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Shear resistance prediction of reinforced concrete (RC) beams strengthened with externally bonded re-
inforcements (EBR) is a challenging task due to the complex nature of shear resisting mechanisms and their
intricate interaction. Existing design models often overlook these dependencies, leading to significant variations
in prediction accuracy. In this paper, a design model is proposed by integrating the most relevant shear resisting
mechanisms based on the evidence demonstrated by a large database of experimental results from RC beams
shear strengthened with wet layup carbon fibre reinforced (CFRP) sheets applied according to the EBR technique.
The developed approach integrates the simplified modified compression field theory (SMCFT) with a regression-
based model. A global sensitivity analysis was conducted according to which closed form equations were derived
to obtain the tensile stress factor in cracked concrete and the inclination angle of the critical diagonal crack. A
reliability analysis is carried out, and resistance reduction factors are achieved for different levels of reliability
index. The database, composed of 284 RC beams shear strengthened with EBR-CFRP technique, is utilized to
validate the proposed model, and compare its performance against some well-established existing design models.
The results show that the proposed model, with an adequate framework for its use on design practice, out-

performs the other considered models.

1. Introduction

Carbon fibre reinforced polymer (CFRP) reinforcements applied ac-
cording to the externally bonded reinforcement (EBR) have been
demonstrated to be very efficient for increasing the shear capacity of
reinforced concrete (RC) [1,2], being the unique technique with a
design-based formulation in the fib bulletin 90 [3]. The literature offers
various models for predicting the increase in shear resistance of RC
beams strengthened with EBR-FRP systems. These models can be cate-
gorized into two main approaches. A semi-empirical type approach,
where the governing variables, typically the effective strain or stress of
the FRP system, are determined through curve fitting of experimental
data [4,5] or by applying optimization algorithms using available data
[6]. The second type of approach is mechanic-based, aiming to simulate
the shear resisting mechanics [7,8]. The former approach is relatively
simple to develop and easy to apply in design practice, but its predictive
performance highly depends on the quality and relevance of the data-
base. The mechanics-based type-approaches require more complex cal-
culations, but have the potential of providing more reliable results.

* Corresponding author.

Some ambiguity on how to consider the contribution of concrete,
existing steel reinforcements and FRP for the shear resistance of a RC
beam, and the use of partially safety factors for the materials or the
global safety factor for the model introduces extra difficulties for the
designer [6-9]. Design codes and guidelines have recommended some
equations for predicting the design value of shear resistance in RC beams
shear strengthened with EBR-FRP systems; however, recent studies have
shown their debilities in terms of predicting the shear resistance with
required accuracy and reliability [10,11]. Therefore, there is a need to
develop more accurate and reliable design models.

Mohammadi et al. [10] proposed a model for predicting the contri-
bution of CFRP to the shear resistance of RC beams strengthened with
EBR-FRP reinforcements. Their model demonstrated some improvement
in predicting the contribution of CFRP reinforcement over other selected
existing models. This was assured by considering in the formulation the
influence of various factors, such as the interaction between existing
steel stirrups and FRP reinforcement, the shear strengthening configu-
ration, and the radius of the corners in beam cross-section. In the present
paper, the model of Mohammadi et al. [10] is improved by considering
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the influence of the ratio of longitudinal steel bars. The model then is
integrated with the simplified compression field theory (SMCFT) to
determine more rigorously the inclination of the critical diagonal crack
(CDCQ), 0, and the tensile stress factor () that accounts the contribution
of the cracked concrete for the shear resistance of RC beams shear
strengthened with EBR-CFRP systems [12]. The application of SMCFT
equations involves, however, an iterative process, posing additional
challenges from a design standpoint [13]. To avoid this iterative process,
a global sensitivity analysis is conducted to identify the key parameters
influencing ¢ and 6. The relation between these key parameters and ¢ is
established using a hyperplane fitting technique. Additionally, a strong
correlation is observed between ¢ and 6, enabling the estimation of ¢
through a curve fitting process that captures the relationship between
these variables.

It has been verified that the web of T cross section type beams con-
tributes significantly to their shear capacity [14-16]. In RC beams shear
strengthened with EBR-CFRP systems this contribution can reach up to
45 % of the total beam’s shear strength [17]. Therefore, the influence of
the flange in beams with T-shaped cross-section on shear capacity of RC
beams failing in shear is considered in the proposed model.

To ensure the practical applicability of the proposed closed-form
model in design scenarios, a reliability analysis is conducted [18-20].
This analysis involves determining various resistance reduction factors
corresponding to different levels of reliability indices. To validate the
model, a reliable dataset composed of 284 experimental results of beams
shear strengthened with the EBR technique is taken from a larger
database called DABASUM [21]. This dataset served as the basis for
evaluating the predictive performance of the proposed model, as well as
comparing it with other well-known design models, namely: fib bulletin
90 (fib TG5.1) [3], ACI440-2R-17 [22] and TR55 [23]. The selected
models are widely used by professionals and researchers in the field. A
comprehensive introduction to the formulations of these models is given
in Appendix A.

2. Proposed model (MBS)

In this section, a novel model for predicting the shear resistance of
RC beams shear strengthened with EBR-CFRP sheets is described. This
model, abbreviated by MBS, combines the SMCFT with the improved
formulation of model proposed by Mohammadi et al. (2023) [10]. The
shear resistance is evaluated using the following equation (the physical
meaning of the adopted symbols is illustrated in Fig. 1):

VAIBS — b, d, (1a)
V=v.+U+y (1b)

where ¢ is a resistance reduction factor, whose value will be determined
by reliability analysis in section 4, b, (in mm) is the width of the beam’s
web, ds (in mm) is the depth of the beam’s tensile reinforcement, v is
shear strength; v, vs, and vy represent the respective contribution of
concrete, steel, and FRP that can be determined from the following

bﬂ

FRP sheet/strip -~ 1 A Sz |ds |h
with thickness of st |[ /7 “sv [|{ds P
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equations:
Ve = krC/fom ®))
Vs = pyufoncotd 3)

o= Vo ApchyErgp
T byd T by,

(cot&’ + cotaf) sinay 4

In Egs. (2) and (3), fom (in MPa) is the concrete average compressive
strength, ky is a shape factor accounting for the extra shear fracture
surface at the web-flange connection occurred in T-shaped section,
proposed by RILEM TC162-TDF [24], and determined from Eq. (6), { is a
factor to take into account that concrete is cracked in the shear failure
region (also known as tensile stress factor), obtained from Eq. (7) [12],
psw and fy,, (in MPa) are the ratio and the yield stress of existing
transverse steel reinforcement. In Eq. (4) Ap,. is the effective CFRP cross-
section area calculated as 2wy ty /sy for strips and 2ty sinay for continuous
CFRP sheets, being wy, ty and sy the width, the thickness and the spacing
of CFRP strips (in mm); oy is the angle between the longitudinal axis of
the beam and the fibres of these strips, as depicted in Fig. 1. &g is the
effective strain in the CFRP, obtained from Mohammadi et al.’s model
[10]. To enhance the prediction performance of this model, adjustments
were made to its coefficients, and another important variable, the ratio
of longitudinal bars in tension (p;) was incorporated into the model. The
ratio of longitudinal bars in tension are found to change the strain dis-
tribution at CFRP reinforcement along the CDC, consequently influ-
encing &7, These modifications led to a 10 % decrease in coefficient of
variation (CoV) of the model uncertainty.

The modified prediction model for obtaining e is as follow:

g = mp x (1= 0.0011E:p, /f2) x (Epp, Jf2) "

with,

mp=0.013 X kg,KrKo/UKsi;

Kaw=1-25.4p ;kx=0.75 (%) +0.7<1.45;k0/0 = 1 +0.52K;x, =1+ 12.5p,
©)]

where Erand py are the elastic modulus and ratio of CFRP reinforcement;
R is the corner radius of beam’s cross section; « is the strengthening
configuration factor, being 1.0 for fully wrapped and 0 for U-wrapped
beams, respectively.

2
h by — by,

kp = l+nb ! <1.5n=

<3 6
wls hﬂ S ©)

where bg and hy are the width and thickness of the beam flange.

