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Abstract. Concrete Filled Fibre Reinforced Polymer Tube (CFFT) for new columns construction has attracted
significant research attention in recent years. The CFFT acts as a formwork for new columns and a barrier to
corrosion accelerating agents. It significantly increases both the strength capacity (Strength enhancement ratio) and
the ductility (Strain enhancement ratio) of reinforced concrete columns. In this study, based on predefined selection
criteria, experimental investigation results of 134 circular CFFT columns under axial compression have been
compiled and analysed from 599 CFFT specimens available in the literature. It has been observed that actual
confinement ratio (expressed as a function of material properties of fibres, diameter of CFFT and compressive
strength of concrete) has significant influence on the strength and ductility of circular CFFT columns. Design
oriented models have been proposed to compute the strength and strain enhancemen? ratios of circular CFFT
columns. The proposed strength and strain enhancement ratio models have significantly reduced Average Absolute
Error (AAE), Mean Square Error (MSE), Relative Standard Error of Estimate (RSEE) and Standard Deviation (SD)
as compared to other available strength and strain enhancement ratios of circular CFFT column models. The
predictions of the proposed strength and strain enhancement ratio models match well with the experimental strength
and strain enhancement ratios investigation results in the compiled database.

Keywords: column; CFFT; confinement ratio; strength enhancement ratio; strain enhancement ratio

1. Introduction

In a pioneering research study, Richart et al. (1928) identified the beneficial effects of
restraining the lateral dilation of concrete on the axial compressive behaviour of confined
Reinforced Concrete (RC) columns. Since then a large number of studies have been conducted to
investigate the effect of confinement reinforcement on the axial compressive strength and ductility
of RC columns. In the last three decades, strengthening and retrofitting of RC columns using steel
tubes and FRP sheets were commonly practiced. The strength and ductility of RC columns may
deteriorate with time due to the development of micro-cracks in concrete columns because of the
bending and shear stresses, fatigue and shrinkage. An increase in the rate of micro-cracking in
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concrete may expose steel reinforcement to the air and humidity, which may increase the rate of
corrosion in the steel reinforcement. Initially, steel tubes were investigated for strengthening and
retrofitting of damaged RC columns and also, an alternative of steel RC columns (Zhao et al. 2002,
Johansson 2003, Han et al. 2004, Sakino et al. 2004, Ishizawa et al. 2006, Lee 2007, Choi and
Xiao 2010, Woo et al. 2010, Park and Choi 2013 and Aslani et al. 2015). However, steel as
confinement reinforcement has few disadvantages. Steel is a corrosive material. It has high density
and consequently increases dead load of the structure, which may cause additional force demand in
an earthquake. Steel has significantly higher axial elastic modulus than concrete, which may result
in higher axial and lateral strains in steel tubes than in the concrete core. The difference in the
lateral strains between the concrete core and the steel tube may create a gap and hence may reduce
the confinement effectiveness (Saafi et al. 1999). Due to the above limitations, steel tubes made
ways for strengthening columns with FRP sheet, as FRP sheets have higher strength to weight ratio,
increased corrosion resistance and electromagnetic neutrality, and lower axial elastic modulus than
steel (Lam and Teng 2003).

In the last few decades, the behaviour of RC columns strengthened with FRP sheets has been
extensively investigated. This is especially because, in the USA, UK and Canada, the performance
of a large number of RC bridge and building columns have deteriorated due to the corrosion in
steel reinforcement (Saafi et al. 1999). Demers and Neale (1994), Nanni and Bradford (1995),
Karbhari and Gao (1997), Berthet et al. (2005), Wu et al. (2006), Youssef et al. (2007), Wu and
Jiang (2013) reported an increase in the FRP sheet confined concrete strength and strain between
36% and 186%, and 41% and 140%, respectively. Lam and Teng (2002), Realfonzo and Napoli
(2011), Ozbakkaloglu and Lim (2013), Pham and Hadi (2013, 2014a, b), Lim and Ozbakkaloglu
(2014) and Sadeghian and Fam (2015) compiled a database of experimental investigations of FRP
sheet confined concrete columns to develop models to determine confined concrete strength and
strain of FRP sheet confined concrete columns. The increases in the strength and strain were found
to depend on the material characteristics of FRP sheets (thickness, modulus of elasticity and
orientation of fibres), unconfined concrete strength, diameter and height to diameter ratio of FRP
sheet confined concrete columns.

