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of concrete structures is a common method. The main role of FRP confinement
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strain of confined concrete core and therefore improve in the load carrying
capacity of the columns. However, it is possible that a previously short column
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the enhanced compressive strength of a retrofitted column may go beyond its
buckling load. Therefore, a design criterion to predict this condition is necessary
for the designers in the preliminary and final stages of the design. In this paper,
a predictive model is proposed to determine the slenderness limit of FRP-
confined circular RC columns. The suggested relation was derived using one of
the accurate design-oriented strength models for FRP-confined concrete columns
as well as analytically derived buckling equations. The effect of hybrid FRP con-
finement is also incorporated in the suggested slenderness limit. Moreover, a
parametric study was performed on the suggested model to specify most influen-
tial parameters. The accuracy of the proposed relation was evaluated using a
database of experimental results collected from previous studies. The results of
the evaluations demonstrated acceptable accuracy of the proposed relation in
predicting behavior and failure mode of FRP-confined RC columns.
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1 | INTRODUCTION concrete (RC) structural elements becomes an attractive

method. Accordingly, in the past three decades, various

Due to the desirable characteristics of fiber-reinforced poly-
mer (FRP) materials such as high-tensile strength, corrosion
resistance, lightweight, and ease of application, using them
for strengthening and rehabilitation of existing reinforced

Discussion on this paper must be submitted within two months of the
print publication. The discussion will then be published in print, along
with the authors’ closure, if any, approximately nine months after the
print publication.

studies have been performed on different aspects of FRP
applications in concrete structures." Many of the existing
studies deal with the FRP strengthening of concrete col-
umns.*'° The concrete members, especially columns, usu-
ally require strengthening because of loading eccentricity,
impact or seismic loads, or being exposed to harsh environ-
ments such as saltwater, chemical substances, or tempera-
ture cycles. Accordingly, various studies have been
performed on application of FRP sheets and tubes for
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improving the performance of concrete structural compo-
nents.''™Y” For instance, in one of the recent studies on
FRP-confined columns, Wang et al.'! experimentally inves-
tigated the performance of CFRP-wrapped RC columns
with rectangular sections under eccentrical loads, consider-
ing the effects of preloading level. Mai et al.'* studied the
nonuniform wrapping techniques for improving the failure
strength of FRP-confined rectangular columns. The effect of
partial CFRP confinement on the performance of concrete
columns made of seawater and sea-sand aggregates is inves-
tigated by Yang et al."* Mai et al.'* studied the behavior of
partially confined square columns under different loading
conditions. Pham et al.'® evaluated the effects of different
wrapping methods on compressive strength of FRP-
confined circular concrete columns.

Many of the performed studies on FRP-confined con-
crete have been concentrated on development of predictive
models for the stress and strain behavior of confined con-
crete. **2° One of the factors that affect the performance
of confined concrete is the path dependence behavior of
concrete.?! However, in most of the available models for
confined concrete, it is assumed that the confined axial
stress of concrete is independent on the loading path his-
tory, and accordingly the progressive development of ten-
sile splitting cracks in confined concrete is ignored.***
Recent studies proved that due to the progressive forma-
tion of tensile splitting crack by increase in the axial strain,
which in turn depends on different factors mainly the wet
packing density,**?* the degree of splitting crack at a given
confining stress in passively confined concrete should be
larger and hence, passively confined concrete experience a
smaller axial stress than that in the actively confined con-
crete." In this regard, attempts have been made recently to
include the effect of the path dependence on the stress-—
strain models and behavior of FRP-confined concrete.**’

It is known that FRP wraps increase the strength and
ductility of concrete columns, but this effect in wrapped
slender columns is not as significant as in the short ones.
Therefore, it seems rational to find slenderness limits for
concrete columns, which beyond them, the FRP wrap-
ping is not very efficient for improving strength and duc-
tility. Retrofitting slender FRP-confined RC columns is a
common challenge for the designers because all design
specifications and codes only consider short columns and
are silenced in regard to the effects of slenderness.** *°

1.1 | Review of the previous studies on
slender confined columns

In the past decade, few researchers have investigated the
performance of slender FRP-confined RC columns,
experimentally, analytically, and numerically. For

instance, Pan et al.3! conducted axial compression tests
on slender rectangular FRP-confined RC columns with
slenderness ratio varying from 4.5 to 17.5. They con-
cluded that in comparison with ordinary RC columns,
the FRP-confined columns are more susceptible to the
negative effects of slenderness. They also used the ANSYS
software package to numerically investigate the perfor-
mance of slender FRP-confined columns and performed
a parametric study considering the effect of parameters
such as cross-section area, confinement ratio, and rein-
forcing ratio. Based on their attained results, they pro-
posed a simplified formula to calculate the stability
coefficient for FRP-confined rectangular columns. To
remove the restrictions of the existing provisions for the
design of FRP-confined RC columns to only short col-
umns, Jiang and Teng>* suggested a theoretical model for
slender circular concrete columns. Numerical validations
demonstrated that their proposed model is in good agree-
ment with existing experimental test results on slender
columns. In another research, Siddiqui et al.** performed
an extended experimental study on slender FRP confined
RC columns to determine the effects of the hoop and lon-
gitudinal FRP laminates on improving compressive
strength and reducing lateral deflection of slender col-
umns. They concluded that in the post-yielding phase,
the longitudinal FRP laminates were more influential on
load carrying capacity than the hoop FRP laminates.
Based on their experiments, they tried to modify the ACI
slenderness limit for RC columns to be applicable for
analysis of columns confined with FRP laminates. Karimi
et al.>* suggested a novel composite steel-concrete-FRP
column made of concrete-filled FRP tube with a steel
section core. They performed a parametric study to inves-
tigate the effect of different parameters such as column
diameter, FRP tube thickness, axial compressive modu-
lus of the FRP tube, and ratio of steel-to-concrete area
on the slenderness limit. Ali** studied the reliability of
FRP-confined short and slender RC columns using the
first-order reliability method. He utilized the finite dif-
ference method for structural analysis considering both
material and geometrical nonlinearities. He used the
load and resistance factors based on ACI assumptions
and calculated reliability indexes for both confined and
unconfined columns. He found that the application of
FRP confinement improves the reliability of RC col-
umns considerably. Hales et al.*® proposed an analytical
buckling model that was applicable for developing
interaction diagrams for FRP spiral-confined circular
concrete columns with various slenderness ratios,
reinforced with steel, FRP, or both rebars. Al-Nimry
and Soman®’ examined the slenderness effect on the
performance of eccentrically loaded RC columns con-
fined with FRP laminates. They tested the accuracy of
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the stress—strain model used by ACI for estimating the
axial strength of FRP confined slender RC columns and
concluded that the mentioned model overestimates the
ultimate capacity. GajdoSovd and Bileik®® studied the
effect of different types of CFRP wrapping on the per-
formance of slender concrete columns.