04 1300
" 14 1500e, 1000 + sy,
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where sy, is the crack spacing:

e

Ss

Crack tip j Aw

Fig. 1. The Symbols of geometric properties entities of a RC beam shear strengthened with of externally bonded CFRP on the strengthened RC beam.
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35s
= *_>0.85s, 8
Sye ap + 16 s ®

being s, (in mm) the vertical distance between longitudinal bars; a, (in
mm) is the maximum aggregate size, and ¢, is the longitudinal strain at
mid depth of the beam’s cross section (h/2):

10 — v, /cotd)
e,r:min(—m ve/co ,e;),.) )
Eapy

where Eg and pg are the modulus of elasticity and ratio of longitudinal
reinforcements (tensile and compressive steel rebars, i.e.,py =
(A + As2)/bywds) and ey is its yield strain.

6 in Egs. (3), (4), and (9) is inclination angle, in degrees, of the CDC
in the web of the section, determined from [12]:

Sxe

2500

0= (294 7000%,) (0.88 + 2 ) <75° 10)

Fig. 2 presents the steps of the iterative procedure to calculate the
shear strength of a RC beam according to MBS model.

3. Sensitivity analysis

The initial formulation of MBS model requires an iterative procedure
to determine the shear capacity of the beam. To avoid the in-
conveniences of an iterative procedure in design practice, a strategy is

Input variables of the Sample:
bwvbﬂyhfhdsvhfvtfvsf, Qfy Psw
Psls fswy7 Szey g, Esl: Ef1 K, Rm fcm
v
0—=4,1—¢

: 0
Assuming a €,

Calculate ¢ with Eq. (7)
and 0 with Eq. (10)
i=1+1
v
1. Obtain v, Eq. (2)

2. Obtain v, Eq. (3)
3. Obtain v¢ Eq. (4)

v
v

i t 0—v,./ cot O
[ gl = XS _reloon Es;)s{m Eq. (9) J

value (ei)
/

L Given the updated

Yes
[9, ¢ with Eqs. (7) and (10) — V455 with Eq. (1a) J

Fig. 2. Calculation procedure of MBS model.
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adopted for obtaining ¢ and ¢, with minimum loss of accuracy, by
employing a global sensitivity analysis [13]. Unlike local sensitivity
analysis, global sensitivity analysis evaluates the output by simulta-
neously varying all input parameters [25]. This sensitivity analysis al-
lows the assessment of the dependence of the model’s output on the
selected values of the input parameters. To perform the analysis, a
random selection of input variables needs to be made, followed by the
evaluation of the corresponding outputs (i.e., 8, ¢ and v) using the pro-
cedure outlined in Fig. 2. A sample set of 5000 beams was generated
using a Latin Hypercube Sampling (LHS) method considering a uniform
distribution of input variables (A), ensuring an equal probability of
occurrence for each value within the adopted range for the considered
variables, as shown in Table 1. This process results in the generation of a
comprehensive dataset consisting of input-output pairs, which can be
further analysed and investigated.

To assess the significance of each parameter on the outputs, a
dimensionless parameter, denoted as o, was employed. This parameter is
obtained from the following equation [13]:

nd IOy — (Z Ojk) ( > [ik>
oy = =i i = an

[z (59 (5o

where n is the number of samples (n = 5000); I; is the i input parameter
(e.g., fem); and O; is the jth output parameters (e.g., 0). The ¢ parameter
can range from —1 to +1, with positive and negative signs indicating
positive and negative linear correlations, respectively. A positive value
of o suggests that as the independent variable [; increases, the dependent
variable O; also increases, and vice versa. Conversely, a negative value of
o indicates that O; decreases with the increase of I, and O; increases with
the decrease of I, When the ¢ value is close to 0, signifies either a weak
linear correlation or no linear correlation between the variables. The
values of the ¢ for each input parameter and output entity is given in
Fig. 3.

As can be seen, the pgy, fawy, pstand hyexhibit the highest influence on
the outputs. The by, and by also have significance, but they were inten-
tionally omitted from consideration to avoid the potential multi-
collinearity issue and complexity of equations without improvement in
the prediction accuracy. These selected parameters play a crucial role in
a model for predicting ¢ and 6. It is noteworthy that a strong correlation
between ¢ and 6 is expected [13]. Consequently, by initially predicting
one of these parameters and subsequently calculating the other one
based on this predicted parameter, the iterative procedure of the model
can be eliminated. In the following, an equation will be introduced to
approximate the value of { found from Eq. (7), thereby facilitating the
subsequent calculation of 6. Fig. 4 shows that there is a strong relation
between ¢ and the following composite parameters x = pgy fawy, ¥ = psi

Table 1

Design space of input variables (meaning of the symbols in Fig. 1).
Random variable Range
Web width,b,, [75 —600] mm with Ab,, = 5mm

Flange width,bg

Flange thickness,hq

Height of beam’s cross section,h
Corner radius,R,

Fibre’s angle,ay

Young modulus of elasticity of FRP,Ef

[bw — 3byJmm with Abg = 0.5b,,
{0,50,100} mm

[bw — 2b,] mm with Ah = 5mm
{10,20,30,40} mm
{45,60,75,90} degrees

[60 —400] GPa with AE; — 20 GPa

FRP strengthening ratio,p, [0.8 — 20]%o
Flexural reinforcement ratio of steel bars, pg [1-75]%
Transverse reinforcement ratio of steel [0-1.8]%

stirrups, p,
Yield stress of steel stirrups, fo, [240 —670] MPa with Afg,x =
10 MPa
[20 — 100] MPa with Af., = 1MPa

[10 — 40Jmm with Ag; = 1mm

Mean concrete compressive strength,fm
Maximum dimension of aggregates,a,
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Fig. 3. Tornado plots; calculated via sensitivity analysis for MBS model.

and w = hy. To find the relationship between { and these parameters a
hyperplane should be fitted to the data. A hyperplane, described by the
following form, is determined to be the best fit for the available data:

Cupe = (ax] +oyf) x (W) +f) a2)
where {jps represents the fitted hyperplane to ¢ (found by Eq. (7)) and a,
b, ¢, d, e and f are the unknown constants of this hyperplane. To derive
this hyperplane and to obtain the corresponding constants, an objective
function is defined, and genetic algorithm was employed:

n
L=y
i=1

By minimizing the objective function, the constants are determined
and the best fit of the hyperplane to the data is represented as follow:

13)

& — Cuci
¢

Cups = (0495 — 0.066x°77) (1.11 — 0.00021w)

where 0.05 < §;35<0.35 a4

Fig. 4a clearly illustrates the interrelation between 6 and {. Consid-
ering this relationship, a power function is fitted to the data, resulting in

a prediction model for 6 based on the { value (Eq. (15)).
Ovps = 4.068,50° +20.7 29 < Ops<60 (15)

The goodness of the fit is shown by the following statistical metrics:

(16)
100% -
MAPE =—— "(|(y —7.)/%) a7
i=1
—— O =406 7 +20.7,R*=0.86
60
55
0.3 1
.3
02 1
40 o
35 0.1 7]
30 0.0 T
25
20 0.00
0.00 0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40

c

Composite Structures 331 (2024) 117901

(18)

| U
\/zm—?) S0 3)

i=1

19

i=1

where RMSE is the root mean square error; MAPE is the mean absolute
percentile error; R? is the coefficient of determination; r is the Pearson
correlation coefficient; y; (i.e., { and 6 obtained from MBS-SMCFT) is the
actual value for the i sample; y is the mean of actual values; y; (i.e., {pss
and 0)ps obtained from approximate solution) is the predicted value for
the if" sample, and 7 is the mean value of predicted values. A model with
a perfect prediction has a null value for MAPE and RMSE and the unitary
value for r and R?. The RMSE, MAPE, R? and r for the fitted hyperplane (¢
wmgs) for ¢ are 0.013, 4.60 %, 0.96, and 0.98, respectively. As the fitted
hyperplane cannot be easily visualized in a three-dimensional plot, two
fixed values of w were chosen, and two different planes are plotted in
Fig. 4b, corresponding to these values. The accuracy of the fitted curve
(0 mBs) for O was assessed using introduced statistical metrics. The RMSE,
MAPE, R? and r were 1.71, 3.51 %, 0.86, and 0.93, respectively.

