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Given the magnitude of investigations conducted on axially-loaded FRP-confined concrete columns in the past
two decades, the focus of these studies was mainly given on FRP-confined concrete with a full strain hardening
behavior, categorized as Type A. Nonetheless, for a reliable design of FRP confinement arrangements imposed to
concrete, it is essential to properly comprehend and accurately simulate the mechanical behavior of FRP-
confined concrete considering the possibility of a stress reduction-recovery response (Type B). Accordingly,
this study proposes a new unified design-oriented model to predict the stress-strain behavior of axially-loaded
FRP-confined normal/high-strength concrete cylinders with either Type A or Type B. The model consists of a
two-segment stress-strain function for Type A whereas it, with a smooth transition, is transformed into a three-
segment stress-strain function for Type B. A new parabolic stress-strain relation was developed for the first
portion of axial behavior prior to the transition zone. Based on a new analytical methodology, new formulations
with a design framework were proposed to predict the slope of softening/hardening linear functions, calibrated
based on a large test database of Type A and Type B specimens. Furthermore, based on a reliable numerical
database, simplified formulations are proposed to calculate the stress and strain at the transition zone of the
stress-strain relations. The comparative assessment of the developed design-oriented model with existing
confinement models reveals the developed one has not only superior predictive performance but also a simpler
calculation process, which makes it suitable for design purposes by balancing the reliability and the imple-
mentation simplicity of the model.

1. Introduction studies was given on FRP-confined concrete with a full strain hardening

behavior. Nonetheless, for a reliable design of FRP confinement ar-

Considering the wide usage of fiber-reinforced-polymer (FRP) com-
posites in the civil engineering and construction industry, their appli-
cation as a confining material to reinforced concrete (RC) columns can
potentially pose significant enhancements in terms of serviceability and
collapse limit states [1]. Research studies regarding the axial and dila-
tion behavior of FRP-confined concrete/RC columns have been under
continuous conduction, particularly when a high-strength concrete
(HSC) or ultra-high-strength concrete (UHSC) with FRP confinement is
to be considered. Experimental studies ([1-10]) have evidenced that
under axial compressive loading, FRP-confined concrete might exhibit a
stress reduction-recovery behavior (post-peak strain
softening-hardening behavior), as demonstrated in Fig. 1. Given the
magnitude of investigations conducted on axially-loaded FRP-confined
concrete columns in the past two decades, the focus of most of these
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rangements imposed to concrete, it is essential to properly comprehend
and accurately simulate the mechanical behavior of FRP-confined con-
crete considering the possibility of a stress reduction-recovery response.

Based on a review of existing experimental studies ([11-18]), factors
influencing primarily the development of this phenomenon in the case of
FRP-confined concrete of circular cross-section can be classified into
three groups: i) the lateral confinement stiffness (K;) imposed by FRP to
the concrete elements; ii) the axial compressive strength of unconfined
concrete (fy); and iii) the column size (f, =b/150 where b is the
diameter of a circular cross-section concrete column). Regarding the
first group, a significant number of existing experimental studies
investigated the effect of K; on the mechanical properties of
axially-loaded FRP-confined concrete columns. It was demonstrated by
Eid et al. [19] that through providing a high level of K, concrete lateral
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Fig. 1. Typical stress-strain behavior of axially-loaded FRP-confined con-
crete columns.

expansibility is strongly limited, which results in a full strain hardening
response along with a substantial enhancement in axial stiffness,
compressive strength, axial deformability, and energy dissipation.
Nevertheless, by decreasing Kj, the hardening character of FRP-confined
concrete is altered to a strain-softening behavior beyond the transition
zone (stress reduction response), followed by a hardening behavior
(stress recovery response), Fig. 1. Furthermore, K}, is a main factor in the
governing concrete cracking patterns, where a diffuse micro-cracking to
a localized macro-cracking pattern can be obtained from a high to low
level of K;, as confirmed by [20-24]. Regarding the second group, the
influence of f, on the mechanical properties of axially-loaded
FRP-confined concrete columns was demonstrated by experimental
studies conducted by Ozbakkaloglu and Akin [12], Vincent and
Ozbakkaloglu [25], Demir et al. [26], Zeng et al. [17], and Liao et al.
[27]. It was evidenced that the efficiency of an FRP confining system in
terms of axial strength and strain ductility decreases by increasing fo,
owing to confinement lagging, caused by the reduction of concrete
lateral deformability with f;o. Furthermore, Ozbakkaloglu and Akin [12]
experimentally revealed that by increasing fo, a higher level of K; is
required to be imposed on the concrete to present a full strain hardening
behavior during the entire axial loading process. Based on De Oliveira
et al. [3], for cases having a strain-softening behavior (or a strain
softening-hardening one) beyond the transition zone, the magnitude of
the stress reduction is more pronounced for HSC/UHSC, with an abrupt
gradient with axial strain, than normal-strength concrete (NSC).
Regarding the third group, based on experimental investigations
executed by Elsanadedy et al. [13], Zhou et al. [28], Wang et al. [15],
Pessiki et al. [29], and Fan et al. [30], it was evidenced that there is no
evident size effect for FRP-confined concrete columns with a full strain
hardening behavior. However, a considerable size effect was observed
for cases whose axial response has a strain-softening phase, leading to a
deformation localization behavior. Besides f;, the dominance degree of
this effect is dependent on Kyand f.o (Jamatia and Deb [31]).

