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Abstract
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tion of the peak compressive strength of fiber-reinforced polymer (FRP) confined
concrete columns, they are, in general, applicable only to concrete columns of cir-
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this study, by proposing a cross-sectional and confining system unification
approach, a new model is developed and calibrated based on a large test database.
For the generalization of the cross-section and FRP-based confinement arrange-
ment, the concept of confinement efficiency factor with a unified mathematical
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1 | INTRODUCTION

In the past two decades, many studies have been con-
ducted on the behavior of fiber-reinforced polymer (FRP)
confined concrete column under uniaxial compression
loadings, where the column response in terms of load-
carrying and deformation capacities and energy dissipa-
tion can be upgraded proficiently, dependent on an
adequate design circumstances.'™

For the case of FRP fully confined concrete columns
(FFCC as illustrated in Figure 1), Valdmanis et al." exper-
imentally evidenced the reliability of full confinement
arrangement in the enhancement of axial and dilation
behavior, depending upon FRP volumetric ratio, where
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framework is adopted. By simulating experimental tests and comparing to the pre-
dictions of existing confinement models, the developed one demonstrates a very
high reliability and suitable for design purposes by balancing the simplicity of the

FRP-confined concrete, partial confinement, peak compressive strength, square cross-

improvements were more pronounced for normal-
strength concrete columns than high-strength concrete
ones. It is well-documented from experimental evidence
that the application of FRP wrapping solution for circular
cross-section concrete columns (FFCC) is more effective
than its application for the case of square cross-section
ones (FFSC in Figure 1a) due to the detrimental effect of
the corner radius (r), which is generally known as shape
effect induced by horizontal arching action phenomenon.
Experimental studies (Shan et al.) evidenced that by
decreasing the corner radius ratio (R, =2r/b where b is
the length of section side) from one (representing a circu-
lar cross-section) to zero (representing a square cross-
section with sharp edge), the efficiency of confinement
strategy decreases significantly. On the other hand, since
the usage of fully FRP confining configuration in real
cases of strengthening might not be cost competitive, the
application of a partially confining strategy can be
regarded as a reliable alternative under adequate design
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circumstances. Barros and Ferreira® evidenced experi-
mentally that, although the effectiveness of FRP partial
confinement system applied to circular column (FPCC in
Figure 1b) is smaller than of a full confining system
(FFCC) due to vertical arching action effect, a still signifi-
cant level of load carrying capacity can be obtained,
depending on the distance between FRP strips (Sy) and
existing steel hoops. For the case of FRP partially con-
fined square concrete elements (FPSC in Figure 1b), Guo
et al.*” experimentally demonstrated that FRP thickness-
induced enhancements in terms of peak axial compres-
sive strength are quite marginal for the cases with largely
spaced FRP strips.

In order to predict peak axial compressive strength
(feo), a variety of confinement models has been proposed
(i.e.,'%). Nonetheless, most of the models are only reli-
able and applicable to concrete columns of circular or
square cross-section with full or partial confinement
arrangements. Considering circular cross-section as a
special case for square column where R, =1, and full
confinement arrangement as a special case of partially
confining configuration where s; = 0, the reliability of
these models for various confinement scenarios is, at
least, arguable. Accordingly, a more-reliable model,
which is inevitably established by regression analysis
technique, can be calibrated/developed through cross-
sectional and confining system unification. Few models
generalized for FFCC, FFSC, FPCC, and FPSC have been
proposed in the literature for the calculation of peak axial
compressive strength (i.e., CNR DT 200/2004'* and fib"?).

————— FIGURE 1 Concrete columns of
- - - - (a) circular and square cross-section
— (CC, SC) with (b) full confinement
arrangements (FFCC/FFSC), and
v St (c) partial confinement arrangements
— — — (FPCC/FPSC)
A
St
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In these models, for the purpose of unification, the con-
cept of confinement efficiency factor is adopted to take
into account the effect of vertical and horizontal arching
action. Furthermore, in general, most of the existing
models were calibrated by using test database with lim-
ited variables, that is, concrete properties, specimen size,
corner radius ratio, and FRP confinement configuration.
Consequently, statistical assessment and subsequently
recalibration of these models based on a more compre-
hensive and larger database would be necessary for
enhancing their predictive performance.