4. Resistance reduction factor

In design applications, it is common to use a reduced value of
resistance, commonly considered the design value of the resistance (Ry).
This reduced value can be obtained by applying a resistance reduction
factor (¢). The objective in this section is to calibrate strength reduction
factors for the MBS model, taking into account uncertainties and vari-
ations, to ensure structural safety and to achieve desired target reli-
ability indices (B7). The choice of the target reliability index (f7) in the
context of the ultimate limit state is generally influenced by various
factors, including the consequences of failure, relative costs of safety
measures, and the reference period, as discussed in [26]. According to
[26], the selection of the target reliability index for existing structures
depends on the costs associated with implementing safety measures. It is
recommended to consider a target reliability index within the range of
3.1 to 4.1, with different values corresponding to different cost consid-
erations and specified reference periods. In this study, four levels of
target reliability are considered to capture a range of safety and cost
scenarios. The selected target reliability indices are ;= 3.1, 1 = 3.4,
pr = 3.8 and f7 = 4.1. In the case of new elements a fr of 3.8 is rec-
ommended [26], which is adopted in this study to compare the proposed
model with other considered models. Monte Carlo Simulation (MCS) is a
comprehensive and rigorous approach to determine the probability of
failure and consequently ¢ values [18,27], which is also employed in

hf: 1000 mm
{ hy=200 mm

1400
1200
1000

800

hy (mm)

600
400

200
420

MPa)

12 10 8

pswlswy

Fig. 4. A) interrelation between 6 and {; b) { values obtained from MBS model and the planes fitting the data with two different hg
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this study. The MCS is known for its accuracy in capturing the un-
certainties and variability associated with the structural behaviour,
material properties, etc. Although this approach can be computationally
intensive and time-consuming.

Fig. 5 presents the flowchart of the reliability analysis performed in
this paper using MCS method. In this analysis four different ¢ values are
to determine considering the selected target reliability indices. The
analysis initiates by generating 100 beam samples using LHS within
specified parameter ranges as outlined in Fig. 5. The properties of each
beam sample required for MBS model are subsequently stored in a vector
denoted as X, comprising p parameters. Then, for each value of ¢
(ranging from 0.1 to 1, with an increments of 0.01), a reliability index is
obtained for all the samples adopting five different values of live load to
dead load ratio (¢ = Qi /Qpr), as recommended in [18,20] (i.e.,
0.5,1.0,1.5,2.0, and 2.5). It should be noted that the selected number of
samples are sufficient, as further increasing the sample size does not
yield significant difference in the outcome.

The solution procedure to calculate j is presented in a nested flow-
chart in Fig. 5. Initially, the load distribution (Q) is obtained as the sum
of the dead and live load distributions (Qp; and Q;;) without considering
any load factors. The distribution of dead and live load can be obtained
by taking the respective nominal values of dead load and live loads (Qp.
and Q1) as mean, and the statistical characteristics of dead and live load
given in Table 2. To obtain Qp; and Qy;, an indirect method is used as
described in [19,20]. The ultimate limit state load combination (Quys),
as defined by ACI 318 [28], is considered. This load combination con-
siders the dead load (Qp.) and live load (Q;;) majored according to the
following load factors:

Qurs = 1.20p. + 1.60; (20)

Based on the limit state design function (i.e., Ry = Qurs) and Eq. (20),
Respective Qpy and Qy;, can be expressed as:
Ry

_ 21
12+ 1.6a @

QDL

@ i
"
I

Generating a design space with 100 samples by i
LLHS (using the design space introduced in Tabel l)J

v

0— 4,k

¢; =7 x0.01+0.1
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aRy

O =13 16a

(22)

The design resistance (Ry) is calculated using Eq. (1a) with the given
X and the corresponding ¢.

Simultaneously, the distribution of resistance (R) is obtained (using
Eq. (1a) and ¢ of equal to 1.0) considering the distribution of random
variables (X) with their respective means in X, and the statistical
characteristics in Table 2. The size of samples for MCS is denoted as N
and is set to 2,000,000.

To consider the model uncertainty the distribution of model error
should be identified. According to the Kolmogorov-Smirnov (K-S)
testing model uncertainty y = V" /VNES (with VZ® and VNBS being the
experimental values in the database introduced in the section 5.1 and
the model prediction of the shear resistance, respectively) is identified to
have an Extreme type I distribution with a mean of 1.0 and Cov of 0.3, as
can be seen in Fig. 6.

Hence, a random variable of size N is sampled from this distribution
to represent the model error distribution (y). Having the R, Q, and y
distribution, the ultimate limit state function (g) of the beam sample is
adopted to differentiate the acceptable and unacceptable structural state
of the beam, which is given as

g(X) = 2R(X) — Q(X) (23)

An unacceptable state or often known as failure state can be repre-
sented as g(X)<O0. If the random vector of variables is represented by a
joint probability density function X ~ f(X), the failure probability pfcan
be computed by

b =Pe0) = [ e @24)
{X:g(X)<0}

However, when using MCS the functional form of f (X) is not avail-
able, therefore the expected value of py is calculated as the fraction of
samples that belong to the failure domain ns (g(x) < 0) over N.

Calculating §'s for ¢,

0—s,a %
lIOOHns,S—Hla,and2><106—>NJ &

v i§

:' @pL = T35 Ba- (21) —— Qpg

a=(a+1)x05 € N

) i

{Sample,; = database[s] = Z,, = [z1,...,2p) i

Pbtain Ry = R(@m, ¢;) (Eq. (1a)) J T ... T ;
7 1LX(@En, CoVy)= | 1 - b

| Table 2 TN .. TpN ::

Table 2 2.Get X by drawing N sample of i

Table 2 Gumbel(1,0.3)

§QrL = o Ba- (22) —— Qzr ¢ i

11Q=Qp, +Qyrz ;

g [R = R(X,¢) Eq. (1a)with ¢ =1 J ]

. L‘ngQ Eq. (23)|<—‘ i

Hy = L5 (8; — fr)’ Eq. (27 * e
n M* nnmx ;Lil(ﬁﬂlooﬁ;; _ 580 ( )J t [1. ny = count in g distribution items with (g < 0) i
sa = Mg a = = 1 - i
i |2. py from Eq. (25) i

v i L B=23"(1~py) from Eq. (26) i

E=kt1 Obte'm' ¢y, corresponding to )
minimum value of Hy

Fig. 5. Reliability index prediction and resistance reduction factor calibration.
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Table 2
Statistical characteristics of random variables.
Random variable Bias CoV Distribution ~ Reference
[29]
Web width (by) 1 0.02 Normal [30]
Total height (h) 1 0.01 Normal [30]
Effective depth (d) 1 0.02 Normal [30]
Corner radius (R.) 1 0.05 Normal assumed
Fibre’s angle (a) 1 0.05 Normal [31]
Young modulus of CFRP 1 0.02 Normal [20]
(Ep)
Young modulus of steel 1 0.024 Normal [32]
(E5)
CFRP shear 1 0.03 Normal [19]
strengthening ratio
(op)
Reinforcement ratio of 1 0.05 Normal assumed
longitudinal steel bars
(psD
Reinforcement ratio of 1 0.05 Normal assumed
transversal steel bars
(Psw)
Yield stress of steel 1.1 0.075 Normal [33]
stirrups (fowy)
Mean concrete 1.15 0.1 Lognormal [34]
compressive strength
(me)
Model Error (y) 1 0.3 Extreme I k-s test
Dead load (Qpr) 1 0.1 Normal [34]
Live load (Qrr) 1+ 0.18/(1 + Extreme I [32]
0.14In(t/ 0.14In(t/
50)* 50))
»

according to service life of 50 years a bias of 1.0 and CoV of 0.18 is taken for
Live load.

ny
= 2
Pr= 25
The reliability index () of the beam sample is obtained from the
following equations:

poo(1-p) (26)

where ®! is the inverse of standard normal cumulative distribution
[18].