To determine the stress-strain relationship of FRP-confined concrete,
many analysis- and design-oriented models (e.g. [32-47]) have been
proposed. The calculation procedure in analysis-oriented models con-
sists of two phases: a) by using a lateral strain-to-axial strain model
(dilation model), the axial strain of confined concrete (¢.) is obtained at
a given FRP hoop strain (e,) and the corresponding FRP confining
pressure (fis = Kiep); b) by using a stress-strain base model (developed
exclusively for axially-loaded concrete subjected to active confinement
pressure, fiqcive), the axial compressive stress (f.) applied on the
FRP-confined concrete corresponding to & is obtained. It should be
noted that the important differences in improvements induced by active
(fi.active) and passive (fi ) confining systems in terms of the axial response
of FRP-confined concrete are generally reflected in the failure surface
function (the peak stage-related information of the stress-strain model)
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(Shayanfar et al [45]). Moreover, the key components of an
analysis-oriented model (lateral strain-to-axial strain model,
stress-strain base model, and failure surface function) require calibra-
tion with relevant test results. Even though analysis-oriented models
provide a clear interpretation of the confinement mechanism acting on
dilation and axial behavior of FRP-confined concrete, they are more
time-consuming than what is expected for a design guideline.
Design-oriented models have a simpler calculation nature since they are
based on a closed-form formulation of the stress-strain relationship,
whose key components (transition stress and strain, and ultimate stress
and strain) are calibrated by using relevant experimental data. A
compressive review and assessment of existing confinement models can
be found in Ozbakkaloglu et al. [48], Huang et al. [49], and Liao et al.
[50].

Despite a significant number of design-oriented models in the liter-
ature, the applicability of the most of them is limited to FRP-confined
concrete with a full strain hardening behavior, which is generally
simulated by an ascending parabolic-linear stress-strain relationship.
There are few models in the literature (e.g. Teng et al. [36], Wei and Wu
[37], and Cao et al. [38]) applicable to stress-strain curves having a
strain softening branch beyond the transition zone (stress reduction
response). Nonetheless, these models cannot be used for cases with a
stress reduction-recovery behavior. Additionally, the reliability of a
predictive model, developed based on regression analysis technique, is
dependent strongly on the range and frequency of main variables (i.e.
feo0, Ki, and f3) covered by its relevant database. Therefore, for speci-
mens whose main variables are out of the range the model was cali-
brated, its applicability on the simulation of these specimens is
extremely arguable.

Based on the above discussion, this study aims to develop a new
confinement model with following features: i) applicable to the cases
with a stress reduction-recovery behavior, ii) the main variables be
calibrated with a test database of NSC/HSC/UHSC with sufficient/
insufficient confinement stiffness, and iii) has a simple design procedure.

In this paper, first, by adopting a FRP confinement stiffness-based
index, an FRP-confined concrete’s axial response is quantitatively
categorized into two groups that have (Fig. 1): i) full strain hardening
behavior (Type A), and ii) a stress reduction-recovery behavior (Type B).
A new simplified stress-strain expression is proposed to predict the first
parabolic branch of both Type A and Type B. Based on a preliminary
sensitivity analysis performed on 479 test specimens of Type A, a new
formulation is suggested to obtain the gradient of the linear hardening
function. By introducing a new methodology, a simplified linear
expression is developed to simulate the strain-softening behavior of
Type B, which is calibrated using 106 test data. By generating numerical
data from the model suggested by Lam and Teng [34], new formulations
are also derived for the calculation of the transition zone-related infor-
mation, through regression analysis technique. With these consider-
ations, the proposed constitutive model, having a simple calculation
process, is able to obtain the experimental data of both Type A and Type
B with suitable precision. Through a comparative assessment, the su-
perior predictive performance of this model over existing ones selected
from the literature is demonstrated.

2. Proposed stress-strain model

Based on experimental results obtained from axial compressive tests
executed on FRP-confined circular cross-section concrete specimens (e.
g. Ozbakkaloglu and Akin [12], Vincent and Ozbakkaloglu [25], Demir
etal [26],Zengetal [11],Liaoetal [27], Wang etal [51], and Li et al.
[52]), their axial behavior can be categorized as: i) Type A, having a full
strain hardening response (Fig. 2a), and ii) Type B, having a stress
reduction-recovery behavior (Fig. 2b). In Fig. 2, Eg, and E represent the
gradients of the ascending linear hardening branch, and descending
linear softening branch, respectively.

To categorize quantitatively axially-loaded FRP-confined concrete
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Fig. 2. Stress-strain curve of axially-loaded FRP-confined concrete: a) Type A and b) Type B.

featuring Type A and Type B, Shayanfar et al. [53] have recently rec-
ommended a non-dimensional FRP confinement stiffness-based
threshold (RI). Accordingly, for cases with RI > 1, FRP-confined con-
crete’s response can be considered Type A, otherwise (RI < 1) it is of
Type B involving a stress reduction-recovery behavior. RIcan be deter-
mined by:

RE=~ 10/7):05,,;201'5 @
in which

o= @
L 3)
€0 = 0.0011 (fo /)% 4
09<a=+p<15 5)

where py is the normalized FRP confinement stiffness ratio; ¢, is the
axial strain corresponding to f., which was adopted from Shayanfar
etal. [54]; ny is the number of the FRP layers; t; is the thickness of an FRP
layer; E; is the elastic modulus of FRP layer; b is the cross-section
dimension of the column’s element; f; is the column aspect ratio (f;, =
L/b where L is the column height); and p, is the normalized column
dimension (f, = b/150).

