Carlo method are presented as follows:

(a)

(b)

(0)

(d)

(i)

(ii)

(i)

(iv)

V)

At the beginning of the method, a set of N samples of the initial beams of the in-
vestigated beam is created using the statistical values of random variables given
in Table 3.

For each generated sample, the failure mode is determined and the ultimate flexural
moment (Mp) is calculated by the design equations. The moment caused by applied
loads (M) is also computed.

Based on the values of these moments, the limit state function G(M) = ME x Mg — M,
(Equation (42)) is computed to determine whether the sample fails. It should be noted
that a sample fails if the value of G(M) is less than 0. Then, the number of failure
samples can be calculated as follows: Ny = Ny + 1.

After all samples are analyzed, the value of Py is defined as the ratio between the
number of failure samples (Ny) and the initial N samples as given in Equation (43).
The error of the result is calculated by Equation (44). More details of this calculation
procedure are depicted in Figures 10 and 11.

N
= (43)
1-P
- f
Error = N x P (44)

Regarding subset simulation approach, the calculation procedure is presented as follows:

At the first step of the approach, the initial N samples of the investigated beam are
generated by using their statistical values in Table 3.

For each generated sample, the failure mode is determined and the ultimate flexural
moment (Mp) is calculated by the design equations. The moment caused by applied
loads (M) is also computed.

In the third step, the values of G(M) = ME x Mr — M| (Equation (42)) of all samples
are calculated. The total number of failed samples Ny is counted if G(M) is less than 0,
and the failure probability of at the iteration number k-th is calculated as follows:
Psy = Ng/N.

In the next step, the po-percentiles of the values of G(M) in step 3, namely c, are
determined (p, is taken as 0.1 [73]). Then, a set of samples whose G(M) values are less
than ¢ will be extracted. This subset is used to generate new N samples and return to
step 2.

Steps 2 to 4 are iterated until the value of c is less than 0. Then, the number of failure
samples Ny of the last iteration is determined. The failure probability and the error are
calculated by Equations (45) and (46), respectively. More details of this procedure are
illustrated in Figures 12 and 13.

1 N

Pr=p, " x N (45)
n=11_— Pfk

Error = ) ———="— (46)
=1 N x Pf,k

where 7 is the total number of iterations, 7y is the coefficient given in [73] and Pgy is
the failure probability at iteration k-th.
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Table 3. Statistical values of random variables.

Properties Variables Mean/Nominal Value CoV Ref.
Elastic modulus of FRP, Ef 1.00 0.04 [74]
Material FRP strength, chu 1.20 0.07 [75]
Concrete compressive strength, f.” 1.24 0.1 [24]
Geometry Width of the concrete beam, b, 1.00 0.02 [76]
Height of the concrete beam, . 1.00 0.02 [76]
FRP bar area, Af 1.00 0.05 [75]
Dead load, D, (ACI) 1.05 0.10 [77]
D, (CSA, FIB) 1.00 0.05 [78]
Live load, L, (ACI) 1.00 0.25 [77]
L, (CSA, FIB) 0.60 0.35 [78]
ACI 440.1R:
Concrete crushing 1.07 0.19
FRP rupture 1.1 0.21
CEB-FIB:
Model error (ME) Concrete crushing 1.15 0.22
FRP rupture 1.3 0.2
CSA 5806:
Concrete crushing 1.13 0.21

Provide the input data of the investigated FRP
beam such as material properties, applied
loads, section dimensions into the Matlab code

Y

Based on the statistical values of variables
given in Table 2, N samples of the investigated
beam are created

For sample 7, determine the applied moment
and the ultimate moment. Based on these
values, the limit state function G of sample i is

computed by Eq.(42)

<o

Yes

Determine the number of
failure samples: Ny= Ny + 1

-
-«

<G

No

i=i+1

Y

Stop the calculation iteration and determine
failure probability: Pr= Ny/ N

Figure 10. Procedure of Monte Carlo method.
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Figure 11. Relationship between Mgr/Mpg, and M /Mg, of beams generated by Monte Carlo method
(MR, is the ultimate moment of the investigated beam).

Provide the input data of the investigated FRP
beam such as material properties, applied
loads, section dimensions into the Matlab code

v

Based on the statistical values of variables
given in Table 2, initial N samples of the
investigated beiam are created
Calculate the applied moment and the ultimate
moment of N samples. Based on these values,
the limit state functions G(M) of these samples
are computed by Eq.(42)

Determine p,-percentile of the values of limit
state functions G(M), which is denoted as ¢

v

Create a subset of samples whose G(M) < c.
Based on this subset, N samples are generated

No

c<0?
Yes

Stop the calculation iteration and determine
failure probability Py

Figure 12. Subset simulation.



Buildings 2025, 15, 3373

17 of 33

2.5 - mmmm [nitial samples
Subset 1
2.3 A m Sbset 2
S bset 3
217 S bset 4
® mmmTailure s: .
1.9 Failure samples
Eé 1.7 1
“S 1.5 -
1.3 4
1.1 4
0.9 -
0.7 r ' . : .
0 0.5 1 1.5 2 2.5

M, /My,
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The calculation processes of these two approaches are used to verify each other by
conducting a reliability analysis of an FRP-reinforced concrete beam. This beam has a
section width of 200 mm and a section height of 300 mm. The concrete compressive
strength f., FRP tensile strength fr and FRP elastic modulus Ef are 30 MPa, 483 MPa, and
50 GPa, respectively. The value of ps/ / pp, ratio fluctuates from 1.0 to 2.5. The uncertainty
of variables, their mean-to-nominal ratios, CoV and type of distribution are presented in
Table 3. The results of the reliability analysis are shown in Table 4, which demonstrates
that the developed procedure is reliable since the reliability indices obtained from Monte
Carlo method and subset simulation agree well with each other (the disparity is less than
5.0%). The number of samples are varied to investigate its influence on the reliability index.
It can be seen from Table 5 that this parameter does not significantly affect the reliability
index. However, to ensure an error of less than 10%, 5 x 10° samples are generated using
the Monte Carlo method, while 7000 samples are used in the subset simulation.

Table 4. Comparison between Monte Carlo (MC) method and subset simulation.

