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Many research studies have been conducted to evaluate confinement-induced enhancements on the mechanical
properties of FRP (fiber-reinforced polymers)-confined plain concrete elements subjected to axial compressive
loading, leading to the development of extensive predictive models. Nevertheless, experimental stress-strain
results for FRP-confined RC columns (FCRC) have demonstrated some behavioural features that cannot be
simulated accurately through this kind of model, developed exclusively for FRP-confined concrete columns
(FCQ). In this paper, a new design-oriented stress—strain model is proposed for the prediction of load-carrying
capacity versus axial strain relationship of FCRC. For this purpose, a new parabolic stress—strain expression is
developed for calculating the first branch of FCRC’s response up to the transition zone, followed by a linear
function. New formulations are proposed to determine the first branch’s stress-strain gradient, transition zone-
related information and the second branch’s slope, calibrated using a large test database of FCRC. The proposed
design-oriented model is capable of simulating accurately the combined influence of the dual FRP and steel
confinement on load-carrying capacity versus axial strain relationship of FCRC. Lastly, the capability of this
model is validated by comparison to existing experimental data of FCRC and those obtained from some of
existing models in the literature.

1. Introduction

The usage of fiber-reinforced polymers (FRP) composites has become
a well-established concept in engineering practice for retrofitting rein-
forced concrete (RC) elements. The full confinement of RC columns with
externally bonded FRP jackets, as a competitive strengthening tech-
nique, has revealed a high potential to substantially improve their axial
load-carrying capacity, deformability and energy dissipation [1-5].
Many research studies have been conducted to evaluate the beneficial
influence of FRP confinement strategy on the mechanical properties of
concrete columns subjected to axial compressive loading, leading to the
development of many predictive models. Nevertheless, the applicability
of most of these models is limited to FRP-confined concrete columns
(FCC, as illustrated in Fig. 1). Consequently, these model do not consider
the confinement provided by existing steel transverse reinforcements in
the case of FRP-confined RC columns (FCRC, as illustrated in Fig. 1),
neither the interaction of FRP and steel confining systems, recognized as
a conservative assumption (Teng et al. [1]). As the confined concrete
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behavior under compression depends on the level of imposed confine-
ment pressure, the consideration of dual FRP-steel confinement for an
accurate simulation of the axial response of FCRC can be of significant
interest, as the main objective of the present study.

For a thorough examination of available research studies in the
literature, they were presented into the following groups: Group A)
those performing axial compressive tests on FCRC for the evaluation of
the performance of dual FRP-steel confinement on enhancing axial and
dilation behavior of RC columns; Group B) those with a theoretical
framework that analytically formulate the axial stress—strain response of
FCRC columns.

In the Group A, Wang et al. [2] experimentally evidenced that the
combined FRP-steel confinement in case of FCRC leads to considerable
improvements in terms of axial response in comparison with those
induced solely by FRP confinement in case of FCC. Based on the dilation
responses of FCRC and FCC specimens with similar FRP confinement
stiffness conducted by Barros and Ferreira [3], concrete in FCRC has a
shorter volumetric expansion with a lower dilatancy compared to that in
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FCC, which can be attributed to the capability of the FRP-steel
confinement in counteracting the concrete tendency for stiffness
degradation (Shayanfar et al. [4]). Eid et al [5] evidenced that
increasing volumetric steel reinforcement ratio postpones FRP rupture
in FCRC, caused by the curtailment in concrete dilation, resulting in an
increase in peak strength and deformability. The experimental study
conducted by Kaeseberg et al. [6] revealed the effectiveness of FRP-steel
confinement is more pronounced in the case of steel spiral compared to
steel hoops. Wei et al. [7] experimentally demonstrated that the level of
enhancements offered by FRP-steel confinement is strongly dependent
on steel hoop spacing, as also verified by Lee et al. [8] and Yin et al. [9].
Benzaid et al. [10] experimentally evidenced that by increasing concrete
strength, the effectiveness of the FRP-steel confinement in axial and
dilation responses of FCRC tends to reduce noticeably, as also evidenced
by Issa et al. [11]. By using finite element analysis, Zignago and Barbato
[12] revealed that the contribution of steel confinement on load-
carrying capacity of FCRC reduces by increasing FRP confinement
stiffness and concrete strength. Carey and Harries [13] conducted axial
compressive tests on small-, medium-, and large-scale FCRC columns to
identify scale effects in their axial behavior. The results revealed that the
column scale does not have a significant influence on the normalized
axial stress—strain response. Ilki et al. [14] verified experimentally that
providing a sufficient level of FRP confinement imposed to the cover
concrete is able to prevent the spalling mechanism, and also can main-
tain the FRP-steel dual confinement until very large axial deformations.
Bai et al. [15] investigated the effect of FRP confinement on the buckling
of steel longitudinal bars in FCRC columns. It was found that the FRP
confinement is capable of restraining the longitudinal reinforcements
against buckling, so that this phenomenon is much more likely in FCRC
with largely-spaced steel hoops, lightly confined by FRP jacket, resulting
in a reduction in the column deformability.

In the Group B, several analytical models have been proposed to
predict the stress—strain response of FCRC columns, which can be cate-
gorized into two groups: i) analysis-oriented models (AOM); ii) design-
oriented models (DOM). AOM are founded on equilibrium conditions
and radial displacement compatibility between FRP confinement pres-
sure and the confined concrete based on an incremental approach,
whose calculation process has two main steps. First, by using a dilation
model, the relationship of FRP hoop strain, generating a specific
confinement pressure, with axial strain is obtained. Then, at a specific
axial strain, the corresponding axial stress is determined through an
axial stress-axial strain base relation (developed for actively-confined
concrete), where the difference of passive confinement (i.e. FRP) with
active one is reflected in the peak point of this base relation (generally
known as failure surface function). Accordingly, the reliability of a AOM
depends not only on the accuracy of its failure surface function, but also
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on that of the coupled dilation model, which may not return close pre-
diction of the complete axial stress—strain response of FCRC. Hu and
Seracino [16] developed AOM for predicting stress—strain relation of
FCRC based on Jiang and Teng [17]’s AOM developed exclusively for
FCC. In this model, the contribution of FRP jacket and steel transverse
reinforcements in the dilation model was reflected based on experi-
mental observations. Furthermore, the effect of steel transverse re-
inforcements in failure surface function was considered using Mander
et al. [18]’s recommendation, suggested exclusively for RC columns
(steel confined concrete - SCC). Likewise, Teng et al. [1] extended Jiang
and Teng [17]’s AOM for FCRC. In this model, the effect of dual FRP-
steel confinement mechanism in terms of dilation model and failure
surface function is implemented by introducing a FRP-steel stiffness
parameter as the ratio of the confinement stiffness of FRP jacket and
steel transverse reinforcements. Shayanfar et al. [19] proposed an AOM
for FCRC with either FRP full or partial confinement arrangement. In
this model, Teng et al. [1]’s dilation model developed for FCRC was
improved through the consideration of the influence of non-
homogenous distribution of concrete lateral expansion along the col-
umn height. Furthermore, the failure surface function suggested by
Shayanfar et al. [20], developed exclusively for FCC, was extended for
FCRC by considering the influence of steel transverse reinforcements.