1.2 | The objective of the present study
In addition to the abovementioned research works,
many other studies are also conducted on the design
and performance of FRP-confined slender reinforced
or plain concrete columns.*™** Based on the findings
of these studies, it is concluded that a short RC col-
umn can behave like a slender column after the addi-
tion of FRP wraps due to the increase in concrete
compressive strength as result of the FRP confine-
ment. In other words, if a short column supposed to
fail by concrete crushing before the addition of FRP
wraps, it might experience buckling, which usually
occurs in slender columns, due to an increase in its
load carrying capacity. Therefore, the need for a prac-
tical slenderness limit to help engineers to go through
design procedure by using practical relations and easy
to follow guide.

The main objective of the present study is to propose
a new analytically derived relation to determine the slen-
derness limit for FRP confined circular RC columns. For
this purpose, the buckling load of an RC column is set
equal to its confined compressive load carrying capacity.
One of the accurate design-oriented models for strength
of confined concrete is used to calculate the compressive
strength of FRP-confined RC column. Considering the
concept of elasto-plastic buckling, lower and upper-
bound slenderness limits were derived for confined RC
columns. The proposed relation has distinctive features
in comparison with the other existing limits. First, the
effect of different types of longitudinal reinforcement as
well as the application of hybrid FRP confinement is
incorporated in the development of the proposed rela-
tion. Moreover, using the results of the previous experi-
mental studies, modifying coefficients were applied in
the process of calculating various geometrical and mate-
rial properties, which improved the accuracy of the pro-
posed relation. A database of experimental results
collected from the previous experimental studies on slen-
der and short confined RC columns was used to verify
accuracy of the proposed relations. Finally, a brief para-
metric study was performed on the suggested relation to
determine the most influential parameters on the slen-
derness limit of confined circular RC columns in order to
simplify the final relation.

JibL=

2 | MODELING OF CONFINED
PLAIN CONCRETE BEHAVIOR

The prerequisites for the development of slenderness
limit for FRP-confined RC circular column are relations
to predict ultimate strength, strain, as well as the bilinear
stress—strain curve of FRP-confined concrete in compres-
sion. Several existing models and relations are available
in literature; however, due to the sensitivity of the ulti-
mate load carrying capacity to that strength, it is neces-
sary to choose a model with the highest accuracy. In the
present study, the following relations, which are pro-
posed by Arabshahi et al.® and proved to have favorable
performance, were used:

39
1n2 (fCO) ’

fcc :fco+ (1)

021 0.68
b =22 (2)
fco - ln(ECO)

where, f,. and f,, are the confined and unconfined con-
crete compressive strength, respectively. Similarly, &g,
and ¢, are the ultimate strains of confined and uncon-
fined concrete respectively. f; is the confinement pres-
sure, which is derived from the following relation:

fl:T’ (3)

where f; and ¢ are ultimate tensile strength and the total
thickness of the FRP wraps, respectively, and d is the
diameter of the concrete column.

Although the complete stress-strain curve of the con-
fined concrete is not required directly in the process of
deriving the slenderness limit, but as it will be discussed
in the next sections, the first and second slopes of the
stress—strain curve are used in derivation of the reduced
modulus of elasticity for the confined concrete. There-
fore, accuracy of the utilized model for predicting the
stress—strain curve of the confined concrete will affect
accuracy of the predicted slenderness limit. In the present
study, the stress-strain curve of confined concrete, a
modified version of well-known Richard and Abbot
model* was used as follow:®

B (E1 — E>)e.
.ﬂ—P+C&i;ﬁW%+&&. @)
E1 =3535\/fco —fuo- (5)
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E2:1.1%. (6)
_r __Jeo

fo=Fe . (7)

n;=6. (8)

In these equations, E; and E, are the slopes of the first
and second branch of the stress-strain curve, respec-
tively. f,, is the stress at which extension of the second
branch of the curve intersects with the stress axis, and n;
is a parameter that controls the transition zone of the
curve. f, and &, represent stress and strain of confined
concrete. These models were initially developed for
AFRP-confined concrete columns, but further numerical
evaluations showed this relation maintain very good
accuracy for other types of FRP wraps. To prove this
claim, a database of experimental results from previous
researches was collected consisting of 340 test results of
FRP confined concrete columns.*”””* The summary of
the variation range of effective parameters in the col-
lected data are presented in Table Al in Appendix A, in
which letters A, C, and G denote aramid, carbon, and
glass FRP, respectively.

It should be noted that there are many existing
models available for prediction of the ultimate stress and
strain of FRP-confined concrete. Ozbakkaloglu et al.’
presented a comprehensive review of nearly 90 reported
models at the time. Five more accurate and practical
models were selected from those, which tabulated in
Tables 1 and 2, and the proposed relations were used to
calculate ultimate stress and strain for this database and
the attained results were compared to the experimental
results. To calculate the accuracy of the estimations,
three different error measures of root mean square error,
mean absolute error, and integral absolute error in addi-
tion to the coefficient of determination were used.® The
obtained results are presented in Figures 1-4. Based on
the presented results, the selected models in present
study for the ultimate stress and strain of FRP-confined
concrete performs better than the rest.

