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ABSTRACT

A design approach based on the simplified modified compression field theory, but with the advantage of
do not requiring an iterative procedure, is proposed for evaluating the shear capacity of beams do not
including shear reinforcement. This model is capable of simulating beams flexurally reinforced with steel
and fiber reinforced polymer (FRP) systems. To appraise the predictive performance of the proposed model
a Data Base (DB) composed of 215 reinforced concrete beams without shear reinforcement is set. By

applying the model to this DB, an average value for V,,, /V, . of 1.05 with a COV of 24% are obtained,

a.

where V,, and V,

ana.

are the shear capacity registered experimentally and obtained with the model,

respectively. By applying the approach proposed by ACI Building Code to the data base, average and COV
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values of 0.91 and 42% are determined, revealing the higher predictive performance of the proposed model.
This was even higher in the beams flexurally reinforced with FRP systems, since the proposed model
conducted to average and the COV values of 1.0 and 22%, while 0.76 and 32% were obtained with the ACI
approach. When proposed model was applied to the beams tested in the experimental program carried out,

an average and COV values of 1.02 and 5.23% were determined.

Keynotes: Reinforced concrete beam; GFRP flexural reinforcement; shear failure; simplified modified

compression field theory; sensitivity analysis.

INTRODUCTION

The development of a relatively simple design approach for predicting the shear capacity of reinforced
concrete (RC) beams with good accuracy is still a challenging topic due to several and complex resisting
mechanisms involved in shear such as: i) shear resistance assured by the uncracked concrete in the
compression zone; ii) interface shear transfer by aggregate interlocking in the cracked concrete; iii) dowel
action of the longitudinal reinforcement; and iv) resistance provided by transverse reinforcement, when
existing [1].

There are two main approaches to predict shear strength of RC beams with and without shear reinforcement:
the modified compression field theory (MCFT), and the truss model. There are two assumptions in the truss
model: i) the diagonal compression struts are 45 degrees before and after cracking of concrete, ii) the
concrete tensile strength in negligible. Hence, the truss model gives conservative values for shear strength
of RC beams. ACI Building Code [2] is based on the truss model, by assuming the inclination of the critical

diagonal crack (CDC) at 45 degrees, and considering the cracked concrete can contribute for the shear

capacity. Based on the ACI Building Code [2], nominal shear strength, Vn , of a RC beam is the addition of

the shear resisting mechanisms provided by concrete and transverse reinforcement (if present):



f
V, =V, +V, =0.17,/f/b,d JAday (1)
S

where f_ is the concrete compressive strength, b, and d are the width and effective depth of the beam’s

cross section, and A, f and s are the cross section area, yield stress, and horizontal distance of

sty
transverse reinforcement, respectively. As mentioned before, in ACI Building Code [2], The CDC is
assumed inclined at an angle of 45 degrees regarding the beam’s axis, therefore no accurate predictions are
obtained if this condition is not accomplished.

The Modified Compression Field Theory (MCFT), originally proposed by Vecchio and Collins [3], offers
an improvement in terms of its predictive capability and considers the variation of the inclination of the
CDC and tensile resistance of cracked concrete. However, this procedure is iterative in nature and requires
knowledge of a relatively high number of parameters. Bentz ef al. [4] proposed a simplified version of
MCFT, called by the acronym SMCFT. This model considers the tensile stress factor in the cracked concrete

( f), and the inclination of the diagonal compressive strut in the web of the section () to find the shear

strength of a section with, or without, transverse reinforcement. These authors applied this model to a Data
Base (DB) formed by 102 RC specimens, and an average ratio of experimental to the analytically predicted

shear strength (V,,, /V,

ana.

) of 1.11, with a COV of 13.0%, were obtained. The SMCFT is not a

straightforward design approach, since it requires an iterative procedure, which introduces extra difficulties
in the design methodology.

The shear strength of glass fiber polymer (GRP) reinforced concrete beams have been investigated by
different researchers [5-16]. Most of the research studied the effect of the GFRP reinforcement ratio and its
stiffness on the shear strength [5, 6]. Maranan et al. [ 16] investigated concrete beams reinforced with GFRP
bars and stirrups. According to the results, the GFRP stirrups enhanced both the shear strength and
deflection capacity of the beams. Bentz et al. [13] studied the size effect of the beam and the longitudinal
reinforcement ratio on the shear capacity. Kaszubska et al. [5] investigated the influence of the flexural

reinforcement ratio and its arrangement, and the dowel action mechanism, on the cracking process and



shear capacity of concrete beams reinforced with GFRP bars failing in shear. The authors concluded that,
although of equal GFRP reinforcement ratio, the beams reinforced with two layers of GFRP reinforcement
have presented more extensive crack pattern and shear capacity than the beams with one layer, which was
justified on the higher beneficial dowel effect this arrangement has ensured.