Regarding DOM, they provide a simpler calculation format, where
closed-form formulations, developed based on the shape of the axial
stress-strain curve, are used, whose key coordinates (i.e. transition and
ultimate stages) are calibrated through relevant experimental data. Eid
and Paultre [21] proposed a two-segment DOM for predicting stress—
strain relation of FCRC based on the Légeron and Paultre [22]’s model
developed for SCC. In this model, FCRC'’s response was related to a FRP-
steel confinement index considering the mechanical and geometric
properties of the concrete, FRP jacket and steel transverse reinforce-
ment. Pellegrino and Modena [23] proposed a two-segment DOM, by
deriving from experimental results the strain/stress data defining the
transition and ultimate points of the model. Wang et al. [2] developed a
single-segment DOM for FCRC, where the peak strength and the corre-
sponding axial strain in stress—strain relation of FCRC were calibrated
based on test data. However, the model considered an average level of
axial stress-strain responses for both concrete cover and core regions,
which can affect detrimentally its predictive performance. Lin et al. [24]
proposed a three-segment DOM for FCRC, where the transition stress
and strain, and the slope of the stress-strain hardening branch were
determined/calibrated by performing regression analysis with numeri-
cal data obtained from Teng et al. [1]’s AOM developed for FCRC.

It is noteworthy that the stress—strain relationships of FCRC devel-
oped by DOM were built unavoidably through regression analysis
implemented in a set of test data of FCRC. Hence, the reliability and
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Fig. 1. Circular concrete/RC columns fully confined with FRP jacket.
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applicability of these models is limited to the extensiveness and range of
main variables involved in the adopted database. Since existing DOMs
were generally founded based on a limited test data of FCRC available at
the time of their research study, these models can be recalibrated with
expectable improvements in its reliability and applicability. This also
justifies the consideration of a continuous process of the data collection
for the database, and subsequently the recalibration of DOM.

This paper is dedicated to the establishment of a new DOM, formed
by two branches, for the prediction of load-carrying capacity versus
axial strain relationship of FCRC subjected to axial compressive loading.
For this purpose, a new parabolic stress—strain expression is proposed for
calculating the first branch of FCRC’s response up to the transition zone.
The stress—strain gradient of the proposed function was calibrated using
a large test database of FCRC, FCC and unconfined concrete specimens.
Subsequently, new formulations, with a unified character for SCC, are
developed to determine the transition zone-related information, cali-
brated based on a large database of FCRC. A linear function is considered
for the second branch of axial stress—strain curve, whose slope is derived
based on a new methodology. In the proposed model, the cover concrete
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region (subjected to only FRP confinement) and the core concrete one
(subjected to a combined FRP-steel confinement) are treated separately.
With these features, the proposed DOM can objectively account for the
integrated influence of dual FRP and steel confinement on load-carrying
capacity versus axial strain relationship of FCRC. Lastly, the capability of
this model is validated by comparison to existing experimental data of
FCRC and those obtained from some of existing DOMs and AOMs rec-
ommended by Wang et al. [2], Hu and Seracino [16], Teng et al. [1], Lin
et al. [24], ACI440.2R-17 [25] and fib [26].

2. Load-carrying capacity versus axial strain relationship

In this section, the load-carrying capacity (N) versus axial strain (&)
relationship for FCRC under axial compressive loading is determined.
Under such loading conditions, as illustrated in Fig. 2, three distinct
components of FCRC carry compressive loads including: i) concrete
cover, ii) concrete core, and iii) longitudinal steel bars. In this approach,
a uniform axial strain distribution is assumed acting on the entire cross-
section and also along the column height.
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Fig. 2. Distinct load-carrying parts of FCRC.



J. Shayanfar et al.

Accordingly, N at a specific ¢, can be calculated as the summation of
the load-carrying capacity from these components:

N = foaveAg + fAsip @)
in which
A A
- peorefle | poover (| Ac 2
Jeave =1, 2, +/; ( Ag) )
fa = Eqe.sfy 3

where f, 4. is the axial stress carried by concrete acting on the entire
cross-section with the area of Ag; fC° is the axial stress acting on the
concrete core with the area of A, = zD?/4; fC° is the axial stress acting

on the concrete cover with the area of A; —A, = n(D — Dc)2 /4; fq is the
axial stress carried by steel longitudinal bars with the area of Agy; Eg and
fy are the elasticity modulus and yield stress of steel longitudinal bars,
respectively.

It is noteworthy that column elements are never subjected to purely
axial loads. Therefore, under operational procedures, the concrete cover
plays a significant role in the overall behavior, particularly under
reversed cyclic loading [27-29]. It is one of the reasons that FRP
continuous-sheets are appealing as a retrofit of existing confinement-
deficient columns. Accordingly, ignoring the important difference be-
tween the cover concrete (subjected to only FRP confinement) and the
core concrete (subjected to a combined FRP-steel confinement) can be
considered as a significant disadvantage for a stress-strain model of
FCRC. Rather, treating these parts separately in a stress—strain model of
FCRC could be a more realistic solution and more favourable for a
moment—curvature analysis, which is typically used for analysing FCRC
under seismic loading (combined axial load and flexure). Accordingly, in
the present study, different stress-strain relationships were treated for
the cover concrete (fcc""e’ vs e.) and the core concrete (fcc"’e Vs €c).

