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Abstract: Determination of fiber-reinforced polymer (FRP) confinement-induced improvements in the mechanical properties of concrete
columns under compression is a current concern, particularly if partial confinement applied on a noncircular cross-sectional shape is to
be considered. Although several design-oriented predictive formulations have been proposed for the calculation of axial strength and
axial strain ductility of FRP-confined concrete, their applications are, in general, limited to a specific cross-sectional shape (circular, square,
or rectangular cross section) and a certain confinement arrangement (fully or partially confining system). Accordingly, the aim in this study is
to establish new unified strength and ductility models for concrete columns of circular or noncircular cross sections with fully or partially
confining FRP systems. To achieve the highest level of predictive performance through a nonlinear regression technique, two datasets, con-
sisting of 2,117 test data of peak strength and 2,050 test data of strain ductility, available in the literature, were collected. The dominance
degrees of size effect, sectional noncircularity (corner radius ratio), cross-sectional aspect ratio, and confinement configuration type on con-
finement effectiveness were evaluated and reflected in the development of these regression-based models. Through predictions of test data
compiled in the datasets and a comparison with the performances of available predictive models, the proposed unified formulations demon-
strated a high level of reliability and were found to be proper for design purposes. DOI: 10.1061/JCCOF2.CCENG-4336.© 2023 American
Society of Civil Engineers.

Author keywords: Unified model; Compressive strength; Axial strain ductility; Partial fiber-reinforced polymer (FRP) confinement; Non-
circular cross section.

Introduction

The use of fiber-reinforced polymer (FRP) composites has become
accepted for structural strengthening of concrete or reinforced con-
crete (RC) elements (Wang and Restrepo 2001; Pampanin et al.
2007; Barros et al. 2007; Triantafyllou et al. 2015; Teng et al.
2016; Wang et al. 2018a; Nematzadeh et al. 2021; Ma et al.
2023). Experimental studies (Harajli et al. 2006; Ozbakkaloglu
and Vincent 2014; Shan et al. 2019) have clearly revealed that con-
finement provided by externally bonded FRP jackets is able to sub-
stantially improve the axial response of concrete material in terms
of compressive strength, axial strain or deformation ductility, and
energy dissipation. The basic principle in the performance of
FRP-confined concrete columns is that FRP lateral pressure

imposed to concrete is increased or activated by the transverse ex-
pansion of concrete under axial compressive loading, leading to a
certain degree of enhancement in the confined concrete’s response.

For fully FRP-confined circular concrete columns (labeled
“FFCC” in Fig. 1), De Oliveira et al. (2019) experimentally demon-
strated that FRP confinement-induced enhancements, in terms of
axial strength and strain capacities, are strongly dependent on con-
finement stiffness (or FRP reinforcement ratio) and FRP rupture
strain (De Oliveira et al. 2019). However, these improvements
are dependent on the concrete strength, owing to its direct correla-
tion with its transverse deformability. In fact, FFCC with normal-
strength concrete results in more improvement than FFCC with
high-strength concrete under an identical confinement stiffness
level (Eid et al. 2009; Ozbakkaloglu and Akin 2012; Lin et al.
2021). Experimental evidence reported by Saleem et al. (2017)
demonstrated that FRP effectiveness is by far less pronounced
for noncircular cross-section columns than circular ones; this is
caused by the detrimental influences of horizontal arching action
and stress concentration at sectional edges. For the case of fully
FRP-confined square concrete columns (labeled “FFSC” in
Fig. 1), this loss of confinement-induced improvement, which is
known generally as a noncircularity effect, depends strongly on
the sectional corner radius ratio (Rr = 2r/b, in which r= corner ra-
dius; and b= section dimension), where FFSC with sharp edges
(Rr = 0) experiences the greatest improvement loss (Wang and
Wu 2008; Shan et al. 2019). Moreover, the axial and dilation re-
sponses of rectangular cross-section concrete elements with full
confinement configuration (labeled “FFRC” in Fig. 1) are strongly
dependent on the cross-sectional aspect ratio (Rca= h/b, in which
b = shorter dimension of the column’s cross section; and h= longer
dimension of the column’s cross section), as well as Rr, where an
insignificant effectiveness might be achieved for FFRC with a
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large Rca, as experimentally evidenced by Ozbakkaloglu (2013),
Triantafillou et al. (2016), Isleem et al. (2018) and Wang et al.
(2021).

Considering the fact that a full confinement FRP strategy might
not be cost-effective for strengthening applications, an alternative
solution is to adopt a discontinuous confinement configuration.
Barros and Ferreira (2008) experimentally verified that a sufficient
level of load-carrying and axial strain or deformation ductility ca-
pacities can potentially be achieved by the consideration of discon-
tinuous FRP strips between existing steel stirrups or hoops. For the
case of partially FRP-confined circular concrete elements (labeled
“FPCC” in Fig. 1), the confinement efficiency is reduced by in-
creasing the distance between FRP strips (sf), caused by vertical
arching action and damage concentration in unwrapped zones. Ex-
periments conducted by Zeng et al. (2017, 2018) showed that FRP
confinement-induced improvements are more pronounced in FPCC
than in noncircular cross-section columns with partial confinement
(FPSC and FPRC, related to square and rectangular section, respec-
tively, as shown in Fig. 1). Shayanfar et al. (2021a, 2022a) demon-
strated that the axial and dilation responses of FPCC, FPSC, or
FPRC with sf larger than the damage zone length of unconfined
concrete is almost the same as that in corresponding columns. It
was also evidenced that above a certain limit of sf, it is not useful
to increase the FRP thickness, since this has a marginal effect on
the column’s confinement level.

To predict the response of FRP-confined concrete in terms of
compressive strength and ultimate strain, a variety of predictive
models has been suggested. These models can be categorized
into three groups: (1) those developed based on an artificial intelli-
gence (AI) approach (i.e., artificial neural networks) (Pham and
Hadi 2014; Cascardi et al. 2017; Raza et al. 2022; Tariq et al.
2022; Isleem et al. 2022); (2) those developed based on multiple
nonlinear or linear regression (Rousakis et al. 2012; Nisticò and
Monti 2013; Cao et al. 2016; Shayanfar et al. 2022b; 2023d);
and (3) those developed based on a hybrid approach, in which a
powerful simulation tool, such as nonlinear finite-element analysis,
is executed to provide additional information on significant but not
experimentally measured parameters and also to enrich the

extensiveness and quality of a test database through the generation
of numerical data (Shayanfar et al. 2019; Fanaradelli and Rousakis
2020a, b). Owing to the capabilities of the AI approach in effi-
ciently capturing the relationships between input variables, outputs,
and their interactions, even for a very complex system, a more re-
liable model with high predictive performance can be established
by AI in comparison with one developed based on regression anal-
ysis. Despite the merits of an AI approach over regression analysis,
output obtained from regression analysis is as an algebraic or nu-
merical equation, which is more easily implementable and also a
more efficient technique for developing design-oriented predictive
models than AI. Nonetheless, in the second and third categories,
most of the regression-based developed equations have been devel-
oped exclusively for a specified cross-section shape or confining
system.

It is noteworthy that a circular cross section can be considered as
a special case of square cross section with Rca= 1 and Rr= 1, as il-
lustrated in Fig. 2. The square cross section itself can also be con-
sidered as a special case of rectangular cross section with Rca= 1.
Conversely, concrete columns with fully confining configuration
can be recognized as a special case of a partial confinement
arrangement, where sf approaches zero (sf= 0). Therefore, for
various confinement scenarios (Fig. 1), the reliability of a nonuni-
fied model is at least arguable. Furthermore, owing to the lack of
consistency, nonunified models do not lead to a smooth and reliable
transition in their predictions from a circular cross section to a
square or rectangular cross section or from full confinement to a
partial confinement arrangement. To avoid discontinuity in the pre-
diction caused by the alteration in cross-section shape and confin-
ing system, the development of a unified model, applicable to all
these confinement scenarios, is necessary (Wei and Wu 2012). In
general, for the case of cross-sectional and confining system unifi-
cation, the concept of a “confinement efficiency factor” (Mander
et al. 1988) is adopted by few models, for example, CNR DT
200/2004 (CNR 2004), Guo et al. (2018, 2019), and fib (2019),
in which the influence of the arching action phenomenon is re-
flected empirically by a reduction factor in FRP confinement pres-
sure, as the ratio of effective confinement area to the column entire
area. Shayanfar et al. (2022b) modified the concept of a “confine-
ment efficiency factor” proposed by Mander et al. (1988), by devel-
oping new theoretical-based formulations to simulate the influence
of horizontal and vertical arching action phenomena in terms of
peak compressive strength of FFSC, FPSC, or FPCC. A new defi-
nition of cross-sectional unification approach was introduced by
Wu and Wang (2009), in which a unified strength model for square

Fig. 2. Cross-sectional unification approach.