Another model that is required for determining the
slenderness limit is the bilinear stress-strain curve. To
assess the accuracy of the bilinear curve used in this
study, experimental data from three previous research
studies were considered.”®”"”® Details of the utilized
database of experimental results for the performance
evaluation of the bilinear stress-strain curve are pres-
ented in Table A2 of Appendix A. The accuracy of the
selected bilinear relation in this study (Equation (4)
through Equation (8)) is compared to four other

TABLE 1 Strength models for circular confined concrete
columns
No Reference Model
1 Lam and Teng’™* jf_c 14 3,3}{_1
2 Wang and Wu®® fo (1.o+5.s4f'%)
i 1+%(171.49f{—_10)
3 Wu and Zhou”?
fefor (- ) o1
4 Pham and Hadi”® {#:0.91—1—1.88{—[—1—7.6#
5 Djafar-Henni f O\ 5\ 037
o) ()
and Kassoul”’ foo oo o
TABLE 2 Strain models for circular confined concrete columns
No Reference Model
: _ : 0.75 /. 1.25
1 Djafar-Henni . %:2.34_1‘2(%) (sZ_P)
and Kassoul €0 e <
2 Wu et al.* gﬂ:l+9,5/&
€co co
3 Pham and Hadi’® trEren,,
=1+ 13'24dfm+3.3r;E,P-ghmP
4 Lam and Teng’* . I\ ([ |\ O
s — 175+ 12 (e ) (22
i 78 0.75 0.62
5 Wei and Wu %:1'75+12<f4) (%>
models®®*778% using these experimental results. The

attained results are demonstrated in Figure 5. As it can
be seen, the relation used in this study provided the
most accurate estimations in comparison to the other
models.

Before proceeding to the next section, there is one
important point that should be mentioned. Equation (4)
is applicable for situations in which sufficient FRP con-
finement is provided for the column and accordingly the
stress-strain curve of the column has an ascending sec-
ond branch. It should be noted that the proposed slender-
ness limit in this study pertain to the sufficiently
confined circular columns. This is due to the fact that the
full confinement benefit of FRP wraps is used when the
concrete is sufficiently confined and otherwise it is not
economically and practically efficient. Accordingly,
Equation (4) is chosen because of its acceptably higher
accuracy in comparison to other existing counterparts. To
determine whether a designed FRP confinement is suffi-
cient or not, one can use the confinement efficiency
threshold proposed by Arabshahi et al.:®

f1, =0.191f,. 9)
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3 | FORMULATION OF
SLENDERNESS LIMIT

In this section, the slenderness limit for FRP-confined
circular RC columns is derived analytically. The follow-
ing relations are derived assuming the application of both
steel and FRP reinforcing bars as well as hybrid FRP con-
finement. According to the definition of the slenderness
limit, it is required that the compressive load carrying
capacity of the column be equal to its buckling load in
the critical slenderness value:

P.=Py. (10)

In this equation, P, is the compressive strength of the RC
column and Py is the Euler buckling load. The compres-
sive strength for FRP-confined RC circular column is
computed from the subsequent equation:

n
P, :fccAC +EgpepAsp +Efb€ijjb + ZEfrPigcuAfrPi’ (11)
i=1

1

where f,, and ¢, are the ultimate stress and strain of
confined concrete, respectively. These parameters are
computed using Equations (1) and (2). Eg, Ep, and
Ejyp, are the moduli of elasticity of the reinforcing steel
bars and FRP bars and the i type of confining FRP
sheets with fibers in the longitudinal direction. It
should be noted that FRP sheets with fibers in the lon-
gitudinal direction are used in some cases to improve
flexural performance of concrete. However, in most
cases only FRP wraps with fibers in the circumferen-
tial direction are used for strengthening concrete

® Djafar-Henni and Kassoul
mWuetal
# Pham and Hadi
Lam and Teng
® Wei and Wu

® Arabshahiet al.
la&E

Error percentage of the strain models for FRP-confined circular columns. FRP, fiber reinforced polymer

columns. In such cases, the last term in Equation (11)
is neglected.

Here £y and gp are the strains of steel and FRP
rebars, respectively. Depending on the ultimate strain
of confined concrete, the strain in steel bar at the criti-
cal slenderness is derived from the subsequent
equation:

Eou Eu<Ey
Eh = . (12)
& Ey ¢y

Here, ¢, is the yield strain of steel. Note that the above
relationship is used assuming the elastic-perfectly plastic
material models for steel rebars. However, different mate-
rial models including hardening effect can be used for
reinforcing steel rebars.

In case of using FRP rebars, due to their brittle behav-
ior, the strain in them is calculated from the next equa-
tion, in which e, is the ultimate strain of FRP rebar in
compression:

en — Ecu Ecu < EyF (13>
P 0 ScuzguF.

The cross-section area for different parts of the col-
umn were computed using the subsequent equations:
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Afrp,- = ﬂ:dl’ﬂi. (16)

(@ —nd?, — oo
. .

Ac= (17)

In these equations, d, ¢, n, and f; stand for column diam-
eter, diameter, and number of reinforcing bars and thick-
ness of FRP wrap in the longitudinal direction,
respectively. While, the subscripts sb and fb indicate steel
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and FRP bars, respectively. On the other side of the
Equation (10), the Euler buckling load is derived from
the succeeding well-known equation:

2B I
pp=""c4
(KL)

. (18)

In this equality, L is the length of the column and K is
the coefficient of effective buckling length. E. is the
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concrete modulus of elasticity and I is the effective flex-
ural rigidity of the column which is computed using the

following equation:

Lyp = a(lg+1y) + AL,

(19)
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where I, is the gross section moment of inertia and Ij and
I, are the equivalent moment of inertia due to rein-
forcing bars (steel or FRP) and FRP wraps, respectively:

rd*
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I Eb Efb
Iy =T +1Ip =2 KESC 1> 3yt + (EC 1) d;btfb} :

n

n By,
r,=>" <§ E—Cd%ﬂi) : (22)

i=1

In Equation (21), dg and dp are the diameter of the
equivalent smeared ring for longitudinal steel and FRP
bars, respectively. Similarly, fy and g are respectively
thickness of equivalent smeared ring for steel and FRP
bars. These parameters can be computed using the fol-
lowing equations:

dp=d—2Cgxp — g, (23)
dp=d—2Cp — ¢y, 24
1o fb /b
Asb
tp =——mf), 25
b ﬂdsb ( )
Ap
thy=—— 2
fo ﬂdﬂ,’ (26)

where, Cy, and Cp, are the clear concrete cover to longi-
tudinal reinforcing steel and FRP bars, respectively.

a and g in Equation (19), are the effective flexural
rigidity coefficients for longitudinal reinforcement
and FRP wraps, respectively. Previous studies proved
that the flexural rigidity of RC section (or other com-
posite sections) is not equal to the flexural rigidity of
the equivalent cross-section.® Accordingly, various
researchers have proposed different relations to pre-
dict the effective flexural rigidity of the RC beams and
columns.?>®* Avsar et al.** proposed the following
relation for circular RC column with steel rebars:

0.069 + 0.0032f. +0.876 N +9.512, N
. . . 512p
‘ JeAq Ay

+12.809p,

>0.26 —1.75p,

0.239 — 0.0029f, + 0.709 <0.26 —1.75p,

JeAq JeAq
(27)
in these equations, N is the axial force applied to the col-

umn and p, is the reinforcement ratio:

=—. 28
= (28)
nd?