3. Determination of fC and fC° versus . relationships
In this study, based on experimental observations (i.e. [5-9]), a

model is proposed for defining a stress—strain relationship composed by
two branches for both concrete core and cover parts. The first branch is

rete cove‘,,( fo_

Composite Structures 330 (2024) 117821

formed by a parabolic equation up to the transition phase, and the
second by a linear relationship. Accordingly, for the concrete cover of
FCRC, on the basis of the stress—strain behavior of FCC, a formulation
containing two stress—strain branches is suggested for f& versus e,
relationship as (Fig. 3):

) e\ &,
femer = {Af (eT) + A (F) } fh for e.<el, (4a)
ctr ctr.
JE = ph B (e — ) for e>el, (4b)
in which
1—EL/E"
Af — . 2/ ctr (5)
—Ng
EF ng EF
Al =2 J . 6
e (o ©
F F
__Jetr
ctr 8T (7)

ctr

where the “F” in the subscript represents the FRP confinement imposed
to the concrete cover; AY and A} are the coefficients of the polynomial
function that are determined based on the boundary conditions as i)
-F
ctr

FOor (g, = €F ) = fF, and i) (dff"V"/dec>€ ., =B fl, and €], are the

axial stress and its corresponding axial strain of the concrete cover’s
behavior at the transition zone; ng is the degree of the polynomial
function, adjusting the rate of the change of the first branch of fCoe
versus ¢, relationship (to be presented in the next section); EJ is the slope
of the second branch.

For the establishment of the axial stress—strain relationship of the
concrete core subjected to a dual FRP-steel confinement mechanism, an
approach similar to the one adopted in the concrete cover was followed,
namely (Fig. 3):
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Fig. 3. Physical representation of f&°" and fC° versus ¢ relationships.
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in which
1| — EFS/EFS

All'-'S — 2 / ctr (9)

1-— ng

EFS EFS

A =2 d 122 (10)
ER 1-ng ER

P
Ew = grs an

ctr

where the “FS” in the subscript represents the FRP-steel confinement
imposed to the concrete core; A and ALS are the coefficients of the
polynomial function that are determined based on the boundary con-
ditions as i) fE (e = ef3) = f15 and iD) (dfS/dec) = B f15 and
e
€S are the axial stress and its corresponding axial strain of the concrete
cover at the transition zone; ng is the degree of the polynomial function,
adjusting the rate of the change of the first branch of £ versus e,
relationship (to be presented in next section); E5S is the slope of the
second branch.

To calculate £ and f°° versus . relationships by Egs. (4) and (8),
respectively, the transition zone-related information (ff, and &, f&5,
€S ) and the slopes of the second branches (E; and E5°) are required to
be determined as input parameters, which is presented in the following
sections.

4. Database of axial compressive tests on FCRC

In the current study, a large database, including 97 test specimens
from existing axial compressive tests performed on FCRC, was collected
for the development and assessment of predictive models. These tests
were conducted by Demers and Neale [30], Pessiki et al. [31], Matthys
et al. [32], Barros and Ferreira [3], Eid et al. [5], Lee et al. [8], Chastre
and Silva [33], Wang et al. [2], Zhang [34], Wei et al. [7], Kaeseberg
etal [6] and Wei et al. [35], and the relevant information is presented in
Table 1. In all FCRC specimens, fibers of FRP confining system were
oriented in the hoop direction, and specimens with helical wrapping
arrangements are not part of the database. Furthermore, tests with
incomplete data for defining the axial stress versus axial strain curves
are also not considered.

The majority of the test specimens collected in the database are
relatively large-scale FCRC specimens. It is well-known that the
compressive strength of unconfined concrete (f,o) is size-dependent, so
the f, is noticeably lower than the corresponding compressive strength
in standard concrete cylinder of 150 x 300 mm (f,,). Therefore, for test
programs with f,o not available, the formulation recommended by Sim
et al. [36] was used to obtain f.y from £, as follows:

150 0.122 D 0.(]88/
fo = 1.063(F> (Z) fo (12)

where D and L is, respectively, the dimeter and the height of the column.
Moreover, in the present study, to calculate the axial strain (e,) corre-
sponding to fco, Shayanfar et al. [37]’s formulation considering size ef-
fect was adopted:

f»(]D> 0.25

e = 0.0011 (T (13)

It is noteworthy that steel longitudinal rebars might experience buckling
mechanism during axial compressive loading, particularly in RC col-
umns with largely-spaced steel hoops since it decreases the resistance of
stirrups’ concrete cover to the buckling of this reinforcement. None-
theless, FRP confinement is able to restrain the compressed rebars to
buckling mechanism, depending on the stiffness of the FRP-cover-
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stirrups system ([15]). Wang et al. [2] experimentally evidenced that
until the fracture of steel hoops or the rupture of FRP confining system,
the buckling of steel longitudinal rebars in FCRC columns with sufficient
confinement stiffness does not occur. Bai et al. [15] experimentally
demonstrated that for the case of FCRC with largely-spaced steel hoops
of Ry =s/D. =2.5 (where D, is the dimeter of concrete core), the
buckling of steel longitudinal bars occurred prior to the FRP rupture
stage, leading to a premature failure of FRP rupture, which was also
confirmed by Zhang [34]. Furthermore, the buckling of compressed bars
might result in a reduction in FRP-steel confinement pressure, due to the
contribution of FRP-steel lateral pressure in restraining the bars’ buck-
ling. Consequently, a reduction in FRP-steel confinement-induced im-
provements in terms of ductility and load-carrying capacity is expected.
Based on aforementioned discussion, in the present study, to have a
consistent database, FCRC specimens with R; higher than 1.3 are not
considered. Since in FCRC with R;<1.3, the effect of buckling of steel
longitudinal bars tends to be marginal, the present study does not take
into account the buckling’s effect, assuming a relatively adequate
reciprocal lateral stiffness of FRP-cover-stirrups imposed to longitudinal
rebars in the specimens collected in the database.

5. Determination of transition zone-related information

In order to calculate f and &f related to the concrete cover sub-
jected to only FRP confinement, in this study, the well-calibrated for-
mulations recommended by Shayanfar et al. [38] and [39] developed
exclusively for FCC was adopted. Accordingly, based on this recom-
mendation, the transition zone-related information can be calculated by:

L.I;,. B KL[ 0.4

< — 140.043( =L 14
0 0

6,F

gﬂ = 0.45y /7 +0.0075K]77>1 15)
0 )

in which

wy = 0.7K}7<1 16

neteE,
Ky =2 % a7)

where Ky is the FRP lateral confinement stiffness; ny is the number of
FRP layers; t; is the nominal thickness of a FRP layer; E; is the FRP
modulus elasticity. However, the transition zone of the concrete core’s
stress-strain relation of FCRC is not only dependent on FRP confine-
ment, but also of the steel confinement and their interactions. Thus, the
increase of the values of these variables (ffs and £5) compared to those
associated to unconfined concrete (f,o and €.) is a main function of FRP-
steel confinement-induced improvements. It should be noted that SCC
columns can be considered a special case of FCRC when FRP confine-
ment stiffness (Ki¢) approaches to zero. In this special case of SCC, the
transition phase can be defined at its peak stage. Mander et al. [18]
proposed a well-established formulation to determine the peak stage of
SCC, which has been extensively being adopted in the literature. By
adopting Mander et al. [18]’s recommendations, the steel-induced im-
provements (Ay;) in terms of peak axial strength csc) can be calculated
by:

fS

Jee — 14 A, 18)
fo /.

in which

Ay =2.2544 1+ 7.94f]” — 2JL —2.254 19

0 0



Table 1

Details of the complied dataset of FCRC specimens.

