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Abstract: A comprehensive database consisting of 461 samples
was established considering the shear capacity experimental
data from the literature. The effects of six factors, namely the
concrete compressive strength, beam width, effective depth,
shear span-to-depth ratio, reinforcement ratio, and elastic
modulus of fiber-reinforced polymer bars, on shear capacity
were analyzed. Furthermore, the prediction performance of
each calculation method was evaluated. The results revealed
inconsistencies among the calculation methods regarding the
consideration of the size effect and the shear span-to-depth
ratio, with varying degrees of conservatism in their predictions.
Strong correlations existed between the factors and the shear
capacity. Among the design provisions recommended by
different countries, CSA/CAN-S806-2012 exhibited the most
accurate prediction, while ACI440. 1R-2015 demonstrated the
highest level of conservatism, and CNR-DT203-2006 exhibited
the lowest safety margin. Regarding the calculation models
proposed by scholars, Ahmed-2021 reported the most accurate
prediction, Alam-2013 was the most conservative, and Mari-
2014 exhibited the lowest safety level.
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C orrosion of steel bars leads to cracking and spalling
of the concrete cover, resulting in a sharp decline in
the durability of the structure. Consequently, this leads to
high economic losses and even casualties''™
forced polymer ( FRP) bars, with their advantages of

. Fiber-rein-

lightweight, high strength, and corrosion resistance, can
fundamentally address the durability issue caused by the
corrosion of steel bars in concrete structures'*™. There-
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fore, the use of FRP bars as reinforcing bars in concrete
structures has a wide range of applications in practical en-
gineering”™'. Currently, research on the flexural behavior
of FRP-reinforced concrete beams is relatively mature, but
the research on their shear performance is limited"" "'
The shear capacity of beams with web reinforcement,
as specified in widely used design provisions, is primarily
composed of two components: concrete action and web
13751 Therefore,
study the shear capacity of FRP-reinforced concrete beams
without web reinforcement as a basis for understanding
1O The shear
mechanism of FRP-reinforced concrete beams without
web reinforcement is complex and consists of five main
components: the shear strength of uncracked concrete in
the compression zone, the dowel action of the longitudi-
nal reinforcements, aggregate interlock, residual tensile
stresses between the cracks, and arching action provided
by struts and ties'”".
shear problem, different design provisions and calculation

models based on various theories have been proposed, re-
22-23]

reinforcement action it is crucial to

the shear performance of concrete beams

Owing to the complexity of the

sulting in variations in form and predictive accuracy'
Most of these methods are semitheoretical and semiempir-
ical formulas derived from the statistical analysis of da-
ta[24726]
ger data sample of the research target provides a better re-
flection of its actual performance, reducing the margin of
error in the statistical analysis'” ™. In recent years, there
has been an increase in relevant test data for the shear per-

formance of FRP-reinforced concrete beams without web
29-30]

. In the case of complex research problems, a lar-

reinforcement' , which helps to address the scarcity of
test data to a certain extent. Consequently, both domestic
and international scholars have conducted numerous stud-
ies to develop a calculation method for the shear capacity
of FRP-reinforced concrete beams without web reinforce-
ment. These studies consider more comprehensive factors
and strive for more accurate predictions by establishing a
database with a relatively large sample size"”' ™.

In this study, a database comprising of 461 sets of ex-
perimental data was established through the collection and
organization of published literature from both domestic
and international sources. This database serves as a foun-
dation for the application of artificial intelligence-based
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prediction methods in the field of FRP-reinforced concrete
beams. Through the correlation analysis method, this pa-
per explores the relationship between various factors and
shear capacity, thus validating the applicability of the
multifactor analysis approach in FRP-reinforced concrete
beams without web reinforcement. Considering the data-
base, this research analyzes the errors associated with
shear capacity calculation methods based on different de-
sign provisions and calculation models. Additionally, it
elucidates the influence of size effect and shear span ratio
on shear capacity. The findings of this study hold a cer-
tain reference value for further research on the calculation
method for the shear capacity of FRP-reinforced concrete
beams without web reinforcement.