Fig. 1. Various confinement scenarios. FFRC = fully FRP-confined
rectangular concrete column; FPRC = partially FRP-confined rectan-
gular concrete column; FFSC = fully FRP-confined square concrete
column; FPSC = partially FRP-confined square concrete column;
FFCC = fully FRP-confined circular concrete column; FPCC = par-
tially FRP-confined circular concrete column.
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and circular cross-section concrete columns confined by FRP jack-
ets (FFCC and FFSC) was proposed. In this approach, a unification
factor was developed to reflect the influence of the noncircularity
effect in model predictions based on the index of Rr, calibrated
based on test results. By providing a larger test database of
FFCC or FFSC for the model calibration, Shayanfar et al.
(2023d) suggested a refined version of the model proposed by
Wu and Wang (2009). By following the same approach, Wei and
Wu (2012) extended this model (with some refinements) for the
case of FFRC, where the index Rca was used to reflect the effect
of cross-sectional aspect ratio in reducing confinement effective-
ness. Cao et al. (2016) improved Wei and Wu (2012)’s model by
recalibrating its key components based on a larger test database.
It was evidenced by Wu and Wang (2009), Wei and Wu (2012),
and Shayanfar et al. (2023d) that, by following the methodology
suggested by Wu and Wang (2009) based on a cross-sectional uni-
fication approach, rather than that suggested by the concept of a
“confinement efficiency factor” of Mander et al. (1988), a more re-
liable and accurate predictive formulations could be derived for
FFCC, FFSC, or FFRC. However, the reliability of generalizing
Wu and Wang (2009)’s methodology for confining system unifica-
tion (FPCC, FPSC, or FPRC) still requires demonstration. This is
one of the main objectives of this study.

Conversely, in general, a regression analysis technique is adopted
to unavoidably establish the relationship of key variables (i.e., FRP
and concrete properties, specimen geometry, sectional aspect ratio,
corner radius, FRP strip distance) with compressive strength and
strain ductility capacities. Although the reliability of a regression-
based developed model is strongly dependent on the extensiveness
and quality of the database used, the majority of existing models
were built on databases with limited data frequency covering a rela-
tively short range of the key variables. Hence, the predictive perfor-
mance of such models tends to degrade noticeably when a larger
database is considered for statistical assessment (Ozbakkaloglu and
Lim 2013). Considering the great number of experimental research
studies conducted on the mechanical behavior of FRP-confined con-
crete columns in the past two decades, a large amount of experimen-
tal data is available in the literature. Accordingly, by gathering
experimental data that was not available at the time of the data col-
lection of existing databases, up-to-date databases for peak compres-
sive strength and strain ductility capacities can potentially be
collected. Accordingly, once these databases are available, a more re-
liable predictive model, with a superior performance to that associ-
ated with existing models, can be developed, which is also one of
the main objectives of this study. It is also rational to have a contin-
uous process of data collection and consequent recalibration of mod-
els until convergence in terms of accuracy is reached.

In this study, for the estimation of the compressive strength (fcc)
and strain ductility (με = εcu/εc0, where εc0= axial strain corre-
sponding to fc0) of FRP-confined concrete specimens, new models
were developed. These models were built based on the unification
approach introduced by Wu and Wang (2009) through a multiple
nonlinear regression technique performed on up-to-date and com-
prehensive test datasets. These datasets consisted of 2,117 and
2,050 experimental data available in the literature obtained from
axial compressive tests, respectively, for peak strength and strain
ductility of concrete columns. Furthermore, a new regression-based
framework was derived based on the Poisson’s ratio effect for the
establishment of the proposed strain ductility model. Initially,
regression-based predictive models were developed for the ultimate
condition of FFCC. Subsequently, to simulate cross-section varia-
tion from circular (FFCC) to square (FFSC) or rectangular (FFRC)
cross-section shape, the dominance degree of the corner radius ratio
(Rr) and the cross-sectional aspect ratio (Rca) were determined

based on statistical assessment, and their influences on the models
of fcc and με were reflected. Besides cross-sectional unification, the
transformation of the confining system from a fully (FFCC, FFSC,
FFRC) to a partially (FPCC, FPSC, FPRC) confining system was
considered by reflecting the impact of FRP strip distance to column
dimension ratio (Rsf = sf/b) in the cross-sectional unified model.
The predictive performance of the proposed unified models was
verified and also compared with some existing models.

Test Databases

A vital necessity for the development of an analytical-based predic-
tive model is to collect the relative test database, including input and
output variables. Several databases (De Lorenzis and Tepfers 2003;
Nisticò and Monti 2013; Ozbakkaloglu and Lim 2013; Fanaradelli
and Rousakis 2021; Isleem et al. 2022) have been provided for the
case of compressive strength, fcc, and axial strain ductility, με, of
FRP-confined concrete. A review of the available databases reveals
that a large amount of experimental data can still be added to these
databases, evidently not available at the time of the data collection.
Furthermore, they are applicable to either a specific cross-section
shape (circular, square, or rectangular cross section) or a certain con-
finement arrangement (fully or partially confining system).

In this study, to develop predictive models for fcc and με, two
series of datasets were collected from axial compressive tests per-
formed on FRP-confined concrete columns. The statistical informa-
tion of key variables involved in these compiled test datasets is
given in Tables 1 and 2.

The criteria considered for data collection, to produce systemati-
cally consistent datasets, were as follows:
1. Specimens with internal steel reinforcements were not included.
2. Only specimens with FRP confining systems in the hoop direc-

tion were included, and those with other types of confinement
configuration, for example, hybrid or helical confining systems,
were excluded.

3. Data from experiments with inadequately reported details, i.e.,
material and geometry properties, were excluded.

4. FRP-confined specimens with a peak strength (fcc) less than the
compressive strength of unconfined concrete (fc0), representing
no FRP confinement-induced improvement, were excluded.

5. Noncircular specimens with a corner radius ratio less than 0.05
(Rr< 0.05) were excluded. In fact, the confinement-induced im-
provements in such cases were marginal, owing to horizontal
arching action and stress concentration at sectional edges. It
should be noted that, in many practical situations for axial
strengthening of real cases of large-scale RC columns, a rela-
tively short radius of the rounded corners (Rr≤ 0.3) is consid-
ered, owing to the limitations caused by internal steel
reinforcements and the small thickness of concrete cover. The
refinement of FRP confinement strategies for strengthening
such cases is still an ongoing concern, as different solutions
have been suggested to increase the effectiveness of FRP con-
finement. More information regarding these solutions can be
found in Rousakis and Tourtouras (2014), Triantafillou et al.
(2016), Janwaen et al. (2019), and He and Zeng (2022).

6. Noncircular specimens with a cross-sectional aspect ratio more
than 3 (Rca> 3) were excluded. This criterion was considered
based on test results conducted by Pantelides et al. (2004) and
Triantafillou et al. (2016).

7. Partially confined specimens with a FRP strip distance more
than 0.75 times the shortest dimension of the column’s cross
section (Rsf> 0.75) were excluded. It should be noted that,
based on Wei and Wu (2016), Wu and Wei (2016), and
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Shayanfar et al. (2021a, 2023a), in partially confined specimens
with an FRP strip distance longer than the damage zone length
of unconfined concrete columns, the effect of partial confine-
ment in restraining the local failure would be quite marginal.
In such partially confined specimens, the axial response is con-
trolled significantly by failure localization and concrete crush-
ing in unwrapped zones (Wei and Wu 2016; Shayanfar et al.
2020). Accordingly, in this study, to have consistent datasets
and filter out improper data, based on experimental observations
(Zeng et al. 2017, 2018; Wang et al. 2018b), Rsf = 0.75 was as-
sumed as a threshold beyond which confinement-induced im-
provements are almost negligible.
Based on test data available in the literature, for the compressive

strength-related dataset, 2,117 data were collected, consisting of
1,918 data obtained from circular, square, or rectangular specimens
with FRP full confinement configuration (FC), and 199 data ob-
tained from FRP partially confined concrete (PC) of circular,
square, or rectangular cross section. Furthermore, for the ultimate
axial strain-related dataset, 2,050 data were collected, including
1,866 data of FC and 184 PC configurations. As given in Tables
1 and 2, these datasets provide not only a broad range of main
input or output variables, but also a large data frequency.

