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1. Introduction

Concrete structures during their service life
encounter various types of damage from
natural and human hazards [1,2]. To avoid
these damages, different strengthening
techniques were introduced by the researchers
[3,4]. One of the most regular strengthening
methods is utilizing externally bonded
composites [5].

Fiber-reinforced polymer (FRP) composites
are one of the known externally bonded
composites which were used to strengthen
different concrete structural elements rely on
their unique advantages such as high strength-
to-weight values, and easy and rapid
installation [6]. The polymer type of matrix
used in FRP composite causes some
drawbacks for utilizing the FRP composites in
humid environments and makes the FRP
composites  sensitive  to  temperature.
Therefore, researchers introduced textile-
reinforced mortar (TRM) and fiber-reinforced
grout (FRG) composites as an alternative to
FRP composites in such environments [7-9].

The concrete columns, as essential structural
elements, and specifically their strengthening
techniques were the core focus of various
research works [10,11]. The confining effects
of FRP and TRM composites on concrete
columns were studied in many previous
publications [12—15]. Some research works
were conducted to experimentally test the
confined concrete columns with FRP and TRM
composites [16—18]. In some other analytical
studies, the confining influence of externally
bonded FRP and TRM composites was
estimated by providing predictive models [19—
21]. Although, the number of proposed
analytical models for estimating the
compressive  strength of TRM-confined
concrete columns is much lower than that of
FRP-confined concrete columns [22,23].
Moreover, the literature review showed that
most of the studies concentrated on confined
concrete columns with circular cross-sections,

and the number of experimental and analytical
research works designated to confined
concrete columns with square and rectangular
cross-sections are lower in comparison to
circular concrete columns [24-28].

2. Research significance

The results of previous publications regarding
the FRP and TRM-confined concrete columns
showed that the following research gaps still
exist and should be addressed in future
research works:

e Although based on more consistency to
stress distribution, the performance of
concrete columns with circular cross-
sections is better than that of concrete
columns with square and rectangular
cross-sections, as a result of easier
construction, the concrete columns
with square and rectangular cross-
sections are more regular and should be
in the core of focus in research works.

e Most of the present models for
estimating the compressive strength of
confined concrete columns were
designated to FRP-confined concrete
columns and fewer models were
provided to estimate the compressive
strength of TRM-confined concrete
columns.

e Most of the utilized fibers in external
composites are carbon, glass, aramid,
and Dbasalt and fewer studies
concentrated on novel steel fibers in
FRP and TRM composites.

In this paper, an effort has been conducted to
concentrate on concrete columns with square
cross-sections which are confined by both SRP
and SRG composites, in which the novel steel
fibers were utilized as the fiber layer. A
comprehensive investigation was conducted to
compile existing models for estimating the
relative compressive strength of SRP and
SRG-confined concrete columns and by doing
the performance evaluation process, the best
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models were selected by applying them to a
new experimental database.

3. Experimental database

To evaluate the existing models for
estimating the compressive strength of
confined concrete columns, in this paper, an
experimental database was compiled from a
recent study conducted by Jahangir et al.
[29] which tested 13 SRP-confined and 10
SRG-confined concrete columns with square
cross-sections. As illustrated in Fig. 1, they
considered the width, length, and radius of
the corner of the cross-section of the
concrete columns, respectively denoted by a,

b, and r, as geometrical influential input
parameters. Moreover, the tensile strength,
elastic modulus, thickness, and the number
of layers of utilized steel fibers, respectively
named f; E; t, and n; as well as the
compressive strength of unconfined concrete
column (f.,), were considered as mechanical
influential input parameters affected the
relative compressive strength of confined
concrete columns (f../f.,) as the sole output
parameter. Table 1 reported the values of
inputs and output parameters in the selected
experimental database. Furthermore, Fig. 2
demonstrated the scattered diagrams of each
input parameter vs. the output.

Fig. 1. The influential input parameters on compressive strength of confined concrete columns.

4. Selected existing models

In this paper, among the 45 existing models
for estimating the relative compressive
strength of confined concrete columns with
square and rectangular by external
composites presented in the study of
Pimanmas and Saleem [30], the best 6
models, for each set of experimental data
including SRP and SRG-confined concrete
columns, respectively named SRP M1 to

SRP M6 and SRG M1 to SRG_M6, were
selected to be presented and evaluated. The
initial evaluation showed that 4 existing
models were similar among the selected 6
models for SRP and SRG-confined concrete
columns. As a result, in total, 8 existing
models, named R1 to R8, were evaluated in
the current study. Table 2 reported the
overall selected R1 to R8 existing models
and Table 3 classified them into SRP_M1 to
SRP_M6 and SRG_M1 to SRG_M6 models.
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Table 1. The compiled experimental database [29].