1 Experimental Database

1.1 Database overview

A shear capacity database consisting of 461 samples
was established by collecting and organizing shear test da-
ta from 47 published literature sources on FRP-reinforced
The follow-
ing principles were followed during the specimen collec-
tion process:

1) The specimens were loaded under concentrated con-
ditions.

2) The specimens featured equal rectangular cross sec-
tions.

3) The specimens were supported using a simple method.

4) The specimens exhibited shear failure.

concrete beams without web reinforcement.

5) The specimens were reinforced with FRP bars.

Fig. 1 illustrates the distribution of different longitudinal
bar types in the database, including 285 groups of GFRP
specimens, 128 groups of CFRP specimens, 46 groups of
BFRP specimens, and 2 groups of AFRP specimens.

CFRP
27.77%

CFRP
61.82%

Fig.1 Proportions of specimens with different longitudinal re-
inforcement types

Tab. 1 presents the factors influencing the shear capaci-
ty in the database, which mainly include the beam width,
the effective depth of the beam, the shear span-to-depth
ratio, the compressive strength of concrete, the elastic
modulus of the FRP bar, and the reinforcement ratio of
the FRP bars. Moreover, the table provides their mini-
mum, maximum, and average values.

Furthermore, Fig. 2 illustrates the specific distribution

of the beam width, the effective depth, the shear span-to-
depth ratio, the compressive strength of concrete, the
elastic modulus of the FRP bar, and the reinforcement ra-
tio of the FRP bars within the database. The following
conclusions can be drawn from Fig. 2:

1) The data for the beam width in the database are
mostly concentrated in the range of 100 to 400 mm.

2) The data for the effective depth of the beam in the
database are mostly concentrated in the range of 100 to
300 mm.

3) There are relatively few samples with a shear span-
to-depth ratio of less than 1 in the database (only three
groups) .

4) The compressive strengths of concrete samples in
the database are mostly concentrated in the range of 30 to
50 MPa.

5) There are relatively few FRP bar samples in the da-
tabase with an elastic modulus of 60 to 105 GPa.

6) The FRP reinforcement ratios of the samples are
mostly concentrated in the range of 0.5% to 1.0% .

1.2 Parameter conversion principle in database

During data collection, certain conversions were ap-
plied when the original literature only provided the com-
pressive strength of the concrete cube. The compressive

strength is obtained as follows"":

f(,::0'85fcu (1)

where f, is the compressive strength of the concrete cube,
MPa.

When the elastic modulus of concrete is not provided in
the original literature, it is derived as follows"":

E. =41733,/f! (2)
where E_ is the elastic modulus of concrete, MPa.
When the tensile strength of concrete is not provided in

the original literature, it is derived as follows'"':

f.=0.623 /f (3)
where f, is the tensile strength of concrete, MPa.

2 Calculation Method of Shear Capacity
2.1 Shear capacity calculating methods in codes

2.1.1 CSA/CAN-S806-2012

Existing research results have demonstrated that the
shear capacity calculation method proposed in the CSA/
CAN-S806-2012""" design code considers the factors in-
fluencing shear capacity more comprehensively than other
widely used design provisions and provides a more accu-
rate prediction' . The shear capacity calculation method
provided by CSA/CAN-S806-2012 is shown as follows:

0.11 . /fIbd<V, =0.05k, k kk, /flbd<0.22./f!bd
(4)
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Tab.1 Database of shear capacity of FRP-reinforced concrete beams without web reinforcement