8 Prlps
1.0 1.2 1.4 1.8 2.5
MC method 4.11 3.78 3.51 3.47 3.48
Subset simulation 412 3.88 3.59 3.48 3.42
A (%) 0.24 2.58 2.23 0.29 1.75

Table 5. The effect of number of samples on the reliability index.

Monte Carlo Subset Simulation
Nsamplﬂ

0.1 x 108 0.5 x 10° 1 x 10° 2 x 10° 3 x 10° 4 x 10° 5 x 10° 1 x 10% 2 x 10° 3 x 10° 4 x 10° 5 x 10% 7 x 10%
B 4.11 4.07 4.12 4.06 4.09 4.12 4.10 412 4.06 4.09 4.12 4.15 413

4.2. Designed Beams for the Reliability Analysis

To evaluate the presented design documents and investigate the effect of some basic
parameters on the reliability indices of FRP-reinforced concrete beams, a group of beams is
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designed. The compressive strength of concrete ranges from 20 MPa to 120 MPa. Particu-
larly, f. = {20, 50, 80, 100, 120} MPa. The values of FRP tensile strength are ffu = {483, 885,
1230, 1506, 1800, 2540} MPa. The values of the modulus of FRP are Es= {35, 50, 100, 150,
200} GPa. The width of the section is b, = {150, 200, 300, 400, 500}. The width-to-height ratio
of the section is bc/he = {0.25, 0.55, 0.85, 1.2, 1.5}. Another important parameter is the py/pp,
ratio, which is taken as pf/pfb =1{0.2,0.35,0.5,0.75,0.95, 1.02, 1.5, 2.0, 2.5, 5.0}. In summary,
the total number of specimens that will be used as the input for the reliability analysis is
5% 6 x5 x5 x5 x10=237500 specimens for each design guideline and standard. Regard-
ing the applied loads, it is assumed that the nominal dead load D;, is equal to the nominal
live load L, throughout the study to conduct the analysis, and the effect of L,/D, ratio is
only considered in the parametric study. It should be noted that other types of loads such as
wind, snow, and earthquakes are not considered in this study. The load combinations in the
case of combined D, and L, to determine the total applied load G are dependent on each
design guideline and standard. Particularly, the load combinations are G =1.2D;, + 1.6L,,
G=1.25D, +1.5L,, and G = 1.35D,, + 1.5L;, corresponding to ACI, CSA, and CEB-FIB.

5. Results and Discussions

Based on the developed reliability analysis procedure, 37,500 FRP-reinforced con-
crete beams are analysed. The results of the analysis are presented in Figures 14 and 15,
Tables 6 and 7. In Table 6, the range of the reliability indices is illustrated. In the case of con-
crete crushing, B is in the range from 3.02 to 5.06, 2.91 to 5.54, and 3.58 to 4.87 corresponding
to ACI 440.1R, CEB-FIB, and CSA S806 standards. In the case of FRP rupture, B ranges
from 3.48 to 5.01, and 3.21 to 5.23 corresponding to ACI 440.1R, and CEB-FIB model code.
Figure 14 illustrates the range of reliability indices of the investigated beams. It should be
noted in this figure that safe samples are beams with a reliability index higher than the
target reliability index B, while failed samples have a reliability index smaller than Sr.
As can be seen from the figure, the percentage of failed samples in the case of concrete
crushing are higher than those in the case of FRP ruptures. Especially, there are no failed
samples in the case of FRP rupture when beams are designed by ACI 440.1R (Figure 14a).
The design by CSA S806 is also quite safe since very few beams fail (Figure 14e). Table 7
and Figure 15 present the percentage of specimens with the reliability indices exceeding
the target reliability index Br. In the case of ACI 440.1R, the percentage of specimens with
a reliability index higher than Br are 98.4% and 100% corresponding to concrete crushing
and FRP rupture. In the case of the CEB-FIB model code, 95.6% of specimens exceed Bt
when FRP rupture occurs. However, when the failure mode is concrete crushing, only
approximately 81.3% of specimens exceed Br. Hence, it is recommended to increase the
safety factor for the design in this case. In the case of CSA, the percentage of specimens
that have the reliability indices higher than St are 99.5%, which is quite high.

To investigate the influence of key parameters on the reliability indices of FRP-
reinforced beams, a typical beam is selected. The width of the beam is 200 mm, the
height of the beam is 300 mm, the compressive strength of concrete is 30 MPa, the tensile
strength of FRP bars is 483 MPa, ps/pg, is 1.5 and the elastic modulus of FRP bars is 50 GPa.

Table 6. Reliability indices range of the investigated beams.

B ACI 440 FIB CSA

Concrete crushing 3.02-5.06 2.91-5.54 3.58-4.87
FRP rupture 3.48-5.01 3.21-5.23 -
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Figure 14. Reliability indices of the investigated beams determined by subset simulation.
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Figure 15. Percentage of specimens with reliability indices smaller/larger than the target reliability index.
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Table 7. Percentage of beams corresponding to a specific range of reliability index.

Percentage of Specimen (%)