It should be noted that besides FRP confinement stiffness, concrete
compressive strength and column dimension size involved in Eq. (1),
experimental studies [10,17,55] evidenced that the deformability of the
FRP confining system is also an effective parameter in the formation of
stress reduction-recovery behavior. Depending on FRP confinement
stiffness, concrete columns with a highly deformable confining system of
Polytheylene naphthalate (PEN) or polyethylene terephthalate (PET)
FRP jacket with a very large rupture strain (around 8 %) is more pro-
nounced to exhibit a full stress recovery, compared to conventional
FRPs. It is mainly due to the significant activation of the PEN/PET FRP
confinement system during a relatively large strain softening phase
generating an abrupt concrete expansion, where the activated confine-
ment can recover the stress loss beyond the transition zone. However,
the focus of the current study was given on concrete columns confined
by conventional FRPs with a linear tensile stress-strain behavior, unlike
the bilinear one of PEN/PET FRP.

For the development of the proposed stress-strain model for FRP-

confined concrete with/without a stress reduction-recovery behavior,
in the present study, the following assumptions were taken (Fig. 2):

i) Stress—strain responses (f, — &) of both Type A and Type B have
the same genesis up to the transition zone, and can be formulated
by adopting a parabolic function.

ii) Transition zone-related information (e and f.) has the same
nature for both Type A and Type B.

iii) For cases with RI < 1, the stress reduction and stress recovery
phases of f. —¢, relationship beyond the transition zone can be
formulated by adopting descending and ascending linear func-
tions, respectively.

iv) For cases with RI > 1, the strain hardening portion of the f, —&,
relationship beyond the transition zone can be formulated by
adopting a linear function.

v) The gradient of the ascending linear stress-stress function is
assumed as Eg, for the both Type A and Type B columns.

It is noteworthy that a reliable stress-strain model should have a
unified nature with respect to RI index. Accordingly, predictions ob-
tained from this unified model are smoothly converted from RI < 1
(Type B) to RI > 1 (Type A), without any discontinuity caused by the
type of stress-strain behavior. Likewise, the developed model was
tailored for being applied based on the concrete compressive strength
(fe0), without any discontinuity imposed due to concrete classes (i.e.
NSC, HSC and UHSC). Accordingly, instead of developing separate
models for each concrete class, in this study, a single stress-strain model
generalized for various strength classes was proposed. For this purpose,
the key components of the proposed model (e.g. the gradients of the
strain-hardening and -softening portions) were calibrated using a data-
base covering NSC, HSC and UHSC columns.

3. Stress-strain relation up to the transition point for Type A and
Type B responses

Based on experimental observations, the initial f. —e. of FRP-
confined concrete up to the transition point (¢ and f,) was assumed
as a polynomial function with the degree of ng;:

gy
. =A (i> +A, (;—‘) +Asfore. < ey (6)

fc—lf B Ectr ctr

where A; to A; are the constant coefficients of the function. The
boundary conditions to derive these constant coefficients can be
considered as follows:
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i)gc/gcw = Oﬁfc/fcn =0 (73-)
i)e./ecr = 1=f. [for = 1 (7b)
iii)e. /eqr = 1—df. /de. = Eg, (70)

Using Eq. (7), Eq. (6) yields:

fo _ [_1 —Ea/ Ew} (i) " {ﬁ _ M (1 - ﬂ)} (f_> ®)
fctr 1—-na Ectr Eyx 1-—ng E. Ectr

in which
Ew = Jar (C))
Ectr

Based on the experimental data of ns obtained from 191 test spec-
imens of FRP-confined concrete, in this study, nys; was considered equal
to 2.5, whose good predictive performance can be seen in Fig. 3a.
Accordingly, by ns; = 2.5, Eq. (8) can be rearranged as:

fc 2 Exh Ec 23 2[5 Esh Ec
Je _ 2|y (L SN2 s L 1
fctr 3 Eco| \Ectr + 3|2 Ew| \&r 10

Furthermore, for the implementation of a further simplification, a set
of numerical data of Eg, /E- was generated, where the formulations used
for the calculation of Ey, and E,, will be addressed in the sections of 3.2
and 5, respectively. Accordingly, the average value of Eg/E. was
assumed equal to 0.14, whose good predictive performance is shown in
Fig. 3b. Hence, by putting E,/E., = 0.14 in Eq. (10), the initial f. —¢, of
FRP-confined concrete can be determined as:

25
f= {— 0.57 (i) +157 (8—)} fur for € < € 11
Ectr Ectr
This equation offers a simple formulation for the calculation of f, —¢,
relation of axially-loaded FRP-confined concrete.