Reference Number b/mm d/mm a/d fe/MPa E;/GPa pi% VI /KN
Ref. [28] 36 89420 73-250 0.85-6.45 31.00-92.00 40.80-139.00 0.33-3.02 8.80-63.00
Ref. [36] 12 200 234-635 2.52-2.62 42.20-73.40 58.00 0.71-2.69 54.50-169. 50
Ref. [37] 6 300 165-170 5.65-7.00 35.90 48.00-53.00 0.804.12 29.30-51.50
Ref. [38] 8 100-170 270416 0.50-1.75 40.60-62. 30 40.00 1.16-1.75 30.00-300. 00
Ref. [39] 8 152 195-215 2.50-3.30 49.00 50.00 0.31-1.53 16.90-31. 60
Ref. [40] 16 1 000 134-150 5.67-6.34 41.30-86.20 40.80-147.70 0.51-3.78 94.00-213.00
Ref. [41] 2 100 175 2.29 31.31-36.53 50.00 0.90 25.00-25.90
Ref. [42] 4 100 180 5.56 41.00-66. 00 40.80-124.00 0.35-1.48 8.90-14.00
Ref. [43] 3 150 245-270 4.074.49 56.50-60. 00 70.00 0.39-0.85 20.90-29.20
Ref. [44] 9 200 260-360 1.11-2.02 35.11-54.57 51.30 0.76-1.16 83.80-237.20
Ref. [45] 40 150-200 214 1.504.50 30.00-40. 30 40.00-147.90 0.33-0.79 16.60-85. 10
Ref. [46] 6 200 170-370 2.70-5.90 22.95-29.75 141.44 0.12-0.52 17.59-36. 12
Ref. [47] 8 130 195-200 2.30-3.00 13.00-33.50 51.50 0.60-0.91 18.60-39.40
Ref. [48] 3 400 575 2.92 32.00-102. 00 61.20-71.20 1.00 154.00-163.50
Ref. [49] 4 200 217-219 3.06-3.09 28.5049. 10 52.31-56.71 0.52-0.93 25.90-37.10
Ref. [50] 12 300-310 257-891 1.07-2.07 39.90-68. 50 37.90-42.30 1.47-2.13 96.00-1 134.50
Ref. [51] 1 300 350 4.00 30.20 100. 00 0.77 105.00
Ref. [52] 12 114457 146-883 3.11-3.13 29.50-59.70 41.00-48.20 0.12-0.28 17.90-220.70
Ref. [53] 4 300 1 088-1 111 1.13-1.15 38.70-49.30 47.60-144.00 0.26-1.24 595.50-953.00
Ref. [54] 8 250-300 305-744 2.40-2.50 34.50-44.70 46.30-144.00 0.40-0.91 61.00-155.70
Ref. [55] 11 400 250 3.00-8.00 48.00-52.00 47.50-51.90 0.574.05 56.00-135.00
Ref. [56] 9 200 230-330 1.00-1.52 43.00-65. 00 51.00 0.92-1.84 116.55-373.85
Ref. [57] 14 1200 130-182 5.80-8. 00 30. 00 44.00-50.00 0.24-1.22 26.30-158.95
Ref. [58] 6 300 155-163 5.70-7.00 35.80 48.26-55.84 0.714.30 29.27-51.51
Ref. [59] 20 635-1 854 202-240 4.47-6.04 56.00-87.00 40.80 0.54-0.96 97.90-389. 60
Ref. [60] 4 150 280 2.50-5.00 24.00-49.00 148.00 0.11-0.21 6.30-13.80
Ref. [61] 6 450 188-937 3.264.05 35.00-46.00 37.00 0.51-2.54 54.50-232.00
Ref. [62] 20 150 180 5.60 20.40-27.20 115.00 0.87-1.45 16.60-29.90
Ref. [63] 14 800 200 6.00-6.50 27.40-39. 60 41.00-49.00 0.33-0.66 27.50-54.00
Ref. [64] 29 250-300 291-744 1.50-3.50 34.50-88.30 46.30-144.00 0.18-1.47 43.70-155.80
Ref. [65] 3 300 300-315 2.54-2.67 47.26-50.41 44.60 2.14-5.62 85.30-122.70
Ref. [66] 8 150 150 1.36-2.33 34.70-63. 10 134.00 1.13-2.26 45.75-234.10
Ref. [67] 6 250 326 3.07 43.60-50. 00 39.00-134.00 0.87-1.71 60.00-124.50
Ref. [34] 12 150 163-263 2.534.10 28.90-50. 15 32.00-38. 00 0.14-1.39 9.00-30.00
Ref. [68] 6 250 326 3.07 43.60-63. 00 42.00-135.00 1.71-2.20 77.50-174. 00
Ref. [69] 3 150 223 1.10-3.30 42.84-47.69 45.00 1.28 27.20-81.00
Ref. [70] 6 1 000 105-155 6.459.52 32.50 42.00-147.00 0.23-0.96 23.50-127.00
Ref. [71] 8 1 000 155-180 5.56-6.45 40.00 40.00-114. 00 0.39-2.63 113.00-190. 00
Ref. [72] 12 420 78-83 3.61-6.41 61.00-93.00 40.0042.00 0.61-2.61 19.5040. 00
Ref. [73] 7 200 225 1.824.22 40.50-49.00 145.00 0.25-0.88 36.10-96.20
Ref. [74] 12 130-160 310-346 2.753.71 34.10-43.20 42.00-120. 00 0.72-1.54 42.70-63.70
Ref. [75] 6 457 360 3.40 39.70-42.60 37.60-47.00 0.96-1.92 94.70-177.00
Ref. [76] 18 178-279 224-225 4.064.08 36.30 40.30 1.11-2.27 28.10-51.00
Ref. [77] 12 65-203 224-225 4.064.08 79.60 40. 30 1.25-2.56 30.40-48.30
Ref. [78] 3 178 279-287 2.61-2.69 24.10 40.00 0.77-2.30 36.10-53.40
Ref. [79] 2 150 210 3.65 27.97-32.39 45.00 1.31 21.95-26.50
Ref. [80] 2 300 150 3.00 22.70-27.80 29.00 1.30-1.80 33.00-36.00
Minimum 65 73 0.50 13.00 29.00 0.11 6.25
Maximum 1854 1111 9.52 102.00 148.00 5.62 1 134.50
Average value 364 262 3.93 44.90 70.21 1.06 87.74