Reference ID D (mm) L (mm) C(mm) f, (MPa) £c0 (MPa) ny ty(mm)  Ef(GPa) €fu Ngp dsp (mm)  fy,; (MPa) dg, (mm) S (mm)  f,, (MPa) Steel type
Demers and Neale [30]  U25-1 300 1200 22 24.9 0.0017 3 0.300 84 0.015 5 11.3 400 6.4 300 400 H
U25-2 300 1200 19 249 0.0017 3 0.300 84 0.015 5 16 400 11.3 150 400 H
U25-3 300 1200 22 24.9 0.0017 3 0.300 84 0.015 5 19.5 400 6.4 150 400 H
U25-4 300 1200 19 24.9 0.0017 3 0.300 84 0.015 5 25.2 400 11.3 300 400 H
Pessiki et al. [31] C3 508 1830 29 26.8 0.0018 3 1.000 21.8 0.019 8 22 457 9.5 356 502 H
C4 508 1830 29 26.8 0.0018 3 1.000 38.1 0.015 8 22 457 9.5 356 502 H
Matthys et al. [32] K2 400 2000 15 31.8 0.0017 5 0.117 198 0.012 10 12 620 8 140 560 H
K3 400 2000 15 31.8 0.0017 4 0.235 480 0.002 10 12 620 8 140 560 H
K4 400 2000 15 31.8 0.0017 6 0.300 60 0.013 10 12 620 8 140 560 H
K8 400 2000 15 31.8 0.0017 4 0.123 120 0.010 10 12 620 8 140 560 H
Barros and Ferreira L35200C16 200 600 20 12.9 0.0016 3 0.113 232 0.015 4 10 421 6 120 468 H
[3] L55200C16 200 600 20 12.9 0.0016 3 0.176 230 0.015 4 10 421 6 120 468 H
L3S300C16 200 600 20 12.9 0.0016 5 0.113 232 0.015 4 10 421 6 120 468 H
L5S300C16 200 600 20 12.9 0.0016 5 0.176 230 0.015 4 10 421 6 120 468 H
1L3S200C32 200 600 20 28.2 0.0019 3 0.113 232 0.015 4 10 421 6 120 468 H
L55200C32 200 600 20 28.2 0.0019 3 0.176 230 0.015 4 10 421 6 120 468 H
L3S300C32 200 600 20 28.2 0.0019 5 0.113 232 0.015 4 10 421 6 120 468 H
L5S300C32 200 600 20 28.2 0.0019 5 0.176 230 0.015 4 10 421 6 120 468 H
Lee et al. [8] S6F1 150 300 7.5 36.2 0.0023 1 0.110 250 0.018 - - - 5 60 1200 S
S6F2 150 300 7.5 36.2 0.0023 2 0.110 250 0.018 - - - 5 60 1200 S
S6F3 150 300 7.5 36.2 0.0023 3 0.110 250 0.018 - - - 5 60 1200 S
S6F4 150 300 7.5 36.2 0.0023 4 0.110 250 0.018 - - - 5 60 1200 S
S6F5 150 300 7.5 36.2 0.0023 5 0.110 250 0.018 - - - 5 60 1200 S
S4F1 150 300 7.5 36.2 0.0023 1 0.110 250 0.018 - - - 5 40 1200 S
S4F2 150 300 7.5 36.2 0.0023 2 0.110 250 0.018 - - - 5 40 1200 S
S4F3 150 300 7.5 36.2 0.0023 3 0.110 250 0.018 - - - 5 40 1200 S
S4F4 150 300 7.5 36.2 0.0023 4 0.110 250 0.018 - - - 5 40 1200 S
S4F5 150 300 7.5 36.2 0.0023 5 0.110 250 0.018 - - - 5 40 1200 S
S2F1 150 300 7.5 36.2 0.0023 1 0.110 250 0.018 - - - 5 20 1200 S
S2F2 150 300 7.5 36.2 0.0023 2 0.110 250 0.018 - - 5 20 1200 S
S2F3 150 300 7.5 36.2 0.0023 3 0.110 250 0.018 - - - 5 20 1200 S
S2F4 150 300 7.5 36.2 0.0023 4 0.110 250 0.018 - - - 5 20 1200 S
S2F5 150 300 7.5 36.2 0.0023 5 0.110 250 0.018 - - - 5 20 1200 S
Eid et al. [5] A5NP2C 303 1200 25 25.4 0.0018 2 0.381 78 0.013 6 16 423 9.5 150 602 H
A3NP2C 303 1200 25 27.4 0.0018 2 0.381 78 0.013 6 16 550 9.5 70 602 H
A1INP2C 303 1200 25 27.4 0.0018 2 0.381 78 0.013 6 16 487 9.5 45 602 H
B4NP2C 303 1200 25 27.4 0.0018 2 0.381 78 0.013 6 16 550 11.3 100 456 H
C4NP2C 303 1200 25 27.4 0.0018 2 0.381 78 0.013 6 16 423 11.3 100 456 S
C4N1P2C 303 1200 25 31.1 0.0018 2 0.381 78 0.013 6 16 423 11.3 100 456 S
C4NP4C 303 1200 25 27.4 0.0018 4 0.381 78 0.013 6 16 423 11.3 100 456 S
C4MP2C 303 1200 25 43.9 0.0020 2 0.381 78 0.013 6 16 423 11.3 100 456 S
C2NP2C 303 1200 25 27.4 0.0018 2 0.381 78 0.013 6 16 423 11.3 65 456 S
C2N1P2C 303 1200 25 31.1 0.0018 2 0.381 78 0.013 6 16 423 11.3 65 456 S
C2N1P4C 303 1200 25 31.1 0.0018 4 0.381 78 0.013 6 16 423 11.3 65 456 S
C2N1P2N 253 1200 0 31.3 0.0018 2 0.381 78 0.013 6 16 423 11.3 65 456 S
C2MP2C 303 1200 25 43.9 0.0020 2 0.381 78 0.013 6 16 424 11.3 65 456 S
C2MP4C 303 1200 25 43.9 0.0020 4 0.381 78 0.013 6 16 425 11.3 65 456 S
C2MP2N 253 1200 0 44.2 0.0019 2 0.381 78 0.013 6 16 426 11.3 65 456 S
Chastre and Silva [33] C10 150 750 15 38.0 0.0018 2 0.167 226 0.014 6 6 391 3 100 323 H
Cl1 150 750 15 38.0 0.0018 2 0.167 226 0.014 6 6 391 3 100 323 H
C15 150 750 15 38.0 0.0018 2 0.167 226 0.014 6 6 391 3 150 323 H
C19 150 750 15 38.0 0.0018 2 0.167 226 0.014 6 6 391 3 50 323 H
C41 250 750 25 34.9 0.0020 1 0.176 241 0.015 6 12 458 6 150 391 H
C34 250 750 25 34.9 0.0020 2 0.176 241 0.015 6 12 458 6 150 391 H