It is clear that for concrete specimens with a sufficient level of
FRP confinement (showing a monotonically ascending axial re-
sponse), the ultimate axial strain (εcu) corresponds to the peak
strength stage (fcc) at the rupture of the FRP jacket. Nevertheless,
specimens with an insufficient confinement (particularly

noncircular columns or columns made of high-strength concrete)
tend to reveal a strain softening postpeak behavior, where the ulti-
mate stage (fcu) at εcu occurs beyond the peak stage (fcu< fcc), as ex-
perimentally evidenced by Triantafillou et al. (2016) and De
Oliveira et al. (2019). Accordingly, to have systematic consistency
in the data collection, for specimens fcu≤ fcc, in this study, a crite-
rion for ultimate condition was considered based on the recommen-
dations of Teng et al. (2009) and Fanaradelli and Rousakis (2021).
Accordingly, for specimens having strain softening postpeak be-
havior with fcu< 0.85fcc, εcu was defined as the axial strain corre-
sponding to 85% of fcc in the descending branch of the axial
stress–strain curve. Note that, for the calculation of εc0 as an
input parameter in με = εcu/εc0, the formulation suggested by
Shayanfar et al. (2023b) was followed as εc0 = 0.0011( fc0b/L)

0.25.
These provided datasets (Tables 1 and 2) contain test data from

FRP-confined specimens with various kinds of FRP material,
namely, carbon FRP (CFRP), glass FRP (GFRP), basalt FRP
(BFRP), and aramid FRP (AFRP), as well as polyethylene naphtha-
late (PEN) and polyethylene terephthalate (PET) fibers. Note that,
unlike conventional FRPs, PET and PEN FRPs have a nonlinear re-
lationship between tensile stress and axial strain, providing a large
ultimate tensile strain, over 5% (but with a relatively low level of
initial elastic modulus), which considerably improves the columns’
response in terms of ductility (Bai et al. 2014; Zeng et al. 2020). Dai
et al. (2011) and Shayanfar et al. (2022b, 2023d) demonstrated that
analysis or design-oriented models, established exclusively for
cases with conventional FRPs (CFRP, GFRP, BFRP, AFRP) can

Table 1. Summary of compiled test databases for compressive strength

Confinement
arrangement

Number of
datasets

Statistical
indicator fc0 (MPa) fcc/fc0 L (mm) b (mm) Ef (GPa) ε fu Rr Rca Rsf

FC or PC 2,117 Min. 6.6 1.01 100 50 9.5 0.004 0.07 1 0
Max. 204 6.90 1,200 400 657 0.100 1 3 0.75
Mean 43.4 1.91 330 149 181 0.023 0.87 1.05 0.03
CoV 0.684 0.423 0.401 0.291 0.522 0.793 0.307 0.200 3.591

FC 1,918 Min. 6.6 1.03 100 50 9.5 0.004 0.07 1 0

Max. 204 6.90 1,200 400 657 0.100 1 3 0
Mean 44.5 1.95 325 148 176 0.024 0.87 1.06 0
CoV 0.689 0.422 0.405 0.298 0.585 0.806 0.310 0.209 —

PC 199 Min. 12.4 1.01 200 100 73 0.013 0.12 1 0.05

Max. 101.2 3.58 750 300 260 0.028 1.00 1.54 0.75
Mean 32.5 1.50 376 159 230 0.017 0.906 1.004 0.31
CoV 0.413 0.296 0.343 0.213 0.163 0.112 0.270 0.043 0.553

Note: FC= full confinement; PC= partial confinement; fcc= axial compressive strength of FRP-confined concrete; fc0= axial compressive strength of
unconfined concrete; L= height of column; b= section dimension; Ef= FRP modulus elasticity; εfu =FRP ultimate tensile strain.

Table 2. Summary of compiled test databases for strain ductility

Confinement
arrangement

Number of
datasets

Statistical
indicator fc0 (MPa) εcu/εc0 L (mm) b (mm) Ef (GPa) ε fu Rr Rca Rsf

FC or PC 2,050 Min. 6.6 1.10 100 50 9.5 0.004 0.07 1 0
Max. 204 93.9 1,200 400 657 0.100 1 3 0.75
Mean 44.1 10.1 330 148 179 0.023 0.87 1.06 0.03
CoV 0.677 0.930 0.398 0.290 0.559 0.798 0.310 0.212 3.700

FC 1,866 Min. 6.6 1.22 100 50 9.5 0.004 0.07 1 0

Max. 204 93.9 1,200 400 657 0.100 1 3 0
Mean 45.1 10.3 327 147 174 0.024 0.87 1.06 0
CoV 0.682 0.939 0.406 0.299 0.592 0.809 0.314 0.220 —

PC 184 Min. 16.6 1.10 200 100 105 0.013 0.12 1 0.05

Max. 101.2 21.4 700 300 260 0.019 1.00 1.54 0.75
Mean 33.8 7.76 360 155 230 0.017 0.909 1.004 0.32
CoV 0.422 0.621 0.312 0.196 0.147 0.084 0.266 0.045 0.563

Note: FC= full confinement; PC= partial confinement; εc0 = axial strain corresponding to fc0.
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also be adopted for those with PET or PEN FRPs through recalibra-
tion of the terms related to ultimate tensile strain and initial elastic
modulus. Accordingly, in this study, data available in the literature
from FRP-confined specimens with PET or PEN FRP jackets were
included in these provided datasets.

It should be noted that, by using the assembled databases cov-
ering various kinds of FRP material, confinement-induced im-
provements in fcc and εcu can be evaluated more widely with
respect to the mechanical characteristics of FRP sheets (i.e., εfu
and Ef), than those databases including only a specific type of
FRP sheet. Furthermore, as can be seen in Tables 1 and 2, these da-
tabases also contain a wide range of values for the key variables
concerning geometry (small, medium, and large specimens), and
concrete properties (low-, normal-, high-, and ultrahigh-strength
concrete). Thus, by adopting these assembled datasets, more reli-
able formulations for the calculation of fcc and εcu can be built by
using a regression analysis technique, in comparison with those
predictive models calibrated using a series of test data with a lim-
ited range of values for the main variables.

Some Existing Models

Table 3 gives predictive formulations suggested by CNR DT 200/
2004 (CNR 2004), Wei and Wu (2012), Cao et al. (2016), ACI
440.2R-17 (ACI 2017), Guo et al. (2018, 2019), and fib (2019)
for the estimation of FRP-confined concrete’s axial response in
terms of fcc/fc0 and με = εcu/εc0. To develop predictive equations
for fcc/fc0, these models assumed different methodologies, which
can be categorized as follows:
1. relation development of fcc/fc0 with fl,rup/fc0, where fl,rup is the

confinement pressure imposed on the confined concrete corre-
sponding to FRP rupture strain (CNR DT 200/2004 CNR
2004; ACI 2017; and fib 2019);

2. relation development of fcc/fc0 with fl,u/fc0, where fl,u is the con-
finement pressure corresponding to FRP ultimate tensile strain
(Wei and Wu 2012);

3. relation development of fcc/fc0 with ρKe1 (normalized effective
FRP confinement stiffness) and ρε (rupture strain ratio of FRP
jackets) (Guo et al. 2018, 2019);

4. relation development of fcc/fc0 with key influential variables
(Cao et al. 2016).
From an applicability point of view, the models presented by

CNR DT 200/2004 (CNR 2004), Guo et al. (2018, 2019), and fib
(2019) are applicable to all cases of FFCC, FFSC, FFRC, FPCC,
FPSC, and FPRC, where the significant impact of arching action
is considered based on the confinement efficiency factor (kh and
kv, respectively), as originally suggested by Mander et al. (1988).
However, the models suggested by Wei and Wu (2012), Cao
et al. (2016), and ACI 440.2R-17 (ACI 2017) are applicable only
to cases with a full confinement system (FFCC, FFSC, FFRC),
where the cross-sectional shape effect is reflected (1) by using kh
(ACI 2017) or (2) by taking into account the dominance degree
of Rr and Rca, based on statistical analysis techniques (Wei and
Wu 2012; Cao et al. 2016).

Conversely, the general structure of existing models for the es-
tablishment of με = εcu/εc0 through the regression analysis tech-
nique can be expressed as

με =
εcu
εc0

= k0 + Ψc (1)

where k0 is a constant coefficient, suggested as 1.5 or 1.75, while
Ψc is the term considered to determine the improvement induced
by the FRP confinement system as a function of key influential

variables (i.e., fl,u, fl,rup, KL, fc0, and εfu). Although the model devel-
oped by CNR DT 200/2004 (CNR 2004) and fib (2019) adopted the
original concept of a confinement efficiency factor (kh and kv), a
modified version of this concept was adopted by Guo et al.
(2018, 2019) and ACI 440.2R-17 (ACI 2017) by adding empirical
terms dependent on Rca. For cross-sectional unification, Wei and
Wu (2012) and Cao et al. (2016) considered Rr and Rca in their
models, based on a statistical analysis approach.