JibL=

According to Avsar et al.** for values of f%g greater than
0.5, the coefficient of effective flexural rigidity approaches
0.75, and based on the definition of slenderness limit,
that is the slenderness at which the buckling and ulti-
mate axial capacity occurs at the same time, the ratio of
f%g is surely higher than 0.5 (close to 1). Therefore, the
value of 0.75 will be used in this study. On the other
hand, the same reasoning can be used for FRP-confined
concrete column. The fact is that there are very limited
studies in this regard. In present study, the experimental
results reported by Al-Nimry and Al-Rabadi® are
adopted to estimate the coefficient . Based on their
observations, longitudinal FRP wraps increase flexural
stiffness of FRP-confined RC columns significantly (more
than doubled). Considering common FRP types and aver-
age cross-section area and reinforcement ratio for RC col-
umns, it is calculated that this finding can be numerically
justified by the application of a modification factor of
ﬂ:0.2073. Therefore, in the present study, the value of
0.25 is used and consequently, Equation (19) can be
rewritten in the following form:

Iy =0.75(Ig+1) +0.251,. (30)

Now that all the necessary parameters for calculation of
compressive strength and Euler buckling force are in
hand, the slenderness limit can be derived by performing
some mathematical operations on the expanded version
of Equation (10):

EcIeff

Ae=

SN

n .
fccAc +EgpecuAgpy + EfbgcuAjb + ZEfrpigcuAfrp,-
i=1

(31)

In this relation, r is the radius of gyration for the col-
umn cross-section:

I Ld4

d2
=, |®=4/—=0.25d. 32
A ,,sz 16 (32)

Equation (31) is the critical slenderness limit for FRP-
confined RC circular concrete columns. However, there
is only one big question: which value should be used
for the modulus of elasticity of concrete? To answer
this question, one must return to the basics of the
elasto-plastic buckling of columns. According to a clas-
sic and widely accepted theory, the utilization of
reduced modulus of elasticity in the Equation (18) can
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(Continued)

TABLE 3

Dimensions Rebar prop. FRP wrap prop.

Concrete prop.

Specimen

Sp (MPa) tp (mm) tp (mm) Failure mode

feo (MPa) &, (%) D (mm) L(mm) E;(MPa) @ (mm) n Cg (mm) Eg, (MPa)

No Reference

Buckling

0.54
0.

391

25,700/24600 391/4810

25 25,700

15

200,000
200,000
200,000

3048
3048
1800

260
260

300

0.21
0.21
0.24

Khorramian and Sadeghian® 30

31
32
33

Buckling

08

1.
0

54

25
16 40

15
8

30

Buckling

4810 0.668

246,000

48.8

Xing et al.”

Abbreviations: Comp. Fai, compressive failure; FRP, fiber-reinforced polymer.

“Hybrid FRP confinement is used and the corresponding details are provided in Table 6

JibL=

successfully predict the buckling load of columns.®®
The concept of reduced modulus of elasticity which
takes into account the effect of unloading in the cross-
section due to lateral deformation of the column at the
buckling point was proposed by Considére.®’ Later,
Von Karman®® further substantiated this concept ana-
lytically and experimentally. The reduced modulus of
elasticity for concrete is derived from the following
equation:®¢

] o

In this equation, E, is the tangential modulus of elas-
ticity and stands for the unloading modulus. Assum-
ing that no damage occurs in the concrete during the
axial loading, the unloading modulus can be taken
equal to the initial modulus of elasticity for confined
concrete (i.e., E, = E1). However, such an assumption is
not realistic and in the present study, based on the previ-
ous experimental works, a coefficient of 0.34 is applied
on the initial modulus of elasticity to derive the
unloading modulus.? E; in this equation is also the tan-
gential modulus of elasticity, that based on the definition
of the slenderness limit, is equal to the tangential modu-
lus at the failure point, that is, E,. Therefore, the reduced
modulus of elasticity for the confined concrete at the
point of buckling is derived from the subsequent
equation:

s R

Although the results of the early experimental
researches agree well with the predictions of reduced
modulus buckling load, further investigations proved
that columns can fail by buckling loads lower than the
reduced modulus buckling load.*® Therefore, a lower
bound for buckling load is proposed, in which the tan-
gential modulus of elasticity is used. Accordingly, the
corresponding slenderness limit is also called the
“tangential slenderness limit” in this study. Conse-
quently, the following lower, A, and upper bound, A,
are proposed for slenderness limit:

E,I
Act:z 2L off

" .
f ccAc + EgpecyAsp ++E ﬂ)gcuAﬂJ + Z Efrp,- ‘SCMAf"Pi
i=1

(35)
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=L fib

T ErIeff
r

Jor = _ .
fccAc +EspecuAsh + "l‘EfbgcuAfb + ZEfrpi 8cuAfrpi
i=1

(36)

It must be noted that in the derivation of each slender-
ness limit, in addition to the application of the
corresponding modulus of elasticity in Equations (35) or
(36), the relevant modulus of elasticity should also be
used in the calculation of Equations (25) and (26) as well.

Since the real slenderness limit is between the values
derived from Equations (35) and (36), and because for
practical purposes, a single value is more desirable from
the designer's standpoint, it is proposed that the average

columns, in which failure mode of the columns are
reported by investigators, is collected. For this pur-
pose, a set of 30 experiments from previous research
studies were collected.?>®*°°°2 Table 3 presents the
properties of these experiments and their
corresponding failure modes. It should be noted that
in some of these specimens, hybrid FRP confinement
is used, while the properties of FRP wraps for them
are listed in Table 4.