4. Stress-strain relation of the linear hardening branch (Type A)

For the case of Type A columns, the f, —e. relation beyond the
transition zone can be formulated by considering a linear equation:

fc :fctr+Esh(€c —Sm)fOT € > Eur (12)

where Eg, is the gradient of the linear function. Based on a pre-
liminary sensitivity analysis, performed on 479 test data of FRP-
confined concrete specimens, f,, and K; were evidenced as the most
significant parameters influencing Eg, whereas f, and E; have less

4.5
3 Data =191
4.0 1 MYV =1.019
35 & CoV =0.128
- o MAPE = 0.107
3.0 § ¥
5 25 E- 830@ C@----D.---Q _____
= 20 %E Q C)8% g 8 P
21 56 o
1.5 §
10 +
E O  Test data
0.5 +
S S ndl =2.5
00 ————+— v
0 50 100 150 200 250
£.o (MPa)
a)

Fig. 3. Variations of ng; and Eg, / E¢y
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influence, as presented in Fig. 4.
Accordingly, based on non-linear regression analysis, a new formu-
lation was developed to calculate Eg, as a function of f,o and K;:

Egy = 12.5K,°47f.o** (13)

Fig. 5a examines the performance of Eq. (13). As can be seen, there is
a good agreement between analytical and experimental results. Intro-
ducing Eq. (13) into Eq. (12) results in:

fc :fcrr + 12~51<L0'47fc00.44 (gc - gctr)for Ec 2 Ectr (14)

where Eq. (14) has a simple format for the calculation of f, —e,
relation of FRP-confined concrete with a full strain hardening behavior.

For a further examination of the predictive accuracy of Eq. (13), its
performance is compared with that of existing formulations developed
by Samaan et al. [56], Teng et al. [36], Wei and Wu [37], Cao et al. [38],
Lin et al. [57], ACI 440.2R-17 [58], Fallahpour et al. [39], fib [59] and
Shayanfar et al. [53]. As can be seen in Fig. 5 and Table 1, Teng et al. [36]
provides the most accurate prediction of Eg amongst the considered
existing models. Nonetheless, based on the obtained statistical in-
dicators, the proposed model has a superior predictive performance over
all these models. It should be noted that in existing models, Eg, is
generally expressed as Eg, = (fou — fe0)/€cus OF Eghy = (feu — ferr) / (Ecu —
&), Where f, and ¢ are ultimate axial stress and strain of an
axially-loaded FRP-confined concrete. However, besides accurate pre-
dictions, the proposed formulation of Eq. (13) offers a simpler calcula-
tion procedure, which is a suitable characteristic for the design practice.

5. Post-peak strain softening-hardening behavior (Type B)

Based on experimental observations (Ozbakkaloglu and Akin [12],
Vincent and Ozbakkaloglu [25], and Zeng et al. [17]), the axial response
of Type B columns beyond the transition strain (¢ > &) was assumed to

have two branches: a descending fCH —é&. and an ascending fcm — &, as
shown in Fig. 6. Accordingly, at a given ¢, f. can be calculated as the
maximum of these branches:

fc = max[fcu-,fcm] (15)

whose components will be addressed in the following sections.

5.1. Determination of fc” — &

In this study, the descending f,” —e. was formulated by a linear
function from the transition zone to a constant stress plateau, hereafter

0.45
04 £ O  Numerical data Data =150
TS Esh/Ectr=0.14 ~ MV=0.989
035 | CoV =0.237
MAPE = 0.194

0 50 100 150 200
fcl) (MPa)
b)

with f,p, Note: MV = Mean Value; CoV = Coefficient of Variation, MAPE = Mean Absolute Percentage Error.
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designated by the minimum capacity (f; min), as shown in Fig. 6.
Accordingly, the f,™ —¢, is proposed as:
fc” :_ﬁ:n+Ess(ec 78&1) for & 2 Ectr (16)

where Ej is the softening gradient of the linear function. A new
formulation was developed to determine Eg; where it was assumed:

Ey = M a7
Eci — Ectr

in which ¢ is the axial strain corresponds to an axial stress (f;;) at half of
the difference (A. = for — fc, min) of the transition stress and minimum
capacity, as illustrated in Fig. 6. Accordingly, f.; corresponding to & can
be written as:

fei = for = 0.58¢ = fur = 0.5(fer — fo min) a8

By assuming f. min = for —0.85f, (Shayanfar et al. [53]), Eq. (18) can
be rearranged as:

fci :fcrr - O'S(fm 7f5f7 + O‘SSfCO) :fm - 0‘425f50 19
By introducing Eq. (19) into Eq. (17), Eican be derived as:

(for —0.425fc0) — fer  0.425f,
Eci — Ectr Eci — Ectr

Ei = (20)

Replacing Eq. (20) into Eq. (17) results in

425f,
ch = CIT_Lst(SC _Ectr) (21)

Eci — Ecr
By rearranging the above equation gives:

Ec — Eur

" = fur — 0.425f, (22)

Eci — Ear

Therefore, the descending branch of the axial response of Type B
columns (fc" — &) can be calculated by Eq. (22). However, for the
calculation of this relationship, ¢; must be known. Considering that
when RI is almost one (RI ~ 1), E,, tends to be zero (E; ~ 0) and ¢.; to +
o0, by which Eq. (22) would be equal to f." = f.,. However, by
decreasing RI from one to almost zero, ¢; should tend to the strain of
unconfined concrete (&) corresponding to 0.5f,, (Fig. 6). Based on the
above conditions, the following formulation is proposed to determine ¢,;:

ei=(1—RI) "eu > ey forRI< 1 (23a)

ei= +ooforRI>1 (23b)

where 7, is the exponent of the function, by which the relationship of
& with RI can be calibrated with experimental data. In this study, the
Shayanfar et al. [38]’s recommendation was used to determine &
which was calibrated based on 217 tests of unconfined concrete
specimens:
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Table 1