In this paper, a straightforward design approach is proposed to predict the shear capacity of RC beams
without transverse reinforcement, where the iterative procedure required by SMCFT is eliminated. For this
purpose, a sensitivity analysis is carried out for assessing the relative importance of each input parameter
that affects the shear capacity of RC beams without transverse reinforcement according to the SMCEFT.

Based on the results, an equation is derived for £ . To assess the predictive performance of the proposed

model, a DB composed of 215 RC beams without transverse reinforcement is set, and the model’s
performance is appraised. The obtained results with the proposed approach are compared to the ones

determined with ACI model.

SIMPLIFIED MODIFIED COMPRESSION FIELD THEORY
According to the SMCFT of Bentz et al. [4], the shear capacity of a RC beam (V, =vb,d, b, and d are

width and effective depth of beam, respectively) is obtained by the following equation:

V=V +V, =,8.\/f7c'+pst.fst,y.cot9 )
where v, and v, are the shear strength provided by concrete and transverse steel reinforcement,
respectively, being p,, the transverse steel reinforcement ratio. In this equation, S and € are the tensile
stress factor in the cracked concrete and the inclination of the diagonal compressive strut in the beam’s

web, respectively. These parameters are obtained from the following equations:
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where S,, represents the crack spacing, which can be obtained as follows:

35s
= 50855
a, +16 : )

xe

In this equation, s, and a, are the vertical distance between longitudinal reinforcement and the maximum

dimension of aggregates, respectively. The axial strain, ¢,, can be obtained from the following equation
(limited to the yield strain, ¢, ):

f, _vcotd-v /cotd

=1 =—_¢t @ <
“ E, Ep =y ©

where f,, E, and p, are the stress (limited to the yield stress, f, =E, ¢ ), the modulus of elasticity, and

the ratio of the longitudinal reinforcement, respectively. The procedure to calculate the shear strength of a
RC beam, according to the SMCFT, is summarized as follows [1]:

Step 1: Input parameters;

Step 2: Assume a value for &,;

Step 3: Calculate the crack spacing using Eq. (5);

Step 4: Calculate ,B and @ using Eq. (3) and Eq. (4), respectively;
Step 5: Calculate total shear stress based on Eq. (2);

Step 6: Calculate the longitudinal strain, &,, according to Eq. (6) and compare to the assumed &, in Step

2. Repeat procedure until E;H - 83

/Slyy 31076;

SENSITIVITY ANALYSIS

A sensitivity analysis is carried out to assess the relative importance of each input parameter on the shear
capacity of RC beams without shear reinforcement. Sensitivity analysis means to investigate the effect of
input parameters on the objective function. There are two different approaches to execute sensitivity

analysis: local and global sensitivity analysis. Local sensitivity analysis evaluates the objective function by



changing one parameter and keeping other parameters fixed, while global sensitivity analysis evaluates the
objective function by changing all the parameters simultaneously. Global sensitivity analysis considers the
influence of the interaction between parameters on the objective function [17], while this interaction is not
considered in the local sensitivity analysis. Global sensitivity analysis is an appropriate option for sensitivity
analysis of SMCFT due to the iterative nature of the model [1]. The Monte Carlo method is a process of
running a model numerous times with a random selection of each input parameter simultaneously, therefore
is considered a global sensitivity analysis, and was the one selected in the present work. All of the input

parameters for a RC beam without shear reinforcement (d, b,, f.

c?

a,, E,, p ) are characterized by a

o] )
uniform probability distribution, which means a range of possible values with the same likelihood of
occurrence (Table 1).

To measure the influence of each input parameter on the objective function, the following coefficient of

correlation parameter, r, is used:

DRTEORNORY
Jn(i )= )7 N - (W)’ ™

r =

where N is the number of the samples, X, is the input parameter and y, is the output. The r varies between

-1 and +1. Positive value of r means a positive linear correlation, which indicates that the objective
function ( y ) increases with the input parameter (X), and vice versa. A negative value of r means a
negative linear correlation, which indicates a decrease of Y with the increase of X, and an increase of Y
with a decrease of X. And finally, when r is closed to 0 it means that no linear correlation or a weak linear
correlation exist [32]. According to these definitions, the influence of the input parameters (d, b,, f., a,
, E,, p)on Eq. (2)and B for 100,000 samples are presented in Figure 1. The range of all variables
provided in Table 1 cover the characteristics of all tested beams in Data Base. The obtained results

demonstrate the p, has the highest influence on the shear capacity of this type of beams, with a favorable

effect on the v due to the dowel effect it provides. The effective depth of the beam’s cross section, d , has



also an important influence on the v, with a decrease of the beam’s shear capacity with the increase of the
d , which is the well-known size effect.