In this study, a new model is developed to predict the
peak compressive strength (f..) with a unified character
for FFCC, FFSC, FPCC, and FPSC under axial loading.
For this purpose, a comprehensive database was com-
piled comprising 1528 FFCC, 308 FFSC, 171 FPCC, and
23 FPSC registered experimentally in the literature. This
model adopts the concept of confinement efficiency fac-
tor for the generalization of the cross-section and confin-
ing system, which is calibrated based on the collected
database. The model validation is demonstrated, and its
predictive performance is compared with the one of other
existing models.

2 | TEST DATABASE

To evaluate the reliability of existing models using statis-
tical analysis, a large test database was built, including
2031 FRP confined concrete column specimens tested
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SHAYANFAR ET AL. ﬁ b I
TABLE 1 Summary of the compiled database for FFCC, FPCC, FFSC, and FPSC

Confinement Number forange f../f, Lrange bange Efrange

arrangement of datasets (MPa) range (mm) (mm) (GPa) en range  Ry® R

FFCC/FFSC/FPCC/FPSC 2031 Min. 6.6 1.0 100 50 9.5 0.004 0.00 0.00
Max. 204.0 6.9 1200 400 657 0.100 1.00 0.75
Mean 44.1 1.9 321.8 149.4 177.7 0.024 0.89 0.05
CoV 0.691 0.424 0.383  0.296 0.572 0.791 0.301 2.663

rFFCC 1529 Min. 6.6 1.0 100 50 9.5 0.004 1 0
Max. 204.0 6.9 915 305 657 0.100 1 0
Mean 47.7 2.1 300.1 144.3 173.4 0.024 1 0
CoV 0.701 0.417 0.352 0.295 0.614 0.801 0.000 0.000

FFSC 308 Min. 8.7 1.0 280 100 9.5 0.009 0.00 0
Max. 77.2 4.3 1200 400 259.7 0.093 0.80 0
Mean 333 1.6 394.1 168.9 166.8 0.027 0.31 0
CoV 0.411 0.353 0.402  0.306 0.571 0.799 0.675 0.000

FPCC 171 Min. 16.6 1.0 200 100 104.6 0.015 1 0.05
Max. 101.2 31 700 300 259.7 0.019 1 0.75
Mean 33.5 1.5 353.5 154.9 230.9 0.017 1 0.33
CoV 0.436 0.284 0.321 0.214 0.153 0.080 0.000 0.542

FPSC 23 Min. 12.3 1.0 500 150 73.0 0.015 0.13 0.10
Max. 34.7 1.4 750 200 259.7 0.028 0.33 0.51
Mean 28.3 1.22 557.4 183.4 215.7 0.020 0.30 0.24
CoV 0.287 0.092 0.152 0.107 0.264 0.172 0.129 0434

Ry, =2r/b where r is the corner radius of the cross-section; b is the cross-section dimension as shown in Figure 1.

PR¢ = s¢ /b where s¢ is the distance between two adjacent strips as shown in Figure 1.
Abbreviations: CoV, coefficient of variation; FFCC, FRP fully confined concrete columns; FFSC, FRP fully confined square cross-section; FPCC, FRP partial
confinement system applied to circular column; FPSC, FRP partially confined square concrete elements; FRP, fiber-reinforced polymer; max., maximum; min.,

minimum.

under axial compressive loading. This database includes
1528 fully confined specimens of circular cross-section
(FFCC), 308 fully confined specimens of square cross-
section (FFSC), 171 partially confined specimens of
circular cross-section (FPCC), and 23 partially confined
specimens of square cross-section (FPSC). Specimens in
the following conditions were not included in the data-
base: (i) having internal transverse and longitudinal steel
reinforcements; (ii) having helicoidal FRP wrapping con-
finement configurations; (iii) with incomplete informa-
tion, such as mechanical properties of the intervenient
materials; (iv) with premature FRP debonding; (v) with
hybrid confining systems (application of different FRP
sheets) for the confinement; (vi) under eccentric axial
loading; (vii) with a peak strength less than the one of its
unconfined counterpart.