Considering the beneficial effects of FRP material, Concrete Filled Fibre Reinforced Polymer
Tube (CFFT) technique was proposed for new column constructions (Mirmiran and Shahawy 1996,
Saafi et al. 1999, Lillistone and Jolly 2000). In CFFT columns, FRP tube acts as both longitudinal
and transverse reinforcement to concrete columns. It also serves as a formwork and prevents
ingress of harmful chlorides and salts, and hence slows down the deterioration in the strength and
ductility of concrete columns (Lillistone and Jolly 2000). The influence of different aspects of
circular CFFT columns including tube thickness, diameter of the tube, tube height to diameter ratio,
unconfined concrete strength, cross sectional shape, orientation of fibres, fibre type, tube
manufacturing method, specimen end condition and loading (Axial, flexural and seismic)
conditions on the strength and strain enhancement ratios of CFFT columns were investigated by
Lillistone and Jolly (1997, 2000), Mastrapa (1997), Jolly and Lillistone (1998a, b), Samaan et al.
(1998), Matthys et al. (1999), Saafi et al. (1999), Tegola and Manni (1999), Fam and Rizkalla
(2001a, b, 2002), Harries and Carey (2002), Hong and Kim (2004), Cole and Fam (2006),
Ozbakkaloglu and Saatcioglu (2006), Li and Ou (2007), Mohamed and Masmoudi (2008a, b),
Ozbakkaloglu and Oehlers (2008a), Park et al. (2011), Ozbakkaloglu (2013a, b), Ozbakkaloglu
and Vincent (2013), Idris and Ozbakkaloglu (2013), Vincent and Ozbakkaloglu (2013a, b), Hadi et
al. (2015, 2016).

A comprehensive and systematic review of experimental behaviour of CFFT columns is
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important to understand the behaviour of CFFT column. Although, a large number of studies
investigated the properties of CFFT column but to the knowledge of the Authors there is no
comprehensive review study (database) available in the literature which exclusively compiled
experimental results of CFFT columns (refer to Section 2). In this paper, a systematically compiled
database of circular CFFT columns tested under axial compression is presented. A total of 599
CFFT specimens tests from 30 different studies are collated after an extensive literature survey. All
the CFFT columns are assessed against carefully established selection criteria (Section 3.2) for
uniformity and reliability of the experimental data. The number of circular CFFT columns data
points under axial compression was reduced to 134, after critical assessment. The database
includes only circular CFFT columns under axial compression and does not include steel or FRP
bar reinforced CFFT columns or CFFT columns under eccentric, flexural, cyclic or seismic
loadings. The database may even serve as a reference for future studies on circular CFFT columns
under other loadings. The compiled CFFT database is used to study the influence of different
parameters on the confined concrete strength (strength enhancement ratio) and ductility (strain
enhancement ratio) of CFFT columns. Also, design oriented strength and strain enhancement ratios
models of circular CFFT columns are presented.

2. Review of available FRP confined concrete column database

A literature review of the available studies on FRP confined concrete columns showed that only
Lam and Teng (2002), De Lorenzis and Tepfers (2003), Ozbakkaloglu and Lim (2013) and Lim
and Ozbakkaloglu (2014) compiled experimental investigation results of 50, 41, 77 and 76 circular
CFFT columns, respectively. These database studies also included a large number of FRP sheet
confined concrete columns. The main focus of these studies was to investigate the behaviour of
FRP sheet confined concrete columns, rather than to investigate the exclusive behaviour of circular
CFFT columns.

The general stress-strain behaviours of FRP sheet confined concrete columns and Concrete
Filled Fibre Reinforced Polymer Tube (CFFT) columns subjected to concentric axial compression
are similar. The stress-strain diagram consists of two rising curves connected at a transition point
(fe0» €c0) close to the unconfined concrete strength (Ozbakkaloglu ef al. 2012) (Fig. 1). The slope of
the first curve is the same as the slope of unconfined concrete stress strain curve, as during this
stage the dilation of concrete is small and passive FRP confinement is almost inactive. The slope
of the second curve is primarily dependent on the confinement stiffness of FRP. However, the
ultimate confined concrete conditions (i.e., confined concrete strength and ultimate confined
concrete strain) of FRP sheet confined concrete columns and CFFT columns are different. Due to
higher bond stress between FRP sheet and concrete column than FRP tube and concrete column,
the confined concrete strength and strain of FRP sheet confined concrete columns are higher than
those of FRP tube confined concrete columns (Toutanji 1999 and Saafi et al. 1999). The higher
confined concrete strength and strain could possibly be due to the fact that FRP sheets in FRP
confined concrete columns are subjected to only tensile circumferential stresses, whereas FRP
tubes in CFFT columns are subjected to both axial compressive and tensile circumferential stresses
which may result in the reduction of bond stress between FRP tube and concrete columns. The
difference between FRP sheets and FRP tubes confined concrete columns may also be due to the
adhesives used to bond FRP sheets to concrete columns, whereas no such bond exists between
FRP tube and concrete columns (Lam and Teng 2002). Moreover, FRP tube confinement has
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Fig. 1 Axial stress-axial strain behaviour of unconfined and FRP confined concrete columns

higher axial stiffness than FRP sheet confinement resulting in different circumferential strains and
failure patterns of confined concrete columns (Lam and Teng 2003). Ozbakkaloglu and Lim (2013)
also recognised lower confined concrete strengths of FRP tube confined concrete columns than
those of FRP sheet confined concrete columns. In general, strength enhancement ratio (f../f,) is
defined as a ratio of FRP confined concrete strength (f.) to unconfined concrete strength (f;,)
while strain enhancement ratio (e.,/&.,) is a ratio of FRP confined concrete strain corresponding to
(&c.) to unconfined concrete strain corresponding to f., (¢.,) as shown in Fig. 1.