Based on the results presented in Figure 1, the relationship between S vs. %.E'X(Z—W) for 100,000

generated samples with Monte Carlo simulation is shown in Figure 2. This relationship does not consider
the effect of the aggregate size due to the lack of enough information about this parameter in literature. This
curve is defined by the following equation:

By =0.07 xx*% 0.05< 3, <0.30 (8)

. E b,
where x is %x (Fw) . The Sum of Squares due to Error (SSE), R-square, and Root Mean Squared Error

c

(RMSE) for this fitted curve are 80, 0.93, and 0.02, respectively, which indicate the good fit of the model

to the generated samples. More information about Goodness-of-Fit Statistics can be found in [1]. The g,

can be implemented in the following equation to find the shear capacity of a RC beam without shear

reinforcement.

V:Vc:ﬂN-\/fT ©)

ASSESSMENT OF THE PREDICTIVE PERFORMANCE OF THE DEVELOPED MODEL

A Data Base (DB) containing 215 RC beams without transverse reinforcement was collected in [6] from
published literature to appraise the predictive performance of the developed approach. This DB includes
beams of different size, longitudinal reinforcement ratio, modulus of elasticity for the flexural

reinforcement (steel and FRP bars), and concrete compressive strength [18].

All the beams in this DB failed in shear. The collected beams have the following characteristics: 90< b, <

460 mm; 140<d <940 mm; 2.4<a/d <17.0; 16< f. <95 MPa, 32< E, <210 GPa, and 0.3%< p, <

5.0 %. All the collected data is provided in Table 2, and its distribution in terms of these main parameters



is presented in Figure 3. The DB contains values from experiments performed on 126 beams with steel and
CFRP longitudinal reinforcement, and 89 beams with GFRP and AFRP longitudinal reinforcement.

For the new model and ACI Building Code [2] approach, the obtained values of V,, =v,. b,d are compared

— Vana. “w

with v, of the DB, and the values of the 4 factor corresponding to the Vv, /V, . ratio are included in
Table 2 and represented in Figure 4. In all the comparisons carried out, average values for the material

properties were considered, and no safety factors were taken, therefore approaches estimating Vv, /V,

closer to unitary value are those of higher predictive performance. The new model has assured an average

value of V,,, /V, . of 1.05 for all the beams with a COV of 23.8%, while ACI model has an average value
of V,,, /V,,, 0f 0.91 with a much higher COV (42%).
Figure 5 represents the V,,, /V,, of the beams with steel and FRP longitudinal reinforcement for the new

and ACI models. The average value for the beams with FRP longitudinal reinforcement is 1.0 with a COV
of 22% in the new model, while an average value of 0.76 with a COV of 32% were obtained in the ACI
model. Average value of the beams with steel longitudinal reinforcement in the new model is 1.17 with a
COV 0f23%, but these values are 1.35 and 27%, respectively, for the ACI model. According to these results,
it can be concluded that the proposed model has better accuracy than ACI model regardless the type of
flexural reinforcement used in the beams.

The predictive performance of the adopted approaches is being detrimentally affected due to some abnormal
results reported in some literature that conducted to the DB with 215 beams. Due to the suspicious that
some problems have occurred in the experimental programs of these beams, the suspicious beams were

removed from the DB, resulting a reduced DB (RDB) of 145 beams. A RC beam was removed if:

a) showed very poor performance in both design models (V,,, /V,,, <0.85);

XP. ana. —

b) a/d >10 (high probability of has been failed in bending);



c) 0.4%> p, >5.0% (abnormal high and low percentage of longitudinal reinforcement, probability
of has been failed in bending and providing unrealistic dowel effect resisting mechanism,
respectively);

ana.

The results of the RDB are presented in Figure 6. The new model has assured an average value of V,,, /V,
of 1.13 for RDB with a COV of 18%. The ACI model has an average value of V,, /V,. 0f0.99 with COV

of 34%.

A modified version of the Demerit Points Classification (DPC) [19] proposed by Collins [20] is presented,
where a penalty (PEN) is assigned to each range of A parameter according to Table 3, and the performance
of each approach is determined by the total of penalties (Total PEN).

According to the results included in Tables 4 and 5, the predictive performance of the proposed approach
is better than of the ACI model in both DB and RDB, since it has a large number of predictions in the
appropriate safety and conservative intervals according to the DPC (Table 3). According to Table 4, the new
approach has 173 samples in appropriate safety and conservative intervals, while ACI model only has 96
samples. The major difference between the new and the ACI models is in the dangerous and extremely
dangerous intervals, since the proposed model has 41 samples in this interval, while ACI model has 116
samples. As can be observed from Figure 4 and Table 4, the new model outperforms the ACI model.