Statistical assessment of proposed and existing predictive models for Egp,.
D Test MV CoV MSE  MAPE R?

data
Proposed model 479 0.989 0.373 0.646 0.258 0.817
fib [59] 1.194 0.421 0.669 0.353 0.811
Shayanfar et al. [53] 1.023 0.377 0.876 0.264 0.750
ACI440.2R—-17 [58] 1.169 0.444 0.682 0.353 0.800
Fallahpour et al. 1.475 0.409 1.961 0.526 0.462
[39]

Teng et al. [36] 0.999 0.381 0.803 0.265 0.770
Lin et al. [57] 1.119 0.380 1.227 0.295 0.796
Cao et al. [38] 1.165 0.428 2.731 0.337 0.700
Wei and Wu [37] 1.499 0.465 5.793 0.565 0.716
Samaan et al. [56] 0.773 0.419 1.570 0.352 0.560

Note: MV = Mean Value; CoV = Coefficient of Variation; MSE = Mean Squared
Error; MAPE = Mean Absolute Percentage Error; R> = R-squared
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Fig. 6. Assumed stress-strain behavior of Type B columns.
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The 57, exponent was determined through back analysis method using
109 experimental stress-strain curves of Type B. By performing non-
linear regression analysis, 7, was developed as follows:

N = 0.01RI"*%£,, %% g, =04 (25)

The performance of Eq. (25) is presented in Fig. 7.

5.2. Determination of f."™" — &

(4

The ascending fcm —é. (the stress recovery response) was formulated
by a linear function, whose slope (E,) was assumed to have the same
nature as that associated with Type A (Eg = 125K %¥f,,"*).
Accordingly, the f."f —¢, was proposed as:

£ = Mifer + 125K, % £,0°™ (e — ear) for e > o (26)

where /; is a reduction factor, considered to reflect the effect of the
stress reduction beyond the transition zone. Considering that there is no
strain-softening behavior in the column’s response when RI is almost
one (RI ~ 1), 2; would be equal to one (4; ~ 1). By decreasing RI from
one to almost zero, 4; should also decrease from one to zero corre-
sponding to unconfined concrete (K; = 0) whose axial stress-strain
relation does not contain a stress recovery response (1; = 0—f." =
0). Based on the above conditions, the 4; can be determined from:
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Fig. 7. Performance of Eq. (25).
A1 =RI"<1 (27)

where the 7, exponent was obtained through non-linear regression
analysis using 98 experimental stress-strain curves of Type B, having
resulted:

1, = 0.23RI°£,,%3p, (28)

The performance of this equation is presented in Fig. 8 by comparing
to the corresponding experimental values, 7, 5.

6. Transition zone-related information

For the calculation of f, —e, behavior of Type A and Type B columns,
the information regarding the transition stress and strain is required to
be addressed, as input parameters. For the determination of the transi-
tion strain (&), Lam and Teng [34] proposed the following equation:
Eor 2fe0

=== 29
€co (Ec - Esh)gco ( )

where E, is the concrete modulus elasticity, which was assumed as E, =

1.8

L d
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Fig. 8. Performance of Eq. (28).
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4730+/f:0 ([58]). By introducing Eq. (4) and (13) into Eq. (29) results:
Ear _ 2fe0
P 0.5

0.0011 (i,—g) (4730\/fro — 12.5K,%V7f,,%*)

(30)

Based on a sensitivity analysis, performed on the numerical data
generated by Eq. (30), f,o was found to have the most significant influ-
ence on &g /eq. Considering this aspect and executing non-linear
regression analysis, Eq. (30) was reduced to the following one:

iﬂ _ 0.4fc00'25KL0'025 >1 31
c0

in which the term K;°°% unifies the formulation for FRP-confined

concrete and unconfined concrete columns. As Fig. 9a shows, there is
a close agreement between results obtained from Egs. (30) and (31).

On the other hand, based on the stress-strain function suggested by
Lam and Teng [34] for the prediction of the strain-hardening portion of
FRP-confined concrete’s behavior beyond the transition zone, the axial
stress (f.) for a given axial strain (¢.) can be calculated by:

fe = feo +Esec (32)

Accordingly, in the case that f, = f., corresponding to &, = &, Eq.
(32) can be written as:

fctr :fco +Eshsctr (33)
Introducing Egs. (4), (13), and (31) into Eq. (33) leads to:

fctr :fCO + O.OOSSKLO.495fCOO.94ﬂL—0.25 (34)

Normalizing the above equation by f, results in:

’;—” =1+ 0.0055K,*4f,, %% p, 02 (35)

c0

Based on a sensitivity analysis performed on the numerical data
generated by Eq. (35), it was found the normalized £, /fco is significantly
dependent on K;, whereas f., and g, have much less impact. Considering
this fact and executing a non-linear regression analysis, Eq. (35) was
resumed to:

Jor _ 0.8K. %% >1 (36)
feo

whose suitable predictive performance is shown in Fig. 9b.
For a further examination, the predictive performance of Eq. (36)
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was also evaluated with 99 experimental data of f., available in the
literature, as presented in Fig. 10. As can be seen, Eq. (36) is able to
provide a close prediction of the experimental counterparts.