Table 1 presents the details of the assembled data-
base of FFCC, FPCC, FFSC, and FPSC with a wide
range of key parameters. As shown, the axial compres-
sive strength of unconfined concrete (f.,) varies from

6.6 to 240 MPa with the mean and coefficient of varia-
tion (CoV) values of 44.1 and 0.69 MPa, respectively.
The confinement-induced improvement (f../f.o) is in
the range of 1.0-6.9 with mean and CoV of 1.9 and
0.424, respectively. The diameter of the circular col-
umns or cross-section edge width (b) varies from 50 to
400 mm with the mean and CoV values of 149 and
0.296 mm, respectively. The height of the column spec-
imens (L) varies from 100 to 1200 mm with the mean
and CoV values of 322 and 0.383 mm, respectively. The
database comprises specimens wrapped with carbon
(CFRP), basalt, aramid, glass, polyethylene naphtha-
late, and polyethylene terephthalate (PET) fibers. The
elastic modulus of the confining FRP (Ey) is in the
range of 9.5-657 GPa with the mean and CoV values of
177.7 and 0.572 MPa, respectively. The ultimate tensile
strain (eg,) varies between 0.004 and 0.10 with mean and
CoV of 0.024 and 0.791, respectively. For the case of par-
tial confinement configuration, the database covers test
specimens with various R¢ and s¢/b ranging from 0.05 to
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4 | ﬁ b SHAYANFAR ET AL.
TABLE 2 Existing strength models for FRP confined concrete columns
ID Model expression Model parameters Applicability
fib* fe=143302 forlew > 0,07 Freap = 2k, M5By 0 for ng <3 FFCC
% = for% <0.07 fl,rup = zkhkv Vlf“.x;thf Eh,rup for ng > 4 FFSC
b2 FPCC
h 25 FPSC
kv =(1-3%)
Eh,rup = Ne€fu
n.=055(2—L) forr<60mm
n,=0.5 for r > 60 mm
2
CNR DT 200/2004"2  fs=1+426 (f}—;)3 for /i > 0,05 Freup = SknkuprBrera.ia FFCC
Jj:ﬁ — for f}rup <0.05 pPr= 4'2“ for FFCC/FFSC FFSC
¢ pp =2 for FPCC/FPSC FPCC
—2r)? FPSC
k=1 2(b3b§r)
2
t=(1-5)
Efd.rid = min {%, 0.004}
n, =0.65, 0.75 and 0.85 for the fiber/resin type as
Glass/Epoxy, Aramid/Epoxy and Carbon/
Epoxy, respectively.
A¢ = the partial factor recommended as 1.10.
Guo et al.*® fe = 142(pg —0.01)p, for pg20.01 Pre =2k, "85 for FFCC/FPCC FFCC
fu= for pg, <0.01 = 2kpk, "fjfﬁ}fco for FFSC/FPSC FFSC
” p, — e ’ FPCC
€7 e
£c0 = 0.000937f , 0% FPSC
2
kn=1— 2(b3;§r)
b=(-5)
Ehrup = 0.568¢g,
ACI 440.2R-17" fe=1+33y 0 forlee >0.08 Frrp =2t ey, oy for FFCC FFCC
}rcc =1 forf}ﬂ < 0.08 fl,rup = Zkh n\f/tf};f &n, ,rup for FFSC FESC
c0 0
ey =1 — (b 2r)
Enrup = O.SSSfu
Fallahpour et al." }%0 —1+ (25— 0~01fc0)% fro=284E e, FFCC
Wei and Wu'® fxe 1422 g)‘”z ) O fla=2MtE g, FFCC
Fo ’ (b 0 ’
FESC
Nistico and Monti"’ }i —14 2.2(%)% Fro=2"0E e, FFCC
c0 c0 FFSC
Cao et al."® fCC 14834 (KL) ( )0 81 (30)0'54 <qu> 082 g =2uuh FFCC
b 0 & E.=4730\/f FFSC
£c0 = 0.000937f %>
Lin et al." fl,mp =2%Bgy FFCC

0.81
fe=142200%" (f‘f“")