The model was also applied on the simulation of the shear capacity of the beams tested in the first part of

this companion paper having been obtained an average value of 1.02 for the V,,, /V,,, with a COV of

5.23%.

CONCLUSIONS

An analytical model suitable for design practice was developed based on the Simplified Modified
Compression Field Theory (SMCFT) for estimating the shear capacity of beams exclusively reinforced with
flexural reinforcement (steel or FRP). By introducing an equation determined from sensitivity analysis, it

was eliminated the iterative procedure required by the SMCFT. A Data Base (DB) constituted of 215



reinforced concrete (RC) beams, exclusively reinforced in bending, was set for assessing the predictive
performance of the proposed model. Based on this DB, an average value of 1.05 with a COV of 23.8%,

were obtained for V, /V,

ana.

(v,

exp.

and V,, are the experimental and analytical results, respectively), while

using ACI model it was obtained 0.91 with a COV of 42%, which indicates the better predictive
performance of proposed model. When applied to the beams tested in the experimental program described

in this work, an average value of 1.02 for the v, /v, was obtained, with a COV of 5.23%.
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Tables:

Table 1. Values characterizing the uniform probability

distribution of the input parameters

d bW fC ag El p|
(mm) | (mm) | (MPa) | (mm) | (GPa) | (%)
Range of {134, 1200 | 50450 | 15-100 | 8<40 | 30250 | 0.2-5

variation




Table 2. Summary of experimental and analytical results applied to the DB

by d f, A Ei v \ Ves.
Beam label mm) | mm) ald P %) (GPa) (kN) ,BN (Vana.) (Vana. ) aci

1Steel-a 229 227 4.03 35 1.55 200 61 0.19 1.05 1.17
1Steel-b 229 227 4.03 35 1.55 200 56 0.19 0.98 1.08
1Steel-c 229 227 4.03 35 1.55 200 58 0.19 1.00 1.11
1FRP-a 229 225 4.06 35 1.10 40 39 0.12 1.05 0.76
1FRP-b 229 225 4.06 35 1.10 40 38 0.12 1.03 0.75
1FRP-c 229 225 4.06 35 1.10 40 37 0.12 0.98 0.71
2FRP-a 178 225 4.06 35 1.42 40 28 0.12 0.97 0.70
2FRP-b 178 225 4.06 35 1.42 40 35 0.12 1.20 0.87
2FRP-c 178 225 4.06 35 1.42 40 32 0.12 1.10 0.80
3FRP-a 229 225 4.06 35 1.65 40 40 0.13 0.98 0.78
3FRP-b 229 225 4.06 35 1.65 40 49 0.13 1.19 0.94
3FRP-c 229 225 4.06 35 1.65 40 45 0.13 1.09 0.87
4FRP-a 279 225 4.06 35 1.81 40 44 0.14 0.83 0.70
4FRP-b 279 225 4.06 35 1.81 40 46 0.14 0.87 0.73
4FRP-c 279 225 4.06 35 1.81 40 46 0.14 0.87 0.73
S5FRP-a 254 224 4.08 35 2.00 40 38 0.14 0.78 0.66
5FRP-b 254 224 4.08 35 2.00 40 51 0.14 1.06 0.90
S5FRP-c 254 224 4.08 35 2.00 40 a7 0.14 0.97 0.82
6FRP-a 229 224 4.08 35 2.22 40 44 0.14 1.00 0.85
6FRP-b 229 224 4.08 35 2.22 40 42 0.14 0.96 0.81
6FRP-c 229 224 4.08 35 2.22 40 41 0.14 0.95 0.80
BM7 178 279 2.69 24 2.30 40 53 0.14 1.55 1.29
BMS& 178 287 2.61 24 0.77 40 36 0.11 1.30 0.85
BM9 178 287 2.61 24 1.34 40 40 0.12 1.28 0.94
BR1 200 225 2.67 41 0.22 145 36 0.11 1.17 0.74
BR2 200 225 2.67 49 0.45 145 a7 0.12 1.24 0.88
BR3 200 225 2.67 41 0.56 145 a7 0.13 1.25 0.97
BR4 200 225 2.67 41 0.78 145 43 0.14 1.05 0.88
BA2 200 225 2.67 49 0.45 145 a7 0.12 1.24 0.88
BA3 200 225 3.56 41 0.45 145 a7 0.13 1.31 0.97
BA4 200 225 4.50 41 0.45 145 38 0.13 1.07 0.79
SN-1.7 250 326 3.10 44 1.73 200 145 0.17 1.55 1.58
CN-1.7 250 326 3.10 44 1.71 134 125 0.16 1.47 1.36
GN-1.7 250 326 3.10 44 1.71 42 78 0.12 1.18 0.85
SH-1.7 250 326 3.10 63 1.73 200 160 0.16 1.55 1.45
CH-1.7 250 326 3.10 63 1.71 135 130 0.15 1.38 1.18
GH-1.7 250 326 3.10 63 1.71 42 87 0.11 1.19 0.79
SH-2.2 250 326 3.10 63 2.22 200 184 0.17 1.69 1.67
CH-2.2 250 326 3.10 63 2.19 135 174 0.15 1.75 1.58
GH-2.2 250 326 3.10 63 2.19 42 116 0.12 1.50 1.05
Beam 1 150 168 3.97 29 0.45 38 13 0.10 091 0.54
Beam 3 150 212 3.14 29 0.71 32 18 0.10 1.00 0.60
Beam 5 150 263 2.53 29 0.86 32 25 0.10 1.16 0.69
Beam 7 150 168 3.97 50 1.35 32 18 0.11 0.89 0.58
Beam 9 150 212 3.14 50 1.07 32 28 0.10 1.23 0.72
Beam 11 150 263 2.53 50 1.15 32 30 0.10 1.12 0.63
SB40 150 224 3.35 43 1.35 207 45 0.16 1.28 1.20
GB43 150 223 3.36 40 1.28 45 27 0.12 1.11 0.75
TB6B 150 220 3.49 95 1.30 45 29 0.10 0.94 0.53
S1-1 457 883 3.11 30 0.60 41 154 0.10 0.73 041