7. Calculation procedure

For the determination of f. vs ¢, relationship of FRP-confined con-
crete based on the proposed stress-strain model, the following steps can
be followed (Fig. 11):

1. Calculate &y and for by Egs. (36) and (31)
2. Calculate RI by Eq. (1)
For Type A columns (RI > 1)
3. Calculate f; vs ¢, relation by Eqs. (11) and (14)

For Type B columns (RI < 1)

[9)]

. Calculate ¢, and 1; by Eqgs. (23) and (27)
. Calculate £." and £, by Eq. (22) and (26)
7. Calculate f, vs ¢, relation by Egs. (11) and (15)

o)}
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Fig. 10. Performance of Eq. (36).
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Fig. 9. Transition zone-related information: a) transition strain, b) transition stress.
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Fig. 11. Flowchart for the calculation process of the stress-strain behavior of Type A and Type B columns.

As can be seen, the proposed model provides a simple calculation
process for FRP-confined concrete with/without a stress reduction-
recovery behavior (Type A and Type B).

For a clear description of this calculation process, two detailed ex-
amples regarding the application of the proposed stress-strain model for
the prediction of the axial response of FRP-confined concrete specimens
of Type A and Type B are presented in Appendixes B and C, respectively.

It is noteworthy that several formulations are available in the liter-
ature (e.g. [34-41,57-59]) for the estimation of the ultimate condition
of circular cross-section columns confined by FRP jacket. However, in
the current study, the exact values of the ultimate axial strain (e,) ob-
tained from the experiments were used to terminate the calculation
process (Fig. 11), since the main focus of this study was on the devel-
opment of a versatile design-oriented model to calculate the complete
stress-strain relationship containing a stress reduction-recovery
behavior.

8. Verification of the proposed model

Even though the key components of the proposed model were cali-
brated using experimental data, its capability in terms of the prediction
of the complete stress-strain relationship needs demonstration. For this
purpose, the stress-strain behavior of 30 experimental axially-loaded
FRP-confined concrete specimens with/without a stress reduction-
recovery behavior is predicted by using the proposed model. For hav-
ing a more comprehensive comparative evaluation, this model’s per-
formance is compared to that of existing stress-strain models proposed
by Teng et al. [36], Wei and Wu [37], Cao et al. [38], ACI 440.2R-17
[42], Fallahpour et al. [39] and fib [59].

For Type A columns, Fig. 12 compares the stress-strain curves of
axially-loaded FRP-confined concrete specimens obtained from the
analytical confinement models and experiments conducted by Barros
and Ferreira [11], Eid et al. [19], Ozbakkaloglu and Akin [12], Wang
et al. [60], Vincent and Ozbakkaloglu [25], Ozbakkaloglu and Vincent
[14], De Oliveira et al. [3], and Lin et al. [4]. As shown, the proposed
model could provide a close prediction of experimental counterparts of
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Fig. 12. Stress-strain curves of axially-loaded FRP-confined concrete specimens obtained from the analytical models and experiments conducted by Barros and
Ferreira [11], Eid et al. [19], Ozbakkaloglu and Akin [12], Wang et al. [60], Vincent and Ozbakkaloglu [25], Ozbakkaloglu and Vincent [14], De Oliveira et al. [3],

and Lin et al. [4].

Type A. Moreover, compared to the existing stress-strain models, the
superior predictive performance of the proposed model can be verified.

For Type B columns, in Fig. 13, the stress-strain curves of axially-
loaded FRP-confined concrete specimens obtained from the analytical
models and experiments conducted by Eid et al. [19], Ozbakkaloglu and

Akin [12], Vincent and Ozbakkaloglu [25], Ozbakkaloglu and Vincent
[14], Lim and Ozbakkaloglu [2], and De Oliveira et al. [3] are compared.
For this case, the proposed model could demonstrate a suitable perfor-
mance in the simulation of experimental counterparts with a stress
reduction-recovery behavior. Furthermore, the superior performance of

10
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Fig. 13. Stress-strain curves of axially-loaded FRP-confined concrete specimens obtained from the analytical models and experiments conducted by Eid et al. [19],
Ozbakkaloglu and Akin [12], Vincent and Ozbakkaloglu [25], Ozbakkaloglu and Vincent [14], Lim and Ozbakkaloglu [2], and De Oliveira et al. [3].

the proposed model over the considered models can be verified for the

case of Type B columns,
non-conservative predictions.

where

these last

ones

provided

9. Limitations of the proposed model

The applicability of the proposed model is limited to circular cross-
section columns confined by FRP jacket. Besides FRP confinement
stiffness, concrete compressive strength, and column dimension size,
which are involved in Eq. (1), experimental studies [61-64] evidenced
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that non-circularity of the column’s cross-section is an effective
parameter in the formation of stress reduction-recovery behavior. This is
remarkably pronounced for lightly-confined non-circular cross-section
columns with sharp edges and a large sectional aspect ratio. Accord-
ingly, it is recommended to extend the applicability of Eq. (1) by
considering the effect of corner radius ratio and sectional aspect ratio.
Furthermore, the key components of the proposed stress-strain models
(i.e. the transition zone-related information and the gradients of the
strain-hardening and -softening portions) must be recalibrated by
considering the non-circularity effects.