The probability distributions of R, Qpr, Qr1, Q, and scatterplot of R
versus Q corresponding to a sample beam B10_M [35] are presented in
Fig. 7. This illustration considers two distinct values of ¢ (0.9 and 0.5)
and two different values of a (0.5 and 2.5). This example showcases the
computation of the reliability index for the beam, considering various
values of @ and ¢ ratios. It underscores the dependency of the beam’s
reliability index on these parameters. The reliability indices of the beam
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while a varies from 0.5 to 2.5 and ¢ is equal to 0.9 corresponds to
reliability indices of 1.21 and 1.58, respectively. The reliability indices
corresponding to ¢ of 0.5 are 3.92 (@ = 0.5) and 3.75 (a = 2.5). As ex-
pected, increase in ¢ value leads to an increase in the reliability index.
While the effect of a on reliability index depends on the value of ¢. As ¢
value decreases, the R and Q distribution diverge, and increase in a leads
to a larger py. On the contrary when R and Q distribution approach each
other, increase in a results in a smaller py. This is primarily attributed to
the fact that when larger values of a is used, the distribution of Q ex-
hibits an elongated upper tail. This elongation is attributed to a greater
influence from the Qyy, distribution, characterized by an extreme type I
distribution with a large CoV. Conversely, when smaller « (0.5) is used,
the Q distribution tends to resemble a normal distribution, primarily
influenced by the Qpy, distribution.

Fig. 8 presents the average reliability indices of all 100 generated
sample beams versus ¢ values, corresponding to different values of a. As
discussed, an increase in ¢ consistently leads to a decrease in the reli-
ability index. Nevertheless, the influence of «a is contingent upon the ¢
value.

To calibrate the resistance reduction factor, the least square method
is employed, which allows the determination of the optimal values of the
resistance reduction factor that minimizes the difference between the
predicted reliability index and the target reliability index:

1 Tsa

H=— Z (/}t - ﬁ'r)z 27

sa Si=]

where f; is the reliability index obtained from the analysis and ny, is the
total number of scenarios (i.e., 100 beams with 5 different a ratio,
resulting 500 scenarios).

As presented in Fig. 9, the values of ¢ corresponding to specific fr
levels were found as follows: for fr = 3.1, ¢ = 0.62; for pr = 3.4, ¢ =
0.57; for pr = 3.8, ¢ = 0.52; and for pr = 4.1, ¢ = 0.49. These calibrated
factors can be used in the design process to ensure the desired target
reliability levels for shear failure.

5. Validation and discussion
5.1. Construction of dataset

A database comprising 284 RC beams strengthened with EBR-CFRP
was constructed from literature [17,34-87], following a filtering pro-
cess. The filtering criteria involved removing data with: (i) incomplete
descriptions of material properties or sectional dimensions; (ii) CFRP
shear strength contribution less than or equal to 10 kN; (iii) special
configurations other than U-jacketing and fully wrapped; (iv) anchorage
systems; (v) special configurations other than CFRP; and (vi) shear span-

1.75 4

MBS
Distributions (P-Values)

Normal (p-value: 0.00)

------ Lognormal (p-value: 0.00)
=== Weibull (p-value: 0.13)

—-= Extreme Type 1 (p-value: 0.74)

Probability Density
e S = = =
W ~ S [\ W
(=] W S (%] [}
1 1 1 1 1

0.25 A1

0.00

0.0

Fig. 6. K-S test result of the model error for MBS model.
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Fig. 8. Average reliability index vs ¢, corresponding to different « values.

to-depth ratios smaller than 2.2. Out of the 284 beams, 211 were
strengthened with U-wraps, while the remaining 73 beams were fully
wrapped. Furthermore, the database included 202 beams with a rect-
angular cross-section and 82 beams with a T-section. This database
serves as a valuable resource for validating both the proposed and
existing models for RC beams strengthened with EBR-CFRP.

5.2. Assessment of models

In this section, the performance of the proposed model is assessed
considering Egs. (14) and (15) for {ups and Oyps, respectively. In
accordance with MC2010 [26], the target reliability index of 3.8 is
recommended for the design of new elements with a medium conse-
quence of failure and a service life of 50 years. Hence, in this section, the
resistance reduction factor ¢ = 0.52 was utilized to facilitate a com-
parison of the proposed model’s performance with existing design
models. However, when considering strengthening purposes, resistance

¢

Fig. 9. Average deviation from target reliability index.

reduction factors are available for various reliability levels, which can be
chosen based on the information provided in Section 3.3.3 of MC2010
[26]. It should be emphasized that in the case of ACI 440-2R-17 [22], the
shear strength contribution of concrete and steel is determined based on
ACI 318-19 [28], and the design value incorporates the corresponding
resistance reduction factor. In contrast, as recommended in fib bulletin
90 and TR55, Eurocode 2 (EC2) [90] is utilized to evaluate the shear
contribution of the steel and concrete components in these models,
considering the appropriate partial reduction factors of each models
(refer to Appendix A, for more details).

Fig. 10 presents the comparison between the predictions of the
proposed model and other existing design models with the experimen-
tally measured values, using the data from the collected database, pre-
viously described. The primary objective of design models is to ensure
safe predictions. The comparison of the predictions made by the models
in Fig. 10 shows that each model has relatively addressed this goal, as
there are only a few instances of unsafe predictions observed for each
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Fig. 10. Predicted versus actual shear resistance of RC beams strengthened
with EBR-CFRP.

model. However, in addition to safety, a reliable model should exhibit
low dispersion in its predictions, which can be assessed using previously
introduced error metrics. The results demonstrate that the proposed
model exhibits the least dispersion, as evidenced by its high Pearson
correlation coefficient (r) of 0.92. Comparatively, the ACI 440-2R-17
and fib bulletin 90 design models also show relatively low dispersion,
with r of 0.85 and 0.82, respectively, while the TR55 model presented
the highest dispersion, with r of 0.77. To further analyse, the bias and
dispersion of each model, the mean, standard deviation (¢) and CoV of
model uncertainty (y = Vi /V29del) were calculated and are presented
in Fig. 11. The results reveal that the proposed design model exhibit less
underestimated predictions on average (1.91), its predictions have less
dispersion (with ¢ = 0.57, and CoV = 0.3) compared to the existing
design models. This indicates a higher level of safety and reliability.
These findings highlight the superior performance of the proposed
model in terms of both accuracy and precision compared to the existing
design models.

5.3. Demerit point score

It should be emphasized that relying solely on descriptive statistics,
such as the mean of y value, may not provide a comprehensive evalua-
tion of the model reliability. Merely considering the mean y value being
closer to 1.0 does not necessarily indicate a better performance of the

] 2.75
B
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model, as this model may still produce a significant number of extremely
dangerous or overly conservative predictions. Additionally, it is well-
established that extremely dangerous or dangerous predictions have
more severe consequences compared to conservative predictions [91].
To overcome this limitation, the Demerit Point Scale Methodology, a
weighted penalty categorization approach, is employed [10]. This
method assigns penalty points to different ranges of y and calculates the
total demerit point score for each model by considering the percentage
of y falling within each range, the assigned demerit points, and
normalizing the result. The resulting score ranges from 0 to 10, being the
model performance as better as smaller is the score. It is important to
note that, in this study, a modified demerit point classification is used as
instead of mean values of shear resistance the design values are
compared with the experimental values of shear resistance. This classi-
fication not only penalizes highly unsafe predictions, but also penalizes
overly conservative predictions to in an attempt of considering both
safety and cost arguments for the CFRP-based strengthening solutions.
Table 3 gives the demerit points assigned to each model, revealing that
the proposed model achieves superior performance with a score of 1.57.
It is noteworthy that this model demonstrates a favorable outcome with
97 % of predictions falling within a low, appropriate safety and con-
servative level, indicating its enhanced reliability and cost-efficiency
compared to other models.

5.4. Models feature sensitivity analysis

As previously mentioned, the shear mechanism in RC beams is a
complex phenomenon influenced by multiple factors. However, existing
models have generally overlooked these dependencies. Consequently,
the prediction performance of these models can vary significantly when
applied to beams with different conditions. Fig. 12 to Fig. 14 present the

Table 3
Demerit point classification.
b4 Classification Penalty MBS fib ACI TR55
bulletin 440-
90 R2-17
<0.75 Extremely 10 0 %" 2% 1% 1%
dangerous
0.75-1.0 Dangerous 5 0 % 4% 7 % 3%
1.0-1.25 Low safety 0 7 % 10 % 10 % 8%
1.25-1.75  Appropriate 1 35% 35% 30 % 29 %
safety
1.75-3 Conservative 2 55 % 38 % 48 % 49 %
>3 Extremely 4 3% 11 % 5% 10 %
conservative
Total demerits point score 1.57" 1.95 1.91 1.92

@ : Percentage of specimens with y laying in the range.
b .

2 ((0x10) + (0x5) + (7x0) + (35x1) + (55 x2) + (3 x4))/100 =
1.57.