b d f, P E v Voo, Voo,

Beam label (mm (mm) ald P %) (GPa) (kN) ﬂN (Vana.) (Vana. ) aci
S3-1 114 294 3.11 60 0.60 41 15 0.08 0.76 0.35
S3-2 114 294 3.11 32 0.60 41 19 0.09 1.14 0.60
S3-3 114 294 3.11 32 0.60 41 18 0.09 1.07 0.56
S6-1 229 147 3.11 60 0.60 41 29 0.11 1.05 0.65
S6-2 229 147 3.11 32 0.60 41 37 0.12 1.60 1.13
S6-3 229 147 3.11 32 0.60 41 26 0.12 1.14 0.81
S1B-1 457 880 3.12 30 1.20 41 221 0.11 0.90 0.59
S1B-2 457 880 3.12 31 1.20 41 216 0.11 0.87 0.57
L05-0 450 937 3.26 46 0.51 37 135 0.08 0.58 0.28
MO05-0 450 438 348 35 0.55 37 86 0.10 0.71 043
S05-0 450 194 393 35 0.66 37 55 0.13 0.82 0.62
L20-0 450 857 3.56 36 2.23 37 232 0.12 0.83 0.59
M20-0 450 405 3.77 35 2.36 37 138 0.15 0.88 0.75
S20-0 450 188 4.05 35 2.54 37 74 0.17 0.84 0.87
S-1 150 180 5.56 19 1.26 200 18 0.20 0.78 0.90
Series I-1 150 175 5.71 19 0.90 115 20 0.16 1.04 1.00
Series 1-2 150 175 5.71 19 0.90 115 20 0.16 1.07 1.02
Series 1-3 150 175 5.71 19 0.90 115 20 0.16 1.07 1.02
Series 1-4 150 175 5.71 19 0.90 115 17 0.16 0.89 0.85
Series I-5 150 175 5.71 19 0.90 115 18 0.16 0.94 0.90
Series II-1 150 175 5.71 19 1.50 115 26 0.18 1.24 1.33
Series 1I-2 150 175 5.71 19 1.50 115 24 0.18 1.15 1.23
Series 1I-3 150 175 5.71 19 1.50 115 23 0.18 1.10 1.18
Series 11-4 150 175 5.71 19 1.50 115 23 0.18 1.10 1.18
Series II-5 150 175 5.71 19 1.50 115 24 0.18 1.16 1.24
Series III-1 150 175 5.71 26 0.90 115 30 0.15 1.47 1.32
Series III-2 150 175 5.71 26 0.90 115 27 0.15 1.34 1.21
Series III-3 150 175 5.71 26 0.90 115 26 0.15 1.26 1.13
Series I1I-4 150 175 5.71 26 0.90 115 24 0.15 1.19 1.07
Series III-5 150 175 5.71 26 0.90 115 22 0.15 1.09 0.98
Series IV-1 150 175 5.71 26 1.50 115 30 0.17 1.31 1.31
Series IV-2 150 175 5.71 26 1.50 115 29 0.17 1.27 1.27
Series V-3 150 175 5.71 26 1.50 115 24 0.17 1.08 1.08
Series IV-4 150 175 5.71 26 1.50 115 28 0.17 1.25 1.26
Series IV-5 150 175 5.71 26 1.50 115 25 0.17 1.09 1.09
G-2.5 250 305 2.50 40 1.55 47 61 0.13 1.00 0.75
G-2.5-350 250 296 2.50 42 1.55 45 71 0.12 1.18 0.87
C-0.5-350 250 310 2.50 42 1.55 144 59 0.16 0.73 0.68
C-2.5 250 310 2.50 35 1.55 145 65 0.17 0.85 0.83
C-2.5-350 250 310 2.50 35 1.55 143 73 0.17 0.95 0.94
S-2.5 250 310 2.50 49 1.55 200 84 0.17 0.92 0.90
S-2.5-350 250 308 2.50 49 1.55 200 106 0.17 1.18 1.16
G-0.5-500 250 455 2.50 37 1.55 46 68 0.12 0.83 0.58
G-500 250 440 2.50 45 1.55 47 77 0.11 0.92 0.62
G-2.5-500 250 434 2.50 37 1.55 46 92 0.12 1.17 0.82
C-0.5-500 250 460 2.50 42 1.55 145 70 0.15 0.64 0.55
C-500 250 460 2.50 42 1.55 144 74 0.15 0.68 0.58
C-2.5-500 250 439 2.50 42 1.55 145 83 0.15 0.78 0.68
S-500 250 458 2.50 42 1.55 200 111 0.16 0.95 0.88
S-2.5-500 250 458 2.50 42 1.55 200 111 0.16 0.95 0.89
Bl 300 200 3.50 52 0.35 114 64 0.12 1.23 0.87