Note: b is the beam width; d is the depth of the beam; a/d is the shear span-to-depth ratio; f is the compressive strength of the concrete cylin-
der; E; is the elastic modulus of FRP bar; p; is the reinforcement ratio of FRP bars; V J* is the test value of shear capacity.
d
L= [L<io 1.0<k, =2.5 %<2.5
m a ‘ a
3

kr:vl"'Efpf k. ﬂ$1.0

*T450 +d
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Plain concrete members and members with a low rein-
forcement ratio of FRP bars also have a certain shear ca-
pacity; hence, the lower limit value of concrete shear ca-

pacity is represented as 0. 11 th’ bd in Eq. (4).
2.1.2 ACI440.1R-2015

The ACI440.1R-2015"™" calculation method for the
shear capacity of FRP-reinforced concrete beams without
web reinforcement considers the influence of the beam
section size, compressive strength of concrete, elastic
modulus of FRP bars,
bars. The shear capacity calculation method provided by
ACI440. 1R-2015 is expressed as follows:

and reinforcement ratio of FRP

V. =0.4./f bkd (3)
k= ./2pn; +(pn)” —pen,
E,
n, = E

c

According to Eq. (5), when the reinforcement ratio is
low, the shear capacity of the beam approaches 0. How-
according to the recommendations of ACI318-
the shear resistance of plain concrete members

ever,

2002,

without reinforcement is 0. 16 ﬂ , indicating that Eq.
(5) underestimates the shear resistance of plain con-
crete'®™ . Additionally, Eq. (5) does not consider the in-
fluence of shear span-to-depth ratio and size effect on
shear capacity.
2.1.3 ]JSCE-1997

The JSCE-1997"" calculation method for the shear ca-
pacity of FRP-reinforced concrete beams without web re-
inforcement considers the influences of beam section size,

the axial stiffness of FRP bars, size effect, the compres-

sive strength of concrete, and the elastic modulus of steel
bars. The shear capacity calculation method provided by
JSCE-1997 is as follows:

V. =B.B, frabd (6)
) (@)W
d

<l1.5

d

1/3
=(%) <15
P E;

fua =0.2 JFI<0.72

where E_ is the elastic modulus of the steel bar, MPa.