Determination of fcc of FRP-Confined Concrete
Columns

This section presents the determination of the proposed regression-
based predictive model to derive the axial compressive strength
(fcc) of FRP-confined concrete under axial compressive loading.
For this purpose, firstly, for the case of FFCC, a strength model
considering the size effect, whose input variables are calibrated
through a regression analysis technique performed on 1,517 exper-
imental results, is developed. Then, this model is extended to cases
of FFSC and FFRC by reflecting the influences of the noncircular-
ity effect and sectional aspect ratio in terms of confinement effec-
tiveness, calibrated based on 401 test specimens. The strength
model is subsequently generalized for cases with partial confine-
ment arrangement (FPCC, FPSC, and FPRC), where the domi-
nance degree of partially imposed confinement is considered
based on 199 experimental results for the calibration.

The methodology considered in this study for the application of
the cross-sectional unification approach is as follows:
1. establishment of a predictive formulation for FFCC, calibrated

using the collected database of FFCC specimens (Rca= 1 and
Rr= 1);

2. determination of the relationship of the error obtained from this
model applied on FFSC specimens with respect to Rr in the
range 0≤Rr< 1 (Tables 1 and 2);

3. generalization of the preliminary model for FFSC by using error
analysis so that the generalized model could accurately provide
a uniform predictive performance for all ranges of Rr;

4. determination of the relationship of the error obtained from the
generalized model applied on FFRC specimens with respect to
Rca in the range 1 <Rca≤ 3 (Tables 1 and 2);

5. generalization of the previous model for FFRC by using error
analysis so that it could provide accurately a uniform perfor-
mance for all ranges of Rr and Rca.
Therefore, for concrete columns with FC, the effects of noncir-

cularity and cross-sectional aspect ratio are formulated by error
analyses of the model performance with Rca.

For application of the confining system unification approach,
the considered methodology is as follows:
1. determination of the relationship of the error obtained from the

model generalized for FFCC, FFSC, FFRC (FC) applied on
FPCC, FPSC, FPRC (PC) specimens with respect to Rsf in the
range 0.05≤Rsf≤ 0.75;

2. generalization of the previous model for PC specimens using the
error analysis so that it could accurately provide a uniform pre-
dictive performance for all ranges of Rsf.
Accordingly, by formulating the effect of Rsf, the model could

be applicable to various confinement scenarios (FFCC, FFSC,
FFRC, FPCC FPSC, FPRC).

FFCC Column Elements

In this study, to calculate confinement lateral pressure (fl,rup) at FRP
rupture hoop strain (εh,rup) imposed on the concrete of FFCC,
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fib (2019)’s recommendation is followed:

fl,rup = 2
nκf tf Ef

b
εh,rup = KLεh,rup (2)

in which

KL = 2
nκf tf Ef

b
( in MPa, and tf and b in mm) (3)

where nf = number of FRP layers; κ= 1 and 0.85, corresponding to
nf≤ 3 and nf≥ 4, respectively; tf = nominal thickness of a FRP
layer; Ef = FRP elasticity modulus; and KL= FRP confinement
stiffness. In general, εh,rup is assumed to be a constant percentage
of the ultimate tensile strain of the FRP sheet (εfu), i.e.,
εh,rup = ψεfu, where ψ< 1 is generally known as a strain reduction
factor (Lam and Teng 2003). However, studies (Lim and Ozbakka-
loglu 2014 ; Shayanfar et al. 2020) demonstrated that ψ is affected
by the concrete strength ( fc0) and the type of FRP material (Ef or
εfu). However, through a probabilistic procedure implemented on
a large database of εh,rup, Baji et al. (2016) suggested ψ= 0.68 by
ignoring the influences of fc0 and Ef on ψ, owing to a relatively
low correlation obtained between these variables. Accordingly, in
this study, for the sake of simplicity, based on Baji et al.
(2016)’s recommendation, ψ was considered constant (i.e., 0.68).
It is noteworthy that the possible level of error caused by this sim-
plification can be minimized during regression analysis where the
developed formulations are built based on εfu rather than εh,rup
(Rousakis et al. 2012). More information regarding the strain re-
duction factor can be found in Wu and Jiang (2013) and Lim and
Ozbakkaloglu (2014).

For FRP-confined circular cross-section concrete columns under
axial loading, owing to the confinement imposed on the concrete, a
certain level of enhancement (Δc) in terms of axial compressive
strength (fcc) is achieved. Accordingly, fcc/fc0 of FFCC can be ex-
pressed as

fcc
fc0

= 1 + Δc (4)

In general, Δc is expressed as a function of fl,rup/fc0, correspond-
ing to εh,rup, by

Δc = A0
fl,rup
fc0

( )A1

(5)

where A0 and A1 represent the regression coefficients. Hence, put-
ting Eq. (5) in Eq. (4) yields

fcc
fc0

= 1 + A0
fl,rup
fc0

( )A1

(6)

Replacing Eq. (2) in Eq. (6) leads to

fcc
fc0

= 1 + A0
KLεh,rup

fc0

( )A1

=1 + A0(ψ)
A1

KL

fc0
ε fu

( )A1

(7)

To establish a regression analysis-based developed predictive
formulation for fcc/fc0 as a function of the key variables of KL,
fc0, and ε fu, Eq. (7) was restructured as

fcc
fc0

= 1 + A2(KL)
A3 ( fc0)

A4 (ε fu)
A5 (8)

where A2, A3, A4, and A5 are the regression coefficients. Using the
regression analysis technique implemented on 1,517 experimental
data, these coefficients were obtained: A2= 3.2β0, β0= fc0/15≤ 1,

A3= 0.93, A4=−1.28 and A5= 0.69. Thus, Eq. (8) can be written as

fcc
fc0

= 1 + 3.2β0K
0.91
L f −1.32c0 ε0.67fu (9a)

fcc
fc0

= 1 + 4.14
K0.24
L

f 0.65c0 /β0

fl,rup
fc0

( )0.67

(9b)

where by rearranging Eq. (9a), fcc/fc0 can be determined as a func-
tion of fl,rup/fc0, by assuming εh,rup = 0.68ε fu (Baji et al. 2016), as
shown in Eq. (9a). As can be seen, the magnitude of the change
of fcc/fc0 with fl,rup/fc0 is significantly dependent on concrete
strength (fc0) and FRP confinement stiffness (KL). Experimental
studies (Ozbakkaloglu and Akin 2012; Vincent and Ozbakkaloglu
2013) evidenced the significant degree of dominance of concrete
strength class (low-, normal-, high-, and ultrahigh-strength con-
crete) in the effectiveness of the FRP confinement system (fcc/
fc0). It was found that at a certain level of fl,rup/fc0, fcc/fc0 decreases
with increasing fc0, which is in agreement with the proposed model
of Eq. (9b). It should be noted that β0= fc0/15≤ 1 is the term con-
sidered to modify the effect of fc0 on fcc/fc0 for low-strength con-
crete specimens with FRP confinement. Fig. 3(a) demonstrates
the relation of Y fc = ( f Expcc /fc0 − 1)/(3.2K0.91

L ε0.67fu ) [obtained by re-
arranging Eq. (9a)] with fc0 based on the data from low-strength
concrete specimens included in the database. As can be seen, con-
sidering that the best-fit relation of Yfc and fc0 was obtained as
Y fc = f −1.32c0 based on regression analysis using a single power func-
tion, the model would lead to overestimation of the experimental
counterparts. However, by considering the term of β0, the model
could present a better predictive performance for fcc of very low-
strength concrete specimens. In Fig. 3(b), the correlation of
Eq. (9) with fc0 for a large range of 6.6 MPa≤ fc0≤ 204 MPa is
evaluated. The results demonstrate that the variables of f Anacc /f Expcc
and fc0 are almost uncorrelated. Therefore, the proposed model
could provide uniform predictions with respect to fc0, representing
successful simulation of the concrete strength effect in fcc/fc0.

Since the developed equation was derived based on Eq. (6)
(fcc/fc0 and fl,rup/fc0 relation), the effect of column dimension size
was not considered in its development. To assess the dominance
degree of the size effect on the model’s performance, the error
distribution of Eq. (9a) (the ratio of analytical and experimental
predictions as (Δc)

Ana/(Δc)
Exp) with the normalized column dimen-

sion size (b/150) is shown in Fig. 3(c). Despite the larger scattering
of results, they reveal a tendency for Eq. (9a) to slightly underesti-
mate and then overestimate from small to large-sized test speci-
mens of FFCC. By introducing βSE as the best-fit relationship of
(Δc)

Ana/(Δc)
Exp and b/150, this parameter was obtained from regres-

sion analysis performed on 1,517 experimental data:

βSE =
(Δc)

Ana

(Δc)
Exp =

b

150

( )0.2

≤ 1.1 (10)

where βSE= 1 for FFCC having b= 150 mm. Henceforth, (Δc)
Exp

can be estimated as (Δc)
Ana/βSE, in which (Δc)

Ana = 3.2β0K
0.91
L

f −1.32c0 ε0.67fu . Consequently, Eq. (9a) can be rearranged, considering
the column dimension size effect, as

fcc
fc0

= 1 + (Δc)
Exp ≃ 1 +

(Δc)
Ana

βSE
= 1 +

3.2

βSE
β0K

0.91
L f −1.32c0 ε0.67fu (11)

Fig. 3(d) evaluates the predictive performance of the developed
model [Eq. (11)] for predicting fcc of FFCC. As can be seen, the
proposed model is able to predict the experimental counterparts
with sufficient accuracy based on the attained statistical indicators
[mean value (MV), coefficient of variation (CoV), mean absolute

© ASCE 04023053-8 J. Compos. Constr.
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percentage error (MAPE), mean squared error (MSE), and R
squared (R2)].