1.2
1.0 1
0.73 0.74
0.8 1 0.67
0.57
0.6
0.4 1 / PS —Y
0.2 1 0.38 0.36 0.37
0.30 —— cov -
0.0 T T T :
MBS fib bulletin 90  ACI 440-2R-17 TRS5

Fig. 11. Statistical analysis of model uncertainties.
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boxplots of model uncertainties (for the proposed model and the
considered existing design models) with a black line in the boxes that
shows the median of y corresponding to beams with different cross-
section shapes (T-section or Rectangular), equivalent transversal rein-
forcement (psy, + py Ef /Esy; Where Eg, is elastic modulus of steel stirrups),
and the ratio of longitudinal reinforcement to the spacing of stirrups (ps/
ss). To quantify the performance of each model a baseline value (a value
of 1.84 is used which is the median of y for all models’ predictions) is
introduced. Then, the cumulative deviation of medians for each model
from this baseline is measured across all input parameter ranges which
provides an indication of the model’s performance in the proposed
analysis (Table 4).

Fig. 12 reveals a considerable underestimation in shear resistance of
RC beams with a T-section using the existing models, which may be
attributed to their disregard for the contribution of the beam flange and
its impact on 6. The cumulative deviations of median values of y from
the baseline were assessed for Rectangular and T-shaped beams. The
MBS model exhibited superior performance (0.097) in comparison to fib
Bulletin 90 (0.457), ACI 440-R2-17 (0.523), and TR55 (0.431). Fig. 13
demonstrates the large variability in predictions among the current
models concerning the impact of pg, + pf Ef /Eg,, on the shear resistance,
which can be attributed to the omission of pg, and py effect on 6 (see
Fig. 3). Assessing the cumulative deviations of median y values from the
baseline across various ranges of ps, + ps Er /Egy, the MBS model (0.316)
outperforms other models such as fib Bulletin 90 (1.140), ACI 440-R2-17
(1.218), and TR55 (1.277). Additionally, Fig. 14 illustrates the existing
models’ tendency to underestimate the shear resistance of beams with
the increase of pg/ ss. This is due to the increase of the dowel action with
increase of pgq and the decrease of the stirrup spacing s;, which is not
accounted by existing models in the parcel corresponding to the CFRP
shear contribution. Comparing the cumulative deviations of y medians
from the baseline along different ranges of py/ ss, the MBS model (0.541)
demonstrates superior performance compared to other models,
including fib Bulletin 90 (1.406), ACI 440-R2-17 (0.870), and TR55
(1.497). Fig. 12 to Fig. 14 demonstrate that the proposed model, which
incorporates the influence of cross-section type, equivalent transversal
reinforcement, and longitudinal reinforcement, shows improved per-
formance in generating less variation in predictions compared to the
baseline value.

6. Conclusion

The study presented in this paper aimed to develop a comprehensive
design model for predicting the shear resistance of RC beams strength-
ened with EBR-CFRP reinforcement, applicable to U-jacketing and fully
wrapped configurations. This was achieved by integrating the SMCFT
approach and Mohammadi et al.’s [10] model, followed by conducting a
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utilization of a global sensitivity analysis to derive non-iterative pre-
diction equations for two important model parameters: the tensile stress
factor in cracked concrete (¢) and the inclination of the diagonal
compressive stress in the web of the section (). Furthermore, a Monte
Carlo reliability analysis was employed to determine the resistance
reduction factor for the model.

To validate the proposed model, a thorough literature review was
conducted, resulting in the compilation of a comprehensive database
comprising 284 beams strengthened with EBR-CFRP reinforcement. This
database served as the basis for comparing the performance of the
proposed model against existing design models. Based on the results and
discussions presented in this paper, the following conclusions can be
drawn:

1- The proposed non-iterative equations for the parameters ¢ and 6
demonstrate a close resemblance to the values obtained from the
SMCFT. The approximate equation for ¢ exhibits an RMSE of 0.013, a
MAPE of 4.60 %, an R? of 0.96, and an r of 0.98. Similarly, the
approximate equation for 6 yields an RMSE of 1.71, a MAPE of 3.51
%, an R? of 0.86, and an r of 0.93. These statistical measures indicate
the strong agreement between the proposed equations and the
SMCFT-based values, validating the accuracy and reliability of the
non-iterative approach;

2- The proposed model exhibited superior predictive performance in
estimating the shear resistance of RC beams strengthened with EBR-
CFRP reinforcement, with r of 0.92;
Among the design models considered in this study, the proposed
model exhibited the model uncertainties closest to unity, indicating
more balanced and less biased predictions. Furthermore, the coeffi-
cient of variation (CoV) of the proposed model was 0.3, being the
lowest one, indicating the proposed model provides more consistent
and reliable estimates of shear resistance, making it a favourable
choice for practical applications;

4- The reliability analysis conducted in this study reveals that different

target reliability indices (A7) can be achieved by employing specific

resistance reduction factors (¢). Specifically, a target reliability

index of 3.1 corresponds to a resistance reduction factor of 0.62,

while indices of 3.4, 3.8 and 4.1 are associated with reduction factors

of 0.57, 0.52, and 0.49, respectively;

According to the modified demerit point scale methodology per-

formed in this study, the proposed model produces the most reliable

and cost-effective predictions in comparison with the considered
design models;

6- The considered existing design models overlook dependencies of
shear resistance to a few crucial parameters, resulting in varied
prediction performance for different beam conditions. The proposed
model incorporates effects of several parameters including cross-

w
d

[4)]
T

reliability analysis. A key aspect of the model development was the section type, equivalent transversal reinforcement, and
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Fig. 12. Prediction performance of models for beams with different cross-section.



A. Mohammadi et al.

Composite Structures 331 (2024) 117901

6
I MBS Il ACI440.2R B TRS55  ---- Baseline
5 ¢ ¢ H fib 9
s v
4_
Tor AT T
S TATE el 1470 714
2'---.—.-.j---.f____ T T ____________ ¢! ----::-l-:'----_-.l-_-]j---F--I--
1 = T s
1-J-J_J_I 1 J.J_J_J_ 1] 111
‘ (0.000837I, 0.00237] (0.00237I, 0.0034] (0.0034, I0.00522] (0.00522,I 0.00807] (0,00807: 0.0244]
E
psw+f_prf
Fig. 13. Prediction performance of models for beams with different equivalent transversal reinforcement.
6
I MBS I ACI 440.2R I TRS55  ---- Baseline
5 EEE fib 90 ¢ ¢
* ¢
iy ' o | o
¢ z ‘b ‘ ¢ : T
A S AR AR EA N A
2 1 T T T T ) I T_ - |
e e — ——— T R . _T].TJ_
ALTTL L7 L1l tla
0

(0.0, 5.3e-05] (5.3e-05, 6.46e-05]

(6.46e-05, 0.000154]

(0.000154, 0.000239]  (0.000239, 0.000545]

psl/ss

Fig. 14. Prediction performance of models for beams with different pg/s;.

Table 4
Cumulative deviations of the median values of y for each model relative to the
baseline across different input parameter ranges.

Models
Input parameter MBS fib bulletin 90 ACI 440-R2-17 TR55
Type of cross-section 0.097 0.457 0.523 0.431
psw + p Ef /Esy 0.316 1.140 1.218 1.277
Psi/Ss 0.541 1.406 0.870 1.497

longitudinal reinforcement, enhancing its ability to generate less
biased predictions for these parameters.
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Appendix A. Formulations of design guidelines

Fib bulletin 90

Via = VRd‘xc + VRd,fSVRd,max

Crack(100p,, 1)} + k1o ] byd, wherep,, =0

Vrdse = 1 A
~0.9d, ;“f\.w}, wherep,, # 0

K

Psn = Asl/(bwd\')
Vidmax = AewbwzVifea / (cotd + tand)
(Cra,c> k, k1,1, ey are introduced in EN 1992-1-1:2004), o, is the stress due to axial load.

Viag = Apvehyefia (cotd + cotay) sinay

where,

A 2 fony if ny < 4
= 2wrl, lr = 085 .
o e I (I’lf) if nf>4

Aw
Afw( - ‘ij
2trsingy  if continuous FRP are used.

if strips of FRP are used.

hf = min(hs,h — 0.1d;) t; : thickness of each layer; (n; in here is the number of FRP layers).