In Eq. (6), an upper limit value is set for the effect of
the compressive strength of concrete, while the influence
of the shear span-to-depth ratio is not considered. Addi-
tionally, the influence of the elastic modulus of the steel
bar is considered. However, the shear resistance of plain
concrete is neglected; consequently, the calculated shear
capacity provided by Eq. (6) is O when the reinforcement
ratio of FRP bars is 0.

2.1.4 AASHTO-LRFD-2017

The AASHTO-LRFD-2017"" calculation method for
the shear capacity of FRP-reinforced concrete beams with-
out web reinforcement considers the influences of the
beam section size, the FRP reinforcement ratio, the shear
span-to-depth ratio, and the compressive strength of con-
crete. The shear capacity calculation method provided by
AASHTO-LRFD-2017 is as follows:

A
- (0.067 6./f7 +4.6 b—:i%)bdso. 126./fTbd  (7)

where A_ is the total area of the FRP bar section, mm’.

According to Eq. (7), a linear correlation exists be-
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tween the FRP reinforcement ratio and shear capacity.
Furthermore, Eq.(7) establishes an upper limit value for
shear capacity, addressing the problem of excessively
high calculated shear capacity due to large FRP reinforce-
ment ratios. However, the influence of the size effect on
shear capacity is not considered in the equation.
2.1.5 CNR-DT203-2006
In CNR-DT203-2006™", the calculation method for
the shear capacity of FRP-reinforced concrete beams with-
out web reinforcement considers the influences of the
beam section size, the FRP reinforcement ratio, the elas-
tic modulus of FRP bars, the size effect, and the tensile
strength of concrete. The shear capacity calculation meth-
od provided by CNR-DT203-2006 is as follows:
1/2

E
vczl,s(if) 7.k (1.2 +40p,) bd

s

(8)

E 172

1.3(4) <1
ES

. =0.25f

k, :1.6—m21
p,<0.02

According to Eq. (8), the influence of the shear span-
to-depth ratio on the shear capacity is not considered in
this calculation method. Additionally, the tensile strength
of concrete is used as a parameter to reflect the relation-
ship between concrete strength and shear capacity in Eq.
(8), which is different from the aforementioned design
provisions. Eq. (8) depicts a linear correlation between
shear capacity and the reinforcement ratio of FRP bars;
however, it also sets an upper limit for the reinforcement
ratio to prevent excessive shear capacity due to large FRP
reinforcement ratios.

2.1.6 BISE-1999

The BISE-1999""' calculation method for the shear ca-
pacity of FRP-reinforced concrete beams without web re-
inforcement considers the influences of factors such as the
beam section size, the compressive strength of concrete,
the elastic modulus of FRP bar, the reinforcement ratio of
FRP bars, and the size effect. The shear capacity calcula-
tion method provided by BISE-1999 is as follows:

173 1/4 173

VC=0.79(100pf§—§) (@) (f—) bd  (9)

The influence of the elastic modulus of the steel bar is
also considered in Eq. (9), similar to the shear capacity
calculation methods proposed in JSCE-1997 and CNR-
DT203-2006. However, Eq. (9) does not consider the in-
fluence of the shear span-to-depth ratio on shear capacity
or the shear resistance of plain concrete.

2.1.7 GB 50608—2020

The calculation method for the shear capacity of FRP-
reinforced concrete beams without web reinforcement pro-
posed in GB 50608—2020"" is similar to that of
ACI440. 1R-2015. The main factors considered are the
section size of the beam, the tensile strength of concrete,
the elastic modulus of FRP bars, and the reinforcement
ratio of FRP bars. The calculation method of shear capac-
ity provided by GB 50608—2020 is as follows:

V, =0.86fbc (10)
c=kgd
kg = \/2proug + (pfaﬂi)z TP
pa— As
P = bd
E,
X =

The mechanical properties of concrete are represented
by its tensile strength in Eq. (10), similar to the shear ca-
pacity calculation method suggested in CNR-DT203-
2006. However, Eq. (10) does not consider the impact
of the shear span-to-depth ratio and the size effect in the
calculation method. Furthermore, it does not address the
issue of the calculated shear capacity being O when the re-
inforcement ratio of FRP bars is 0.