b d f. e E v 2 Voo

Beam label (mm (mm) ald P %) (GPa) (kN) ﬂN (Vana. ) (Vana. ) aci
B2 300 300 3.50 52 0.32 114 61 0.11 0.88 0.55
B3 300 400 3.50 52 0.30 114 55 0.10 0.64 0.37
B4 300 500 3.50 52 0.28 114 68 0.09 0.67 0.37
B5 300 400 6.50 52 0.30 114 51 0.10 0.59 0.35
B6 300 400 6.00 52 0.30 114 62 0.10 0.72 0.42
G-350-70 250 291 2.50 65 0.87 46 76 0.10 1.27 0.76
G-500-70 250 442 2.50 74 1.25 48 116 0.10 1.25 0.72
G-650-70 300 578 2.50 74 1.37 48 155 0.10 1.06 0.61
C-350-70 250 310 2.50 65 043 138 72 0.11 1.05 0.67
C-500-70 250 449 2.50 74 0.68 144 100 0.11 0.96 0.61
C-650-70 300 594 2.50 74 0.64 144 146 0.10 091 0.56
G-350 250 305 2.50 40 1.55 47 61 0.13 1.00 0.75
C-350 250 310 2.50 45 1.55 145 77 0.16 0.94 0.88
S-350 250 310 2.50 37 1.55 200 104 0.18 1.24 1.29
G-500 250 440 2.50 37 1.55 47 129 0.12 1.62 1.13
C-500 250 460 2.50 35 1.55 144 65 0.15 0.62 0.56
S-500 250 458 2.50 42 1.55 200 74 0.16 0.63 0.58
G-650 300 584 2.50 37 1.55 46 113 0.12 0.91 0.62
C-650 300 594 2.50 42 1.55 147 139 0.14 0.83 0.70
S-650 300 608 2.50 49 1.55 200 84 0.15 0.44 0.38
G-800 300 734 2.40 42 1.55 47 111 0.11 0.73 0.46
C-800 300 744 2.40 42 1.55 145 156 0.14 0.78 0.63
S-800 300 758 2.40 42 1.55 200 200 0.15 0.92 0.80
B-400-2 200 368 2.70 23 1.55 141 33 0.17 0.56 0.55
B-400-4 200 368 2.70 23 1.55 141 36 0.17 0.61 0.60
B-300-2 200 276 3.60 30 1.55 141 33 0.17 0.65 0.64
B-300-4 200 276 3.60 30 1.55 141 33 0.17 0.65 0.64
B-200-2 200 170 5.90 25 1.55 141 18 0.19 0.54 0.61
B-200-4 200 170 5.90 25 1.55 141 21 0.19 0.63 0.72
1-No.1 150 250 3.00 34 1.51 105 45 0.15 1.41 1.21
1I-No.6 150 250 3.00 34 3.03 105 46 0.17 1.24 1.23
IV-No.15 150 250 3.00 34 2.27 105 41 0.16 1.16 1.08
8-2-1 127 143 6.36 55 0.33 139 14 0.11 0.98 0.63
8-2-2 127 143 6.36 55 0.33 139 13 0.11 0.88 0.56
8-2-3 127 143 6.36 55 0.33 139 15 0.11 1.00 0.64
8-3-1 159 141 6.45 55 0.58 139 20 0.13 0.92 0.70
8-3-2 159 141 6.45 55 0.58 139 23 0.13 1.07 0.82
8-3-3 159 141 6.45 55 0.58 139 17 0.13 0.79 0.60
11-2-1 89 143 6.36 76 0.47 139 9 0.10 0.78 0.46
11-2-2 89 143 6.36 76 0.47 139 12 0.10 1.04 0.62
11-2-3 89 143 6.36 76 0.47 139 9 0.10 0.79 0.47
11-3-1 121 141 6.45 76 0.76 139 14 0.12 0.80 0.57
11-3-2 121 141 6.45 76 0.76 139 15 0.12 0.85 0.61
11-3-3 121 141 6.45 76 0.76 139 17 0.12 0.92 0.65
C-L-18-R1-1,2 200 216 3.10 34 0.30 146 26 0.12 0.86 0.61
C-L-18-R2-1,2 150 216 3.10 34 0.39 146 19 0.12 0.84 0.59
C-L-18-R3-1,2 150 214 3.10 34 0.83 148 15 0.14 0.58 0.48
C-L-27-R1-1,2 200 216 3.10 40 0.30 146 23 0.12 0.73 0.50
C-L-27-R2-1,2 150 216 3.10 40 0.39 146 21 0.12 0.89 0.60
C-L-27-R3-1,2 150 214 3.10 40 0.83 148 26 0.14 0.94 0.76
G-L-18-R1-1,2 200 216 3.10 34 0.30 41 21 0.09 0.91 0.49