ACI FIB CSA
B <35 B>35 B <38 B>38 B <38 B>38

Concrete crushing
FRP rupture

1.60 98.40 18.70 81.30 0.5 99.5
0.00 100.00 4.40 95.60 - -

Jowithout ME ACoV=0.1 Owith ME

5.1. The Effect of L,/Dy, Ratio

The influence of L,/D, ratio on the reliability indices of FRP-reinforced concrete
beams is investigated by changing this ratio from 0.5 to 2.5. The specific values of L,/D;
considered in this part are 0.5, 1.0, 1.5, 2.0, 2.5. The reliability indices 8 of beams corre-
sponding to these ratios are determined by the proposed reliability analysis procedure,
and the relationships between $ and L,/D,, are shown in Figure 16 and Table 8. Table 8
indicates that the reliability indices of beams designed by CSA 5806 and CEB-FIB are
obviously higher than those of beams designed by ACI 440.1R. This phenomenon oc-
curs because the mean values of the live load given in CSA 5860 and CEB-FIB are much
smaller than that of ACI 440.1R (see Table 3). Moreover, Table 8 also reveals that the
reliability indices go down when the L,/D,, ratio rises. Figure 16 demonstrates the effects
of L,/D, ratio and the model error (ME) on the reliability indices. In the case of ACI
440.1R, when the L,/D,, ratio rises from 0.5 to 2.5, the values of the reliability indices
diminish from 5.1 to 4.17, 3.75 to 3.395, and 4.61 to 4.02 corresponding to the simulation
without model error, with model error (CoV = 0.19) and with CoV = 0.1. In the case of CSA
5806, a similar trend to that of ACI440.1R has been observed. When the L,/D,, ratio rises
from 0.5 to 2.5, the values of the reliability indices reduce from 6.02 to 4.95, 4.22 to 3.91,
and 5.8 to 4.75 corresponding to the simulation without model error, with model error
(CoV =0.21) and with CoV = 0.1. In the case of the CEB-FIB model code, the increase in
L,/Dy, ratio from 0.5 to 2.5 also leads to a reduction in the reliability indices from 5.21 to
4.3, 4.09 to 3.81, and 4.97 to 4.05 corresponding to the simulation without model error,
with model error (CoV = 0.22) and with CoV = 0.1. The reduction in the values of reli-
ability index occurs because the CoV of the L, (which is 0.25) is slightly larger than the
CoV of the D, (which is 0.1). As a result, when the value of L,/D,, ratio grows, the failure
probability increases, and the reliability index of the investigated beams decreases. In
addition, it is obvious that the reliability indices decline significantly when the model error
is applied (Figure 16).

6

1 owithout ME ACoV=0.1 owith ME 1 owithout ME ACoV=0.1 owith ME

—~— s T i T

0 05 1 2

1.5
Ln/Dn
(a) ACI 440.1R

T 1 3 T T T T T 1 3 T T T T T 1
2.5 3 0 0.5 1 1.5 2 2.5 3 0 0.5 1 1.5
Ln/Dn Ln/Dn
(b) CEB-FIB (c) CSA S806

Figure 16. The effect of the L,,/Dj, ratio on the reliability indices.
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Table 8. The effect of L,,/D;, ratio on the reliability index of the investigated beam.
L,/D,
A 0.5 1.0 1.5 2 2.5
ACI 440.1R 3.751 3.632 3.566 3.483 3.395
CSA S806 4.216 4.072 3.993 3.957 3.910
CEB-FIB 4.09 3.930 3.840 3.780 3.810

5.2. The Effect of be/h. Ratio

The influence of the b./h. ratio on the reliability indices of the investigated FRP-
reinforced concrete beams is illustrated in Figure 17 and Table 9. As can be seen from
Table 9, the b./h. ratio has a negligible effect on the reliability indices of the investigated
beams. When b./h; ratio is increased from 0.25 to 1.5, the reliability indices of beams
designed by ACI 440.1R, CSA S806, and CEB-FIB fluctuate by approximately 3.7% (from
3.51 to 3.64), 0.27% (from 4.086 to 4.075), and 4.8% (from 3.72 to 3.9), respectively. More
visible details are depicted in Figure 17. This figure also indicates that model error can
affect the reliability indices of FRP-reinforced concrete beams significantly. When the model
error is applied, the maximum reliability indices of the beams designed by ACI 440.1R,
CSA 5806 and CEB-FIB are 3.64, 4.1, and 3.92, respectively. However, when the model error
is not considered, these values increase substantially to 4.91, 5.56, and 4.79 corresponding
to significant increases of 34.9%, 35.6%, and 22.1%.

6 -

61 oOwithout ME ACoV=0.1 Owith ME Owithout ME ACoV=0.1 Owith ME 77 owithout ME ACoV=0.1 Owith ME
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- - % L Fa) ©
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o © —O e—-—o—o 4 & e—o
3 . . . S , , .3 ; : .
0 0.5 1 15 2 s I 15 5 0 0.5 1 1.5 2
be/he ° ° be/he be/he
(a) ACI 440.1R (b) CEB-FIB (c) CSA S806
Figure 17. The effect of the b./h. ratio on the reliability indices.
Table 9. The effect of b/l ratio on the reliability index of the investigated beam.
b./h,
p 0.25 0.55 0.85 1.2 1.5
ACT 440.1R 3.509 3.550 3.570 3.620 3.640
CSA S806 4.086 4.100 4.100 4.040 4.075
CEB-FIB 3.720 3.850 3.770 3.920 3.900

5.3. The Effect of ps/ps Ratio

The pg/pp ratio plays a critical role in the behavior of FRP-reinforced concrete beams.
It also has certain influences on the reliability index of the beams as shown in Figure 18
and Table 10. In the case of the ACI design code (Figure 18a), the value of § almost remains
constant when pg/oy, is less than 1.0. When pg/py, increase from 0.95 to 1.5, B reduces
gradually from 5.96 to 4.73, 5.54 to 4.56, 4.42 to 3.63 corresponding to the simulation
without model error, with CoV' = 0.1 and with model error. When py/pp, exceeds 1.5, B
almost remains constant. A notable observation is that when pg/py, is larger than 1.0, the
values of § in the case of ACI 440.1R decline gradually before it remains constant when
Pf/Pp is larger than 1.5. This phenomenon appears because the resistance of the beam is
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reduced by a safety factor which increases from 0.55 to 0.65 when ps/oy, increases in this
range (see Equation (11)). In the case of the CEB-FIB model code (Figure 18b), when ps/pg,
rises from 0.75 to 1.02, B decreases significantly from 5.5 to 4.76, 5.1 to 4.57, 4.5 to 3.88
corresponding to the simulation without model error, with CoV = 0.1 and with model error.
Once pg/pp exceeds 1.0, the fluctuation in the value of f becomes negligible. In the case of
CSA S806 (Figure 18c¢), the values of B vary slightly when pg/pg is increased. It should be
noted that FRP rupture is not permitted in the design by CSA; therefore, only ps/og >1.0 is
considered in the analysis.