2.2 Modified shear capacity calculation methods

In recent years, the calculation methods for the shear ca-
pacity of FRP-reinforced concrete beams without web rein-
forcement have garnered significant attention from both do-
mestic and foreign scholars. During the research process,
scholars have addressed the limitations of shear capacity
calculation methods proposed by various design provisions
and have proposed alternative methods that offer more com-
prehensive considerations and more accurate predictions.
2.2.1 Ahmed-2021

The calculation method of shear capacity provided by
Ahmed et al. ™ is shown depicted as follows:

d 25
1 172 d a
1/4 1 174 el -
0.35(E, p) " (f!) (7“0.005(1 “bd T=2.5
V.= 1 12 g1 a (11)
1/4 1 174 - -
0.35(E, p) " (f1) (71 +0.005d) ( a) bd <25
2.2.2 Jumaa-2018 1\ (Ep\™" . s
The calculation method of shear capacity provided by Ve _0'32( d ) ( a/ d) (fobd (12)

1 [25]

Jumaa et a is as follows:
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2.2.3 Baghi-2018
The calculation method of shear capacity provided by

Baghi et al. ™ is as follows:

E. b 0.22
VC=0.()7( Pi ) Ny (13)

fod
0.05,/flbd<V.<0.3,/flbd

2.2.4 Frosch-2017
The calculation method of shear capacity provided by
Frosch et al. "™ is as follows:

V. =0.415./f! bkdy,
k= ./2pn; +(pn)* —pn,

(14)

1.48
YT A vdasa

2.2.5 Mari2014
The calculation method of shear capacity provided by

91] -
1. ® is as follows:

Mari et a
V., =6[(1.072 —0.0lnf)% +0.036]fbd (15)

a
=1.2-0.2—d
0 0 d

c 2
*znfpf(l + [1+ )
d npe

E,
anE

2.2.6 Alam-2013
The calculation method of shear capacity provided by

Alam et al. ™ is as follows:

0.2 p.E 1/3 :
7wy e

0.1 0.2
a/d/ﬁbdsvcsa/dﬂbd

(16)

2.2.7 Kara-2011
The calculation method of shear capacity provided by
Kara'” is as follows:

1% :bd[ 3 d ik o ]mio
c a c Es CO cz
¢, =7.696

¢, =7.254
¢, =7.718

(17)

Statistical analysis revealed that an inconsistency exists
among the calculation methods of shear capacity proposed
by design provisions from different countries and the
models suggested by various scholars regarding the con-
sideration of each influencing factor. The statistical re-
sults are presented in Tab. 2. The variations in calculation
methods primarily involve the inclusion of the shear span-
to-depth ratio and the size effect as influencing factors.

Tab.2 Factors considered in the existing calculation methods

Calculation method

fi a/d Size effect

CAN/CSA-S806-2012
ACI440. 1R-2015
JSCE-1997
AASHTO-LRFD-2017
CNR-DT203-2006
BISE-1999

GB 50608—2020
Ahmed-2021
Jumaa-2018
Baghi-2018
Frosch-2017
Mari-2014

Alam-2013

Kara-2011

LLL L LI L LI LI LI KLYs
LLL L LI~

c e gD
c 2L e 22 m
c e
R I

Note: “\/* represents that the corresponding factor is considered in the calculation method; e ”

consider the factor.