For a further examination of the developed model capability,
Table 4 compares its prediction capability with that of the consid-
ered existing models (presented in Table 3). It can be seen that al-
though the models suggested by fib (2019) and ACI 440.2R-17
(ACI 2017) presented the best estimation capability of the existing
ones considered, the proposed formulation showed a better predic-
tion of fcc.

FFSC Column Elements

For the case of FFSC, the experimental evidence reported by Shan
et al. (2019) demonstrated that the FRP confinement-induced en-
hancement, in terms of compressive strength, is strongly dependent
on the sectional corner radius ratio (Rr= 2r/b). Accordingly, from
the case with Rr= 1 (FFCC) to that of Rr= 0 (FFSC with sharp
edges), the compressive strength of FFSC is reduced significantly.

To evaluate the dominance degree of Rr on confinement-
induced enhancements, the predictive performance of Eq. (11)
(exclusively developed for FFCC with no consideration of the non-
circularity effect) was analyzed for FFSC specimens with different
levels of Rr. As demonstrated in Fig. 4(a), Eq. (11) leads to

significant overestimation, predominantly for FFSC cases with a
low value of Rr. Accordingly, to consider the noncircularity effect,
a model parameter (βR) was defined as the best-fit relationship of
(Δc)

Ana/(Δc)
Exp (where (Δc)

Ana = 3.2β0K
0.91
L f −1.32c0 ε0.67fu /βSE) with

Rr. Based on the regression analysis technique implemented on
256 test results of FFSC, βR was derived as:

βR =
(Δc)

Ana

(Δc)
Exp = 0.85R−0.75

r ≥ 1 (12)

where βR= 1 for FFCC with Rr= 1. Accordingly, to simulate the
noncircularity effect, considering that (Δc)

Exp can be estimated as
(Δc)

Ana/βR, Eq. (11) can be rearranged as

fcc
fc0

= 1 + (Δc)
Exp ≃ 1 +

(Δc)
Ana

βR
= 1 +

3.2

βSEβR
β0K

0.91
L f −1.32c0 ε0.67fu

(13)

In Fig. 4(b), the close agreement of analytical and experimental
results verifies the reliable performance of the proposed formula-
tion [Eq. (13)].

Additionally, in Table 5, the predictive performance of Eq. (13)
is compared with that of the considered existing predictive models
(Table 3). As shown, the proposed model and those developed by

(a) (b)

(c) (d)

Fig. 3. (a) Variation of Yfcwith fc0; (b) predictive performance of Eq. (9); (c) variation of error distribution with b/150; and (d) predictive performance
of Eq. (11). MV = mean value; CoV = coefficient of variation; MSE = mean squared error; MAPE = mean absolute percentage error.

Table 4. Statistical assessment of predictive performance of considered and proposed models for fcc of FFCC

ID Type Test data MV CoV MAPE MSE R2

Proposed model FFCC 1,517 0.990 0.198 0.147 0.216 0.849
fib (2019) 0.902 0.226 0.183 0.336 0.812
CNR DT 200/2004 (CNR 2004) 0.770 0.259 0.262 0.759 0.795
Guo et al. (2018, 2019) 0.760 0.252 0.272 0.666 0.816
ACI 440.2R-17 (ACI 2017) 0.948 0.273 0.188 0.366 0.806
Wei and Wu (2012) 1.089 0.276 0.194 0.426 0.807
Cao et al. (2016) 1.145 0.300 0.213 0.951 0.756
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Wei and Wu (2012) and Cao et al. (2016) attained almost similar
results of statistical indicators, which are the best compared with
those obtained from the other models.

FFRC Column Elements

For the case of FFRC, it was evidenced by Ozbakkaloglu (2013)
that increasing the sectional aspect ratio (Rca= h/b) brings about
a remarkable reduction in the confinement effectiveness in terms
of axial compressive strength. To assess the dominance degree of
Rca on confinement-induced enhancements, the predictive perfor-
mance of Eq. (13) (exclusively developed for FFCC or FFSC
with no consideration of the sectional aspect ratio effect) was ana-
lyzed for FFRC specimens with different levels of Rca. Fig. 5(a)
reveals that, using Eq. (13), significant overestimates in the axial
compressive strength of FFRC are obtained, predominantly for
FFRC with a high value of Rca. Consequently, to consider the
effect of Rca, a model parameter βλ was defined as the best-fit
relationship between the error index (Δc)

Ana/(Δc)
Exp [where

(Δc)
Ana = 3.2β0K

0.91
L f −1.32c0 ε0.67fu /βSEβR] and Rca. Based on regres-

sion analysis performed on 145 experimental data of FFSC, βλ
was derived as

βλ =
(Δc)

Ana

(Δc)
Exp = R2.2

ca ≤ 4 (14)

where βλ = 1 for FFCC and FFSC having Rca= 1. Considering
(Δc)

Exp = (Δc)
Ana/βλ, Eq. (13) can be rearranged considering the

sectional aspect ratio effect:

fcc
fc0

= 1 + (Δc)
Exp ≃ 1 +

(Δc)
Ana

βλ
= 1 +

3.2

βSEβRβλ
β0K

0.91
L f −1.32c0 ε0.67fu

(15)

Fig. 5(b) evidences the predictive performance of the developed
model for the case of FFRC, with a unified character with FFCC or
FFSC, based on the obtained statistical indicators.

Furthermore, Table 6 compares the performance of Eq. (15) and
the available considered models in the prediction of fcc of FFRC. As
can be seen, the proposed model and Cao et al. (2016) showed the
best predictive performance with almost similar achieved statistical
indicators.

FPCC, FPSC, or FPRC Column Elements

Experimental studies conducted by Zeng et al. (2017, 2018) dem-
onstrated that the effectiveness of the partial confinement system is
mainly dependent on the influential factor of sf (the distance be-
tween FRP strips). Shayanfar et al. (2021a, 2022a) revealed that
by increasing sf from zero (sf = 0, representing fully confined con-
crete) to above Ld0 (where sf≥Ld0 defines the damage zone length
of unconfined concrete), the effectiveness of FRP partial confine-
ment on axial strength becomes quite insignificant, and can reason-
ably be neglected.

To assess the influence of the confining system type in terms of
confinement-induced improvements, 199 test specimens of FPCC,
FPSC, or FPRC collected in the database were simulated by
Eq. (15) (developed exclusively for full confinement arrangement),
and the results are presented in Fig. 6(a). It is noteworthy that, since
the confinement stiffness of FRP partial system is a function of sf
and the width of the FRP strip (wf), the term of KL in Eq. (15)
needs to be modified, as

KL = 2
nκf tf Ef

b

wf

wf + sf

( )
(16)

In fact, the term wf/(wf+ sf) specifically represents the unifica-
tion in terms of FRP volumetric ratio for PC concrete (Wu and
Wei 2016; Shayanfar et al. 2020), where, owing to its unified char-
acter, Eq. (16) results in the same prediction as Eq. (3) presented for
full confinement arrangement (sf = 0). As shown in Fig. 6(a), by in-
creasing the normalized distance between FRP strips (Rsf= sf/b),
Eq. (15) overestimated the experimental counterparts, particularly
beyond Rsf= 0.25. Consequently, a model parameter (βP), address-
ing the effect of partially imposed confinement, was defined as the

(a) (b)

Fig. 4. (a) Variation of error distribution with Rr; and (b) predictive performance of Eq. (13).