Lam and Teng (2002) proposed a linear model to determine the strength enhancement ratio (f7.
/f.,) as a function of nominal confinement ratio (f;/f.,) for circular FRP sheet confined columns
with unconfined concrete strength less than 65 MPa (Eq. (1)). The model was recommended to
compute the confined concrete strength of circular FRP tube confined concrete columns having
nominal confinement ratios less than 1.0.

f—4=1+2(LJ (1)

co co

The nominal confinement ratio (f;/f.,) (Eq. 2) is defined as the ratio of nominal confinement
pressure (f) to unconfined concrete strength (f.,). The f; is expressed in terms of FRP tube
thickness (%), diameter of CFFT (D), modulus of elasticity of fibres (£;) and ultimate tensile strain
of fibres ().

i _2EsEs 2
Joooo Dl

De Lorenzis and Tepfers (2003) proposed a non-linear model for the strain enhancement ratio
(&cu/ €c0) as functions of actual confinement ratio (f;,/f.,) and confinement modulus (K;) (Egs. 3-5).
The actual confinement ratio (f;,/f.,) is defined as the ratio of actual confinement pressure (f;,) to
unconfined concrete strength (f.,). The f,, is expressed in terms of FRP tube thickness (#,), diameter
of CFFT (D), modulus of elasticity of fibres (£,) and experimentally obtained circumferential
rupture strain of fibres (g.,).
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Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu (2014) presented strength
enhancement ratio (fi./f.,) as a function of net confining pressure, that is, the reduced actual
confinement pressure (f;,) after subtraction of the threshold confinement pressure (f;,) for FRP
confined concrete columns (Egs. 6-10).

Jee (o= J10)

=¢ +32—=02 (6)
where
¢ =1+ 0.00SSﬁ (7)
Jro = K& (®)
Kl

£, =(0.43+0.009-L)z,_ ©)

2FE t
K, = z; Land K, > £, (10)

Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu (2014) presented strain enhancement
ratio (e../ &) as a nonlinear function of K, ¢,,, and f;, for FRP confined concrete columns (Egs.

(11D)-(12)).

T +o.27(ﬁ}9mpl-35 (11)
where
f..—20
c,=2—|~——landc, 21 12
) [ 100 ) (12)

These models are applicable to circular FRP confined concrete columns only when fibres are
orientated along the circumferential direction and height to diameter ratio (H/D) equal to or less
than 3.0.
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The above literature review indicates the need of confined concrete strength and strain models
specifically developed for circular CFFT columns that are validated with a large number of
circular CFFT columns. The available design oriented strength and strain enhancement ratio
models were developed using experimental investigation results of FRP confined (FRP sheet and
FRP tube) concrete columns under axial compression available at the time of the compilation of
the databases. The available databases consisted of smaller number of circular CFFT columns. It is
noted that the main purpose of the available design oriented models was to predict the strength and
strain enhancement of FRP confined concrete columns, not specifically the strength and strain
enhancement of circular CFFT columns. Extensive review of literature revealed that a large
number of experimental investigation results of CFFT columns summarized in Table 1 were not
included in the existing databases. Hence, there is a need to compile a database of circular CFFT
columns under axial compression and develop accurate design oriented strength and strain
enhancement ratio models solely for circular CFFT columns. The objective of this study is to
compile the available experimental results of CFFT columns (Database) and develop strength and
strain enhancement ratio models.

3. Experimental database of circular CFFT Columns
3.1 Description of the compiled studies

A total of 599 CFFT data points from 30 different experimental studies have been collated after
a comprehensive literature survey. The key information of the compiled studies such as Authors of
study, number of datasets, fibre type, diameter (D) or width (w), height (H) or length (L),
unconfined concrete strength (f.,), modulus of elasticity of fibres (E)), thickness of fibres (%),
orientation of fibres (), actual confinement ratio (f,/f.,), strength enhancement ratio (fi../f.,),
strain enhancement ratio (e.,/ &), and circumferential rupture strain (g,,,) is presented in Table 1.
After systematically assessing the CFFT data points presented in Table 1, based on predefined
selection criteria in Section 3.2, 134 circular CFFT column data points (database) have been
shortlisted.