7> 1 owithout ME ACoV=0.1 Owith ME 7 owithout ME ACoV=0.1 owith ME 7 Jowithout ME ACoV=0.1 Owith ME
6.5 1 6 1 6
5 4 r&u —A— A
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PV pYpro pYpro
(a) ACI 440.1R (b) CEB-FIB (c) CSA S806
Figure 18. The effect of the pf/pﬁ ratio on the reliability indices.
Table 10. The effect of ps/op, ratio on the reliability index of the investigated beam.
5 Pripm
0.2 0.35 0.5 0.75 0.95 1.02 1.5 2.0 2.5 5.0
ACI 440.1R 4.45 4.51 4.52 4.49 442 4.10 3.63 3.55 3.60 3.57
CSA S806 - - - - - 4.03 4.07 4.08 417 4.15
CEB-FIB 4.65 4.68 4.70 4.50 4.10 3.88 3.93 4.02 4.03 4.10
5.4. The Effect of chu and f,

Figure 19 demonstrates that concrete compressive strength f, has minimal influences
on the reliability indices of the investigated beams. When f; rises from 20 MPa to 120 MPa,
the reliability indices of beams almost remain constant. In contrast, the model error affects
the reliability indices dramatically. When the model error is accounted in the analysis, the
maximum reliability indices of the beams designed by ACI 440.1R, CEB-FIB, and CSA S806
are 3.66, 3.97, and 4.13, respectively. However, when the model error is not considered,
the maximum reliability indices of the beams increase significantly to 4.89, 4.72, and 5.58
corresponding to beams designed by ACI 440.1R, CEB-FIB, and CSA S806. Figure 20
illustrates that the effect of fz, on the reliability indices of FRP-reinforced concrete beams
is negligible.
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Figure 19. The effect of f; on the reliability indices.
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Figure 20. The effect of f;, on the reliability indices.

6. Conclusions

This paper aims to develop an efficient reliability analysis procedure to evaluate the

reliability of FRP-reinforced concrete beams designed by ACI 440.1R-15, CSA S806 and
CEB-FIB. In the study, specimens tested in previous experimental studies are collected
for the assessment. The design procedures of FRP beams based on ACI 440.1R, CSA S806
and CEB-FIB are reviewed and summarized in detail. In addition, source codes based on

the Monte Carlo method and subset simulation are developed and the reliability analysis

procedure of FRP beams is proposed. Based on the results of the study, some conclusions

can be deduced as follows:

)

@)

)

4)

©)

The geometry and material properties of 299 FRP-reinforced concrete beams have
been collected and presented. This experimental data can be a useful resource for
other studies related to FRP-reinforced concrete beams in the future.

All three design codes including ACI 440.1R, CSA 5806 and CEB-FIB tend to underes-
timate the moment capacity of FRP-reinforced concrete beams. Among these three
design guidelines, ACI 440.1R can predict the ultimate moment of FRP beams better
than others because the mean and CoV of the model error in the case of concrete
crushing are only 1.07 and 0.19, respectively, and those in the case of FRP rupture are
1.1 and 0.21, respectively.

Both three design documents can predict the ultimate moments of beams reinforced
with GFRP and BFRP quite well. However, when beams are reinforced with CFRP,
the ultimate moments determined by the design equations are relatively conservative.
This discrepancy arises because the modulus of CFRP is quite higher than other types
of FRP. It can affect the crack formation and stress distribution at the compression
zone of concrete, which can affect the ultimate moment. This effect can be considered
to improve the design equations.

The developed source code and the proposed reliability analysis procedure are reliable
as the difference between results of the Monte Carlo method and subset simulation is
less than 5%. Based on the results of the reliability analysis, it has been found that ACI
440.1R and CSA S806 can be applied to design FRP beams effectively as more than
98% of the specimens designed by these standards meet the target reliability index.
However, the design equations of CEB-FIB for the case of concrete crushing are less
safe than those of ACI 440.1R and CSA 5806 since approximately 18% of the specimens
have reliability indices smaller than the target reliability index. These discrepancies
can be attributed to the differences in the model error, load factors, target reliability
indices and resistance factors of each design document.

The reduction factor given in ACI 440.1R to determine the design moment of beams
failed by FRP rupture is quite conservative. Further studies can be conducted to
calibrate and increase this parameter.
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(6) The parametric study illustrates that model error, live load-to-dead load ratio (L./Dy)
and reinforcement-to-balanced reinforcement ratio (os/op) have significant influences
on the reliability indices of the FRP-reinforced concrete beams. In contrast, variations
in the fabrication, material and geometric parameters have negligible influence on the
reliability results.
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Abbreviations

The following abbreviations are used in this manuscript:

Ar area of FRP bars (mm?)

b width of the beam section (mm)
effective depth of the section (mm)

Ef elastic modulus of FRP bars (MPa)

fﬁ, ultimate tensile strength of FRP (MPa)

fa characteristic tensile strength of FRP (MPa)

fr tensile stress of FRP bars (MPa)

fe compressive strength of concrete (MPa)

fek characteristic compressive strength of concrete (MPa)

fed design value of concrete compressive strength (MPa)

G(M)  limit state function

he height of the beam section (mm)

ME model error

My moment caused by applied loads (kNm)

M, nominal moment capacity of the beam (kNm)

Mpre  moment of the beam predicted by design equations (kNm)
Mg ultimate flexural moment (kNm)

Myest  moment of the beam obtained from experiment (kNm)

N number of samples generated in the reliability analysis

Ny number of failure samples in the reliability analysis

Pr failure probability

Q; applied loads (kN)

Ry design resistance of the beam (kNm)

Ry nominal load—carrying capacity of the investigated beam (kNm)
x distance from extreme compression fiber to neutral axis (mm)
B reliability index

Yer Vf partial safety factors of concrete and FRP
Y0 load factors

Ecu ultimate compressive strain of concrete
&f strain of FRP bar
& compressive strain of concrete