Table 5. Statistical assessment of predictive performance of considered and proposed models for fcc of FFSC

ID Type Test data MV CoV MAPE MSE R2

Proposed model FFSC 256 0.981 0.141 0.116 0.082 0.813
fib (2019) 0.886 0.176 0.156 0.183 0.770
CNR DT 200/2004 (CNR 2004) 0.854 0.251 0.210 0.353 0.549
Guo et al. (2018, 2019) 0.758 0.225 0.257 0.454 0.583
ACI 440.2R-17 (ACI 2017) 0.898 0.208 0.167 0.188 0.662
Wei and Wu (2012) 0.984 0.161 0.123 0.104 0.786
Cao et al. (2016) 1.003 0.152 0.119 0.082 0.804
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best-fit relationship between (Δc)
Ana/(Δc)

Exp [where (Δc)
Ana=

3.2β0K
0.91
L f −1.32c0 ε0.67fu βSEβRβλ] and Rsf, obtained from regression

analysis:

βP =
(Δc)

Ana

(Δc)
Exp = 0.7 + 1.8Rsf ≥ 1 (17)

where βP= 1 for FFCC, FFSC, or FFRC having Rsf= 0. Consider-
ing (Δc)

Exp= (Δc)
Ana/βP, Eq. (15) can be rearranged considering the

sectional aspect ratio effect, as

fcc
fc0

= 1 + (Δc)
Exp ≃ 1 +

(Δc)
Ana

βP
= 1 +

3.2

βSEβRβλβP
β0K

0.91
L f −1.32c0 ε0.67fu

(18)

The predictive performance of the developed model for cases
with partial confinement configuration is demonstrated in
Fig. 6(b). As evidenced by the obtained statistical indicators,
Eq. (18) provided excellent agreement with the experimental coun-
terparts, confirming the reliability of the model parameter βP.

Moreover Table 7 compares the predictive performances of
Eq. (18) and of the models suggested by CNR DT 200/2004

(CNR 2004), Guo et al. (2018, 2019), and fib (2019). It can be
seen that even though the model suggested by CNR DT 200/
2004 (CNR 2004) resulted in the best predictions among the exist-
ing models, the proposed formulation presented a better prediction
of fcc for FPCC, FPSC, or FPRC.

Determination of με of FRP-Confined Concrete
Columns

This section provides the determination of strain ductility (με) of
FRP-confined concrete based on regression analysis performed
on 2,050 test data collected in the database (Table 2). Firstly, a
new theoretical-based model for calculating με, based on Poisson’s
ratio effect (the ratio between FRP hoop strain and axial strain) is
derived. Then, this model is restructured to have a proper format
for application of the regression analysis technique. For FFCC,
the model is calibrated using 1,462 experimental results, where
the size effect is considered. The strain ductility model is then ex-
tended to be applicable to noncircular columns with full confine-
ment (FFSC and FFRC) by introducing the influence of the

(a) (b)

Fig. 5. (a) Variation of error distribution with Rca; and (b) predictive performance of Eq. (15).

Table 6. Statistical assessment of predictive performance of considered and proposed models for fcc of FFRC

ID Type Test data MV CoV MAPE MSE R2

Proposed model FFRC 145 0.991 0.098 0.081 0.022 0.943
fib (2019) 1.026 0.158 0.136 0.040 0.873
CNR DT 200/2004 (CNR 2004) 1.031 0.178 0.155 0.058 0.827
Guo et al. (2018, 2019) 1.332 0.265 0.354 0.372 0.693
ACI 440.2R-17 (ACI 2017) 1.053 0.147 0.132 0.040 0.852
Wei and Wu (2012) 1.128 0.125 0.149 0.049 0.909
Cao et al. (2016) 1.019 0.105 0.092 0.022 0.938

(a) (b)

Fig. 6. (a) Variation of error distribution with Rsf; and (b) predictive performance of Eq. (18).
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noncircularity effect and sectional aspect ratio on the column duc-
tility, which is calibrated using 404 experimental results of FFSC
and FFRC. Finally, the developed model is extended for concrete
columns with a partial confining system by considering the influ-
ence of the partially imposed confinement in terms of με, calibrated
based on 206 experimental results of FPCC, FPSC, and FPRC.

FFCC Column Elements

The ultimate axial strain (εcu) of FRP-confined circular concrete
columns under compression can be defined when the hoop strain
in FRP jacket reaches εh,rup. Based on the Poisson’s ratio effect con-
cept, the secant Poisson’s ratio (νu) at the rupture stage can be ap-
proximated as the ratio of εh,rup and εcu. Accordingly, εcu is
obtained as a main function of εh,rup and νu:

εcu =
εh,rup
νu

(19)

Considering εh,rup = ψεfu, where ψ is a constant value, Eq. (19)
can be expressed as

εcu =
ψε fu
νu

(20)

By dividing both sides of Eq. (20) by εc0 (the axial strain corre-
sponding to fc0), με can be derived as

με =
εcu
εc0

=
ψε fu
νuεc0

(21)

The studies conducted by Mirmiran and Shahawy (1997),
Baji et al. (2016), and Shayanfar et al. (2020, 2021b, 2022c) evi-
denced that νu is strongly dependent on KL and fc0. Furthermore,
Lim and Ozbakkaloglu (2014) and Shayanfar et al. (2023b)
demonstrated that εc0 is also a main function of fc0. Hence, for
the establishment of a proper basis for regression analysis,
Eq. (21) is restructured as

με = B0K
B1
L f B2

c0 ε
B3
fu (22)

where B0, B1, B2, and B3 are the regression coefficients, determined
as B0= 300, B1= 0.56, B2=−0.78, and B3= 1.17, obtained from

regression analysis, resulting in

με = 300K0.56
L f −0.78c0 ε1.17fu (23)

It is noteworthy that, since the developed equation was derived
based on Eq. (21), the influence of column dimension size on με
was not considered. To evaluate the degree of the dominance of
the column dimension size on the model’s performance, Fig. 7(a)
analyzes the error distribution of Eq. (23) (the ratio of the results
obtained analytically to the results obtained experimentally,
(με)

Ana/(με)
Exp) with b/150. It can be seen that for small-sized

test specimens of FFCC, conservative results were obtained. Ac-
cordingly, using the regression analysis technique implemented
on 1,462 experimental results of FFCC, the relationship of
(με)

Ana/(με)
Exp with b/150 was derived, resulting in

αSE =
(με)

Ana

(με)
Exp ≃

b

150

( )0.12

≤ 1 (24)

where αSE= 1 for FFCC with b= 150 mm. Therefore, Eq. (23) can
be updated by considering the column dimension:

με =
300

αSE
K0.56
L f −0.78c0 ε1.17fu (25)

The performance of Eq. (25) is demonstrated in Fig. 7(b). The
obtained statistical indicators verify that there is a good agreement
between the analytical and experimental results.

For a further examination of the capability of the proposed
model, Table 8 compares the predictive performances of Eq. (25)
and the considered ductility models. As can be seen, although the
models recommended by fib (2019) and Guo et al. (2018, 2019)
presented the best performance of the existing models, Eq. (25)
showed by far a superior performance in the prediction of με.

It is noteworthy that the fundamental assumption in the consid-
ered ductility models, as presented in Eq. (1) (με = k0 + Ψc), is that
FRP confinement-induced improvement in με is simulated by using
the Ψc term, where for the case of unconfined concrete (Ψc= 0),
therefore, με = k0. Nevertheless, in this study, the framework of
Eq. (22) (με = Ψc), derived based on Poisson’s ratio effect
[Eq. (21)], was adopted for the statistical modeling of με. The pre-
liminary comparative assessment of the framework of Eq. (1) with

Table 7. Statistical assessment of predictive performance of considered and proposed models for fcc of FPCC, FPSC, and FPRC

ID Type Test data MV CoV MAPE MSE R2

Proposed model FPCC, FPSC, FPRC 199 0.997 0.098 0.070 0.038 0.895
fib (2019) 1.108 0.162 0.160 0.099 0.797
CNR DT 200/2004 (CNR 2004) 0.951 0.174 0.143 0.075 0.816
Guo et al. (2018, 2019) 0.936 0.163 0.118 0.104 0.798

(a) (b)

Fig. 7. (a) Relation of μAnaε /μExpε versus b/150; and (b) predictive performance of Eq. (25).
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the proposed framework of Eq. (22) demonstrated that more accu-
rate predictive formulation can be developed by regression analysis
by adopting the framework of Eq. (22) rather than that of Eq. (1).