3 Analysis of Factors Based on the Database

3.1 Analysis of calculation coefficients

To further examine the extent to which the shear span-
to-depth ratio and the size effect are considered in each
calculation method,
shear span-to-depth ratio and the size effect are plotted in
Fig. 3 and Fig. 4, respectively.

the calculation coefficients for the

indicates that the calculation method does not

Fig. 3 displays the relationships between the shear span-
to-depth ratio and its calculation coefficient in various cal-
culation methods: CSA/CAN-S806-2012, AASHTO-LR-
FD-2017, Ahmed-2021, Jumaa-2018, Alam-2013, and
Kara-2011. The contribution of the shear span-to-depth
ratio to shear capacity is considerably greater in CSA/
CAN-S806-2012 than in the other calculation methods.
Furthermore, each method shows insensitivity to shear
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Fig.4 Size effect for different formulas

span-to-depth ratios greater than 2.5 and exhibits substan-
tial variation for ratios less than 1.

Fig. 4 illustrates the relationships between the size
effect and its calculation coefficient in different calcula-
tion methods, including CSA/CAN-S806-2012, JSCE-
1997, CNR-DT203-2006, BISE-1999, Ahmed-2021, Ju-
maa-2018, and Alam-2013. As observed in Fig. 4, CSA/
CAN-S806-2012 indicates no size effect for specimens
with an effective depth of beam less than 300 mm, while
CNR-DT203-2006 suggests no size effect for specimens
with an effective beam depth of more them 600 mm. Re-
Jumaa-2018 and Alam-2013 feature similar
considerations regarding the size effect.

markably,

3.2 Correlation analysis

To comprehensively analyze the relationship between
each factor and shear capacity in the database, correlation
analysis
Spearman distribution, and Kendall distribution. The re-
sults are represented in the heat map illustrated in Fig. 5.

was conducted using Pearson distribution,

The correlation coefficient ranges from -1 to 1, where
values closer to 1 indicate a stronger positive correlation,
values closer to -1 indicate a stronger negative correla-
tion, and values closer to O indicate a weaker correlation.

As shown in Fig.5, all factors exhibit varying degrees
of correlation with shear capacity. A strong positive cor-
relation exists between section size and shear capacity.
The correlation index between the normalized section size
and the normalized shear capacity approaches 0, indicating
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Fig.5 Correlation analysis. (a) Pearson distribution; (b) Super-
man distribution; (c¢) Kendall distribution

that the normalization method employed in this study is
effective. Additionally, a significant negative correlation
exists between the shear span ratio and shear capacity,
and this negative correlation is further amplified after nor-
malization. These results demonstrate that the correlation
analysis method employed is effective in elucidating the
relationships between multiple factors and target parame-
ters.

4 Error Analyses of Calculation Methods

The trends of the test values and calculated values for
shear capacity are illustrated in Fig. 6, with the test values
plotted on the ordinate and the calculated values on the
abscissa. Data points above the 45° line correspond to
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conservative calculated results. Conversely, data points
below the 45° line correspond to over-estimations of the
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Fig. 6 reveals that the predictions of ACI 440. 1R-2015
in various design standards tend to overestimate the shear
capacity, suggesting the need for significant reconsidera-
tion and revision of the shear capacity evaluation ap-
proach. A similar phenomenon is observed in the calcula-
tion method proposed by Frosch-2017. This discrepancy
is attributable to the fact that the method was originally
developed for long shallow beams and may not accurately
capture the behavior of typical deep beams, including arc-
hing action. This complex behavior is usually converted
into an equivalent system of compression and tension rods
by more advanced methods, such as compression and ten-
sion rod models.

To further evaluate the prediction accuracy of each cal-
culation method, an error analysis is performed by calcu-
lating the ratio of the calculated value to the test value.
The analysis includes calculating the mean ( MEAN),
standard deviation ( SD ), coefficient of variation
(COV), minimum (MIN), and maximum ( MAX) val-
ues. A MEAN value close to 1 indicates higher prediction
accuracy, and smaller values of SD and COV indicate
better prediction effects of the calculation method. Addi-
tionally, the proportion of data points where the test value
exceeds the calculated value is considered as the conserva-
tive value ¢. The statistical results are presented in
Tab. 3.