b d f, P E v Voo, Voo,

Beam label (mm (mm) ald P %) (GPa) (kN) ﬂN (Vana. ) (Vana. ) aci
G-L-18-R2-1,2 150 216 3.10 34 0.39 41 19 0.09 1.09 0.58
G-L-18-R3-1,2 150 214 3.10 34 0.83 40 15 0.11 0.77 0.48
G-L-27-R1-1,2 200 216 3.10 40 0.30 41 20 0.09 0.85 0.44
G-L-27-R2-1,2 150 215.5 3.10 40 0.39 41 20 0.09 1.11 0.57
G-L-27-R3-1,2 150 2135 3.10 40 0.83 40 22 0.10 1.03 0.62
Al 457 889 3.1 30 0.59 41 159 0.10 0.75 0.42
V-S-1 457 360 34 41 0.96 200 181 0.17 1.00 1.01
V-G1-1 457 360 34 40 0.96 41 109 0.12 0.86 0.62
V-G2-1 457 360 34 40 0.96 38 95 0.12 0.77 0.54
V-A-1 457 360 34 40 0.96 47 116 0.13 0.88 0.65
V-S-2 457 360 34 41 1.92 200 205 0.20 0.97 1.14
V-D-2 457 360 34 44 0.36 200 136 0.14 091 0.73
V-G1-2 457 360 34 42 1.92 41 138 0.14 0.92 0.76
V-G2-2 457 360 34 43 1.92 38 154 0.14 1.04 0.84
V-A-2 457 360 34 43 1.92 47 178 0.14 1.15 0.98
S1-0.12-SB 457 883 3.10 30 0.59 41 254 0.10 1.20 0.68
S3-0.24-1B 114 292 3.10 41 1.18 48 22 0.10 1.02 0.61
S3-0.24-2B 114 292 3.10 41 1.18 48 21 0.10 0.95 0.57
S6-0.24-1B 229 146 3.10 41 1.18 48 33 0.14 1.12 091
S6-0.24-2B 229 146 3.10 41 1.18 48 33 0.14 1.10 0.90
G-512-30-15 150 379 2.90 30 0.99 52 34 0.11 1.03 0.65
G-316-30-15 150 377 2.92 29 1.07 52 32 0.11 0.96 0.62
G-318-30-15 150 376 2.93 29 1.35 52 39 0.12 1.11 0.75
G-416-30-15 150 377 2.92 31 1.42 52 35 0.12 0.97 0.65
G-418-30-15 150 376 293 29 1.80 52 38 0.12 1.03 0.74
G-312/212-30-15 150 368 2.99 32 1.02 52 35 0.11 1.05 0.66
G-318/118-30-15 150 367 3.00 32 1.85 52 48 0.12 1.27 091
G-512-30-35 150 359 3.06 29 1.05 52 32 0.11 1.02 0.66
G-316-30-35 150 357 3.08 31 1.13 52 31 0.11 0.95 0.62
G-318-30-35 150 356 3.09 31 1.43 52 34 0.12 1.00 0.69
G-418-30-35 150 356 3.09 30 1.91 52 39 0.12 1.08 0.79
4A3 203 390 4.69 31 2.06 200 110 0.18 1.41 1.47
11A2 152 314 5.83 30 341 200 73 0.20 1.42 1.64
12A2 152 238 7.69 30 4.50 200 64 0.22 1.45 1.90
18A2 152 316 5.79 19 2.68 200 63 0.21 1.45 1.76
18B2 152 316 5.79 20 2.68 200 72 0.20 1.64 1.98
18C2 152 316 5.79 23 2.68 200 73 0.20 1.61 1.89
18D2 152 316 5.79 22 2.68 200 60 0.20 1.33 1.56
13A2 152 319 5.73 20 0.80 200 48 0.16 1.43 1.31
14A2 152 243 7.53 21 1.05 200 35 0.17 1.20 1.23
15A2 152 316 5.79 20 1.34 200 46 0.17 1.21 1.25
15B2 152 316 5.79 21 3.14 200 52 0.21 1.13 1.40
16A2 152 240 7.62 22 1.77 200 42 0.19 1.26 1.43
17A2 152 243 7.53 22 2.09 200 44 0.20 1.27 1.49
18E2 152 316 5.79 20 2.68 200 82 0.20 1.87 2.25
19A2 152 240 7.62 21 3.53 200 46 0.23 1.22 1.64
20A2 152 238 7.69 21 4.52 200 51 0.24 1.27 1.80
21A2 203 238 7.69 20 5.01 200 77 0.27 1.34 2.09
2AC 152 254 9.6 23 1.32 200 38 0.18 1.15 1.20
3AC 152 256 9.54 21 1.99 200 44 0.20 1.25 1.46
4AC 152 254 9.6 16 2.63 200 38 0.22 1.08 1.42