FFSC Column Elements

To assess the influence of the noncircularity effect on με, the perfor-
mance of Eq. (25) (developed exclusively for FFCC) was analyzed
for predicting με of FFSC with different levels of Rr. Fig. 8(a)
demonstrates the distribution of Eq. (25)’s error index of
Y1 = (με)

Ana/(με)
Exp with Rr. It is evident that there are nonconserva-

tive results, particularly for FFSC with a low value of Rr. Based on
regression analysis performed on 247 experimental results of
FFSC, the best-fit relation of Y1 and Rr was obtained, resulting in

Y1 = (2.2 − 7Rr)R
−0.2
r ≥ R−0.2

r (26)

Thus, introducing Eq. (26) into Eq. (25) yields:

με =
300

Y1αSE
K0.56
L f −0.78c0 ε1.17fu (27)

For further examination of the performance of the developed
model, the distribution of Eq. (27)’s error index of
Y2 = (με)

Ana/(με)
Exp as a function of Xr = (1 − Rb)ε fu/fc0 (where

Xr= 0 and Xr> 0 for FFCC and FFSC, respectively) is

demonstrated in Fig. 8(b). The aim is to consider Xr the integrated
influence of Rb, the ultimate tensile strain of FRP, and the compres-
sive strength of unconfined concrete on με. As shown, by increas-
ing Xr, Y2 is reduced noticeably. The best-fit relation of Y2 and Xr

was obtained from regression analysis, resulting in

Y2 = e−170Xr (28)

Hence, to consider the influence of Xr on με, Eq. (27) can be re-
organized using Eq. (28):

με =
300

Y1Y2αSE
K0.56
L f −0.78c0 ε1.17fu (29)

As a result, by rearranging this equation, considering the noncir-
cularity effect, με can be determined from

με =
300

αSEαR
K0.56
L f −0.78c0 ε1.17fu (30)

in which

αR = Y1Y2 = (2.2 − 7Rr)
e−170Xr

R0.2
r

≥ e−170Xr

R0.2
r

(31)

where αR= 1 for FFCC. Fig. 8(c) examines the predictive perfor-
mance of Eq. (30). As shown, there is a good agreement between
the experimental results and those obtained from Eq. (30).

Table 8. Statistical assessment of predictive performance of considered and proposed models for με of FFCC

ID Type Test data MV CoV MAPE MSE R2

Proposed model FFCC 1,462 0.996 0.439 0.309 19.42 0.805
fib (2019) 0.910 0.486 0.339 32.57 0.689
CNR DT 200/2004 (CNR 2004) 0.664 0.598 0.447 98.00 0.417
Guo et al. (2018, 2019) 0.999 0.493 0.343 25.25 0.727
ACI 440.2R-17 (ACI 2017) 1.036 0.549 0.370 37.04 0.603
Wei and Wu (2012) 1.053 0.560 0.393 61.51 0.339
Cao et al. (2016) 1.371 0.507 0.500 75.01 0.564

(a) (b)

(c)

Fig. 8. (a) Relation of μAnaε /μExpε versus Rr; (b) relation of μAnaε /μExpε versus Xr; and (c) predictive performance of Eq. (30).
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Furthermore, Table 9 compares the performance of Eq. (30)
with that provided by the considered models in the prediction of
με of FFSC. It can be seen that, based on achieved statistical indi-
cators, the proposed model showed the best predictive performance
of all the models.

FFRC Column Elements

For the case of FFRC, the performance of Eq. (30) (developed ex-
clusively for FFCC or FFSC) was analyzed to evaluate the domi-
nance degree of sectional aspect ratio (Rca= h/b) on με, as shown
in Fig. 9(a). Consequently, the best-fit relation of αλ [Eq. (30)’s
error index, αλ = (με)

Ana/(με)
Exp] as a function of Rca was derived

based on regression analysis performed on 157 test data of FFRC,
resulting in

αλ = 0.84R0.3
ca ≥ 1 (32)

where αλ = 1 for Rca< 1.8. Therefore, by introducing Eq. (32) into
Eq. (30), με of FFRC can be predicted with a unified character to
FFCC and FFSC, with

με =
300

αSEαRαλ
K0.56
L f −0.78c0 ε1.17fu (33)

The predictive performance of Eq. (33) is evaluated in Fig. 9(b).
As can be seen, despite the obtained conservative results for some
specimens with (με)

Exp > 20, the developed model is capable of ef-
ficiently predicting the experimental counterparts of FFRC based
on the obtained statistical indicators. Furthermore, in Table 10,
the performance of Eq. (33) is compared with that of the considered
models in the prediction of με of FFRC. It can be seen that, al-
though the model suggested by Cao et al. (2016) exhibited the
best performance among the existing models, the proposed model
led to a better prediction of με.

FPCC, FPSC, or FPRC Column Elements

To assess the influence of partially confining systems in terms of με,
Eq. (33), developed exclusively for cases with full confinement,
was applied to 184 test specimens of FPCC, FPSC, and FPRC.
Fig. 10(a) demonstrates the distribution of Eq. (33)’s error index
of Y3 = (με)

Ana/(με)
Exp with Rsf, where the best-fit relation between

them was obtained as

Y3 = 1 − 1.42Rsf + 7R2
sf − 7R3

sf (34)

where this equation is applicable to Rsf≤ 0.75. Subsequently, by
considering the effects of concrete strength (fc0) and column aspect
ratio (L/b) as other influential variables on με, a model parameter
(αP) was defined based on regression analysis for partially imposed

confinement strategy, as

αP = ξY3 = ξ(1 − 1.42Rsf + 7R2
sf − 7R3

sf ) (35)

in which

ξ = 1 + (ξ0 − 1)
Rsf

0.15
for Rsf ≤ 0.15 (36a)

ξ = ξ0 for Rsf ≥ 0.15 (36b)

ξ0 = 0.125f 0.12c0

L

b

( )1.7

≤ 1.5 (37)

where ξ= 1 and αP= 1 are adopted for FFCC, FFSC, or FFRC with
Rsf= 0. Thus, by replacing Eq. (35) in Eq. (33), for the specimens
with partial confinement arrangement, με can be determined from

με =
300

αSEαRαλαP
K0.56
L f −0.78c0 ε1.17fu (38)

In Fig. 10(b), the predictions from Eq. (38) are compared with
those reported by test data, and a good agreement between them
can be observed.

Moreover, Table 11 compares the performance of Eq. (38) with
that provided by the CNR DT 200/2004 (CNR 2004), Guo et al.
(2018, 2019), and fib (2019) models. It can be seen that even
though fib (2019) showed the best performance among the consid-
ered models, a considerably better prediction of με for the FPCC,
FPSC, and FPRC specimens is obtained from the unified proposed
model based on Eq. (38).

Unified Compressive Strength and Strain Ductility
Models

In this section, the predictive performance of the developed models
for the calculation of fcc and με of FRP-confined concrete columns
under axial compressive loading is assessed. By rearranging Eq.
(18), the unified strength model to predict fcc of various cases of
FRP-confined concrete columns is proposed as

fcu
fc0

= 1 +
3.2

βUF
β0K

0.91
L f −1.32c0 ε0.67fu (39)

in which

βUF = βSEβRβλβP (40)

where βUF= 1 for FFCC. The model parameters of βSE, βR, βλ, and
βP are calculated using Eqs. (10), (12), (14) and (17), respectively.
Conversely, the unified strain ductility model to predict με can be

Table 9. Statistical assessment of predictive performance of considered and proposed models for με of FFSC

ID Type Test data MV CoV MAPE MSE R2

Proposed model FFSC 247 0.990 0.374 0.295 23.51 0.862
fib (2019) 0.653 0.512 0.414 129.5 0.322
CNR DT 200/2004 (CNR 2004) 0.647 0.517 0.415 160.2 0.212
Guo et al. (2018, 2019) 0.768 0.479 0.366 96.21 0.660
ACI 440.2R-17 (ACI 2017) 0.720 0.510 0.390 112.8 0.483
Wei and Wu (2012) 1.061 0.513 0.416 113.0 0.179
Cao et al. (2016) 1.238 0.447 0.437 56.56 0.581
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derived by rearranging Eq. (38), as

με =
300

αUF
K0.56
L f −0.78c0 ε1.17fu (41)

in which

αUF = αSEαRαλαP (42)

where αUF= 1for FFCC, and αSE, αR, αλ, and αP are calculated
using Eqs. (24), (31), (32) and (35), respectively.

Therefore, βUF and αUF can be considered as unification factors,
not only for smooth transitions (prediction continuity) of the shapes

of the columns’ cross sections (from circular to square or rectangu-
lar), and the confining systems (from full to partial confinement),
but also for considering the influences of cross-sectional shape
and confining system in terms of fcc and με. Furthermore, through
this unification approach, uniform mathematical formulations were
developed for all the confinement scenarios imposed on concrete
columns (FFCC, FFSC, FFRC, FPCC, FPSC, and FPRC).

It should be noted that the proposed unification factors were de-
veloped or calibrated through implementation of the regression
analysis technique. Accordingly, once more wide-ranging and
larger datasets than those used in this study (Tables 1 and 2) are
available, these factors can be recalibrated, resulting in a potential

(a) (b)

Fig. 9. (a) Relation of μAnaε /μExpε versus Rca; and (b) predictive performance of Eq. (33).

Table 10. Statistical assessment of predictive performance of considered and proposed models for με of FFRC

ID Type Test data MV CoV MAPE MSE R2

Proposed model FFRC 157 0.986 0.355 0.276 28.79 0.887
fib (2019) 0.665 0.413 0.364 130.1 0.259
CNR DT 200/2004 (CNR 2004) 0.609 0.379 0.405 153.0 0.156
Guo et al. (2018, 2019) 0.793 0.354 0.289 96.21 0.643
ACI 440.2R-17 (ACI 2017) 0.762 0.373 0.315 109.1 0.491
Wei and Wu (2012) 1.062 0.425 0.307 117.8 0.153
Cao et al. (2016) 1.024 0.376 0.276 80.96 0.607

(a) (b)

Fig. 10. (a) Relation of μAnaε /μExpε versus Rsf; and (b) predictive performance of Eq. (38).