Fully wrapped:faa = fawae = akr fa
U-wrapped:fs,q = min (ffbwd»ffwd,c)

1 Le Sk
T /S >l
[ 3 (hye/siney) | 7 ore>
Sowa =
2 hy, /sinay
ﬁbwd =3 / /gln ! fﬂ forxsle
3k 1
fﬁ forx=l,; and [,.<y<x
"
2 me m f/bk
- - (1-22) B >1.; and y<I,
fﬂ?wd |: < 3 l(, ) n yﬁ) forx/ ;oana yx
2 (nsy) /[(cotd + cotay )sinay] fi forx<l,: and y<x
3 le yfb tesy S
e _ 7 [Etrso
x = hfe/51naf 1, = 5 K 0 SR" 5 R. R <50
y = 57/ (cotf + cotay) sinay ke = 750\° T 50) fe 0
Toix = 0.44/ fomfem "
n = int|hy, (cotﬂ + cota_[) /s/J 0.23 0.5 R.250mm
sox = 0.
m = int|1, (cotd + cotay )sinay /sy | fu
— [ErsoThik a =038, fu= 2 (r; = 1.25)
Yp =15 ok = [——— Ty

I

ACI 440-2R-17

Via = O[(0.17\/f, + pofi)bud, + V]

Apfredys (sinay + cosay
W_%< ( )

St

where,
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Afv = thWf
0.95 Fully - wrapped
=075y, =
: 0.85 U - shaped
Jre = Eréze
TR 55

Via = VRd‘.rL' + VRd,fSVRd,max

VRd,sc is obtained according to Eq. (A- 2)

Apy Ngs .
Vias = sj; (dﬁ, — ?‘l,,maxcosa) Egyéep,. (sinay + cosay)

where,

_JO ,fully - wrapped , _ _ Epty
Ny = { 1 7U _ Wrapped A_fw - 2nl_folt.max - 07 f(-lk

E . e €
Efd = il Efe = MINY Epy 2, 0.5 f,tk 70004 € = L
YFRP mE Epaty VFRP me

For continuous sheets

wy = sinay, and s, =1
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(A7)

(A8)

(A9)

Al10)

(Assuming CFRP sheet for shear intervention, partial safety factors for young’s module, strain at the ultimate, and manufacturing method are

obtained from the guideline.

Yrrre = 11, Yrgpe = 125, Ypppw = 1.2

Appendix B. Summary of experimental and analytical results for the compiled dataset