The proposed model is applicable only to axially-loaded unrein-
forced concrete columns. It is well-established that the enhancements
generated by the FRP lateral confinement system on the axial and
dilation behavior of unreinforced concrete columns would noticeably
differ from those in the case of RC columns with a combined confine-
ment provided by transverse steel reinforcement and FRP wraps,
dependent on their confinement stiffness levels [60]. Based on Lin et al.
[57] and Shayanfar et al. [65], the transition zone-related information
(fer and &) in the stress-strain relation of FRP-confined RC columns is
strongly dependent on the confinement stiffness ratio between steel and
FRP. The gradient of the strain-hardening linear portion (Eg) is also
influenced by considering the impact of steel transverse reinforcement.
Accordingly, to extend the applicability of the proposed model to
FRP-confined RC columns, the formulations developed forf., and &
must be revised by taking into account the confinement stiffness ratio
between FRP and steel reinforcement. An incremental factor also needs
to be considered in term of Eg to reflect the influence of steel
reinforcement.

Even though the test database used for the calibration of the pro-
posed model covers a relatively wide-range of column dimension size in
the range of 50-326 mm, the majority of involved data concerns the
small prototypes, considering the mean and coefficient of variation
(CoV) are 138 mm and 0.335, respectively. Hence, the validation of the
proposed model for large-scale FRP-confined concrete still requires
further demonstration. Once an adequate number of test results of large-
scale specimens is available, a recalibration approach can be applied to
the model’s key components.

It should be noted that despite a proper balance between the
simplicity of the calculation process and the accuracy of stress-strain
prediction, the proposed design-oriented model should not be directly
implemented in practical design, as a ready-made solution. For the
assured application of the model in real strengthening cases, besides
recalibrating its key components based on large-scale test specimens,
relevant safety factors should be determined due to uncertainties in
terms of geometrical parameters and the mechanical properties of FRP
confinement and concrete, as well as their interactions.

10. Summary and conclusions
This study has presented a new unified design-oriented model for
predicting the stress-strain behavior of axially-loaded FRP-confined

normal/high/ultrahigh-strength concrete columns of circular cross-
section. First, by adopting an FRP confinement stiffness-based index,

Appendix A
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an FRP-confined concrete’s axial response is quantitatively categorized
into two groups that have: i) a full strain-hardening behavior (Type A),
and ii) a stress reduction-recovery behavior (Type B). For both cases of
Type A and Type B, a simplified stress-strain relation was developed for
the first portion of axial behavior prior to the transition zone. Based on a
large test database of Type A, a well-calibrated formulation was devel-
oped to calculate the slope of hardening linear functions, dependent
strongly on concrete strength and confinement stiffness. By introducing
a new methodology, a linear function was developed to simulate the
strain-softening portion in the stress-stress behavior of Type B, whose
gradient was calibrated using a large test database of Type B. Further-
more, based on a reliable numerical database obtained from the models
suggested by Lam and Teng [34], simplified formulations are proposed
to calculate the stress and strain at the transition zone of the stress-strain
relations. With these considerations, the proposed constitutive model,
having a simple calculation process, is able to obtain the experimental
stress-strain behavior of both Type A and Type B with suitable precision.
Through comparative assessment with existing models and guidance,
the superior predictive performance of this model over existing ones
selected from the literature is demonstrated.
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Appendix B

The experimental FRP-confined concrete N-150C1L specimen tested by Ozbakkaloglu and Vincent [14] was selected as an example to demonstrate
the application of the proposed stress-strain model for Type A columns. The specimen has a diameter and height of 152 and 305 mm (b = 152 mm, L
= 305mm, , =1.01, and 5, = 2.01), confined by one CFRP layer (n; = 1). The axial compressive strength of unconfined concrete was 34.6 MPa (fo
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= 34.6MPa). The mechanical properties of CFRP were reported as: tf = 0.117mm, Ef = 251GPa and &5, = 0.0144.

e Input parameters of the proposed stress-strain relationship:

g0 = 0.0011 (f0 /)"

= 0.0011(34.6/2.01)*% = 0.0022
Ky, = 2nt;E; /b = 2 x 1 x 0.117 x 251000/152 = 386.4MPa

pi = Kigwo [fro = 386.4 x 0.0022/34.6 = 0.025

e Calculation of the transition stress and strain:

f‘ﬂ = 0.8K," = 0.8(386.4)*" = 1.08—f,,, = 37.3MPa
c0
iﬂ _ 0.4fcoo'25KL0'025 =1.13-¢,4 = 0.0025

c0

e Calculation of the non-dimensional index (RI)

p 0.025
RI = ,: 15 = 5 15 = 2.04
6 x 10 5apfeo 6 x 105 x 1.007 x (34.6)

where a, = /f, = 1.007

e Calculation of the stress-strain relation ¢, < €., by Eq. (11)

25 . £ 373
. : € 25 .
—_ j— . —_— 1 - : :
fo= [ 0.57 (é'c ) +1.57 (_é'c >:|]crr = |: 0.5 (0.0025) (0.0025>:|

Rearranging it gives:

f. = —68 x 10%.2° +23.4 x 10°%¢,

e Calculation of the stress-strain relation ¢ > ey, by Eq. (14)

fo = fur + 125K %Y £,0%* (e — £0r) = 37.3+12.5(386.4)°%(34.6)*** (¢, — 0.0025)
Rearranging it gives:

fe =349+977 3¢,

4
3
(2)

(36)

BD

(€3]

Hence, through the obtained f, vs ¢, relationships, the axial behavior of the test specimen of N-150C1L can be drawn, as demonstrated in Fig. 12a.