Table 11. Statistical assessment of predictive performance of considered and proposed models for με of FPCC, FPSC, and FPRC

ID Type Test data MV CoV MAPE MSE R2

Proposed model FPCC, FPSC, FPRC 184 0.982 0.270 0.220 5.805 0.784
fib (2019) 1.016 0.664 0.485 14.63 0.668
CNR DT 200/2004 (CNR 2004) 0.791 0.654 0.497 28.81 0.441
Guo et al. (2018, 2019) 1.103 0.696 0.525 14.89 0.644
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(a) (b)

(c) (d)

Fig. 11. Predictive performance of (a) proposed strength model; (b) fib (2019); (c) CNR DT 200/2004 (CNR 2004); and (d) Guo et al. (2018, 2019).

Table 12. Statistical assessment of available unified models for predicting fcc

ID Type Test data MV CoV MAPE MSE R2

Proposed model FF, FP 2,117 0.990 0.179 0.132 0.170 0.870
fib (2019) 0.928 0.221 0.174 0.275 0.827
CNR DT 200/2004 (CNR 2004) 0.815 0.262 0.237 0.598 0.791
Guo et al. (2018, 2019) 0.816 0.307 0.261 0.567 0.789

(a) (b)

(c) (d)

Fig. 12. Predictive performance of (a) proposed ductility model; (b) fib (2019); (c) CNR DT 200/2004 (CNR 2004); and (d) Guo et al. (2018, 2019).
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upgrading in the predictive performance of the proposed compres-
sive strength and ductility models (Shayanfar et al. 2023c). This
also rationalizes there being a continuous process of data collection
and consequent recalibration of the models until convergence in
terms of accuracy is reached. Moreover, this version of the pro-
posed models does not yet comprise an available solution for im-
plementation in the design practice, which requires consideration
of the relevant safety factors and the demonstration of their valida-
tions for real scale FRP-confined RC columns. Nonetheless, owing
to the general nature of the proposed methodology for the determi-
nation of fcc and με, a proper foundation is provided for the estab-
lishment of predictive formulations applicable to fully or partially
FRP-confined circular or noncircular RC columns, where the influ-
ence of the dual confinement mechanism of FRP wraps and steel
stirrups or hoops needs to be evaluated or considered, for presenta-
tion in future publications.

Validation of the Proposed Predictive Models

This section presents the predictive performance of the proposed
unified compressive strength and strain ductility models based on
all the test data of FRP-confined concrete with different cross-
section shapes and confinement arrangements. Furthermore, these
models’ performances are also compared with those associated
with CNR DT 200/2004 (CNR 2004), Guo et al. (2018, 2019),
and fib (2019) models.

Fig. 11 and Table 12 compare the predictive performance of the
proposed strength model with those obtained from CNR DT 200/
2004 (CNR 2004), Guo et al. (2018, 2019), and fib (2019) models,
based on the predicted results of 2,117 test data of FFCC, FFSC,
FFRC, FPCC, FPSC, and FPRC. A close agreement of the analyt-
ical and experimental results verifies the good performance of the
proposed model. Furthermore, of the considered models, the ob-
tained statistical indicators highlight the capability of fib (2019)’s
model. Nevertheless, the proposed strength model has a superior
performance in the prediction of fcc.

In Fig. 12 and Table 13, the performance of the proposed duc-
tility model in predicting με is compared with that obtained from
the application of CNR DT 200/2004 (CNR 2004), Guo et al.
(2018, 2019), and fib (2019) models. It can be seen that even
though Guo et al. (2018, 2019) exhibited the best performance
among the considered model, the proposed model was capable of
providing considerably better predictions of 2,050 test data of
FFCC, FFSC, FFRC, FPCC, FPSC, or FPRC.

Summary and Conclusions

In this study, new unified predictive formulations were developed
to estimate the compressive strength (fcc) and axial strain ductility
(με) of circular, square, and rectangular cross-section concrete col-
umns with either full (FFCC, FFSC, and FFRC), or partial confine-
ment (FPCC, FPSC, and FPRC), based on a regression analysis
technique. To establish a strength model, the fundamental assump-
tion was that fcc of FRP-confined concrete is significantly

dependent on the confinement pressure generated by the FRP jacket
at the rupture stage. For the case of a strain ductility model, a new
expression with a design framework [Eq. (22)] was proposed,
based on the concept of the Poisson’s ratio effect, whose frame-
work is different from the existing one [Eq. (1)]. Subsequently,
based on these preliminary expressions, predictive formulations
based on regression analysis were developed, whose key variables
are confinement stiffness, concrete strength, and FRP ultimate ten-
sile strain. The influences of the aforementioned variables, along
with size effect, were determined using regression analysis imple-
mented on a large experimental dataset of FFCC columns. Accord-
ing to the unification approach introduced by Wu and Wang
(2009), by introducing the nondimensional indices of Rr, Rca, and
Rsf, the dominance degrees of sectional noncircularity, cross-
sectional aspect ratio, and confinement configuration type on
confinement effectiveness were evaluated using the collected test
databases of FFSC, FFRC, FPCC, FPSC, and FPRC. Through stat-
istical analysis of the influences of these variables on fcc and με,
unification factors (βUF and αUF) were derived, by which the appli-
cability of the models are extended to the various confinement
scenarios. Based on the data of FFCC, FFSC, FFRC, FPCC,
FPSC, and FPRC assembled in the datasets, the predictive perfor-
mances of the proposed models were evaluated, and compared with
those of some existing models. For the cases of fcc and με, the mod-
els suggested by fib (2019) and Guo et al. (2018, 2019) demon-
strated the best performances among the considered models,
respectively. Nevertheless, superior predictive performances were
achieved through the proposed strength and ductility models
based on the obtained statistical indicators.

Data Availability Statement
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pear in the published article.
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Notation

The following symbols are used in this paper:
A0 = regression coefficient;
A1 = regression coefficient;
A2 = regression coefficient;
A3 = regression coefficient;
A4 = regression coefficient;
A5 = regression coefficient;

Table 13. Statistical assessment of available unified models for predicting με

ID Type Test data MV CoV MAPE MSE R2

Proposed model FF, FP 2,050 0.993 0.414 0.296 19.41 0.817
fib (2019) 0.880 0.536 0.365 49.12 0.537
CNR DT 200/2004 (CNR 2004) 0.669 0.590 0.444 103.5 0.346
Guo et al. (2018, 2019) 0.965 0.526 0.358 38.30 0.621
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B0 = regression coefficient;
B1 = regression coefficient;
B2 = regression coefficient;
B3 = regression coefficient;
b = section dimension (shorter side of section);
Ef = FRP modulus elasticity;
fcc = peak axial strength of FRP-confined concrete;
fcu = ultimate axial strength of FRP-confined concrete;
fc0 = peak axial strength of unconfined concrete;
fl,u = confinement pressure at FRP ultimate tensile strain;

fl,rup = confinement pressure at FRP rupture;
h = longer side of section;

KL = FRP confinement stiffness;
kh = reduction factor;
kv = reduction factor;
k0 = constant coefficient;
L = column height;

Rca = cross-sectional aspect ratio, Rca= h/b;
Rr = nondimensional parameter, Rr= 2r/b;
Rsf = nondimensional parameter, Rsf= sf/b;
r = corner radius;
sf = distance between FRP strips;
tf = nominal thickness of FRP layer;
wf = FRP width;
Y1 = error index;
Y2 = error index;
Y3 = error index;
αSE = calibration factor for size effect;
αR = calibration factor for noncircularity;

αUF = unification factor;
αλ = calibration factor for sectional aspect ratio effect;
βSE = calibration factor for size effect;
βR = calibration factor for noncircularity;

βUF = unification factor;
βλ = calibration factor for sectional aspect ratio effect;
β0 = calibration factor;
Δc = FRP confinement-induced improvements;
ɛcu = ultimate axial strain;
ɛc0 = axial strain corresponding to fc0;
ɛfu = ultimate tensile strain of FRP sheet;

ɛh,rup = rupture strain of FRP jacket;
μɛ = axial strain ductility;
νu = ultimate secant Poisson’s ratio;
ρɛ = rupture strain ratio of FRP jackets;

ρK,e1 = FRP confinement stiffness index;
ξ = calibration factor;
ξ0 = calibration factor;
Ψc = FRP confinement-induced improvements; and
ψ = strain reduction factor.
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