(continued on next page)
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Table 1 (continued)

Reference ID D (mm) L (mm) C(mm) f, (MPa) £c0 (MPa) ny ty(mm)  Ef(GPa) €fu Ngp dspp (mm)  fy,; (MPa) dg, (mm) S (mm)  f,, (MPa) Steel type
C43 250 750 25 34.9 0.0020 3 0.176 241 0.015 6 12 458 6 150 391 H
C44 250 750 25 34.9 0.0020 4 0.176 241 0.015 6 12 458 6 150 391 H
Wang et al. [2] C1H1L1IM 305 915 18 21.7 0.0018 1 0.167 244 0.018 8 12 340 6 80 397 H
C1H1L1C 305 915 18 21.7 0.0018 1 0.167 244 0.018 8 12 340 6 80 397 H
ClH1L2M 305 915 18 21.7 0.0018 2 0.167 244 0.018 8 12 340 6 80 397 H
C1H1L2C 305 915 18 21.7 0.0018 2 0.167 244 0.018 8 12 340 6 80 397 H
C1H2L1M 305 915 18 21.7 0.0018 1 0.167 244 0.018 8 12 340 6 40 397 H
ClH2L2M 305 915 18 21.7 0.0018 2 0.167 244 0.018 8 12 340 6 40 397 H
C2H1L1M 204 612 12 22.8 0.0018 1 0.167 244 0.018 6 10 312 6 120 397 H
C2H1L1C 204 612 12 22.8 0.0018 1 0.167 244 0.018 6 10 312 6 120 397 H
C2H1L2M 204 612 12 22.8 0.0018 2 0.167 244 0.018 6 10 312 6 120 397 H
C2H1L2C 204 612 12 22.8 0.0018 2 0.167 244 0.018 6 10 312 6 120 397 H
C2H2L1M 204 612 12 22.8 0.0018 1 0.167 244 0.018 6 10 312 6 60 397 H
C2H2L1C 204 612 12 22.8 0.0018 1 0.167 244 0.018 6 10 312 6 60 397 H
C2H2L2M 204 612 12 22.8 0.0018 2 0.167 244 0.018 6 10 312 6 60 397 H
C2H2L2C 204 612 12 22.8 0.0018 2 0.167 244 0.018 6 10 312 6 60 397 H
Zhang [34] CF1T300 350 1300 40 21.4 0.0017 2 0.171 242 0.016 6 20 495 8 300 430 H
CFO0.5 T300 350 1300 40 28.2 0.0018 1 0.171 242 0.016 6 20 497 8 300 430 H
CF1T90 350 1300 40 39.3 0.0020 2 0.171 242 0.016 6 20 511 8 90 358 H
CF1T150 350 1300 40 39.3 0.0020 2 0.171 242 0.016 6 20 511 8 150 358 H
CF1.5 T150 350 1300 40 39.3 0.0020 3 0.171 242 0.016 6 20 511 8 150 358 H
Wei et al. [7] CS20B1 150 300 5 40.2 0.0023 1 0.167 74.1 0.022 - - - 6 20 365 S
CS40B1 150 300 5 40.2 0.0023 1 0.167 74.1 0.022 - - - 6 40 365 S
CS60B1 150 300 5 40.2 0.0023 1 0.167 74.1 0.022 - - - 6 60 365 S
CS20B2 150 300 5 40.2 0.0023 2 0.167 74.1 0.022 - - - 6 20 365 S
CS40B2 150 300 5 40.2 0.0023 2 0.167 74.1 0.022 - - - 6 40 365 S
CS60B2 150 300 5 40.2 0.0023 2 0.167 74.1 0.022 - - - 6 60 365 S
CS20C1 150 300 5 40.2 0.0023 1 0.167 249.8 0.017 - - - 6 20 365 S
CS40C1 150 300 5 40.2 0.0023 1 0.167 2498 0.017 - - - 6 40 365 S
CS60C1 150 300 5 40.2 0.0023 1 0.167 2498 0.017 - - - 6 60 365 S
CS20C2 150 300 5 40.2 0.0023 2 0.167 249.8 0.017 - - - 6 20 365 S
CS40C2 150 300 5 40.2 0.0023 2 0.167 2498 0.017 - - - 6 40 365 S
CS60C2 150 300 5 40.2 0.0023 2 0.167 2498 0.017 - - - 6 60 365 S
Kaeseberg et al. [6] D20-TR-M2-2L- 200 400 15 27.0 0.0021 2 0.111 230 0.018 4 12 500 6 100 550 H
3a
D20-TR-M2-2L- 200 400 15 27.0 0.0021 2 0.111 230 0.018 6 12 500 6 100 550 H
3b
D20-TR-M2-2L- 200 400 15 27.0 0.0021 2 0.111 230 0.018 8 12 500 6 100 550 H
3c
D25-SR-M1-2L-3 250 1000 15 27.6 0.0018 2 0.111 230 0.017 6 12 500 8 40 550 S
D25-TR-M1-2L-2 250 1000 15 27.6 0.0018 2 0.111 230 0.017 6 12 500 6 100 550 H
D30-SR-M1-2L-2 300 600 15 28.5 0.0021 2 0.111 230 0.017 6 12 500 10 55 550 S
Wei et al. [35] SR75520B1 150 300 0 40.2 0.0023 1 0.167 74.1 0.022 - - - 8 20 326 S
SR75S20B2 150 300 0 40.2 0.0023 2 0.167 74.1 0.022 - - - 8 20 326 S
SR75S20C1 150 300 0 29.4 0.0022 1 0.167 250 0.017 - - - 8 20 326 S
SR75520C2 150 300 0 29.4 0.0022 2 0.167 250 0.017 - - - 8 20 326 S