b d f. e E v 2 Voo
Beam label (mm) (mm) ald P %) (GPa) (kN) ﬂN (Vana.) (Vana. ) aci

5AC 152 252 9.66 18 3.35 200 42 0.23 1.11 1.49
6AC 152 250 9.74 23 4.30 200 53 0.23 1.27 1.72
3CC 152 256 11.92 20 1.99 200 36 0.20 1.01 1.19
4CC 152 254 12 21 2.63 200 40 0.21 1.08 1.34
5CC 152 252 12.07 20 3.35 200 44 0.22 1.14 1.51
6CC 152 250 12.17 21 4.30 200 44 0.24 1.09 1.51
4EC 152 254 14.4 21 2.63 200 42 0.21 1.11 1.38
5EC 152 252 14.48 19 3.35 200 40 0.23 1.03 1.37
6EC 152 250 14.6 19 4.30 200 42 0.24 1.05 1.49
4GC 152 254 16.8 21 2.63 200 37 0.21 0.99 1.22
5GC 152 252 16.9 22 3.35 200 42 0.22 1.05 1.37
6GC 152 250 17.03 21 4.30 200 40 0.23 0.98 1.35
Aver. 1.05 091

SD 0.25 0.39

COV 23.8% 42%




Table 3. Demerit points classification criteria

Table 4. Predictive performance of different approaches according to the modified version of the DPC on DB

A :Vexp. / Vana. Classification Penalty
<0.5 Extremely Dangerous 10
[0.5-0.85] Dangerous 5
[0.85-1.15] Appropriate Safety 0
[1.15-2] Conservative 1
=20 Extremely Conservative 2
PIVINTY Equation (9) ACI model
T e Tana N Total N Total
samples samples
<0.5 1 10 17 170
[0.5-0.85] 40 200 99 495
[0.85-1.15] 111 0 44 0
[1.15-2] 62 62 52 52
=2.0 1 2 3 6
Y 206 | 274 | 216 | 723

Table 5. Predictive performance of different approaches according to the modified version of the DPC on RDB

PIVINTY Equation (9) ACI model
T e Tana N Total N Total
samples samples
<0.5 0 0 0 0
[0.5-0.85] 2 10 61 305
[0.85-1.15] 83 0 40 0
[1.15-2] 60 60 43 43
=20 0 0 1 2
Y 145 70 145 | 350
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Figure 1: Sensitivity analysis for (a) SMCFT; (b) the tensile stress in the cracked concrete ()
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Figure 2. Results of Monte Carlo simulation
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