of reinforcement ratio of the beam section
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O reinforcement ratio of the beam section
¢ reduction factor of the nominal load-carrying capacity
¢c resistance factor for concrete
Pr resistance factor for FRP
Appendix A
Table A1l. Tested specimens.
Specimen b, (mm) h. (mm) f. (MPa) Af (mm?) Ef (GPa) ff (MPa) M,y (kNm) Failure Ref.
COMP-00 200 240 35.3 508.1 43.37 885 41.37 CR [33]
COMP-25 200 240 35.3 508.1 43.37 885 39.06 CR
COMP-50 200 240 36.4 508.1 43.37 885 39.35 CR
COMP-75 200 240 36.4 508.1 43.37 885 40.60 CR
BC2HA 130 180 57.2 237.7 38.00 773 19.70 CR [66]
BC2HB 130 180 57.2 237.7 38.00 773 20.60 CR
BC4NB 130 180 46.2 475.3 38.00 773 20.60 CR
BC4HA 130 180 53.9 475.3 38.00 773 21.00 CR
BC4HB 130 180 53.9 475.3 38.00 773 21.40 CR
BC4VA 130 180 93.5 475.3 38.00 773 28.40 CR
BC4VB 130 180 93.5 475.3 38.00 773 29.50 CR
BC2VA 130 180 97.4 237.7 38.00 773 22.70 CR
GB3-1 180 300 35.0 506.7 40.00 695 71.00 CR [52]
GB3-2 180 300 35.0 506.7 40.00 695 70.50 CR
GB1-1 180 300 35.0 253.4 40.00 695 60.00 CR
GB1-2 180 300 35.0 253.4 40.00 695 59.00 CR
GB2-1 180 300 35.0 380.0 40.00 695 65.00 CR
GB2-2 180 300 35.0 380.0 40.00 695 64.30 CR
C1-6 200 300 39.3 425.3 114.00 1506 83.13 CR [54]
C1-8 200 300 39.3 567.1 114.00 1506 90.39 CR
C24 200 300 39.9 254.5 122.00 1988 78.75 CR
C2-6 200 300 40.8 381.7 122.00 1988 80.89 CR
C2-8 200 300 40.8 508.9 122.00 1988 89.39 CR
G1-6 200 300 39.1 760.1 40.00 617 77 47 CR
G1-8 200 300 39.1 1013.4 40.00 617 86.76 CR
G2-6 200 300 39.1 678.6 36.00 747 71.00 CR
G2-8 200 300 39.1 904.8 36.00 747 84.54 CR
AR-6 200 300 39.1 425.3 52.00 1800 70.85 CR
AR-8 200 300 39.1 567.1 52.00 1800 71.75 CR
Cl14 200 300 40.4 283.5 114.00 1506 71.20 CR
4FRP1 203 152 27.6 320.0 41.40 830 15.78 CR [79]
4FRP2 203 152 27.6 320.0 41.40 830 15.58 CR
4FRP3 203 152 27.6 320.0 41.40 830 16.29 CR
5FRP1 191 152 27.6 320.0 41.40 830 16.37 CR
5FRP2 191 152 27.6 320.0 41.40 830 16.65 CR
5FRP3 191 152 27.6 320.0 41.40 830 15.78 CR
1FRP1 381 203 27.6 80.0 41.40 830 11.49 FR
1FRP2 381 203 27.6 80.0 41.40 830 12.67 FR
1FRP3 381 203 27.6 80.0 41.40 830 11.49 FR
2FRP1 318 216 27.6 80.0 41.40 830 13.62 FR
2FRP2 318 216 27.6 80.0 41.40 830 13.26 FR
2FRP3 318 216 27.6 80.0 41.40 830 13.06 FR
CB3B-1 200 300 52.0 523.1 37.60 773 66.00 CR [80]
CB3B-2 200 300 52.0 523.1 37.60 773 64.80 CR
CB4B-1 200 300 45.0 697.5 37.60 773 75.40 CR
CB4B-2 200 300 45.0 697.5 37.60 773 71.70 CR
CB6B-1 200 300 45.0 1046.2 37.60 773 84.80 CR
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Specimen b, (mm) h. (mm) f. (MPa) Af (mm?) Ef (GPa) ff (MPa) M,y (kNm) Failure Ref.
CB6B-2 200 300 45.0 1046.2 37.60 773 85.40 CR
CB2B-1 200 300 52.0 348.7 37.60 773 57.90 CR
CB2B-2 200 300 52.0 348.7 37.60 773 59.80 CR
GB5 150 250 25.0 4294 45.00 1000 40.30 CR [44]
GB9 150 250 31.8 4294 45.00 1000 39.73 CR
GB10 150 250 31.8 4294 45.00 1000 39.50 CR
II 200 210 31.3 1134.1 35.63 700 34.19 CR [34]
III 200 260 31.3 506.7 43.37 886 45.13 CR
v 200 300 40.7 567.1 35.63 700 59.19 CR
A% 200 250 40.7 1134.1 35.63 700 57.00 CR
B7 152.4 152.4 49.3 99.0 140.00 1900 17.10 CR [67]
B8 152.4 152.4 51.1 99.0 140.00 1900 16.92 CR
B9 152.4 152.4 53.3 99.0 140.00 1900 16.58 CR
B12 152.4 152.4 439 142.4 140.00 1900 17.51 CR
B4 152.4 152.4 51.7 63.3 140.00 1900 12.60 CR
B5 152.4 152.4 48.0 63.3 140.00 1900 10.15 CR
N2#13G2 200 400 33.5 261.2 67.00 1639 82.78 CR [46]
N5#15G2 200 400 29.0 970.4 69.30 1362 129.32 CR
N6#15G1 200 400 33.5 1161.9 50.00 762 118.73 CR
H5#15G2 200 400 734 970.4 69.30 1362 178.00 CR
N5#15G3 200 400 33.8 970.4 59.50 1245 110.58 CR
H6#15G1 200 400 73.4 1161.9 50.00 762 177.73 CR
N2#25G3 200 400 33.8 1019.3 60.30 906 115.93 CR
H5#15G3 200 400 734 1040.0 59.50 1245 188.37 CR
H2#25G3 200 400 734 1019.3 60.30 906 189.06 CR
N3#13G1 200 400 33.5 384.9 48.70 817 81.34 CR
H2#13G2 200 400 59.1 261.2 67.00 1639 101.59 CR
H3#13G1 200 400 59.1 384.9 48.70 817 85.58 FR
C4 152.4 304.8 29.0 1012.9 45.50 551.58 54.24 CR [49]
C8 152.4 304.8 34.5 774.2 50.60 551.58 56.45 CR
C-H5 152.4 304.8 44.8 1006.5 45.50 551.58 74.24 CR
CC 152.4 304.8 44.8 1006.5 45.50 551.58 81.36 CR
EH4 152.4 304.8 44.8 354.8 47.70 896.32 50.85 CR
EH2 152.4 304.8 44.8 380.6 48.30 737.74 42.21 CR
P4G 178 229 48.0 219.0 124.00 2069 51.00 CR [63]
P8G 178 229 48.0 723.0 41.00 690 47.00 CR
P4C 178 229 48.0 1077.0 41.00 552 51.00 CR
G2.1-A90 280 380 41.3 1963.5 38.00 582 237.93 CR [57]
G2.1-A135 280 380 33.9 1963.5 38.00 582 236.78 CR
GO0.4-A135 280 380 423 339.3 40.20 603 80.40 FR
GO0.5-A135 280 380 425 452.4 40.20 603 107.30 FR
G0.8-A90 280 380 36.6 804.2 40.00 593 158.80 FR
S-C-O 500 150 53.7 565.5 137.00 1375 57.50 CR [81]
S-C-U 500 150 54.3 150.8 137.00 1773 29.50 FR
S-B-O 500 150 55.0 392.7 50.00 1350 42.40 CR [58]
S-B-U 500 150 51.2 150.8 50.00 1250 21.00 FR
G30W-A 150 300 21.3 226.9 52.00 1230 47.30 CR [51]
G30W-B 150 300 27.3 314.0 52.00 1230 59.60 CR
G40W-A 150 300 27.2 226.9 52.00 1230 46.60 CR
G40W-B 150 300 33.1 314.0 52.00 1230 66.80 CR
N-212-D1-A 140 190 32.1 226.2 63.44 1321 24.51 CR [39]
N-212-D1-B 140 190 32.1 226.2 63.44 1321 23.85 CR
N-216-D1-A 140 190 32.1 402.1 64.63 1015 29.82 CR
N-216-D1-B 140 190 32.1 402.1 64.63 1015 29.79 CR
N-316-D1-A 140 190 32.1 603.2 64.63 1015 31.49 CR
N-316-D1-B 140 190 32.1 603.2 64.63 1015 33.13 CR
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Table Al. Cont.