# ref Specimen V?}Z (kN) VMBC(KN) ng 901N VACI440-2R (kN) VERSS (kN)
1 [17] Ml-a 349.4 160.6 88.9 118.2 99.4
2 [17] M1-b 324.7 169.9 97.8 134.6 118.9
3 [17] Hl-a 333.8 169.9 90.1 119.9 100.6
4 [17] H1-b 335.8 188.2 102.8 141.7 123.8
5 [17] H2-a 338.1 169.9 90.1 119.9 100.6
6 [17] H2-b 340.4 188.2 102.8 141.7 123.8
7 [36] S3 101.1 79.4 72.8 59.8 71.3
8 [36] S5 99.1 85.9 93.7 75.8 90.6
9 [37] Cs1 214.0 119.5 120.3 102.2 109.1
10 [37] CS2 159.0 107.0 93.6 82.4 88.0
11 [37] Cs3 116.0 61.2 60.3 52.5 54.7
12 [38] A2 185.0 61.9 46.5 52.3 45.5
13 [38] A3 187.0 61.9 46.5 52.3 45.5
14 [39] A-SW3-2 177.0 122.6 150.2 159.6 162.8
15 [39] A-S03-2 131.0 57.0 62.3 44.5 56.8
16 [39] A-S03-3 133.5 60.6 76.7 53.5 68.3
17 [39] A-S03-4 144.5 65.8 100.0 71.5 91.4
18 [39] A-S03-5 169.5 73.2 123.9 91.8 118.4
19 [39] A-504-2 127.5 57.2 62.5 44.8 57.1
20 [39] A-S04-3 155.0 66.0 100.1 72.0 92.0
21 [39] B-CW2 214.0 130.1 178.4 176.8 173.6
22 [39] B-CO2 88.0 50.5 56.6 38.6 52.5
23 [39] B-CO3 113.0 58.2 88.9 61.4 84.8
24 [39] B-CF2 119.0 61.6 99.1 83.4 91.1
25 [39] B-CF3 131.0 68.6 150.3 127.3 138.5
26 [39] B-CF4 140.0 76.1 99.1 89.2 91.1
27 [39] C-BT2 155.0 97.0 115.8 90.4 105.4
28 [39] C-BT3 157.5 103.6 142.3 116.4 140.0
29 [39] C-BT4 162.0 89.4 74.4 60.8 70.2
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(continued)
# ref Specimen Vif (kN) VMBC(KN) V2 201Ny VASI440-2R (kN) VERSS (kN)
30 [40] T4S2-C45 219.1 98.1 64.3 94.7 63.1
31 [41] T6NS-C45 213.6 139.2 102.4 94.1 101.8
32 [41] T654-C90 272.8 133.8 90.3 113.1 91.1
33 [42] JS2A 237.1 50.5 76.3 70.1 80.0
34 [42] JS2B 234.2 50.5 76.3 70.1 80.0
35 [42] JS4A 243.1 53.8 94.2 87.2 102.9
36 [43] 5 120.1 63.9 88.3 79.2 81.3
37 [43] 6 107.2 65.1 69.9 74.5 -
38 [43] 2 64.5 27.1 61.8 39.3 58.8
39 [43] 3 44.5 28.7 43.1 33.2 -
40 [44] V10_A 107.0 49.4 54.1 42.1 52.5
41 [44] V10_B 106.0 49.4 54.1 42.1 52.5
42 [44] V17_A 103.0 49.4 54.1 42.1 52.5
43 [44] V11.A 98.0 49.4 54.1 42.1 52.5
44 [44] V11_B 124.8 49.4 54.1 42.1 52.5
45 [44] V17_B 92.9 49.4 54.1 42.1 52.5
46 [44] VI2A 116.0 59.2 54.1 44.0 52.5
47 [44] V18 A 127.0 59.2 54.1 44.0 52.5
48 [44] V20_A 140.1 59.2 54.1 44.0 52.5
49 [44] V12B 101.7 54.2 54.1 42.1 51.2
50 [44] V14 B 91.7 54.2 54.1 42.1 51.2
51 [44] V19 A 118.0 54.2 54.1 42.1 51.2
52 [44] V19_B 115.1 54.2 54.1 42.1 51.2
53 [44] V15_B 138.4 54.6 75.3 58.7 72.2
54 [44] V16_B 112.0 54.6 75.3 58.7 72.2
55 [44] V16_A 184.0 67.2 75.3 62.6 72.2
56 [44] V18_B 202.4 67.2 75.3 62.6 72.2
57 [45] SB3-90 231.5 131.0 181.7 175.5 138.3
58 [45] SB4-90 217.5 131.0 181.7 175.5 138.3
59 [45] SB5-90 234.5 131.0 181.7 175.5 138.3
60 [45] SB6-90 218.0 131.0 181.7 175.5 138.3
61 [45] SB7-90-0 241.0 144.0 307.1 252.6 176.2
62 [45] SB8-90-0 227.0 144.0 307.1 252.6 176.2
63 [45] SB9-45 264.5 135.7 181.7 175.5 138.3
64 [45] SB10-45 273.5 135.7 181.7 175.5 138.3
65 [45] SB11-45 254.5 135.7 181.7 175.5 138.3
66 [45] SB12-45 265.5 135.7 181.7 175.5 138.3
67 [45] SB13-45-0 256.5 150.7 307.1 252.6 176.2
68 [45] SB14-45-0 271.0 150.7 307.1 252.6 176.2
69 [46] Us-2 87.5 39.3 47.3 46.3 44.0
70 [46] Us-3 86.3 39.3 47.3 46.3 44.0
71 [46] Us-4 85.0 39.3 47.3 46.3 44.0
72 [46] UW-2 90.0 41.9 66.0 63.4 68.9
73 [46] UW-3 88.8 41.9 66.0 63.4 68.9
74 [46] UW-4 88.8 41.9 66.0 63.4 68.9
75 [47] C-1 165.0 139.8 146.1 106.0 128.4
76 [47] C-4 250.0 183.7 158.3 115.2 131.2
77 [48] case2 212.3 159.8 134.9 129.2 126.7
78 [48] case3 253.0 168.9 149.7 139.2 137.3
79 [48] case4 263.0 172.7 157.1 144.2 142.6
80 [48] case5 293.6 176.2 164.5 149.2 148.0
81 [49] SB_S0_OSL 102.4 76.0 63.0 46.7 58.0
82 [49] SB_SO_1L 120.0 80.0 81.9 54.8 73.0
83 [49] SB_SO_2L 121.7 85.4 98.2 67.2 91.5
84 [49] SB_S1_05L 282.0 147.5 126.4 144.7 121.4
85 [49] SB_S2_1L 309.4 224.0 199.9 250.9 238.7
86 [50] SB-SO-1L 59.3 29.8 29.8 16.0 26.3
87 [50] SB-S0-2L 68.5 32.0 43.7 23.2 37.4
88 [50] SB-S1-2L 105.1 43.5 49.0 42.9 42.7
89 [51] UW90 141.5 74.9 71.5 76.2 69.7
90 [51] 2 82.6 52.6 45.5 47.8 46.5
91 [51] 3 82.0 52.0 42.8 45.8 43.6
92 [52] RS4W 250.0 152.9 143.1 264.9 159.6
93 [52] RS3W 330.0 161.1 143.1 276.3 159.6
94 [52] RS2W 300.0 180.4 154.6 302.9 171.2
95 [52] RS4Wa 250.0 173.1 160.9 282.9 183.2
96 [52] RS3Wa 330.0 180.7 160.9 294.2 183.2
97 [52] RS2Wa 300.0 180.7 160.9 294.2 183.2
98 [52] RS3Ua 225.0 153.8 160.9 215.4 183.2
99 [52] RS2Ua 280.0 173.0 161.2 241.6 183.5
100 [52] RS4Ub 225.0 145.7 160.9 204.1 183.2
101 [53] BT1-1 67.0 42.3 52.8 43.2 50.4
102 [53] BT1-11 87.0 42.3 52.8 43.2 50.4
103 [53] BT1-21 67.4 37.4 43.0 38.9 41.2
104 [53] BS1-1 61.0 38.8 48.8 43.2 46.4
105 [53] BS1-2 51.0 40.8 47.0 38.9 45.3
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(continued)
# ref Specimen Vis (kN) VMBC(kN) VB B0 (1) VACI440-2R (kN) VERSS (kN)
106 [54] S0-US 377.0 276.5 377.2 390.1 330.5
107 [54] SO0-UA 534.0 276.5 362.1 390.1 330.5
108 [54] S0-CS 695.0 348.3 460.3 499.6 347.4
109 [54] SO0-CA 915.0 348.3 460.3 499.6 347.4
110 [54] S5-UA 622.0 398.3 875.3 979.0 843.7
111 [54] S5-CA 888.0 426.7 973.4 1088.5 860.6
112 [55] G1-B 72.7 62.0 106.9 89.9 -
113 [55] G2-B-N8 80.7 62.9 83.2 93.8 -
114 [55] G2-B-N6 70.0 60.8 56.6 79.0 -
115 [55] G3-MB-N8-P1 94.0 62.2 80.6 92.5 -
116 [55] G3-B-N6 74.0 59.0 51.8 75.9 -
117 [56] RB200C 97.8 36.9 43.4 35.2 45.9
118 [56] RB150C 101.0 38.2 48.5 39.8 51.9
119 [57]1 S3-EB-NA 243.2 118.4 129.1 119.2 104.2
120 [57] S3-EB 222.0 135.8 117.1 137.7 110.5
121 [58] SB-Ul 65.0 24.1 18.7 21.9 18.4
122 [58] SB-F1 66.1 27.3 20.7 24.7 18.4
123 [58] SB-F2 66.7 27.3 20.7 24.7 18.4
124 [58] MB-F1 236.4 99.8 81.7 96.3 65.2
125 [58] MB-F2 250.3 99.8 81.7 96.3 65.2
126 [58] LB-U1 563.4 268.6 206.2 264.0 208.7
127 [58] LB-U2 559.8 268.6 206.2 264.0 208.7
128 [58] LB-F1 871.6 305.8 265.8 333.6 208.7
129 [58] LB-F2 881.2 305.8 265.8 333.6 208.7
130 [59] RC-8-590- 850.0 588.2 709.5 643.9 -
131 [59] RC-12-S90- 765.0 615.5 709.5 685.6 -
132 [61] ED1-S0-0.5L 102.0 77.1 67.2 48.5 59.7
133 [61] ED1-SO-1L 120.0 81.4 82.5 57.8 76.0
134 [61] ED1-S0-2L 122.0 87.3 98.2 71.1 96.1
135 [61] ED1-S1-0.5L 282.0 117.2 91.2 108.8 83.8
136 [61] ED1-S2-1L 309.0 167.6 169.5 178.4 163.0
137 [61] ED2-SO-1L 59.0 26.5 30.9 13.6 24.9
138 [61] ED2-S0-2L 68.0 28.5 37.9 19.6 35.6
139 [61] ED2-S1-2L 105.0 42.4 46.7 41.3 44.4
140 [61] U90S5-a(L) 246.7 135.3 - 158.0 146.3
141 [61] U90S5-b(L) 235.9 123.1 - 139.9 131.4
142 [61] U90C5-a(L) 217.0 124.4 167.2 161.5 163.9
143 [61] U90C5-b(L) 243.3 121.1 161.3 155.8 158.6
144 [61] U45S5(L) 206.2 148.2 177.6 166.7 156.0