0.95 0.2
=132/ 02 <1
fl,u = Z%ﬁeﬂl

£hrup = 0.74€g,

Note: where f'., peak axial strength of FRP confined concrete; feo, axial strength of unconfined concrete; f) ,,,= confinement pressure corresponding to FRP
rupture strain (en rup); f1,,, confinement pressure corresponding to FRP ultimate tensile strain (e ); ng, number of FRP layers; t, nominal FRP thickness; ky,
confinement efficiency factor reflecting the effect of horizontal arching action; k,, confinement efficiency factor reflecting the effect of vertical arching action;
p¢, FRP reinforcement ratio; py., FRP confinement stiffness index; p,, FRP strain ratio; ., axial strain corresponding to f; y, reduction factor recommended
as 0.95; K1, FRP confinement stiffness per the length of section dimension; E., concrete modulus of elasticity.
Abbreviations: FFCC, FRP fully confined concrete columns; FFSC, FRP fully confined square cross-section; FPCC, FRP partial confinement system applied to
circular column; FPCC, FRP partially confined square concrete elements; FRP, fiber-reinforced polymer.
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FIGURE 2

0.75. For the case of square cross-section column speci-
mens, the corner radius ratio varies from 0.0 to 0.8.

3 | EXISTING MODELS

Table 2 represents the existing models developed for the
prediction of peak axial strength of FRP confined con-
crete. These models adopted different methodologies for
developing/calibrating their performance in terms of the
normalized peak axial strength (fo./fe0). The formulations
of these models can be generally classified into four cate-
gories based on: (i) the relation of f../f,, and the normal-
ized confinement pressure corresponding to FRP rupture
(fl,rup/fco)13’14; (ii) the relation of f../f.o and the normal-
ized confinement pressure corresponding to the FRP ulti-
mate tensile strain (f,/fs0)' > "; (iii) the development of a
relation in which f../f, is as a function of the normal-
ized confinement stiffness (px =) ypeco/fcohrup Where
g is the axial strain corresponding to f.; &nrup is the
FRP hoop strain corresponding to rupture) and FRP
strain ratio (p, = én rup/ ec0)*?; (iv) the development of a
regression-based relation in which f../f., is determined
based on the best-fit with respect to key parameters.'®
Among these models, few ones™>'*"'* were developed
with a unified character for all FFCC, FFSC, FPCC, and
FPSC cases based on the confinement efficiency factor
(ky, and k) reflecting the effect of horizontal and vertical
arching actions. The models developed by'*'*'® are
applicable to FFCC and FFSC through cross-section

Deq

(b) (©)

Distribution of confinement pressure within a square cross-section

unification (i) by using ky,'* or (ii) by empirically model-
ing the shape effect according to corner radius ratio
(Rb).lG_lS

4 | PROPOSED MODEL

In this section, a new model is proposed for the determi-
nation of f.. based on cross-sectional and confining sys-
tem unification approach. The procedure to establish the
unified model is briefly presented as follows:

i. Adopting the concept of equivalent circular cross-
section to convert a square into a circular column's
cross-section;

ii. Adopting the concept of confinement efficiency fac-
tor to reflect the effect of arching action phenome-
non in both transversal and longitudinal directions
of the column;

iii. Establishment of the relation between normalized
peak axial strength (fi./fco) With respect to normal-
ized equivalent confinement pressure corresponding
to FRP rupture stage (f} p/f co)-

In this study, the diameter of the equivalent circu-
lar column (De,) is determined based on the fib's"
recommendation where D.q is assumed equal to the
section dimension b (Figure 1) for the case of square
cross-section (Deq =b).
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FIGURE 3 Vertical arching action phenomenon for partially FRP confined concrete

4.1 |
factor

Concept of confinement efficiency

For the simulation of the effect of vertical and horizontal
arching actions, due to the presence of ineffective confine-
ment regions, the concept of confinement efficiency factor is
followed. By using this concept, the entire cross-section can
be considered as effectively and uniformly confined at longi-
tudinal and transversal directions. Based on experimental
observations and finite element simulations, Shayanfar
et al.*! proposed a new model to formulate the effect of hori-
zontal arching action on the determination of the equivalent
confinement pressure. As shown in Figure 2a, the original
square cross-section was assumed to be subjected to three
distinct levels of the confinement pressure:

i. Area III under the lowest confinement level, which
was assumed to be marginal (f,"" = 0);

ii. Area II under a moderate level of confinement
pressure  (f|"!), which was assumed equal

tO le - 05 (fll +f1HI) - OSfII,

iii. Area I under the highest level of confinement pres-
sure (f\1).