Note: D = the diameter of the column; L = the column height; ¢ = the thickness of the concrete cover; f.o = the compressive strength of unconfined concrete considering size effect; €., = the axial strain corresponding to f,o;
ng = the number of FRP layer; t; = the nominal thickness of a FRP layer; Er = FRP modulus elasticity; ez, = ultimate tensile strain of FRP; ny;, = the number of steel longitudinal bars; dg;, = the diameter of steel longitudinal
bars; f,; = the yield stress of steel longitudinal bar; dgs = the diameter of steel transverse reinforcements; s = the distance between steel hoops/spirals; f,, = the yield stress of steel transverse reinforcements; Steel type:
hoop (H) and spiral (S).
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Ay
i = Kt = 2k, 0% 20)
x
s \2
k= (1— =(1- O.SR‘\.)2 for steel hoops (21a)
2D,
ks =1— = 1—0.5R, for steel spirals (21b)

c

where the “S” in the subscript represents the steel confinement imposed
to the concrete core of SCG; fi, is the steel confinement pressure cor-
responding to the yield stress of the steel spiral/hoop; ks is the reduction
factor reflecting the effect of vertical arching action between steel
hoops/spirals; D, is the diameter of the concrete core; Ay, is the cross-
sectional area of a steel confining spiral/hoop; E;, ¢, and f,, are the
elasticity modulus, yield strain and stress of steel transverse re-
inforcements, respectively; s is the distance between steel hoops/spirals;
R = s/D, is the normalized steel hoop/spiral spacing.

Accordingly, in order to derive a rational formulation for f£5, two
extreme conditions should be considered in its establishment: i) for

FCRC with a low level of FRP confinement (K;s ~ 0), where fs should
approach f5, representing that improvements generated by FRP-steel
confinement is equal to steel confinement-induced ones; ii) when the
steel confinement stiffness of FCRC is very insignificant (Kis/Kys ~ 0),
TS can be assumed reasonably identical to f%,, representing that FRP
confinement controls FCRC’s behavior. According to these consider-
ations, a new formulation was developed for the calculation of f&5 as

follows:

FS
Agg

o = 142 (22)

cir L+,

where 7,20 is the calibration term. For the case of K;r ~ 0 (E, ~ feo
based on Eq. (14)), ng should be almost zero for a reliable transformation
of Eq. (22) from FCRC to SCC. Moreover, since Ay is almost null for a
low level of steel confinement stiffness (Ki~O0 and, sub-
sequently fis, ~ 0), fs would be virtually the same of f%.. Taking into
the account these considerations, the following equation is obtained
from the best-fit relationship between 75, and key variables through
regression analysis performed on 51 test data of FCRC collected in the
database, as:

5 r -
r e
L ’I’
4 + ,
I e
L ,’
td
R >
m\ i t/
N F ) P
2 4 [ 28
: e 4 Test data = 51
i ® ’,: Mean = 1.022
1+ ’,’ CoV =0.284
[ @ MAPE = 0.227
L R=0926
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KO06f25RL3

n=5x10" T4 Lgssﬁ > (23)
AAkf5 RO¥(1 4 14¢/D)

in which

where 4s = 1.55 and J; = 1 for steel hoops and spirals, respectively. R is
the normalized column dimension, as R, = D/150. c is the thickness of
the concrete cover. In Fig. 4, the performance of the proposed predictive
model for the transition strength is assessed. As can be seen, by using 7,
from Eg. (23), the experimental counterparts of ff5 could be closely
predicted by Eq. (22), confirming their reliability.

In this study, a similar methodology with that developed for the
establishment of transition strength is adopted to find a formulation for
the transition strain (efg). Accordingly, two conditions should be
considered in the establishment of a rational formulation for ££5:

1. €S approaches &5, by decreasing Ky, particularly for the case with
Kis/Kys ~ 0 (representing FCRC with low level of FRP confinement
or/and a high level of steel confinement).

II. &5 approaches ¢f,, by decreasing Kj,, particularly for the case with
Kis /Ky ~ O(representing FCRC with high level of FRP confinement
or/and a low level of steel confinement).

Based on Mander et al. [18]’s recommendation, 5. corresponding to

2 “cc
CSC (Eq. (18)) for SCC can be calculated:
~ S
i:us[f;ﬁq] (25)
€co 0
Replacing Eq. (18) into Eq. (25) leads to
ES
€ =1+4+5A; (26)

L]

By considering the aforementioned conditions (I and II), to satisfy the
condition II as well as I, a new formulation was developed for the
calculation of €5 as follows:

ey Ars
125 5
L e
L ’I
100 | <
= | <
s 751
= i
& i
@ 50 1
e i Test data =51
~ : ” Mean = 1.005
s . CoV =0.031
L MAPE =0.021
Dbl R-0986
0 25 50 75 100 125
f;trFS Ana (MPa)

b)

Fig. 4. Performance of: a) Eq. (22) and, b) Eq. (23).
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where 7,20 is the calibration term. For FCRC with K¢ ~ 0 (efy ~ €c0), 1,
should be almost zero for extending the application of Eq. (27) not only
to FCRC, but also to SCC. Taking into the account this consideration, the
following equation was obtained from the best-fit relationship between
n. and key variables through regression analysis performed on 75 test
data of FCRC collected in the database:

£ lng'lgﬁ%75
where 4, = 2 and A, = 1 for steel hoops and spirals, respectively. Fig. 5
shows that by obtaining 7, from Eq. (28), Eq. (27) could provide a good
performance in the prediction of the experimental counterparts of ££5.

6. Determination of E5°

A new formulation is proposed for the calculation of the slope of the
second branch of the stress—strain relationship (E‘;s) of FCRC. To develop
a reliable formulation for E53, it should have a unified character with E5
of FCC with K, = 0. Therefore, once Ef is available, beneficial influence
of steel transverse reinforcements on the second branch of FCRC’s axial
behavior can be evaluated, and considered subsequently in the estab-
lishment of the formulation of E5°.