145 [61] W90S5(L) 276.2 137.5 175.8 175.1 124.4
146 [61] U90S3-a(L) 207.4 104.8 - 113.1 102.1
147 [61] U90S3-b(L) 203.6 108.0 - 117.4 106.2
148 [61] U90S3-c(L) 231.8 104.0 - 112.0 100.9
149 [61] U90C3-a(L) 208.8 125.4 157.8 157.3 151.8
150 [61] U90c3-b(L) 201.8 125.4 157.8 157.3 151.8
151 [61] U45S3-a(L) 189.6 119.3 127.5 125.2 114.7
152 [61] U45S83-b(L) 211.0 136.4 150.8 148.7 136.0
153 [61] W90S3-a(L) 311.4 123.7 122.6 135.0 106.2
154 [61] W90S3-b(L) 284.3 123.8 122.7 135.1 106.3
155 [61] U90S5-a 218.1 135.3 - 158.0 146.3
156 [61] U90S5-b 225.6 123.1 - 139.9 131.4
157 [61] U90C5-a 194.5 124.4 167.2 161.5 163.9
158 [61] U90C5-b 221.9 121.1 161.3 155.8 158.6
159 [61] U45S5 221.4 148.2 177.6 166.7 156.0
160 [61] W90S5 374.3 137.5 175.8 175.1 124.4
161 [61] U90S3-a 195.6 104.8 - 113.1 102.1
162 [61] U90S3-b 223.9 108.0 - 117.4 106.2
163 [61] U90S3-c 179.3 104.0 - 112.0 100.9
164 [61] U90C3-a 215.4 125.4 157.8 157.3 151.8
165 [61] U90c3-b 204.0 125.4 157.8 157.3 151.8
166 [61] U45S3-a 198.8 119.3 127.5 125.2 114.7
167 [61] U45S3-b 207.6 136.4 150.8 148.7 136.0
168 [61] WO90S3-a 321.4 123.7 122.6 135.0 106.2
169 [61] W90S3-b 276.6 123.8 122.7 135.1 106.3
170 [63] RS4WL4 220.0 171.7 158.9 272.6 177.0
171 [63] RS4UL4 200.0 143.8 158.9 196.4 177.0
172 [63] RS4WL2.5 165.0 171.7 158.9 272.6 177.0
173 [64] B-7 68.5 40.4 60.2 36.7 53.3
174 [64] B-8 85.8 44.2 68.1 50.0 65.1
175 [65] VC 01 110.0 53.5 37.6 45.1 38.5
176 [65] VC 03 100.0 55.6 44.0 50.6 45.4
177 [65] VvC 07 103.5 62.8 60.9 74.2 -
178 [66] S0-0.12R 120.9 81.0 56.3 45.4 55.0
179 [66] S0-0.17R1 134.5 83.4 62.7 50.2 60.8
180 [66] S0-0.17R2 102.4 88.7 83.6 65.9 79.8
181 [66] S0-0.20R1 135.7 84.7 67.1 53.5 64.8
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(continued)
# ref Specimen Vif (kN) VMBC(KN) V2 201Ny VASI440-2R (kN) VERSS (kN)
182 [66] S0-0.20R2 131.1 84.7 66.9 53.3 64.6
183 [66] S0-0.23R 150.6 85.8 71.0 56.5 68.4
184 [66] S0-0.33R 120.0 88.7 83.6 65.9 79.8
185 [66] S0-0.66R 121.7 88.7 83.6 65.9 79.8
186 [66] S$1-0.17R1 242.3 138.9 105.9 131.6 104.0
187 [66] S$1-0.17R2 246.7 138.9 105.9 131.6 104.0
188 [66] S$1-0.23R 253.9 140.8 114.2 137.9 111.6
189 [66] S$1-0.33R 250.6 143.1 126.8 147.3 123.0
190 [67] Beam 2 — CFRP — No anchors 186.5 86.3 74.8 91.1 75.5
191 [68] JS2A 236.0 54.6 82.7 77.7 86.1
192 [68] JS2B 233.0 54.6 82.7 77.7 86.1
193 [68] JS4A 256.0 58.4 102.7 96.9 111.0
194 [70] C5 135.6 95.6 172.0 158.8 152.6
195 [71] S00 182.0 111.9 127.2 125.7 120.7
196 [72] F/295/LP1/4.5 135.0 53.2 63.8 41.5 60.1
197 [72] F/295/LP1/3.3 122.5 52.2 67.2 44.4 61.0
198 [72] F/215/LP1/4.6 102.5 42.6 48.3 25.6 41.2
199 [73] EBL-SO 129.8 102.2 64.3 60.2 -
200 [73] EBL-S1 260.3 164.9 121.5 156.7 -
201 [73] EBL-S3 221.9 140.9 88.6 125.2 -
202 [74] SB_R1 60.2 28.5 43.2 33.0 38.8
203 [74] SB_R2 65.0 32.1 70.6 54.5 59.9
204 [74] UW_R1 86.1 29.6 43.7 33.4 39.2
205 [74] UW_R2 71.3 33.4 71.1 55.0 60.9
206 [74] FW_RI1 72.3 28.5 43.2 33.0 38.8
207 [75] C1-EB1 120.0 60.6 58.9 56.6 51.9
208 [75] C2-EB2 107.2 63.4 48.2 65.9 -
209 [75] C2-EB2R 116.0 63.4 48.2 65.9 -
210 [75] C2-EB3 120.0 64.1 48.2 72.7 -
211 [76] S0-U 223.7 103.9 95.5 70.1 -
212 [76] S8-U 300.8 111.2 95.5 101.4 -
213 [77] TB2 140.0 54.5 36.8 46.9 -
214 [78] BSU 159.3 98.1 90.2 84.9 -
215 [78] WBR1 85.5 79.3 78.5 89.4 101.4
216 [78] WBR2 178.8 102.3 106.5 132.3 143.6
217 [79] A-U1-C-17 238.1 127.2 125.9 135.7 119.2
218 [79] A-U1-C-20 225.0 119.8 116.6 126.8 110.0
219 [79] A-U1-S-17 247.3 127.2 125.9 135.7 119.2
220 [79] A-U1-S-20 235.1 119.8 116.6 126.8 110.0
221 [79] A-U2-C-17 243.0 135.8 163.1 158.4 160.3
222 [79] A-U2-C-20 229.7 128.6 153.8 149.6 151.1
223 [79] A-U2-S-17 2189 135.8 163.1 158.4 160.3
224 [80] S-2 691.5 487.9 365.8 422.3 338.8
225 [80] S-3 795.0 541.3 509.8 538.8 387.3
226 [80] S-4 942.0 577.4 653.8 655.4 424.4
227 [81] 2 285.2 142.0 117.1 99.2 110.0
228 [82] No, 2 223.0 101.1 69.0 83.7 62.8
229 [83] B10.M 55.6 32.8 31.9 31.6 39.3
230 [83] B12 M 71.5 40.0 54.2 47.2 60.6
231 [85] 2S_7M(1) 195.1 114.8 83.6 101.7 86.8
232 [85] 2S_7M(2) 222.1 120.9 109.0 113.6 103.5
233 [85] 4S_4M(1) 250.4 124.8 73.1 110.5 75.1
234 [85] 4S_7M(1) 253.8 128.1 83.6 120.2 86.8
235 [86] UBF-R6 205.5 95.1 60.7 83.7 56.2
236 [86] BDF-R6 180.9 96.9 61.5 84.8 57.0
237 [86] UBF-R8 198.3 115.2 88.9 111.3 84.4
238 [86] BDF-R8 213.6 114.9 88.9 111.1 84.4
239 [87] 1-R1 215.8 133.8 123.6 171.8 111.4
240 [88] CS.2 100.5 66.4 60.9 43.4 54.8
241 [88] DS.2 139.0 75.0 61.5 65.7 55.2
242 [89] B15 86.9 51.1 92.9 69.5 88.2
243 [89] Bl16 80.0 56.7 114.3 92.1 113.4
244 [92] BS2 124.0 116.2 77.4 116.4 76.6
245 [92] BS4 126.0 121.2 151.2 149.4 145.1
246 [92] BS7 117.8 117.6 87.9 101.9 86.4
247 [93] SB1-3 240.0 108.6 138.1 141.1 127.5
248 [93] SB1-4 253.0 108.6 138.1 141.1 127.5
249 [93] SB1-5 246.0 96.6 75.4 93.9 69.1
250 [93] SB1-6 230.0 96.6 75.4 93.9 69.1
251 [93] SB1-9 240.0 97.5 85.1 103.6 81.2
252 [93] SB1-10 243.0 97.5 85.1 103.6 81.2
253 [93] SB2-3 270.0 96.6 75.4 93.9 69.1
254 [93] SB3-2 310.0 96.6 75.4 93.9 69.1
255 [94] USs60 111.0 93.5 85.9 97.0 -
256 [94] USVA 120.0 97.5 87.3 97.7 -
257 [94] USVA+ 135.0 93.5 85.9 97.0 -
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# ref Specimen Vif (kN) VMBC(KN) V2 201Ny VASI440-2R (kN) VERSS (kN)
258 [94] US45+ 126.0 97.5 87.3 97.7 -
259 [94] UF90 125.0 90.0 90.7 106.8 -
260 [94] US45+4-+ 133.5 125.0 94.7 106.8 -
261 [94] Us45 + A 167.0 93.2 94.7 106.8 -
262 [94] UF45++B 172.0 93.2 94.7 106.8 -
263 [94] UF45++C 183.0 93.2 94.7 106.8 -
264 [94] US45+4-+F 163.5 110.8 94.7 106.8 -
265 [94] US45++E 150.0 110.8 94.7 106.8 -
266 [94] US45 + D 164.5 110.8 94.7 106.8 -
267 [94] WS45++ 158.5 145.0 116.1 127.8 -
268 [95] BT2-1 67.0 35.7 49.4 38.7 47.1
269 [95] BT2-2 61.0 41.5 59.0 45.8 54.0
270 [95] BT2-21 77.0 41.5 59.0 45.8 54.0
271 [95] BS2-1 54.0 31.6 40.1 34.4 38.4
272 [95] BS2-2 41.0 38.2 55.4 45.8 50.5
273 [95] BS2-21 44.0 38.2 55.4 45.8 50.5
274 [95] TT1-1 120.6 105.3 107.0 126.1 105.5
275 [95] TS1-1 94.0 70.3 62.1 83.1 60.5
276 [95] TS1-2 80.7 69.6 58.2 80.1 57.0
277 [96] PU1 142.5 59.5 57.7 69.2 59.1
278 [96] PU2 130.0 58.2 53.7 65.6 54.8
279 [96] PU3 154.5 64.5 56.6 68.1 56.8
280 [96] PU4 150.0 63.3 53.9 65.7 54.0
281 [96] PC1 177.5 68.2 57.7 72.0 59.1
282 [96] PC2 155.0 66.2 53.7 67.9 54.8
283 [96] PC3 145.5 75.8 56.6 70.9 57.8
284 [96] PC4 132.0 73.9 53.9 68.1 54.9
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