Based on equilibrium of lateral forces in the equivalent
circular cross-section, Shayanfar et al.*! recommended the
highest level of confinement pressure (") as follows:

Wengts

——Fye 1
(Wf+sf)Deq e ( )

fl=2

where n; is the number of FRP layers per strip; ¢; is the
nominal thickness of a FRP layer; Ef is the FRP modulus
of elasticity. In Figure 2b, fi ¢ defines the effective con-
finement pressure uniformly acting on the region out of
the parabolas (Areas I and IT), which was considered pro-
portional to fll, dependent on the reduction factor kp ef.
Consequently, by using kp.f, the stress field within the
confined Areas I and II is converted to an effective con-
finement pressure (f).) uniformly distributed in these
areas. Assuming kne on the interval 0.5 and 1 corre-
sponding to the cases of R, =0 and R, =1, respectively,
Shayanfar et al.>' suggested this reduction factor as:

knetf =0.5(1+ 2R, — Ry?) (2)

Figure 2c shows that using another reduction factor ki, the
effective confinement pressure (f} .4) can be distributed on
the entire equivalent circular cross-section, leading to the
uniform confinement pressure (f|; = kn tf} er = Kn,tkn et/ D.
Adopting the concept of the equivalent circular
section to convert Area I and Area II into an equiva-
lent circular core with a diameter D.q., Shayanfar
et al.>! suggested this reduction factor to be dependent on
Ry, as:

D
K =—2°~1.17R, — 0.46R,> +0.29 (3)
Deq

Accordingly, by defining the confinement efficiency
factor (k) due to horizontal arching action as kp ¢kp efr,
it can be determined as:
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SHAYANFAR ET AL.

ki = kn gk eft
=0.5(14 2R, —Ry*) (1.17R, — 0.46R,> +0.29)  (4)

which can be simplified to:
kn~0.15+0.93R, <1 (5)

without significant loss of accuracy. Accordingly, by
using ky,, the equivalent uniform confinement pressure
acting on the entire section can be expressed as:

Wehgle

= ke = 2k
L= ™ (we + 5t)Degq

Eten (6)

On the other hand, for the case of partial confinement,
Shayanfar et al.>* proposed a new reduction factor, k,, for
simulating the effect of vertical arching action due to the
non-uniform distribution of actual confinement pressure
imposed to the concrete along the column height as illus-
trated in Figure 3. In this figure, f, and d, are the distri-
bution function of the confinement pressure and the
diameter of the effective confinement region at the clear
distance of x from the strip, induced by vertical arching
action phenomenon. As shown, owing to vertical arching
action, the strip region was assumed to be subjected to
the highest confinement pressure (f};), whereas the con-
crete at the mid-height of two consecutive strips is sub-
jected to lowest confinement pressure (f};). The average
level of confinement pressure uniformly acting along the
column height (fj) can be defined as f;=kyf};, in the
compliance with the concept of confinement efficiency
factor.>***

Accordingly, based on the equilibrium of confinement
forces, Shayanfar et al.** determined k, as:

Sf/z
J1iwtDeq +2 | f,dzdx
_ 0

k. —
Y J1i(se +we)Deg

we -+ ¢ (1 —540.43(%)° —0.07(%)3> )

- 7

Wr + 8¢

which can be simplified without significant loss of accu-
racy to:

_ w+spexp(—0.973Ry)
o Wr + ¢

ky <1 (8)

where R; =s5;/Deq. As a result, both components of the
confinement efficiency factor, k;, and k, can be calculated
by using Equation (5) and Equation (8), with the design
framework. Hence, for the case of partially FRP confined
square concrete column (FPSC), considering f|=kyf};,

Jib1—

the confinement pressure uniformly imposed to the con-
crete can be determined using Equation (6) (Figure 3b):

Wengls

=kyf); =2kvkn-————
h fl’ " (Wf + Sf)Deq

Eseyn (9)

4.2 | Establishment of peak axial
strength

This section addresses the determination of the f, corre-
sponding to the equivalent confinement pressure at the
FRP rupture (f|,,)- By defining enryp as FRP rupture
strain, the f) ., can be calculated based on Equation (9)
by considering Deq = b:

Wehsls
fl,rup = ZkvkhmEfé'h,mp for ng<3 (103.)
0.85
wegng S te
fl,rup = ZkvkhmEfSh’rup for ng > 4 (10b)

where k;, and k, can be calculated by Equation (5) and
Equation (8), respectively. In Equation (10b), for the case
with many FRP layers (n; > 4), fib"® recommendation
was followed in order to consider the decrease of FRP
jacket confinement effectiveness with the increase of the
FRP stiffness above a certain limit. By performing regres-
sion analysis on a large test database, Shayanfar et al.*
improved the formulation suggested by Lam and Teng,*
where the effects of f,, and FRP ultimate tensile strain
(es4) Were considered:

0.586
€ =
R T\ 0,824 0.23f e

)Efu >0.35¢p, (11)
In this study, based on the best-fit of the model with the
experimental results in the database, as demonstrated in
Table 1, a new relation generalized for FFCC, FFSC,
FPCC, and FPSC is proposed to calculate f., as a func-
tion of the normalized confinement pressure (f} ., /f co):

fcc 3.4 (fl rup) i rup
T _q 4 20 (MR ) gt W 5 0 05 (12a)
ch kr ch ch

Jeo _ 1 forfl’rup

ch ch

<0.05 (12b)

In Equation (12a and 12b), when f ., /f, is lower than
0.05, the confinement-induced improvement is neglected.
The reduction factor k, (larger than 1) is proposed to
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FIGURE 4 Axial compressive strength of fiber-reinforced polymer (FRP) FRP fully confined concrete columns (FFCC): Test
versus predicted results. CoV, coefficient of variation; MAPE, mean absolute percentage error; MSE, mean squared error; MV, mean value;

R?, R-squared

account the stress concentration in square cross-section
column with almost sharp edge as:

ke =2.7—10R, >1 (13)

As a result, FRP confinement-induced improvement can
be calculated through the proposed model with a unified
character for different confining arrangements and cross-
section columns (FFCC, FFSC, FPCC, and FPSC).

It should be noted that in a reinforced concrete
(RC) column, a certain level of confinement is provided by
steel transverse reinforcements. Accordingly, for the real

cases of RC columns wrapped by FRP jacket, the dual inter-
nal steel-FRP confinement is imposed to the concrete core.
Based on Lin et al.*® and Triantafillou et al.,” the peak axial
strength of FRP confined RC columns (f™*) can be
assumed as fiRP 4 AfSUTUP ywhere AfSU™P s the steel
transverse reinforcements’ contribution in the combined
steel-FRP confinement and f-x' can be calculated by the
model proposed in the present study. Therefore, by
addressing the effect of steel confinement (Af>1"™P) based
on regression analysis performed on an adequate test
database, the proposed model can be extended for the

case of FRP confined RC columns, having a unified
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FIGURE 4 (Continued)
Tl.x B LE 3 Statistical assessment of D Test data MV CoV MAPE MSE R?
existing and proposed models for FFCC
Proposed model 1529 0.977 0.211 0.154 0.259 0.864
Lin et al.” 1.054 0.285 0.180 0.424 0.713
fib"? 0.904 0.226 0.182 0.332 0.813
Guo et al.*? 0.771 0.252 0.264 0.634 0.817
Fallahpour et al.'® 1.039 0.290 0.185 0.472 0.722
ACI 440.2R-17"* 0.948 0.273 0.187 0.364 0.807
Cao et al.'® 1.146 0.298 0.213 0.945 0.757
Nistico and Monti'” 1.046 0.284 0.188 0.425 0.799
Wei and Wu'® 1.091 0.275 0.197 0.424 0.808
CNR DT 200/2004"2 0.772 0.260 0.261 0.754 0.794

Abbreviations: CoV, coefficient of variation; FFCC, FRP fully confined concrete columns; FRP, fiber-
reinforced polymer; MAPE, mean absolute percentage error; MSE, mean squared error; MV, mean value;

R?, R-squared.

character with FRP confined concrete (where AfS1™P — (),

which will be the focus of a future research study.