In addition to the proposed slenderness limit, some of
the well-known existing relations for calculation of criti-
cal slenderness ratio are used for performance evalua-
tions. These relations are introduced in Table 5. It should

value of reduced and tangential slenderness limit be TABLE 5 The existing relations for critical slenderness ratio

used. Needless to say, different combinations of these No. Reference Model

bounds may lead to different results, but further experi- 1 Hamdy et al.% R

mental investigations are required in this regard. Aer :ﬁ\/j; \/g—;

2 Abdallah et al.** Py \/E \/Tz
Acr 4 Act o JeV 4B
Aavg = 2 (37) 3 Siddiqui et al.* 0
’ Aer =34 f

4 | VERIFICATION OF THE “ Al-Salloum et al.” Ar=n f—

PROPOSED MODEL s Jiang and Teng-1%° ;m,%m

To verify the accuracy of the proposed model, a data- 6 Jiang and Teng-2%° =g

base of experimental results on short and slender o (=)

TABLE 4 Properties of FRP wraps for specimens with hybrid confinement
Specimen FRP properties in each layer
No Reference Efpl Efp2 Efp3 SFopl Spp2 JSrp3 tf hoopl tf hoop2 tf hoop3
14 Wu et al.®? 563,000 243,000 0 2543.5 4233.8 0 0.143 0.167 0.00
15 563,000 243,000 0 2543.5 4233.8 0 0.143 0.167 0.00
16 563,000 260,000 0 2543.5 4158.2 0 0.143 0.128 0.00
17 563,000 260,000 0 2543.5 4158.2 0 0.143 0.128 0.00
18 563,000 115,000 0 2543.5 23235 0 0.143 0.286 0.00
19 563,000 115,000 0 2543.5 2323.5 0 0.143 0.286 0.00
20 563,000 80,500 0 2543.5 1793.7 0 0.143 0.286 0.00
21 563,000 243,000 0 2543.5 4233.8 0 0.143 0.167 0.00
22 563,000 243,000 0 2543.5 4233.8 0 0.143 0.167 0.00
23 563,000 260,000 0 2543.5 4158.3 0 0.143 0.128 0.00
24 563,000 260,000 0 2543.5 4158.3 0 0.143 0.128 0.00
25 563,000 115,000 0 2543.5 2323.5 0 0.143 0.286 0.00
26 563,000 115,000 0 2543.5 23235 0 0.143 0.286 0.00
27 563,000 80,500 0 2543.5 1793.7 0 0.143 0.118 0.00
28 563,000 80,500 0 2543.5 1793.7 0 0.143 0.118 0.00
29 563,000 243,000 115,000 2543.5 4233.8 2323.5 0.143 0.167 0.286
30 563,000 243,000 115,000 2543.5 4233.8 2323.5 0.143 0.167 0.286

Abbreviation: FRP, FRP, fiber-reinforced polymer.
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be noted that an example of using the proposed model The predictions of proposed relations as well as the
for calculation of slenderness limit of a confined RC col-  reviewed existing relations for the slenderness limit of
umn (see Table B1) along with a calculation flowchart FRP-confined RC circular columns are provided in
are presented in Appendix B (see Figure B1). Tables 6 and 7.

TABLE 6 The predicted slenderness limits for experimental specimens

Proposed
Existing slenderness
Specimen slenderness limit Existing slenderness limit
Hamdy Abdallah Siddiqui Al-Salloum Jiangand Jiangand
No Reference A Aet Aer Aag  etal. et al. et al. et al. Teng-1 Teng-2
1  Tamuzsetal®™ 32 598 9.56  7.77 4.47 6.83 19.28 54.60 6.43 4.02
2 40 598 9.56 7.77 4.47 6.83 19.28 54.60 6.43 4.02
3 67 598 956 7.77 447 6.83 19.28 54.60 6.43 4.02
4 67 6.89 1149 9.19 5.21 7.91 33.03 78.68 18.87 14.91
5 Siddiqui et al.® 16 12.31 13.64 1297 5.36 8.13 33.69 87.68 19.64 15.26
6 16 13.06 13.66 13.36 5.36 8.13 33.69 87.68 19.64 15.26
7 16 13.28 13.67 1347 5.36 8.13 33.69 87.68 19.64 15.26
8 24 12.31 13.64 1297 5.36 8.13 33.69 87.68 19.64 15.26
9 24 13.06 13.66 13.36 5.36 8.13 33.69 87.68 19.64 15.26
10 24 13.28 13.67 13.47 5.36 8.13 33.69 87.68 19.64 15.26
11 32 12.31 13.64 1297 5.36 8.13 33.69 87.68 19.64 15.26
12 32 13.06 13.66 13.36 5.36 8.13 33.69 87.68 19.64 15.26
13 32 13.28 13.67 1347 5.36 8.13 33.69 87.68 19.64 15.26
14 Wuetal® 8 6.98 11.78 9.38 5.29 8.01 29.91 86.42 15.47 14.27
15 8 6.98 11.78 9.38 5.29 8.01 2991 86.42 15.47 14.27
16 8 7.05 1195 9.50 5.35 8.10 30.82 89.05 16.43 15.16
17 8 7.05 1195 9.50 5.35 8.10 30.82 89.05 16.43 15.16
18 8 7.06 1195 9.51 5.35 8.10 30.87 89.20 16.49 15.21
19 8 7.06 1195 9.51 5.35 8.10 30.87 89.20 16.49 15.21
20 8 7.17 1219 9.68 5.44 8.23 32.25 93.19 18.00 16.60
21 8 6.98 11.78 9.38 5.29 8.01 2991 86.42 1547 14.27
22 8 6.98 11.78 9.38 5.29 8.01 29.91 86.42 15.47 14.27
23 8 7.05 1195 9.50 5.35 8.10 30.82 89.05 16.43 15.16
24 8 7.05 1195 9.50 5.35 8.10 30.82 89.05 16.43 15.16
25 8 7.06 1195 9.51 5.35 8.10 30.87 89.20 16.49 15.21
26 8 7.06 1195 9.51 5.35 8.10 30.87 89.20 16.49 15.21
27 8 7.34 12.57 995 5.58 8.44 34.49 99.66 20.58 18.98
28 8 7.34 12.57 995 5.58 8.44 34.49 99.66 20.58 18.98
29 8 6.70 11.18 894 5.06 7.68 26.62 76.91 12.26 11.30
30 8 6.70 11.18 894 5.06 7.68 26.62 76.91 12.26 11.30
31 Khorramian and 46.8 13.8 196 16.7 9.92 3.6 26.87 71.7 12.5 12.71
Sadeghian®’
32 46.8 13.5 194 1645 99 3.63 26.75 71 12.45 12.5

33 Xingetal.”? 24 10.8 1415 1247 944 4.33 23.28 55.04 9.38 6.45
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It is evident that the suggested slenderness limitspro- 5 | PARAMETRIC STUDY
vide very accurate estimations for most cases and the
average slenderness limit can accurately predict the fail- Since different parameters are used as inputs for the
ure mode of all the collected experimental specimens. proposed slenderness limit, it would be helpful for