Specimen b, (mm) he (mm)  f, (MPa) Ay (mm?) E; (GPa) ff (MPa) Mexpy (KNm) Failure Ref.
N-212-D2-A 160 190 32.1 226.2 63.44 1321 21.96 CR
N-212-D2-B 160 190 32.1 226.2 63.44 1321 21.96 CR
H-316-D1-A 140 190 54.5 603.2 64.63 1015 45.00 CR
H-316-D1-B 140 190 54.5 603.2 64.63 1015 44 .44 CR
BG3 150 250 46.5 1140.1 42.00 670 88.21 CR [35]
BC3 150 250 51.8 380.0 119.00 1475 93.57 CR
SG3 500 120 45.9 1425.1 42.00 670 46.88 CR
SC3 500 120 49.8 506.7 119.00 1475 52.50 CR
BC2 150 250 52.6 214.0 132.00 1320 79.00 CR
SG2 500 120 46.2 356.7 42.80 665 31.88 CR
SC2 500 120 51.0 285.3 132.00 1320 42.38 CR
BG2 150 250 47.7 253.4 41.60 620 61.36 CR
S2-4-Inm 273 304 47.2 452.4 64.70 1468 87.50 CR [82]
S2-4-2nm 276 303 494 452.4 64.70 1468 82.70 CR
C-212-D1-a 140 190 59.8 226.2 63.25 1353 38.22 CR [40]
C-212-D1-b 140 190 59.8 226.2 63.25 1353 35.58 CR
C-216-D1-a 140 190 56.3 402.1 64.15 995 45.06 CR
C-216-D1-b 140 190 56.3 402.1 64.15 995 43.02 CR
C-316-D1-a 140 190 55.2 603.2 64.15 995 49.38 CR
C-316-D1-b 140 190 55.2 603.2 64.15 995 50.94 CR
C-212-D2-a 160 190 39.6 226.2 63.25 1353 27.69 CR
C-212-D2-b 160 190 39.6 226.2 63.25 1353 25.53 CR
C-216-D2-a 160 190 61.7 402.1 64.15 995 42.15 CR
C-216-D2-b 160 190 61.7 402.1 64.15 995 40.47 CR
C-316-D2-a 160 190 60.1 603.2 64.15 995 43.20 CR
C-316-D2-b 160 190 60.1 603.2 64.15 995 47.16 CR
BFRP1 80 140 32.8 150.8 39.05 1051.79 7.90 CR [68]
BFRP2 80 140 32.8 150.8 39.05 1051.79 7.90 CR
BFRP3 80 140 32.8 150.8 39.05 1051.79 7.50 CR
SG-RGC-2-19 200 300 38.2 567.1 63.70 1105 91.40 CR [58]
SG-RGC-3-15.9 200 300 38.2 595.7 62.60 1184 104.80 CR
SG-RGC-4-12.7 200 300 38.2 506.7 65.60 1312 96.10 CR
SG-RGC-5-15.9 200 300 38.2 992.8 62.60 1184 99.30 CR
BFRP 5#9 200 300 52.3 293.8 56.30 1485 59.54 CR [62]
BFRP 3#7 200 300 52.3 107.0 52.80 1185 28.76 FR
B-4#10 200 300 425 316.0 44.40 1189 58.30 CR [45]
B-4#12 200 300 42.5 452.0 45.30 1162 76.89 CR
B-2#16 200 300 425 402.0 48.70 1173 69.74 CR
B-4#16 200 300 425 804.0 48.70 1173 82.06 CR
B-2#10 200 300 42.5 158.0 44.40 1189 52.84 CR
B-2#12 200 300 425 226.0 45.30 1162 53.72 CR
BRC20 200 300 47.2 628.3 46.20 907 75.78 CR [83]
5#13G1 200 400 39.0 645.0 48.70 817 130.60 CR [47]
2#13G2 200 400 33.5 258.0 67.00 1639 82.78 CR
4#15G1 200 400 39.0 796.0 48.10 751 138.20 CR
2#15G2 200 400 29.0 398.0 69.30 1362 95.93 CR
2#15G3 200 400 33.8 398.0 59.50 1245 91.31 CR
6#15G1 200 400 335 1194.0 48.10 751 118.30 CR
5#15G2 200 400 29.0 995.0 69.30 1362 129.30 CR
3#20G1 200 400 42.1 852.0 47.60 728 140.40 CR
3#20G2 200 400 48.1 852.0 52.50 1082 171.40 CR
2#25G2 200 400 48.1 1020.0 66.30 1132 167.20 CR
2#25G3 200 400 33.8 1020.0 60.30 906 115.90 CR
3#13G1 200 400 335 387.0 48.70 817 81.34 CR
2#20G1 200 400 39.0 568.0 47.60 728 107.40 CR
2#22G1 200 400 39.0 774.0 46.40 693 132.30 CR
2#25G1 200 400 48.1 1020.0 53.20 666 161.70 CR
2T10B 180 230 30.0 157.1 50.00 1190 23.44 CR [31]
2T12B 180 230 30.0 226.2 50.00 1190 31.13 CR

3T16B 180 230 30.0 603.2 50.00 1190 38.06 CR
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Table Al. Cont.