Confinement Specimen Inputs Output
Composite No. “ b g Jr Er fr ny Jeo Seclfeo
(mm) | (mm) | (mm) | (Mpa) | (Gpa) | (mm) | " | (Mpa)
1 150 150 17.5 3100 192 0.254 1 2595 1.35
2 150 150 17.5 3100 192 0.254 1 2595 1.38
3 150 150 17.5 3100 192 0.254 1 2595 1.44
4 150 150 0 3100 192 0.254 1 2595 1.47
5 150 150 0 3100 192 0.254 1 2595 1.53
6 150 150 0 3100 192 0.254 1 2595 1.49
SRP 7 150 150 0 3100 192 0.254 1 2595 1.51
8 150 150 17.5 3100 192 0.254 1 2595 1.44
9 150 150 17.5 3100 192 0.254 1 2595 1.46
10 150 150 17.5 3100 192 0.254 1 2595 1.47
11 150 150 17.5 3100 192 0.169 1 25.95 1.41
12 150 150 17.5 3100 192 0.169 1 25.95 1.37
13 150 150 17.5 3100 192 0.169 1 25.95 1.41
1 150 150 0 3100 192 0.254 1 25.95 1.15
2 150 150 0 3100 192 0.254 1 25.95 1.28
3 150 150 0 3100 192 0.254 1 25.95 1.16
4 150 150 17.5 3100 192 0.254 1 25.95 1.14
SRG 5 150 150 17.5 3100 192 0.254 1 25.95 1.17
6 150 150 17.5 3100 192 0.254 2 25.95 1.37
7 150 150 17.5 3100 192 0.254 2 25.95 1.30
8 150 150 0 3100 192 0.169 1 25.95 1.29
9 150 150 0 3100 192 0.169 1 25.95 1.34
10 150 150 0 3100 192 0.169 1 25.95 1.30
16 16
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14 | 14 |
T3 T3
S 12 f S 12 f
Tt Tl
1 . s s 1 s ‘ :
@ ° 50 . (1%% ) 150 0 0 50 b(lr%% ) 150 200
16 16
15 OSRP_Exp. 4SRG_Exp. 15 b OSRP_Exp. 4SRG_Exp.
14 14
CD 1.3 g CD 13 |
:\:; 12 A :\:; 12 |
11 11
! 0 5 Lo 15 20 ' 0 5(;0 1600 1500 zt;oo 2500 3600 3500
(©) r (mm) (d) f (MPa)
16 16
15 | OSRPEXp 4SRGExp. 15 | OSRPEw. sSRGEX.
14 g 14 2
T3 T f g 3
< 12 | € 12t
=l A <t A
! 0 50 160 1%0 260 250 ' 0 0.65 0‘,1 0.15 0‘.2 0.25 03
(e) E; (GPa) U] t; (mm)
i: | OSRP_Exp. ASRGJEXP 12 | OSRP_Exp. 4SRG_Exp.
14 | = A 14
T 13t A A T 13
<12 | < 12
ot A R
1 s s s s 1 s s s s s
05 1 15 2 25 0 5 10 15 20 25 30
(9) n; (-) (h) feo (MPa)

Fig. 2. The scattered diagrams of each input parameter vs. the output.: a) a; b) b; ¢) r; d) f;; e) E; 1) t; g) ny
and h) f.,.
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Table 2. The overall selected existing models.
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Table 3. Designated existing models to related SRP and SRG models.

Confinement Composite Model Designated Existing Model

SRP M1 CNR-DT200 [31] - R1
SRP M2 Colajanni et al. [32] — R2

SRP SRP M3 Frangou et al. [33] - R3
SRP M4 Thériault and Neale [35] — RS
SRP M5 Kumutha et al. [36] — R6
SRP M6 Hoshikuma et al. [34] — R4
SRG M1 Isleem et al. [38] — RS
SRG M2 Islam et al. [37] — R7

SRG SRG M3 Hoshikuma et al. [34] — R4
SRG M4 Kumutha et al. [36] — R6
SRG M5 Thériault and Neale [35] — RS
SRG M6 Frangou et al. [33] — R3

5. Performance evaluation

To evaluate the performance of designated
models named SRP M1 to SRP M6 and
SRG MI to SRP_M6, presented in Table 3,
the Pearson correlation coefficient (R) and the
mean absolute percentage error (MAPE)
criteria were calculated in this paper based on
the following equations:

o HENELE) )

(02 ) o () D)

) )

Z{_": fec - Jcc

apg 5o (FEAED D)
TN 5)