3.2 Selection criteria of the CFFT database

The aim of this paper is to develop design oriented model to predict the confined concrete
strength and ultimate confined concrete strain of circular CFFT under axial compression. The
selection criteria were adopted to ensure the reliability and suitability of the compiled database to
accurately predict the confined concrete strength and ultimate confined concrete strain of circular
CFFT columns under axial compression. The compiled database is the most comprehensive
database of circular CFFT columns reported in the literature. The CFFT database presented in this
study includes only circular CFFT columns subjected to concentric axial compression. Square,
rectangular and hollow CFFT columns, columns reinforced with either steel or FRP longitudinal
bars, and columns subjected to eccentric, cyclic, flexural or seismic loading have been excluded
from the database. In case of non-circular (square and rectangle) cross sections, confinement
pressure (f;) is non-uniform and higher at corners than in other parts of the tube. Confinement
pressure, however, is uniformly distributed in circular cross sections. Hollow and partially filled
CFFT columns have reduced confinement pressures than solid and completely filled CFFT
columns for same geometric, fibre and FRP properties, resulting in significant reduction in the
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strength and strain enhancement ratios of hollow CFFT columns. A void in the hollow or partially
filled tubes decreases the internal support provided by the concrete core to FRP tube. Hence, the
void reduces the confinement effectiveness of tubes and affects the final failure mode of CFFT
columns. Steel or FRP reinforced CFFT columns have higher strength and strain enhancement
ratios than unreinforced CFFT columns. Although the final failure mode is similar (circumferential
rupture of fibres), the overall behaviour of steel or FRP reinforced CFFT columns is different from
unreinforced CFFT columns. CFFT columns subjected to eccentric loading have also been
excluded from the database as eccentric loading will result in the reduced strength and strain
enhancement ratios. The CFFT columns subjected to flexural, cyclic and seismic loading have
significantly different failure mode than CFFT columns subjected to concentric axial compression.
The selection criteria adopted in this study are presented below:

Specimens confined with FRP sheets or bonded FRP sheets have been excluded from the
database. Only circular specimens confined with FRP tubes have been included. Hence, the
columns in Mirmiran et al. (1998b), Harries and Carey (2002), Yamakawa et al. (2003), Fam et al.
(2005), Ozbakkaloglu and Oehlers (2008a, b) and Ozbakkaloglu (2013a) have not been considered.

The specimens having either transverse or longitudinal reinforcement have been excluded from
the database. Hence, the CFFT columns in Jolly and Lillistone (1998a), Mohamed and Masmoudi
(2008b, 2010), Masmoudi and Mohamed (2011), and Park et al. (2011) have not been included.

Only circular FRP tube confined concrete columns subjected to concentric loading are included.
Circular CFFT columns subjected to flexural, eccentric or seismic loading have been excluded
from the database. Hence, the columns in Mirmiran ef al. (1998c), Fam and Rizkalla (2001a), Fam
et al. (2005), Ozbakkaloglu and Saatcioglu (2006), Idris and Ozbakkaloglu (2013), and
Ozbakkaloglu (2013a) have been omitted.

The specimens in which failure mode is due to rupture of CFFT are included and all those
specimens in which premature failure due to debonding or large eccentricities occurred have been
discarded. Hence, columns in Jolly and Lillistone (1998a), and Mohamed and Masmoudi (2008a)
have been ignored.

The specimens with fibres orientated other than circumferential direction have been excluded
from the database. Hence the column specimens in Mirmiran et al. (1998a) and Samaan et al.
(1998) have not been considered.

The specimens whose geometric parameters, unconfined and confined concrete conditions were
either not completely mentioned or cannot be calculated have been excluded from the database.
Hence, columns in Lillistone and Jolly (1997), Mastrapa (1997), Jolly and Lillistone (1998b),
Tegola and Manni (1999) and Hong and Kim (2004) have been disregarded.