TABLE 7 Predicted failure modes based on the calculated slenderness limits

Proposed Existing relations
Specimen Observed slenderness limit for slenderness limit
failure Hamdy Abdallah Siddiqui Al-Salloum Jiangand Jiangand
No Reference mode Ae Ar Aavg et al. et al. et al. et al. Teng-1 Teng-2
1 Tamuzs et al.” Buckling  Bu Bu Bu Bu Bu Bu CF Bu Bu
2 Buckling  Bu Bu Bu Bu Bu Bu CF Bu Bu
3 Buckling  Bu Bu Bu Bu Bu Bu Bu Bu Bu
4 Buckling  Bu Bu Bu Bu Bu Bu CF Bu Bu
5 Siddiqui et al.** Buckling Bu  Bu Bu Bu Bu CF CF CF Bu
6 Buckling  Bu Bu Bu Bu Bu CF CF CF Bu
7 Buckling  Bu Bu Bu Bu Bu CF CF CF Bu
8 Buckling  Bu Bu Bu Bu Bu CF CF Bu Bu
9 Buckling  Bu Bu Bu Bu Bu CF CF Bu Bu
10 Buckling  Bu Bu Bu Bu Bu CF CF Bu Bu
11 Buckling  Bu Bu Bu Bu Bu CF CF Bu Bu
12 Buckling  Bu Bu Bu Bu Bu CF CF Bu Bu
13 Buckling  Bu Bu Bu Bu Bu CF CF Bu Bu
14 Wuetal® Comp.Fai. Bu CF CF Bu CF CF CF CF CF
15 Comp. Fai. Bu CF CF Bu CF CF CF CF CF
16 Comp. Fai. Bu CF CF Bu CF CF CF CF CF
17 Comp. Fai. Bu CF CF Bu CF CF CF CF CF
18 Comp. Fai. Bu CF CF Bu CF CF CF CF CF
19 Comp. Fai. Bu CF CF Bu CF CF CF CF CF
20 Comp. Fai. Bu CF CF Bu CF CF CF CF CF
21 Comp. Fai. Bu CF CF Bu CF CF CF CF CF
22 Comp. Fai. Bu CF CF Bu CF CF CF CF CF
23 Comp. Fai. Bu CF CF Bu CF CF CF CF CF
24 Comp. Fai. Bu CF CF Bu CF CF CF CF CF
25 Comp. Fai. Bu CF CF Bu CF CF CF CF CF
26 Comp. Fai. Bu CF CF Bu CF CF CF CF CF
27 Comp. Fai. Bu CF CF Bu CF CF CF CF CF
28 Comp. Fai. Bu CF CF Bu CF CF CF CF CF
29 Comp. Fai. Bu CF CF Bu Bu CF CF CF CF
30 Comp. Fai. Bu CF CF Bu Bu CF CF CF CF
31 Khorramianand Buckling  Bu Bu Bu Bu Bu Bu CF Bu Bu
Sadeghian®’

32 Buckling  Bu Bu Bu Bu Bu Bu CF Bu Bu
33 Xing et al.”? Buckling  Bu Bu Bu Bu Bu CF CF Bu Bu

Abbreviations: Bu, buckling; CF, compressive failure.
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designers to investigate the variation of the proposed
slenderness limit versus the input parameters. For this
purpose, the influence of five different parameters
(namely concrete compressive strength, column diame-
ter, FRP tensile strength, FRP wrap thickness, and lon-
gitudinal reinforcement ratio) on the variations of the
slenderness limit will be studied. To achieve an under-
standing of the slenderness variations in practical cases,
the effective parameters are varied in the ranges, which
are usually used for columns in practical application. It
is noteworthy that for the tensile strength of FRP, the
variation range of typical FRP laminates suggested by
ACI440-2R-17*® and FIB-Bulletin-14*° is used. These
variation ranges for four of these parameters are listed
in Table 8. It must be noted that since the proposed
relation is applicable for columns with sufficient con-
finement, the number of circumferential FRP layers in
the evaluations is selected such that to ensure suffi-
ciency of FRP confinement.

TABLE 8
slenderness limit for practical columns

The variation range of effective parameters in

Parameter Unit Lower limit Upper limit
fe MPa 25 75
Fpp MPa 2050 3790
d mm 350 1050
Ps % 1 4

Dagl) mm: covarads mm; resi 8 EsadDd CGPa;El=)38 GPa; et f mm

— e
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In the following, the derived curves for variation of
the slenderness limit versus different parameters are
demonstrated.

Figure 6 represents the combined effect of concrete
compressive strength and one of the other considered
parameters on the slenderness limit, while the rest of the
influential factors are kept constant.

To facilitate studying the interacting effect of the con-
sidered parameters, a two-dimensional version of these
curves is presented in Figure 7. It is evident from
these figures that increase in the concrete compressive
strength results in increase in the slenderness limit. How-
ever, sensitivity of the slenderness limit to the concrete
compressive strength at lower strengths is higher. It is
also concluded from Figure 7 that for a constant concrete
strength, increase in the strength, and thickness of FRP
wrap reduces slenderness limit, while column diameter
and reinforcement ratio have increasing effect. However,
it is evident that the effect of reinforcement ratio on the
slenderness limit at lower concrete strengths is negligible.

The next parameter is the column diameter, its effect
on the slenderness limit is demonstrated in Figures 8 and
9. From these diagrams, it is concluded that increase in
the column diameter will enhance the critical slender-
ness ratio for all case. Again, the inverse effect of FRP
wrap strength and thickness on the slenderness limit is
observed, while concrete compressive strength and rein-
forcement ratio have direct relation with the slenderness
limit.

Daddd mm; eeverals mo rhosb 0k Easdi GPa:Era2 3 GPa; Fleiihd BiPs

1 il ]

Crormvpin pors pumsra pirsrg iy B0
PP wra o Pvicoraey el

O=d00 m] cevar23s mm; Escdid QP Ei=iad Py FieEdh MPa; dei 5 mes

FIGURE 6

3D view of the slenderness limit variation versus concrete compressive strength
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3D view of the slenderness limit variation versus column diameter

In comparison with concrete compressive strength,
the slenderness limit experiences a wider range of varia-
tion with change in the column diameter.