Specimen b, (mm) he (mm)  f, (MPa) Ay (mm?) E; (GPa) ff (MPa) Mexpy (KNm) Failure Ref.
B2-35-16 200 300 35.0 402.0 63.00 1122 72.90 CR [29]
B3-35-20 200 300 35.0 628.0 69.00 1117 78.20 CR
B4-35-25 200 300 35.0 980.0 65.00 1340 87.20 CR
B6-65-16 200 300 65.0 402.0 63.00 1122 100.30 CR
B7-65-20 200 300 65.0 628.0 69.00 1117 110.00 CR
B8-65-25 200 300 65.0 980.0 65.00 1340 124.10 CR
B1-35-12 200 300 35.0 226.0 65.00 1166 50.90 CR
B5-65-12 200 300 65.0 226.0 65.00 1166 73.50 FR
2G_3G 200 300 31.0 593.7 62.60 1184 105.05 CR [59]
2G_5G 200 300 31.0 989.5 62.60 1184 107.80 CR
2S 3G 200 300 31.0 593.7 62.60 1184 98.70 CR
C03-GPC20 110 300 20.0 84.0 148.00 2000 50.52 CR [32]
C06-GPC35 110 300 35.0 140.0 148.00 2000 57.00 CR
C09-GPC50 110 300 50.0 168.0 148.00 2000 67.92 CR
C12-0OPC35 110 300 35.0 140.0 148.00 2000 63.64 CR
C05-GPC35 110 300 35.0 84.0 148.00 2000 54.16 CR
C08-GPC50 110 300 50.0 112.0 148.00 2000 61.64 CR
C11-OPC35 110 300 35.0 84.0 148.00 2000 54.96 CR
C01-GPC20 110 300 20.0 28.0 148.00 2000 20.96 FR
C02-GPC20 110 300 20.0 56.0 148.00 2000 41.12 FR
C04-GPC35 110 300 35.0 28.0 148.00 2000 22.28 FR
C07-GPC50 110 300 50.0 56.0 148.00 2000 45.00 FR
C10-OPC35 110 300 35.0 28.0 148.00 2000 21.68 FR
B10-0-0 120 240 38.5 157.0 47.60 1141 18.68 CR [43]
B13-0-0 120 240 38.5 265.0 48.60 1142 28.46 CR
GFRP-45-13 100 200 39.6 265.5 43.00 673 18.00 CR [84]
GFRP-55-13 100 200 39.6 265.5 43.00 673 20.25 CR
GFRP-15-10 100 200 39.6 157.1 43.00 673 11.93 CR
GFRP-25-10 100 200 39.6 157.1 43.00 673 13.05 CR
GFRP-35-10 100 200 39.6 157.1 43.00 673 13.73 CR
SA-B10-1 125 200 33.1 157.1 56.00 1565 14.95 CR [65]
SA-B10-2 125 200 33.1 157.1 56.00 1565 15.43 CR
R-B10-1 125 200 355 157.1 54.00 1356 15.54 CR
R-B10-2 125 200 355 157.1 54.00 1356 15.50 CR
2T12B-N 180 230 475 243.0 46.60 1118.6 31.10 CR [30]
3T16B-N 180 230 475 636.0 46.00 1121.3 38.30 CR
2T12C-N 180 230 47.5 243.0 131.00 2068 41.60 CR
2T12B-H 180 230 70.5 243.0 46.60 1118.6 31.90 CR
3T16B-H 180 230 70.5 636.0 46.00 1121.3 44.50 CR
2T12C-H 180 230 70.5 243.0 131.00 2068 50.30 CR
2T10B-N 180 230 475 171.0 42.80 1028.7 22.80 CR
3T8B-N 180 230 475 172.0 42.90 1075.1 23.00 CR
3T8B-H 180 230 70.5 172.0 42.90 1075.1 26.00 CR
2T10B-H 180 230 70.5 171.0 42.80 1028.7 24.80 CR
OPC-S-FL-67 150 200 67.0 157.1 55.00 1200 25.29 CR [53]
LG1-3 150 250 32.7 251.2 52.00 962 28.80 CR [85]
LG2-3 200 250 32.7 251.2 52.00 962 31.05 CR
LGI1-1 150 250 32.7 74.2 52.00 1200 15.00 CR
LG22 200 250 32.7 143.6 52.00 1000 27.00 CR
LG1-2 150 250 32.7 143.6 52.00 1000 27.00 CR
N-2#12-10-3.05 150 200 41.0 226.2 49.31 1075 24.47 CR [86]
N-4#12-10-3.13 150 200 41.0 452.4 49.31 1075 27.77 CR
N-4#12-10-2.78 150 220 41.0 452.4 49.31 1075 32.56 CR
N-4#14-10-2.78 150 220 41.0 615.8 51.72 1102 36.25 CR
N-5#12-10-2.51 150 250 41.0 565.5 49.31 1075 37.90 CR
N-2#12-8-2.69 150 220 41.0 226.2 49.31 1075 25.36 FR
N-2#14-8-2.70 150 220 41.0 307.9 51.72 1102 32.96 FR
N-2#12-8-2.43 150 250 41.0 226.2 49.31 1075 18.54 FR
G2 150 200 35.0 402.1 52.54 958.41 23.39 CR [87]