3.3 Description of the CFFT database

The detailed information of the selected circular CFFT columns including column geometrical
properties (diameter, D; and height to diameter ratio, H/D), concrete properties (unconfined
concrete strength, f.,; and unconfined concrete strain, &), fibre properties (modulus of elasticity of
fibres, Ej; ultimate tensile strength of fibres, f;; ultimate tensile strain of fibres, &;; and thickness
of fibres, t;), FRP properties (circumferential rupture strain, ¢,,,; actual confinement ratio, f;,/fc.;
and strain reduction factor, k,), and strength and ductility (strength enhancement ratio, f../f.,; and
strain enhancement ratio, €.,/ é&.,) is presented in Table 2. The CFFT columns database in Table 2
includes 64 Carbon FRP (CFRP), 55 Aramid FRP (AFRP), 10 High Modulus Carbon FRP
(HMCFRP) and 5 Glass FRP (GFRP) tube reinforced concrete columns.
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Colum Concrete . . . Strengf[h and
geometric . Fibre properties FRP properties ductility
§ properties properties capacity
7 D H/D Jeo Eco Er fa & I Enp Jra k. S Ea
(mm) (MPa) (%) (GPa) (MPa) (%) (mm) (%) /. L S
1525 29 380 020 32 450 17 0.80 141 0.13 085 139 9.50
3 1525 29 380 020 34 505 17 160 149 028 089 174 1240
S § 1525 29 380 020 36 560 1.7 240 156 048 094 2.18 15.00
t’g % 1525 29 380 020 367 3300 1.7 0.11 090 0.13 054 145 5.00
v 1525 29 380 020 39 3550 1.7 023 091 028 055 179 8.00
1525 29 380 020 415 3700 1.7 055 089 071 053 255 11.10
Lietal 150 20 475 040 73 1800 25 030 150 0.09 061 1.07 225
(2007) 150 2.0 475 040 73 1800 2.5 030 240 0.5 097 180 525
74 2.0 430 0.87 240 3800 1.6 0.12 120 021 0.77 1.61 5380
152 20 364 088 240 3800 16 023 130 026 084 1.67 640
302 20 363 097 240 3800 1.6 047 1.17 024 075 157 6.60
100 20 836 120 116 2900 25 020 184 0.10 074 136 5.70
152 20 779 133 116 2900 25 030 183 0.11 073 139 6.60
100 2.0 110.1 1.38 116 2900 25 040 152 0.13 061 170 7.70
152 2.0 1045 128 116 2900 25 0.60 158 0.14 063 1.66 7.10
100 20 355 023 116 2900 25 020 218 028 0.87 187 830
100 20 836 029 116 2900 25 040 184 020 074 136 5.70
_ 100 2.0 110.1 030 116 2900 25 0.60 1.55 020 0.62 140 6.20
5 100 2.0 89 029 116 2900 25 060 1.85 030 074 179 7.60
8 100 2.0 110.1 030 116 2900 25 080 1.52 026 0.61 1.70 7.70
?50 100 2.0 366 023 99 2930 3.0 060 224 073 077 244 13.70
= 100 2.0 849 029 99 2930 3.0 060 218 031 075 199 9.70
% 100 2.0 110.1 030 99 2930 3.0 0.60 213 023 073 212 1040
§ 152 2.0 364 023 240 3800 16 023 130 026 084 1.67 640
152 20 590 026 240 3800 1.6 047 097 024 062 141 490
152 2.0 1025 030 240 3800 16 0.70 0.89 0.19 057 128 4.30
152 2.0 1022 033 116 290 25 0.80 1.18 0.14 047 120 4.40
152 2.0 1025 034 240 3800 16 059 081 0.15 052 1.13 3.10
152 20 590 026 240 3800 16 023 1.17 0.15 075 113 390
152 20 590 026 640 2650 04 038 0.12 0.07 029 125 1.70
100 2.0 89 029 116 2900 25 060 185 030 074 179 7.60
100 2.0 849 029 99 2930 3.0 060 218 031 075 199 9.70
152 20 494 025 116 2900 25 0.60 232 043 093 215 13.70
152 20 494 025 116 2900 25 0.60 224 042 090 214 14.10




932

Table 2 Continued

Qasim S. Khan, Neaz Sheikh and Muhammad N.S. Hadi

Colum Concrete . . . Strengf[h and
geometric . Fibre properties FRP properties ductility
§ properties properties capacity
7 D H/D Jeo Eco Er fa & I Enp Jra k. S Ea
(mm) (MPa) (%) (GPa) (MPa) (%) (mm) (%) . -
75 20 430 022 240 3800 1.6 0.12 1.07 0.19 068 157 6.14
75 20 430 022 240 3800 1.6 0.12 132 023 083 1.65 6.55
75 20 430 022 240 3800 1.6 0.12 091 0.16 057 142 418
75 20 478 023 240 3800 1.6 0.12 083 0.13 052 127 3.65
100 2.0 370 021 116 2900 25 020 222 028 0.89 191 981
100 2.0 355 020 116 2900 25 020 208 027 083 185 875
100 2.0 340 020 116 2900 25 020 225 031 090 1.85 940
100 2.0 372 021 116 2900 25 030 211 039 0.84 240 14.76
100 2.0 372 021 116 2900 25 030 239 045 096 247 1576
100 2.0 354 020 116 2900 25 030 221 043 0.88 245 1520
150 2.0 373 021 240 3800 16 0.12 120 0.12 0.76 1.13 3.76
150 2.0 346 020 240 3800 16 0.12 077 0.08 049 120 3.30
e 150 2.0 355 020 240 3800 1.6 023 132 028 0.83 1.66 7.15
g 150 2.0 363 021 240 3800 1.6 023 136 028 086 1.68 7.29
j‘} 150 2.0 373 021 240 3800 1.6 023 123 025 078 1.65 6.90
§ 150 2.0 363 021 o640 2650 04 0.19 0.12 0.05 029 128 1.33
'E 150 2.0 363 021 640 2650 04 0.19 0.11 0.05 027 127 143
g 150 2.0 363 021 640 2650 04 0.19 0.18 0.08 043 1.19 1.19
T:o 300 20 363 021 240 3800 1.6 023 1.08 0.11 068 1.06 3.81
= 300 20 363 021 240 3800 1.6 047 1.17 024 074 157 7.24
% 75 20 620 026 240 3800 1.6 0.12 050 006 032 113 242
= 75 20 666 027 240 3800 1.6 0.12 036 004 023 1.05 211
°© 75 20 550 025 240 3800 1.6 0.12 072 0.10 045 1.03 3.20
75 20 550 025 240 3800 16 023 1.13 031 071 175 5.72
75 20 503 024 240 3800 16 023 095 028 060 195 7.13
75 20 520 024 240 3800 1.6 023 1.07 031 068 2.03 10.04
100 2.0 8.9 031 116 2900 25 040 176 0.19 0.70 141 532
100 2.0 84 031 116 2900 25 040 1.84 021 074 130 5.10
100 2.0 84 031 116 2900 25 040 192 022 0.77 136 532
100 2.0 89 031 116 2900 25 060 1.62 026 0.65 173 6.19
100 2.0 8.9 031 116 290 25 060 176 029 0.70 1.80 7.19
100 2.0 89 031 116 290 25 060 217 035 087 186 7.68
100 2.0 89 031 116 2900 25 060 236 038 094 205 932
100 2.0 8.0 031 116 290 25 060 174 029 0.70 1.87 8&.16
100 2.0 89 031 116 2900 25 060 242 039 097 206 932
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Table 2 Continued