Tab.3 Statistical parameters

Calculation method MEAN SD COV MIN MAX ¢/%
CSA/CAN-S806-2012 1.11 0.61 0.55 0.19 7.71 46.9
ACI440. 1R-2015 2.46 1.83 0.74 0.58 17.38 96.3
JSCE-1997 1.83 1.46 0.79 0.36 13.08 89.4
AASHTO-LRFD-2017 2.47 2.13 0.86 0.31 24.27 93.1
CNR-DT203-2006 0.75 0.61 0.82 0.08 4.81 15.0
BISE-1999 1.54 1.24 0.81 0.32 10.33 70.3
GB 50608—2020 1.85 1.36 0.74 0.43 12.98 88.7
Ahmed-2021 1.11 0.39 0.35 0.32 2.78 57.0
Jumaa-2018 1.21 0.65 0.53 0.35 5.95 54.9
Baghi-2018 1.38 1.20 0.87 0.20 10.59 51.6
Frosch-2017 3.36 3.08 0.92 0.79 24.08 97.8
Mari-2014 1.02 0.68 0.67 0.26 6.53 24.5
Alam-2013 2.71 1.33 0.49 0.50 11.54 98.3
Kara-2011 1.35 0.93 0.69 0.29 8.73 64.6

According to the findings from Fig. 6 and Tab. 3, the
CSA/CAN-S806-2012 design provision demonstrates
higher prediction accuracy, with a MEAN value of 1. 11,
an SD value of 0.61, and a COV value of 0.55. Among
the design provisions of various countries, ACI440. 1R-
2015, JSCE-1997, AASHTO-LRFD-2017, BISE-1999,
and GB 50608—2020 exhibit more conservative predic-
tions, with conservative proportions exceeding 70% .
Specifically, ACI440. 1R-2015 exhibits a remarkably
high conservative proportion of 96. 3% . The prediction
effect of the CNR-DT203-2006 design provision tends to
be unreliable, with a conservative rate of only 15.0%.

Among the calculation models proposed by various schol-
ars, Ahmed-2021 demonstrates the best prediction accura-
cy for shear capacity, with a MEAN value of 1. 11, an
SD value of 0. 39, and a COV value of 0. 35. Frosch-
2017 and Alam-2013 exhibit more conservative prediction
effects among the calculation models proposed by schol-
ars, with conservative proportions exceeding 90% . Nota-
bly, Alam-2013 exhibits an exceptionally high conserva-
tive proportion of 98.3% . The prediction result of Mari-
2014 tends to be unreliable, with a conservative rate of
only 24.5% .

5 Conclusions

1) A comprehensive database is established according
to experimental data from the literature. The database fea-
tures a large sample size and encompasses a wide range of
factors, making it suitable for studying the shear perform-
ance of FRP-reinforced concrete beams without web rein-
forcement.

2) The calculation methods based on different design
provisions and calculation models vary in their considered
factors. Furthermore, some methods do not consider the
influence of the shear span-to-depth ratio and the size
effect on the shear capacity. The analysis of calculation
coefficients reveals that the shear span-to-depth ratio sig-
nificantly influences the shear capacity in CSA/CAN-
S806-2012. Additionally, the analysis of the size effect
calculation coefficients shows that Jumaa-2018 and Alam-
2013 attribute less significance to the size effect.

3) The correlation analysis based on Pearson distribu-
and Kendall distribution
demonstrates that certain correlations exist between the

tion, Superman distribution,
factors and the shear capacity in the database. Notably,
the strongest positive correlation exists between the effec-
tive depth of the beam and the shear capacity, while the
strongest negative correlation exists between the shear
span-to-depth ratio and the shear capacity.

4) The design provisions proposed by different coun-
tries and the calculation models proposed by various
scholars exhibit varying levels of conservatism in predic-
ting shear capacity. Moreover, among the various design
provisions, CSA/CAN-S806-2012 demonstrates the most
accurate prediction, ACI440. 1R-2015 is the most conser-
vative, and CNR-DT203-2006 shows the lowest safety
level. Among the calculation models proposed by schol-
ars, Ahmed-2021 achieves the most accurate predictions,
Alam-2013 is the most conservative, and Mari-2014 ex-
hibits the lowest safety level.
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