Where N is the total number of specimens in
each set of SRP and SRG confined concrete
columns, (&) and (&> are respectively the

fCO l fCO 1
measured and predicted relative compressive

strength for each specimen i, and (%) and
co

(&) are their corresponding averages.
co

Table 4 reported the R and MAPE values for
the selected relative compressive strength of
SRP and SRG-confined concrete column
models. To compare the performance of
selected SRP and SRG models in more detail,
the measured vs. predicted values of relative
compressive strength obtained from SRP and
SRG models, as well as the limits of £3 times
of standard deviation (£3 o), are illustrated in
Figs. 3 and 4, respectively. Moreover, Figs. 5
and 6 respectively demonstrated the absolute
error values in selected SRP and SRG models
for each individual specimen. The ratios of
measured to predicted relative compressive
strength in selected SRP and SRG models for
each tested specimen are provided in Figs. 7
and 8, respectively.

Table 4. The R and MAPE values of selected SRP and SRG models.

Confinement Composite Model | R | MAPE (%)

SRP M1 0.7671 7.39
SRP M2 0.7666 10.30

SRP SRP M3 0.4431 3.04
SRP M4 0.4431 5.55
SRP M5 0.4431 6.77
SRP M6 0.4431 11.59
SRG M1 0.4405 18.45
SRG_M2 0.3889 19.54

SRG SRG_M3 0.2899 11.28
SRG_M4 0.2899 15.90
SRG_M5 0.2899 17.52
SRG_M6 0.2899 19.89
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The presented results in Table 4 and Figs. 3 to
8 showed that for the SRP-confined concrete
columns with square cross-sections, the
selected model from the CNR-DT200 standard
[31] (SRP_MI1) with respectively R and
MAPE values of 0.7671 and 7.39%
outperformed other selected SRP models.
Considering just the MAPE error values, the
suggested model in the research of Frangou et
al. [33] (SRP_M3) with respectively R and
MAPE values of 0.4431 and 3.04% has the
lowest error values. On the other hand, for the
SRG-confined concrete columns with square
cross-sections, the selected model from the
research work of Isleem et al. [38] (SRG_M1)
with respectively R and MAPE values of
0.4405 and 18.45% surpassed the other
selected SRP models. Moreover, the results of
the presented model in the study of
Hoshikuma et al. [34] (SRG_M3) with
respectively R and MAPE values of 0.2889
and 11.28% illustrated the lowest error values
among other selected SRG models.

As an overall comparison, the results of Table
4 and Figs. 3 to 8 revealed that all the selected
SRP models outperformed the selected SRG
models. This difference in performance
between the selected SRP and SRG models is
because most of the proposed models to
estimate the relative compressive strength of
confined concrete columns were suggested for
the fiber-reinforced polymer (FRP) composites
rather than the textile-reinforced mortar
(TRM) or fiber-reinforced grout (FRG)
composites.

6. Conclusion

In this paper, the performance of existing
models provided previously to predict the
relative compressive strength of concrete
columns confined by externally bonded
composites was investigated. To achieve this
goal, an experimental database including 13
SRP and 10 SRG-confined concrete columns
with square cross-sections was compiled and

after conducting a trial and error process, six
models for SRP and six models for SRG-
confined concrete columns were selected. The
performance of selected models was evaluated
by calculating the Pearson correlation
coefficient (R) and the mean absolute
percentage error (MAPE) criteria for each
selected model. The outcomes of the current
study were categorized and summarized
below:

e The results showed that for the SRP-
confined concrete columns with square
cross-sections, the selected model from
the CNR-DT200 standard [31] with
respectively R and MAPE values of
0.7671 and 7.39% outperformed other
selected SRP models. On the other
hand, considering just the MAPE error
values, the suggested model in the
research of Frangou et al. [33] with
respectively R and MAPE values of
0.4431 and 3.04% has the lowest error
values.

e For the SRG-confined concrete
columns with square cross-sections, the
selected model from the research work
of Isleem et al. [38] with respectively R
and MAPE values of 0.4405 and
18.45% surpassed the other selected
SRP models. Moreover, the results of
the presented model in the study of
Hoshikuma et al. [34] with respectively
R and MAPE values of 0.2889 and
11.28% illustrated the lowest error
values among other selected SRG
models.

e As an overall comparison, the results
revealed that all the selected SRP
models outperformed the selected SRG
models. This difference in performance
between the selected SRP and SRG
models is because most of the proposed
models to estimate the relative
compressive strength of confined
concrete columns were suggested for
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the fiber-reinforced polymer (FRP)
composites rather than the textile-
reinforced mortar (TRM) or fiber-
reinforced grout (FRG) composites.
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