Column Concrete Strength and
geometric . Fibre properties FRP properties ductility
> . properties .
= properties capacity
) '
D up Jeo €co Er fu & o ey Jra k. S fa
(mm) (MPa) (%) (GPa) (MPa) (%) (mm) (%) . -

150 20 796 030 116 2900 25 0.60 212 025 085 132 557
150 20 772 030 116 2900 25 0.60 159 0.19 0.64 132 547
150 20 770 030 116 290 25 0.60 179 022 072 153 743
150 2.0 590 026 240 3800 1.6 023 1.14 0.14 0.72 1.16 3.65
150 20 590 026 240 3800 16 023 1.19 0.15 075 1.11 4.04
150 2.0 620 026 240 3800 1.6 023 103 0.12 0.65 1.08 323
150 20 590 026 240 3800 16 035 1.07 020 0.68 134 477
150 2.0 650 027 240 3800 16 035 077 0.13 049 120 4.81
150 20 590 026 240 3800 16 035 092 0.18 058 138 592
150 20 590 026 640 2650 04 0.19 026 0.07 063 119 192
150 20 556 025 640 2650 04 0.19 022 0.06 053 120 2.00
150 2.0 590 026 640 2650 04 0.19 026 0.07 063 1.18 1.81
150 2.0 590 026 640 2650 04 038 0.11 0.06 027 120 1.81
150 2.0 590 026 640 2650 04 038 0.14 0.08 034 131 173
150 2.0 590 026 640 2650 04 038 0.10 0.05 024 125 154
75 20 750 029 240 3800 1.6 0.12 062 0.06 039 1.15 228
75 20 770 030 240 3800 1.6 0.12 083 0.08 0.52 1.08 2.60
75 20 831 031 240 3800 1.6 023 095 0.17 0.60 1.17 423
75 20 831 031 240 3800 1.6 023 095 0.17 0.60 134 3.74
75 20 938 033 240 3800 1.6 035 085 020 054 151 391
75 20 999 034 240 3800 16 035 093 021 059 120 3.71
75 20 770 030 240 3800 1.6 035 073 021 046 1.71 3.80
75 20 825 031 240 3800 1.6 035 057 0.16 036 149 3.13
100 2.0 1101 035 116 2900 25 0.60 135 0.17 054 141 6.03
100 2.0 1101 035 116 2900 25 0.60 154 0.19 062 137 4.89
100 2.0 1101 035 116 2900 25 0.60 178 023 071 142 534
100 2.0 1101 035 116 2900 25 080 147 025 059 1.67 631
100 20 1101 035 116 2900 25 080 157 026 063 1.73 7.06
100 20 1101 035 116 2900 25 090 201 038 080 211 9.20
100 2.0 1101 035 116 2900 25 090 211 040 0.84 2.04 8.03
100 2.0 1101 035 116 2900 25 090 226 043 090 222 994
150 2.0 1045 034 116 290 25 120 1.19 021 048 157 5382
150 2.0 1045 034 116 2900 25 120 153 027 061 1.61 641
150 2.0 1045 034 116 2900 25 120 1.63 029 065 171 6.03
150 2.0 947 033 240 3800 16 035 086 0.10 054 105 270

Ozbakkaloglu and Vincent (2013)
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Colum Concrete . . . Strengf[h and