Appendix C

The experimental FRP-confined concrete H2-150C3L specimen tested by Ozbakkaloglu and Vincent [14] was selected as an example to
demonstrate the application of the proposed stress-strain model for Type B columns. The specimen has a diameter and height of 152 and 305 mm (b
=152mm, L = 305mm, #, =1.01,and #, = 2.01, confined by three CFRP layers (n; = 3). The axial compressive strength of unconfined concrete was

92.5 MPa (f.,o = 92.5MPa). The mechanical properties of CFRP were reported as: t; = 0.117mm, E;f = 251GPa and &5, = 0.0144.
e Input parameters of the proposed stress-strain relationship:

€0 = 0.0011 (fo /)" = 0.0011(92.5/2.01)** = 0.0029

K, = 2nfthf/b =2x3x0.117 x 251000/152 = 1159.2MPa

px = Kiéco /foo = 1159.2 x 0.0029/92.5 = 0.0359

e Calculation of the transition stress and strain: Jor _ 0.8K,°% — 0.8(1159.2)°% — 1.14-f,, — 105.3MPa

ch
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3
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(36)
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iﬂ = 0.4f.0" K, %% = 0.4(92.5)°%°(1159.2)°°% = 1.48—¢,, = 0.0042
c0

e Calculation of the non-dimensional index (RI)

Pk 0.0359
RI= 5 15 — 5 15
6 x 10 5ayfyo 6 x 105 x 1.007 x (92.5)

=0.67

where a, = \/ﬁT, =1.007
e Calculation of the stress-strain relation ¢, < ., by Eq. (11)

25 .
; : & 25 &

Rearranging it gives:

fo= —7.14 x 10%,*® + 57 x 10°%¢,

e Calculation of the axial strain of &

= (1 —RI) g4 = (1 —0.67)"°%0.0031 = 0.0079

in which

1, = 0.01RI"*%£,,°% 4,4 — 0.01(0.67) >>*(92.5)°%(1.01)** = 0.84

e Calculation of the reduction factor of 1,

A1 =R = (0.67)°7" =0.75

in which

1, = 0.23RI°%£,,°%4, = 0.23(0.67)°°(92.5)°%1.01 = 0.71

)} 105.3

e Calculation of the stress-strain relation for ¢, > ¢ by Eqs. (15), (22) and (26)

f. = max [fc”yfc”l}

in which

£" = fur — 0.425f,

Ec — Eur Ec — 0.0042
—105.3—0.425 x 92,5 x ¢ 200
bt — Ear X 79X 50079 — 0.0042

F = afer +12.5K,°Vfio" " (2 — )
=0.75 x 105 4 12.5(1159)%%7(92.5)°* (e, — 0.0042) = 68 + 2524,

=149.9 —10625¢,
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BD)

)

(25)

(28)

Hence, through the obtained f, vs ¢, relationships, the axial behavior of the test specimen of H2-150C3L can be drawn, as demonstrated in Fig. 13a.

Table Al
Summary of the collected database of axial compressive tests

Column Number of Statistical Geometrical properties Concrete properties FRP confinement properties
Type Specimens Indicators
b range L range feo range €co ng X tyrange Efrange £fy
(mm) (mm) (MPa) range (mm) (GPa) range
All 585 Min. 50 100 20.6 0.0018 0.11 9.5 0.005
Max. 326 980 204 0.0035 6.40 558 0.094
Mean 138 279 55.8 0.0024 0.78 171 0.024
Median 150 300 40.1 0.0023 0.40 236 0.017
CoV 0.335 0.371 0.731 0.155 1.148 0.577 0.836
Type A 479 Min. 50 100 20.6 0.0018 0.11 9.5 0.005
Max. 300 900 188.2 0.0035 5.10 558 0.094
Mean 144 291 43.7 0.0023 0.78 174 0.023
Median 150 300 38.0 0.0023 0.47 236 0.017
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Table A1 (continued)

Construction and Building Materials 448 (2024) 138097

Column Number of Statistical Geometrical properties Concrete properties FRP confinement properties
Type Specimens Indicators
b range L range feco range £co ng X tyrange Efrange €fu
(mm) (mm) (MPa) range (mm) (GPa) range
CoV 0.292 0.325 0.583 0.118 1.088 0.571 0.788
Type B 106 Min. 50 100 38.0 0.0023 0.11 9.6 0.009
Max 326 980 204.0 0.0035 6.40 244 0.094
Mean 111 222 1125 0.0030 0.69 159 0.028
Median 108 200 112.0 0.0030 0.33 230 0.016
CoV 0.493 0.547 0.444 0.120 1.465 0.591 0.961

Note: Type A = Stress-strain relation with strain hardening behavior; Type B = Stress-strain relation with partial or integral post-peak strain softening behavior; b =
section dimension; L = height of the column; fp = compressive strength of unconfined concrete; e.9 = axial strain corresponding to f.o, calculated by Eq. (2); nf =
number of FRP layer; tf = nominal thickness of a FRP layer; Ef = FRP modulus elasticity; ez, = FRP ultimate tensile strain.
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