Based on the model developed by Lam and Teng [40] for E5 of FCC
(which can be adopted for concrete cover), it can be given as:

_fE o

E} = T (29)

where ff and &£, are the ultimate axial strength and its corresponding
ultimate axial strain at FRP rupture strain (¢ ,). Considering that the
FRP confinement-induced improvement in terms of f¥, is dependent on
FRP lateral pressure (ffmp = Kisénnyp) at the rupture of FRP jacket, f5,

can be expressed as:
fh = o+ BiKisennp (30)

where f, is the calibration factor of this equation. On the other hand,
based on secant Poisson’s ratio effect (lateral-to-axial strain ratio), efu as
an input parameter in Eq. (29) can be derived as the ratio of ey, to
ultimate secant Poisson’s ratio (v,), leading to &, = epnyp/vy. Studies
([4,41-43]) evidenced that v, is mainly dependent on K and fo (v, =

g[K1,fe]). Consequently, a regression-based structure for &f, can be
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given by:
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cu
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where /3, to g, are the calibration factors. Thus, introducing Egs. (30)

and (31) into Eq. (29) yields:

i —fo _ Birp
7 0 _ /7;1@‘ Rl (32)

Fo__
=

Note that it is possible to determine the calibration factors of $; to g, by
performing a regression analysis on experimental data of ff, and €f, [40].
Nonetheless, due to the structure of Eq. (32), there is a great opportunity
to calibrate the equation directly from experimental data of ES. Hence,
Eq. (32) was rearranged as:

Ef = BsKI5fy (33)

where f; to 8, are the calibration factors, which are required to be
determined directly from experimental values of E5. For this purpose, a
large database was collected from the slope of the final segment of
stress—strain experimental curves of FCC. Based on regression analysis
implemented on 583 test data of E5, Eq. (33) was calibrated as follows:

E} = 3.38y, B K1 (34)
in which
0.8<7, =<1 @5)

whose suitable predictive performance is shown in Fig. 6a.

Considering the fact that E5® is much dependent on FRP confinement
rather than on steel confinement (Lin et al [24]), in this study, the
beneficial effect of steel transverse reinforcements on E5° was simulated
based on the formulation developed exclusively for FCC. Accordingly,
EfS can be given by:

ES =y E) (36)

where 7, is the calibration factor to adjust the effect of K;; on EES. Using
regression analysis technique on 75 test data representing the slope of
the final branch of experimental stress-strain curves of FCRC, the
following equation was developed to estimate 7j:

0.03 .
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0.01 & "’ Test data =75
r ®%e Mean = 1.031
L CoV =0.144
0.005 ¢ MAPE = 0.125
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gctrFS Ana
b)

Fig. 5. Predictive performance of Eqgs. (27) and (28).
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Fig. 6. Predictive performance of a) Eq. (34), b) Eq. (37) and c. Eq. (36).
KO-170.08 For obtaining ng, a test database of unconfined concrete columns, in
Ny = 1.7 Ls Jc0 (37)
ET AR S (115 — 1.85¢/D) which y; =1 and w; = 1, was collected. For this purpose, nggp was

where A = 0.47 and A = 1 for steel hoops and spirals, respectively. K,
2k, 5.
Fig. 6b and 6c show that by obtaining the model parameter of #; from
Eq. (37), the experimental counterparts of E5° could be predicted by Eq.
(36) with adequate accuracy.

is the lateral confinement stiffness due to steel hoops (=

7. Determination of ny

The stress-strain gradient of the first branch of the axial stress—strain
curve, defined by the ny parameter in Egs. (4) and (8), was obtained
based on regression-based formulation by considering experimental
observations, as follows:

ng = naoyp > 1 (38)
where ny is the term of the exponent representing the shape of the first
parabolic portion of unconfined concrete’s axial behavior; y; and y; are
the term considered to reflect the influences of FRP and steel confine-
ment systems on ng.

10

determined by applying Eq. (38) on pre-peak stress-strain relationship
of 85 experimental specimens, so that Eq. (11) could estimate the
counterparts’ response, with adequate accuracy. In the case of uncon-
fined concrete columns, ff. = f.o, i, = &, and Ef,, = 0 were consid-
ered. Performing statistical analysis, a new formulation was developed
based on the best-fit relation of nggp with key variables, i.e. feo, L/D and
D, as follows:

~0.771%(L/D)*!

_ 39
0 = T D300 (39)

whose predictive performance can be seen in Fig. 7a.

For obtaining y/, a test database of FCC (y; = 1), including 178 data
of Wf’q’, was collected. By implementing Eq. (38), using ng obtained
from Eq. (39), in the first-segment of axial stress-strain curve of FCC,
y/fxp was derived so that the analytical response could coincide accu-

rately with the counterparts’ response. Based on regression analysis
technique, the following expression was developed:
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Fig. 7. Predictive performance of Egs. (39), (40), (41) and (38).

w, = 1-K}%(0.0032f, — 0.1)<1 (40)
whose predictive performance can be seen in Fig. 7b.

Similarly, for developing a formulation for y,, a test database of
FCRC, including 69 data of yE?, was collected. By implementing Eq.
(38), using ngo and vy obtained from Egs. (39) and (40), in the first

branch of the axial stress—strain curve of FCRC, y/SExP was obtained so that
Eq. (38) could estimate the counterparts’ response, with adequate ac-
curacy. Based on regression analysis technique, the following expression
was derived for y:

v, = L6R*PK 0% 4D
whose predictive performance can be seen in Fig. 7c. Fig. 7d shows that
Eq. (38) to estimates the exponent of the polynomial functions (ng) with
good agreement between the predictions and experimental counterparts
of ng.
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8. Calculation process

The procedure of the developed model for the calculation of the load-
carrying capacity (N) versus axial strain (e.) relationship of FCRC under
axial compressive loading comprises the following three main steps
(Fig. 8):

For concrete cover:

i. Determine the transition stress (ff,,) using Eq. (14).
ii. Determine the transition strain (eftr) using Eq. (15).
iii. Determine the slope of the second branch (Eg) using Eq. (34).
v. Calculate the axial stress-strain relationship (f° vs e.) using Eq.

4.

—-

For concrete core:

v. Determine the model parameters of 7, 7,, 7 and ng by using Eqs.
(23), 28, 37 and 38).
vi. Determine the transition stress (ff5) using Eq. (22).
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INPUT

Concrete Cover
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Concrete Core

Geometry data: D; c; L
Concrete properties: feo

FRP properties: ng; ty; Ef

Steel bar properties: Eg, fu; Asip

Steel hoop properties: Eg, fin; Ash
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Fig. 8. A flowchart for determining load-carrying capacity versus axial strain relation of FCRC.
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vii. Determine the transition strain (e ) using Eq. (27).
viii. Determine the slope of the second branch (Egs) using Eq. (36).
ix. Calculate the axial stress—strain relation (fcc"’e vs &) using Eq. (8).

For steel longitudinal bar:
x. Calculate the axial stress—strain relation (fy vs ;) using Eq. (3)

For the entire cross-section of FCRC:
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xi. Calculate load-carrying capacity versus strain relation of FCRC (N
vs &) using Eq. (1)

Note that since the main focus of the developed model is the pre-
diction of the full load-carrying capacity versus strain response of FCRC,
the experimental value of ultimate axial strain is used for terminating
the calculation process. A predictive formulation to determine the ulti-
mate condition of FCRC will be the subject of a future research study.
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Fig. 9. Analytical predictions versus experimental stress—strain responses of FCRC reported by: Demers and Neale [30], Pessiki et al. [31], Matthys et al. [32], Barros
and Ferreira [3], Eid et al. [5], Lee et al. [8], Chastre and Silva [33], Wang et al. [2], Zhang [34], Wei et al. [7,35] and Kaeseberg et al. [6].
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Fig. 9. (continued).