5 | STATISTICAL ASSESSMENTS

In this study, to comprehensively evaluate the reliabil-
ity and predictive performance of existing models

(as presented in Table 2), the experimental tests of
the assembled database were simulated with these
models, and the obtained results were treated by
determining the statistical indicators of mean value
(MV in Equation 14), (CoV in Equation 15), mean
absolute percentage error (MAPE in Equation 16),
mean squared error (MSE in Equation 17), and R-
squared (R? in Equation 18):
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TABLE 4 Statistical assessment of
existing and proposed models for FFSC

ID
Proposed Model
ﬁbl 3

Guoeta

ACI 440.2R-17"*

1+

Cao et al.'®

Nistico and Monti'’
Wei and Wu'®

CNR DT 200/2004'

Abbreviations: CoV, coefficien

fib L x
CEB-FIP

Test data MV CoV MAPE MSE R®

308 0.934 0.153 0.126 0.102 0.816
0.895 0.172 0.146 0.150 0.795
0.867 0.225 0.184 0.240 0.632
0.917 0.212 0.157 0.158 0.670
1.001 0.163 0.125 0.081 0.811
0.893 0.167 0.147 0.158 0.794
0.986 0.171 0.128 0.094 0.795
0.872 0.245 0.196 0.297 0.576

t of variation; FFSC, FRP fully confined square cross-section; FRP, fiber-

reinforced polymer; MAPE, mean absolute percentage error; MSE, mean squared error; MV, mean value; R?,

R-squared.
FIGURE 6 Axial compressive 150 o 150 CNR DT 20072008 12 7
strength of fiber-reinforced polymer fib [13] /" [12] //
(FRP) partial confinement system 120 FPCC A /" A 120 FPCC 4 //
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i } = 9 it g 9 AL
versus predicted results. CoV, coefficient = A & A A 5%
of variation; MAPE, mean absolute < 60 MV = 1.140 < 60 é MV = 0.914
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. . p2 p 30 A MAPE = 0.169 30 ‘ MAPE = 0.127
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_ [ XN [(Ti—T) (Ei —E)]
VT -T) (B -B)

R? (18)

where T; and E; are f../f. obtained analytically and
experimentally, respectively; SD is standard deviation;
n is the number of data; T and E represent the MV of the
analytical and experimental predictions, respectively.
Figure 4 and Table 3 compares the predictive perfor-
mance of existing and proposed model over 1528 experi-
mental data of FFCC. As evidenced, the proposed model
provided close and uniform predictions of experimental
counterparts based on the main statistical indicators, that

is, CoV = 0.211, MAPE = 0.154, MSE = 0.259, and
R*> =0.864. Even though fib’ (Figure 4a) and ACI
440.2R-17° (Figure 4c) provided the best performance
among the existing models with slight conservative
results, the proposed model has better predictive perfor-
mance in estimating the experimental f./f -

For the case of fully FRP confined concrete column of
square cross-section (FFSC), the predictive performance
of proposed and existing models in estimating f .. is com-
pared in Figure 5 and Table 4. As shown, the proposed
and Cao et al.'® models demonstrated the best perfor-
mance with similar statistical indicator results, and better
when compared with the ones of the other models.
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CEB-FIP

TABLE 5 Statistical assessment of

ID Test data MV CoV MAPE MSE R?
existing and proposed models for FPCC
Proposed model 171 0.960 0.099 0.083 0.034 0.909
fib*? 1.140 0.151 0.169 0.084 0.845
Guo et al.** 0.971 0.156 0.107 0.065 0.850
CNR DT 200/2004"2 0.914 0.137 0.127 0.063 0.865

Abbreviations: CoV, coefficient of variation; FPCC, FRP partial confinement system applied to circular
column; FRP, fiber-reinforced polymer; MAPE, mean absolute percentage error; MSE, mean squared error;
MV, mean value; R?, R-squared.
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= 30 e MV = 1.029 = 30 0 B MV = 1.013 . ;
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~ CoV = 0.056 Pt CoV = 0.067 gth ot iber-rel polymer
s ,‘," MAPE = 0.048 s ‘,’ MAPE = 0.053 (FRP) fully confined square cross-section
L MSE = 0.009 /’ MSE = 0.010 (FPSC): Test versus predicted results.
- R2=0.981 - R2=0.971 : -
0 k2 - 0 L2 - CoV, coefficient of variation; MAPE,
0 15 30 An:5 60 75 0 15 30 An:5 60 75 mean absolute percentage error; MSE,
cc Jee mean squared error; MV, mean value;
(@) (d R?, R-squared
D Test data MV CoV MAPE MSE R? TAB LE 6 Statistical assessment of
existing and proposed models for FPSC
Proposed model 23 1.013 0.067 0.053 0.010 0.971
fib*? 1.124 0.085 0.140 0.046 0.950
Guo et al.** 1.029 0.056 0.048 0.009 0.981
CNR DT 200/2004'2 1.314 0.172 0.359 0.222 0.929