The influence of FRP tensile strength on the critical

slenderness of FRP-confined RC column is demonstrated
in Figures 10 and 11.
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FIGURE 10 3D view of the slenderness limit variation versus FRP tensile strength. FRP, fiber reinforced polymer

The reducing effect of FRP wrap strength on the
slenderness limit, which was also noted in the previ-
ous diagrams, is evident in Figure 11. This reflects
exactly what was discussed previously about the effect

of confinement on the slenderness characteristics of a
RC column. In other word, the confinement can
reduce the critical slenderness of a RC column and if
the reduced slenderness limit goes below the existing
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FIGURE 12 3D view of the slenderness limit variation versus reinforcement ratio

slenderness ratio of the column, it would become a other four parameters. The lower slope of the curves in
slender column. Figure 12 proves this claim.

The next parameter, the reinforcement ratio, which it Finally, Figures 14 and 15 demonstrate variation of the
is evident from Figures 12 and 13 is not as effective as the slenderness limit with FRP wrap thickness. Based on these
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diagrams, increase in the thickness of FRP wrap reduces
the slenderness limit for the sample specimens. This is
because the fact that increase in the FRP thickness
increases the confinement pressure and therefore increases

the concrete compressive strength. Based on the definition
of slenderness limit, increase in the concrete compressive
strength reduces the slenderness limit, at which the com-
pressive failure and buckling occur simultaneously.
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Based on the performed evaluations, it is concluded that
the values for the proposed slenderness limit of typical
FRP-confined RC columns varied between 8 and 24. The
higher values are fairly close to the slenderness limit
suggested by design codes such as ACI318-17°" for uncon-
fined RC columns of 22. Since there is no suggestion for the
slenderness of FRP-confined RC columns in the current
design codes, one may decide to use the value suggested for
unconfined RC columns in existing design codes. However,
such decision would not be very reasonable. Because by
using such value, there is a high probability that many con-
fined columns with a smaller slenderness ratio to be consid-
ered as a short column and therefore unattainable load
carrying capacity would be assigned to them. This conclu-
sion proves the importance of revising the current design
code requirements and introducing the slenderness limit of
FRP-confined RC columns.

6 | CONCLUSION

In this paper, using the mechanic-based relationships of
short and slender circular FRP-confined RC columns, a
new relationship was proposed to determine the slender-
ness limit. In the derivation process of the proposed limit,
a new and highly accurate model for behavior of con-
fined concrete was utilized. The developed relation incor-
porates the effect of FRP confinement as well as hybrid
longitudinal reinforcement. The only limitation of that is
considered in derivation of the proposed relation is the
assumption of sufficient FRP confinement that
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2D view of the slenderness limit variation versus FRP thickness variation. FRP, fiber reinforced polymer

guarantees a bilinear stress-strain curve with ascending
second branch for the confined concrete. A comparison of
the attained results using the proposed relation with exper-
imental data collected from the literature demonstrates the
high accuracy of the prediction made. Moreover, it was
shown that the suggested model is more accurate than
some of the existing relations. To demonstrate the effect of
different parameters on the value of the slenderness limit
in practical ranges of variations, a parametric study was
performed that showed the extent of influence of each
parameter on the slenderness limit of FRP-confined RC
columns. Finally, it was reported that the slenderness limit
values for typical columns vary between 8 and 24. Consid-
ering the fact that there is no available code-approved slen-
derness limit for FRP-confined RC columns and on the
other hand the value proposed by most of the design codes
for unconfined RC columns is about 22, using this value
for the evaluation and design of FRP confined RC column
is not logical. Therefore, there is an urgent need to a code-
approved slenderness limit for FRP-confined RC columns,
and the proposed relation is this study can be considered
for this purpose. However, further experimental evalua-
tions are required.
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APPENDIX A: Experimental database for
verification of confined concrete models

TABLE A1l

No
1-3
4-7
8-33
34-60
61-69
70-100

101-109
110-113

114-129
130-156
157-169
170-182
183-195
196-209
210-206
207-216
217-234
235-249
250-252
253-244
245-235

236-253
254-265

266-277

278-279
280-295
296-311
312-320
321-340

Reference
Kshirsagar et al.**
Pessiki et al.*
Xiao and Wu*’
Mirmiran et al.*®
Ahmad et al.*

Nanni and
Bradford™

Samaan et al.>*

De lorenzis and
Tepfers>>
Aire et al.*®
Lin and Li**
Liang et al.*®
Chastre and Silva®®
Kumutha et al.”’
IIki et al.>®
Matthys et al.>
Faella et al.®
Lam and Teng®
Mandal et al.®?
Wu et al.”®
Wu et al.*

Lim and
Ozbakkaloglu®®

Wang and Wu®®

Lim and
Ozbakkaloglu®’

Ozbakkaloglu and
Akin®
Al-mussallam®
Wang and Wu”°
Benzaid et al.”*
Akogbe et al.”

Jiang et al.”

Concrete properties

Summary of the collected experimental results

Diameter FRP properties

Stress and strain

Fiber

type fo, (MPa)  £co(%) D(mm)  fg,(MPa) Ejpp(MPa) tip(mm)  ecu(%)  fe(MPa)
G 38-39.5 0.22-0.23 102 363 19,900 1.42 1.6-1.73  57-63.1

G 26-33 0.2-0.22 152-508  330-580  19,100-38,100 1-3 0.88-1.94 33.5-52.5

C 33.7-55.2 0.22-0.27 152 1577 10,500 0.38-1.14 0.37-1.66 47.9-106.5
G 29.8-31.2 0.21-0.22 153 565 19,185 0.61-3.07 N.R 33.7-91.9

G 38.99-62.24 0.23-0.27  101.6 2070 48,300 0.88 0.33-1.24 51.61-145.6
G-A 35.6-46.6 0.22-0.24 150 283-1150 52,000-62,200  0.3-4.3 0.6-5.433 41.2-118.87
G 29.7-31.7 0.21-0.22 305 524-641  37,233-40,749  1.44-2.97 3.17-4.69 55.1-96.1

C 38-43 0.23-0.24 120 1028 91,100 0.3-0.45 0.95-1.35 58.5-67.3
G-C 30-60 0.24-0.26 150 3000-3900 65,000-240,000 0.117-1.788 0.28-3.23 41-170