geometric . Fibre properties FRP properties ductility

§ properties properties capacity

7 D H/D Jeo Eco Er fa & I Enp Jra k. S Ea
(mm) (MPa) (%) (GPa) (MPa) (%) (mm) (%) . -
2. 150 2.0 930 033 240 3800 1.6 047 0.71 0.11 045 1.03 279
§° § o 150 2.0 975 033 240 3800 1.6 047 097 0.15 0.61 1.10 3.06
ﬁ: § § 150 2.0 1025 034 240 3800 1.6 070 0.89 020 056 128 3.74
. g ~ 150 20 960 033 240 3800 1.6 070 0.78 0.18 049 129 352
© 150 2.0 930 033 240 3800 1.6 070 0.66 0.16 042 121 3.30
152 2.0 355 020 240 3800 1.6 023 149 031 094 143 6.60
152 2.0 363 021 240 3800 1.6 023 1.55 032 098 153 648
= 152 2.0 373 021 240 3800 16 023 123 024 078 145 586
g 152 2.0 590 026 240 3800 16 023 125 0.16 079 1.05 458
L:/ 152 2.0 590 026 240 3800 16 035 124 023 0.78 124 4.12
T%o 152 2.0 650 027 240 3800 16 035 099 0.17 063 130 285
s 152 2.0 590 026 240 3800 16 035 098 0.18 0.62 154 354
% 152 2.0 590 026 240 3800 16 047 105 026 0.66 1.14 354
S 152 20 590 026 240 3800 1.6 047 1.06 027 067 136 3.77
g 152 20 590 026 240 3800 1.6 047 070 0.18 044 123 238
2 152 20 975 033 240 3800 16 047 1.15 0.17 073 1.01 294
% 152 2.0 1025 034 240 3800 16 059 089 0.16 056 1.06 256
g 152 2.0 1025 034 240 3800 1.6 059 081 0.15 051 1.01 218
> 152 2.0 1025 034 240 3800 1.6 0.70 1.00 022 0.63 127 2.62
152 2.0 940 033 240 3800 16 070 0.84 020 053 1.16 236
152 2.0 930 033 240 3800 16 070 0.81 0.19 051 1.09 2.00
= 100 2.0 89 031 99 2930 29 060 236 033 080 205 932
Eﬁ 100 2.0 830 031 99 2930 29 060 1.74 025 059 1.87 8.16
g 100 2.0 89 031 99 2930 29 060 242 033 0.82 206 932
_‘.: = 152 20 494 024 99 2930 29 0.60 219 035 0.74 212 13.13
g g 152 2.0 494 024 99 2930 29 0.60 242 038 0.82 218 14.79
£ 152 20 494 024 99 2930 29 060 238 038 080 215 1446
% 152 2.0 494 024 99 2930 29 0.60 211 033 071 222 12.54
.§ 152 2.0 494 024 99 2930 29 060 233 037 0.79 222 13.25
152 2.0 494 024 99 2930 29 0.60 224 035 076 224 1242
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4. Main features of Circular CFFT Column Database

The main features of various influencing parameters such as material properties of FRP tube,
diameter of CFFT, unconfined concrete strength and height to diameter ratio of circular CFFT
columns have been discussed herein to propose reliable design oriented strength and strain
enhancement ratio models for circular CFFT columns.

4.1 Diameter of circular CFFT columns

In Table 2, the diameter of circular CFFT columns (D) varies between 74 to 302 mm with the
majority (55%) of circular CFFT columns have diameter of 150-152 mm. The strength and strain
enhancement ratios of circular CFFT columns are not significantly influenced by the variation in
the diameter of CFFT columns for the range of column diameters studied in this research. It is
noted that column diameter is inversely proportional to actual confinement ratio (Eq. (4)). Hence,
increase in the column diameter, keeping tube thickness the same, should decrease actual
confinement ratio and consequently decrease the strength and strain enhancement ratios.

4.2 Unconfined concrete strength

In most of the studies included in this database, the effect of unconfined concrete strength (f;,)
on the strength and strain enhancement ratios of circular CFFT columns was investigated. The
unconfined concrete strength in this database varies between 34.0 and 110.1 MPa with 35.1% of
circular CFFT columns are within the range of 34.0 to 55 MPa (Normal Strength Concrete, NSC,
feo <55 MPa), while 32.8% are in the range of > 55 to 85 MPa (High Strength Concrete, HSC, 55
> foo < 85 MPa) and 32.1% are greater than 85 MPa (Ultra High Strength Concrete, UHSC, f;, > 85
MPa). Almost all of the circular CFFT column studies reported that for a given nominal or actual
confinement ratio, increase in unconfined concrete strength resulted in significant decrease in the
strength and strain enhancement ratios of circular CFFT columns. Hence, more confinement
reinforcement is required to sufficiently confine the circular CFFT columns constructed with HSC
and UHSC than columns constructed with NSC to develop equivalent confinement pressures
(Ozbakkaloglu 2013b, Vincent and Ozbakkaloglu 2013a). The unconfined concrete strength also
has an inverse relationship to actual confinement ratio given by Eq. (4). In general, an increase in
unconfined concrete strength results in decrease in confinement pressure (f;) hence reduction in
actual confinement ratio (f,,/f.,). The reduction in actual confinement ratio or the increase in
concrete brittleness results in reduction in the strength and strain enhancement ratios of circular
CFFT columns. Increased concrete brittleness also changes the concrete crack patterns from
heterogeneous micro-cracks to localized macro-cracks.