Abbreviations: CoV, coefficient of variation; FPSC, FRP partially confined square concrete elements; FRP,
fiber-reinforced polymer; MAPE, mean absolute percentage error; MSE, mean squared error; MV, mean
value; R%, R-squared.

For the case of partially FRP confined concrete col- estimation of experimental counterparts, the proposed
umns of circular cross-section (FPCC), Figure 6 and model presented the best predictive performance.
Table 5 evidence that the proposed model is able to accu- For the case of partially FRP confined concrete col-

rately and uniformly predict the experimental f .. Even umns of square cross-section (FPSC), Figure 7 and
though CNR DT 200/2004'* also provided a good  Table 6 show that the Guo et al.*’ and the proposed
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FIGURE 9 Performance of the proposed model with respect to key parameters
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“L fib

models have presented the best performance with almost
identical results of statistical indicators, and better than
those of fib'* and CNR DT 200/2004."* Nonetheless, the
predictive performance of the proposed model was better
than Guo et al.** in the FFCC, FFSC, and FPCC.

The predictive performance of the proposed model is
compared in Figure 8 with the one of the models that
have a unified approach for predicting f, of FFCC,
FFSC, FPCC, and FPSC, namely fib,"* Guo et al.** and
CNR DT 200/2004."* This comparison shows that the
proposed model has the best predictive performance in
estimating the experimental f .., confirming its reliability.
Among the existing unified models, fib'* prediction also
has a good agreement with experimental counterparts.

For further evaluation of the proposed model, its pre-
dictive performance was assessed with respect to key
parameters, as demonstrated in Figure 9. As evidenced in
Figure 9a, the model has relatively uniform performance
for different level of f} ., /fco- Figure 9b shows that, even
though the effect of f, was not considered in the estab-
lishment of the relation of f.. /fo, and f,,/feo In
Equation (12), there is not any significant correlation
between the error (fA™/fo®) with respect to fg.
Figure 9c also confirms that there is no obvious variation
in model prediction with respect to eg,. In Figure 9d, the
model performance can be also considered uniform for
the range of Dq/150 of the database. For the case of col-
umn of square cross-section (FFSC and FPSC), Figure 9e
shows that the model reveals slight conservative predic-
tions with uniform performance for different level of Ry,
where a larger scatter was observed in columns of circu-
lar cross-section (R, =1). For the case of partially con-
fined concrete column (FPCC and FPSC), Figure 9f
confirms the uniform error distribution with respect to
different ranges of R; even though there is a larger scatter
for full confinement cases with Ry =0. In Figure 9e.f, the
reliability of the adopted concept of confinement effi-
ciency factor (ky and k, presented in Equations 5 and 8,
respectively) for the generalization of the cross-section
and confining arrangement can also be confirmed.

6 | SUMMARY AND
CONCLUSIONS

In this study, a new model with a unified approach for
being capable of predicting the peak axial compressive
strength (f..) of concrete columns of different confine-
ment arrangements and of circular or square cross-
sections (FFCR, FPCR, FFCC, and FPCC) was developed,
and its predictive performance was assessed by using a
large database of experimental results, and compared
with the one of existing models. For the generalization of

the cross-section and confining arrangement, the
concept of confinement efficiency factor with a unified
mathematical framework was adopted. For statistical
assessment and the calibration of the developed model, a
comprehensive database comprising 1528 FFCC,
308 FFSC, 171 FPCC, and 23 FPSC experimental results
were collected from the literature. The predictive perfor-
mance was assessed in terms of MV, CoV, MSE, MAPE,
and R®. For the data based composed of 2031 experimen-
tal results, the developed model has presented the best
statistical predictive indicators among the models
applicable to FFCR, FPCR, FFCC, and FPCC, namely:
MV = 0.969, CoV = 0.196, MAPE = 0.143, MSE = 0.214,
R* = 0.864.
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