9. Comparison with experimental load-carrying capacity vs
axial strain relation

The reliability of the developed model is not only a function of the
accuracy of its key coordinates, but also dependent on its performance in
simulating full load-carrying capacity versus axial strain relation with
sufficient precision. This section accesses the performance of the pro-
posed model in terms of predicting the axial response of FCRC under
compressive loading. Hence, the load-carrying capacity versus axial
strain obtained from the proposed model is compared with those data of
FCRC registered experimentally in the literature. Additionally, the
proposed model’s performance is compared with that of existing models
conducted by Wang et al. [2], Hu and Seracino [16], Teng et al. [1], Lin
et al. [24], ACI440.2R-17 [25] and fib [26]. These models can be cate-
gorized into two groups of AOM (Hu and Seracino [16], Teng et al. [1])
and DOM (Wang et al. [2], Lin et al. [24], ACI440.2R-17 [25] and fib
[26]). Among these models, ACI440.2R-17 [25] and fib [26] were
founded on Lam and Teng [40]’s DOM developed exclusively for FCC,
where the effect of internal steel hoop/spiral reinforcements on load-
carrying capacity of FCRC was ignored. The model developed by
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Wang et al. [2] considered an average level of axial stress-strain re-
sponses for both concrete cover and core regions by ignoring their dif-
ference, whereas Hu and Seracino [16], Teng et al. [1], Lin et al. [24]
models provided separate behavior for these regions.

In Fig. 9, the load-carrying capacity versus axial strain responses of
FCRC predicted analytically by the proposed model are compared with
those experimentally conducted by Demers and Neale [30], Pessiki et al.
[31], Matthys et al. [32], Barros and Ferreira [3], Eid et al. [5], Lee et al.
[8], Chastre and Silva [33], Wang et al. [2], Zhang [34], Weietal. [7,35]
and Kaeseberg et al. [6]. As can be observed, the proposed model is able
to provide a suitable predictive performance for the axial behavior of the
experimental counterparts having various levels of geometry, material
and FRP-steel confinement properties.

In Fig. 10, the comparative assessment of the developed model with
the other existing ones is presented. As expected, ACI440.2R-17 [25],
and fib [26] underestimated the response of FCRC columns due to the
ignorance of internal steel confining reinforcements. For some cases,
misleading results were achieved by the model suggested by Wang et al.
[2]. The models developed by Hu and Seracino [16] and Teng et al. [1]
led to conservative predictions of the experimental counterparts. In
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Fig. 10. Analytical predictions versus experimental stress—strain responses of FCRC reported by: Pessiki et al. [31], Barros and Ferreira [3], Eid et al. [5], Lee et al.
[8], Wang et al. [2], and Wei et al. [35].

15



J. Shayanfar et al.

general, Lin et al [24]’s model demonstrated the best performance
among the existing models. Nonetheless, it can be seen from Fig. 9, the
proposed model provides a superior performance compared to the other
ones, in the prediction of the experimental load-carrying capacity versus
axial strain behavior of the FCRC columns.

Since a relatively simple methodology was developed in the present
study, the proposed model, exclusively established for circular cross-
section columns confined by FRP jacket, can be potentially extended
for FRP-confined non-circular (square and rectangular) cross-section
concrete columns under axial compressive loading. For this purpose,
the effect of non-circularity on the second branch’s slopes (Ef and ELS,
presented by Egs. (34) and (36)) of the stress-strain relations for con-
crete cover and core should be formulated by developing reduction
factors comprising corner radius ratio (R, = 2r/b whereb = shorter side
of the section andr = corner radius length) and cross-sectional aspect
ratio (R, = h/b whereh = longer side of the section) [44]. The non-
circularity effect should be also reflected in the transition zone-related
information (ff5, &5 fF ., and f, presented by Egs. (22), (27), (14)
and (15)). Furthermore, the model parameters of 1y, 7, 11y and nq should
be updated so that load-carrying capacity versus axial strain relationship
of FCRC could be precisely estimated through the proposed stress—strain
model, which will be explored in future research studies.

10. Summary and conclusion

In this paper, a new design-oriented stress—strain model for FRP-
confined RC columns (FCRC) under axial compressive loading was
proposed. In this model, the cover concrete region (subjected to only
FRP confinement) and the core concrete zone (subjected to a combined
FRP-steel confinement) were treated separately. The proposed model,
consisting of parabolic and linear segments, was established based on
the key states and complete load-carrying capacity versus axial strain
relation of FCRC as shown by experimental results. The stress—strain
gradient of the first branch (ng) was adjusted by developing a new
regression-based formulation by considering a series of experimental
data of unconfined concrete, FRP-confined concrete columns (FCC) and
FCRC. New formulations with sufficient accuracy were developed to
determine transition zone-related information (ff5 and ££5) with statis-
tical indicators demonstrating the high predictive performance, namely
Mean = 1.005, CoV = 0.031, MAPE = 0.021 and R? = 0.986, and Mean
=1.031, CoV = 0.144, MAPE = 0.125 and R? = 0.870, respectively. A
new methodology was proposed to develop a new expression for the
second branch’s slope of axial response of FCC (E5). This expression was
extended for FCRC by reflecting the significant influence of dual FRP-
steel confinement in the second branch’s slope (E5) through regres-
sion analysis with the obtained statistical indicators as Mean = 1.007,
CoV = 0.122, MAPE = 0.095 and R? = 0.866. By comparing with many
test results, the suitable predictive performance of the proposed
stress—strain model in the close prediction of experimental load-carrying
capacity versus axial strain relation of FCRC subjected to compression
was demonstrated. Based on the results obtained from the comparative
study, even though it was found that Lin et al. [24]’s model could show
the best performance among the existing models, the proposed model
provided superior predictive performance.

It is worth noting that even though the model proposed in this study
provides a good balance between the simplicity of the implementation
and the accuracy of simulation, it cannot be considered a ready-made
solution for the direct application in practical design, where safety
factors are required to be determined on the basis of reliability analysis
concept. Furthermore, the extension of the proposed model for the cases
of FRP-confined square/rectangular RC columns and eccentrically
loaded FRP-confined RC columns will be explored in future research
studies.
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