G3 150 200 35.0 402.1 52.54 958.41 21.25 CR
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Table A1l. Cont.
Specimen b, (mm) he (mm)  f, (MPa) Ay (mm?) E; (GPa) ff (MPa) Mexpy (KNm) Failure Ref.
G5 150 200 33.0 157.1 47.60 838.8933 14.90 CR
NB#16 200 300 34.4 452.9 49.20 988.5 61.10 CR [60]
NGII#12 200 300 344 294.8 48.30 980.2 52.10 CR
NGIII#12 200 300 344 300.4 49.00 980.7 51.60 CR
HB3#16 200 300 105.2 679.3 49.20 988.5 81.30 CR
NB#10 200 300 344 166.3 43.90 1003.4 37.60 CR
NB#12 200 300 344 267.5 45.70 983.5 53.20 CR
NB3#10 200 300 34.4 249.5 43.90 1003.4 50.80 CR
NGI#12 200 300 344 274.1 48.50 951.4 50.30 CR
HB#16 200 300 105.2 452.9 49.20 988.5 87.80 FR
C36G3P12 180 250 36.0 339.3 60.00 1000 43.96 CR [61]
C36G3P14 180 250 36.0 461.8 60.00 1000 54.50 CR
C73G3014 180 250 73.0 461.8 60.00 1000 63.11 CR
C84G3d14 180 250 84.0 461.8 60.00 1000 70.00 CR
C73G3P12 180 250 73.0 339.3 60.00 1000 58.98 CR
C73G398 180 250 73.0 150.8 60.00 1000 27.37 FR
C84G3d8 180 250 84.0 150.8 60.00 1000 29.96 FR
C84G3P12 180 250 84.0 339.3 60.00 1000 56.11 FR
C36G3P8 180 250 36.0 150.8 60.00 1000 28.46 FR
2D16-8570-N 250 250 30.0 402.0 46.00 775 50.80 CR [56]
2D16-10S110-N 250 250 30.0 402.0 46.00 775 52.80 CR
2D16-8535-N 250 250 30.0 402.0 46.00 775 61.20 CR
2D16-10S55-N 250 250 30.0 402.0 46.00 775 56.40 CR
5D10-8570-N 250 250 30.0 393.0 44.00 789 53.20 CR
5D10-10S110-N 250 250 30.0 393.0 44.00 789 54.00 CR
5D10-8535-N 250 250 30.0 393.0 44.00 789 64.40 CR
5D10-10S55-N 250 250 30.0 393.0 44.00 789 59.60 CR
3D18-8570-N 250 250 30.0 763.0 42.00 800 71.60 CR
3D18-10S110-N 250 250 30.0 763.0 42.00 800 69.20 CR
3D18-8535-N 250 250 30.0 763.0 42.00 800 83.60 CR
3D18-10S55-N 250 250 30.0 763.0 42.00 800 78.40 CR
5D14-8570-N 250 250 30.0 770.0 45.00 825 72.40 CR
5D14-10S110-N 250 250 30.0 770.0 45.00 825 68.00 CR
5D14-8535-N 250 250 30.0 770.0 45.00 825 83.20 CR
5D14-10S55-N 250 250 30.0 770.0 45.00 825 77.60 CR
KD30-2 200 300 44.0 573.0 49.00 641 63.80 CR [41]
I1SO30-2 200 300 44.0 573.0 42.00 689 80.40 CR
KD45-1 200 450 52.0 573.0 49.00 641 106.60 CR
KD45-2 200 450 52.0 573.0 49.00 641 113.00 CR
ISO55-1 200 550 43.0 573.0 42.00 689 181.50 FR
I1SO55-2 200 550 43.0 573.0 42.00 689 181.50 FR
KD55-1 200 550 43.0 573.0 49.00 641 146.90 FR
KD55-2 200 550 43.0 573.0 49.00 641 172.50 FR
1SO2 200 300 43.0 573.0 45.00 600 80.40 CR
1SO3 200 550 43.0 573.0 45.00 600 181.70 FR
I1SO4 200 550 43.0 573.0 45.00 600 181.70 FR
Us-2.8 152 254 49.3 117.0 48.00 1150 25.32 CR [55]
U10-2.5 152 254 49.3 163.4 48.00 1150 37.40 CR
U8-3.1 152 254 49.3 117.0 48.00 1150 26.18 FR
Us-2.5 152 254 49.3 117.0 48.00 1150 26.13 FR
A2 1524 304.8 29.0 213.0 49.64 896.32 37.62 CR [49]
AVH4 152.4 304.8 68.9 169.6 49.64 896.32 42.71 CR
DH1 152.4 304.8 44.8 142.0 49.64 689.48 24.40 FR
DH6 1524 304.8 44.8 142.0 49.64 689.48 22.40 FR
DA 152.4 304.8 51.7 142.0 49.64 896.32 37.62 FR
DB-ARCH 152.4 304.8 51.7 142.0 49.64 896.32 58.98 FR
B3-1 150 300 66.3 226.2 42.50 746.54 34.45 CR [87]
B3-1I 150 300 114.9 226.2 42.50 746.54 53.95 CR
B1-I 150 300 66.3 100.5 42.50 489.3 18.20 FR
B2-1 150 300 66.3 157.1 42.50 637.02 23.08 FR
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Table Al. Cont.

Specimen b, (mm) he (mm)  f, (MPa) Ay (mm?) E; (GPa) ff (MPa) Mexpy (KNm) Failure Ref.
B2-11 150 300 114.9 157.1 42.50 637.02 39.65 FR
Beam?2 150 200 32.6 56.6 38.00 650 5.89 FR [36]
Beam6 150 300 32.6 56.6 38.00 650 7.85 FR
beam12 150 300 58.9 113.1 38.00 650 16.75 FR
1 152 152 35.9 70.9 44.80 760 7.04 FR [42]
2 152 152 359 70.9 44.80 760 6.64 FR
4 152 152 35.9 70.9 44.80 760 7.23 FR
5 152 152 35.9 70.9 44.80 760 7.35 FR
6 152 152 359 70.9 44.80 760 6.75 FR
C-C-3a 200 300 23.6 88.4 200.00 2000 44.76 FR [37]
C-C-4a 200 300 27.2 226.2 200.00 1061 60.66 FR
1S2B-1 200 293.5 42.7 299.1 45.00 552 38.50 FR [50]
1S2B-2 200 293.5 54.4 299.1 45.00 552 41.00 FR
KD2B-1 200 293.5 427 299.1 49.00 641 52.80 FR
KD2B-2 200 293.5 42.7 449.2 49.00 641 61.60 FR
Beam 2 100 175 102.0 603.2 50.49 520 36.30 FR

Notes: CR is concrete crushing; FR is FRP rupture.
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