C 17.2-27.5 0.19-0.21 100-150 4240 236,000 0.11-0.33 N.R 37.89-107.4
C 22.7-25.9 0.21-0.24  100-300 3591 242,000 0.167-0.501 1.93-2.48 60.10-69.10
C 35.2-38 0.22-0.23  150-250  3339-3937 226,000-241,000 0.176-0.704 0.99-2.25 56.36-107.76
G 24.13 0.2 150 150-250 11,000-19,500 1-2.20 N.R 36.10-47.44
C 9.88-23.44  0.18-0.20 250 3430 230,000 0.165-0.825 2.2-4.5 29.07-95.05
G-C 34.3-39.3 0.22-0.23 400 780-2600 60,000-198,000 0.6-1.2 0.43-1.2  33.20-55.30
C 21.1-28.04 0.2-0.21 150 4500 240,000 0.17-0.34 1.33-2.76  51.80-90.96
C-G 34.3-38.5 0.22-0.23 152 450-3420 22,460-230,000 0.165-2.54  1.02-2.52 51.90-97.30
C-G 31-81 0.22-0.27 100 575-784  26,100-47,000 1.3-2.6 0.32-3.08 54.50-102.70
A 231 0.27 150 2323.5 115,000 0.286 0.23 45.20-53.70
A 46.43-101.18 0.26-0.46 100 2060 118,000 0.286-0.858 0.63-1.88 78.29-204.51
A 51.6-128 0.25-0.38 63 2390 128,500 0.2-0.4 1.65-4.64 103.30-170.3
A 28.79-50.64 0.2-0.24 70-194 2060 118,000 0.0572-0.572 0.33-1.15 44.20-107.5
A 85.7-120.9  0.31-0.36  152.5 2600 118,200 1.2 1.74-2.18 165.2-178.5
A 39-106 0.21-0.35  152.5 2900 120,000 0.4-1.2 1.45-3.11 67.1-154.7
G 40-100 0.23-0.33 150 540 27,000 1.3-3.9 0.32-2.72  55.5-125.2
C 29.2-52.3 0.23-0.25 150 3482-3500 230,500-230,000 0.165-0.33 1.17-3.57 53.8-103

C 29.51-63.01 0.17-0.38 160 4300 238,000 0.13-0.39 2.52-22.01 49.9-100.4
C 25.2-28.1 0.21-0.38  100-300 3248 242,000 0.167-0.501 1.80-2.79 58.8-66.4

C 28.38-38.58  0.199-0.237 150 3400 230,000 0.167-0.501 1.59-3.62 51.47-132.48

Abbreviations: FRP, FRP, fiber-reinforced polymer; NR, not reported.
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TABLE A2 Properties of experimental specimens used to assess the accuracy of the bilinear curve model

Confined concrete
Concrete properties Specimen dimensions FRP properties properties

No Reference feo MPa) £, (%) d(mm) L (mm) Jr (MPa) Ey (MPa) ty (mm) eprup (%) foo (MP2) e (%)

1  Wangand Wu™ 30.9 0.19 150 300 3482 230,500  0.33 1.24 84.4 3.45

2 52.1 0.21 150 300 3500 230,000  0.33 1.23 99.3 1.90

3  Benzaidetal.”' 29.51 0.377 160 320 4300 238,000  0.39 1.49 71.4 22.98

4 58.24 0.302 160 320 4300 238,000 0.13 1.45 77.5 8.36

5 Karabinisand  38.5 2.8 200 320 4400 240,000  0.234 1.50 51.5 8.77
Rousakis”®

6 38.5 2.8 200 320 4400 240,000  0.234 1.50 50.0 5.77

Abbreviation: FRP, FRP, fiber-reinforced polymer.
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APPENDIX B.: Example for calculation of
slenderness limit for a column using the
proposed model

[T THP tenicls s FIV ety FRP A CORCIHE
o R of e ol
dadimig | fssgmiErg | | iy | - EETE | Bar vt e L BN

: A si F—a 1
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FIGURE B1 Flowchart of

slenderness limit calculation
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TABLE B1 Slenderness limit calculation

Input parameters

Jib L=

FRP Number Diameter Steel rebar
FRP tensile modulus of FRP of steel/ ofsteel/ yielding Concrete

Diameter strength Unconfined concrete strength elasticity thickness FRP rebar FRP rebar stress cover
D(mm)  fg,(MPa)  f,(MPa) Efp(MPa)  tppen(mm) n d(mm) fy(MPa) cover (mm)
150 846 35.1 77,300 1/0 4/0 8/0 400 25

Steps
Step 1: calculate &, £ =0.001648 +1.68¢>f ,, = 0.00222
Step 2: calculate f; fi= 2ff‘f —11.28 MPa
Step 3: calculate fo. e f =f, + lnS?j;" L —69.84 MPa

o2
€ou =7, (e — 0026

Step 4: calculate E1,E;  Ey =35354/f ., —f o =20908.1 MPa

E,= 1.1% = 1628.03 MPa

)
E=[}(A+a)|  =2978:83MPa
E, =, =1628.03MPa

2
Agp = ng ™ = 201.06 mm?

Aﬂ, = l’lﬂ,ﬁ 0
App, = ndly, =471.23 mm?
A — m — 17470.4 mm?
dg =d—2Cg 7¢sb =92
dp=d—2Cp — ¢fb =0
top = "’ —0 69 mm

7k
t =24 =
I, =24 — 24850489 mm*

I'y=Iyp+Ip= [(Eb )dsbfsb + (
1,=> (s =0

i=1 ¢
Ly =a(l,+1,) + AL, = 19656844 mm*
a=0.75,=0.25
&y =0.002
£ =0.026 > ¢, thenuse g,

Step 5: calculate E,, E;

Step 6: calculate
Asb 7AﬂJsAﬁ’pi ,Ac

Step 7: calculate
dsp,dpp, Lsp, Ly

Step8: calculate
I, Iy, I,

Step 9: calculate Iy

Step 10: compare
Ecu, €y, Efy
Efp = 0
Step 11: calculate Aceyy A, =KL =

Step 12: calculate Exloy
Acts Aers Aavg w L+EmemAsb++EfbemA/b+ZE,,pLz»mAf,pL

E Iy
ccActEspeads++Epeadp +Z Efip; €culdprp;

Aag =2t =11.71

Step 13: comparison
of /‘Lcexist ) /1avg

Acexist > Aavg : Buckling is mode of failure

Abbreviation: FRP, FRP, fiber-reinforced polymer.

=9.95

=13.46

1) d}btfb] —1358637 mm*
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