4.3 Height to diameter ratio

In the circular CFFT columns database height to diameter ratio of data points lies within a
range of 2.0 to 2.85 with 95.5% with height to diameter ratio of 2.0. An increase in height to
diameter ratio from 2.0 to 2.85 does not have any significant influence on the strength and strain
enhancement ratios. However, Mohamed and Masmoudi (2008b) stated that height to diameter
ratio of circular CFFT columns greater than 6.0 may significantly reduce the strength enhancement
ratio of circular CFFT columns due to buckling phenomenon.
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4.4 Orientation of fibres

The orientation of fibres in FRP tube influences the strength and strain enhancement ratios of
circular CFFT columns (Vincent and Ozbakkaloglu 2013b). The larger the proportion of fibres
orientated along the circumferential direction will create larger confinement pressure (f;), which
may result in an increase in the strength and strain enhancement ratios. All the circular CFFT
column data points in this database have the fibres orientated along the circumferential direction
with the final failure due to rupture of fibres in the mid-height of circular CFFT columns. Hence,
the orientation of fibres has not been considered in the developed design oriented models. Also,
the effect of orientation of fibres may have been taken into account with the circumferential
rupture strain of fibres (&,,).

4.5 Actual confinement ratio

In the circular CFFT database presented in this paper, the actual confinement ratio (f,,/ f.,)
varies from 0.04 to 0.73 with most of the data points having a value less than 0.5. The actual
confinement ratio has a linear relationship with the strength and strain enhancement ratios of
circular CFFT columns as shown in Figs. 2-3. However, scatter of data points in case of actual
confinement ratio versus strain enhancement ratio is more than that observed in case of actual
confinement ratio versus strength enhancement ratio.

In this study, the circumferential rupture strain (g,,,) of circular CFFT columns is used instead
of ultimate tensile strain of fibres (e5) to calculate actual confinement ratios (Eq. (4)) which are
further used to develop design oriented models. The circumferential rupture strain is the
experimental rupture strain of fibres attained during the testing of FRP confined concrete columns,
whereas the ultimate tensile strain of fibres is a manufacturer provided or flat coupon tested value
of strain of the fibres. The circumferential rupture strains are usually smaller than the ultimate
tensile strains of fibres. This reduction in strain is due to manufacturing and construction errors,
and complex material behaviour of concrete and FRP (Ozbakkaloglu and Lim 2013). The ratio of
circumferential rupture strain (e,,,) and the ultimate tensile strain (e4,) of fibres is defined as strain
reduction factor (k.) (Eq. (13))

gru
— ‘P
k, = — (13)
fi
4
3
* ’0
S *
52 o s +#
< 7.
1 *
0
00 02 04 06 08
Jia feo

Fig. 2 Influence of actual confinement ratio (f;,/f;,) on strength enhancement ratio (f'../f.,) of
circular CFFT columns in Table 2
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Fig. 3 Influence of actual confinement ratio (f;,/f.,) on strain enhancement ratio (&.,/&.,) of
circular CFFT columns in Table 2

In this study, the £, for circular CFFT columns varies from 0.23 to 0.98 (Table 2). The average
strain reduction factors for CFRP, AFRP, HMCFRP and GFRP CFFT columns have been found as
0.62, 0.75, 0.39 and 0.85 with standard deviations of 0.15, 0.12, 0.14 and 0.13, respectively. The
average strain reduction factor for CFFT columns included in this CFFT database is 0.66 with a
standard deviation of 0.17. These k. values are similar to the k. values proposed for FRP confined
concrete columns in Ozbakkaloglu and Lim (2013). The £, expression for circular CFFT columns
based on regression analyses of 134 circular CFFT columns with coefficient of determination (R”)
of 0.51 has been proposed as given in Eq. (14)

k, =1.03-0.0027f,, — 0.00085E (14)

where f;, is the unconfined concrete strength in MPa and E;is the modulus of elasticity of fibres in
GPa. The average, minimum and maximum values of all the input and output parameters included
in this circular CFFT column database (Table 2) are presented in Table 3.

5. Behaviour of circular CFFT under concentric loading

The circular CFFT column database in Table 2 is used to develop design oriented models for
the strength and strain enhancement ratios of circular CFFT columns. The Eq. (15) was proposed
by Richart et al. (1928) for a simple linear relationship between nominal confinement ratio (f;/f.,)
and strength enhancement ratio (f../f.,) (Eq. (15)).

i 1) w

co co

where k; the confinement effectiveness

Saaman et al. (1998), Saafi et al. (1999), Lam and Teng (2002) and Ozbakkaloglu and Lim
(2013) and Lim and Ozbakkaloglu (2014) also used Eq. (15) with different k; values to develop
design oriented models for FRP confined concrete columns. To improve the accuracy of the
proposed design oriented model to determine the strength enhancement ratio (fi./f.,), the nominal
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confinement ratio (f;/f.,) in Eq. (15) has been replaced with actual confinement ratio (f;,/f.,) as

given in Eq. (16).
e fz,aJ
=1+k 16
fo [f (1o

Ozbakkaloglu ef al. (2012) reported that most of the existing ultimate strain enhancement
relationships proposed nonlinear forms to predict strain enhancement ratio as a function of actual
confinement ratio (f;,/f.,)-

The actual confinement ratio includes almost all of the important parameters that influence the
behaviour of circular CFFT columns. As all of circular CFFT columns have orientation of fibres
along the circumferential direction so orientation of fibre has not been considered in the developed
models. The actual confinement ratio (Eq. 4) does not include the height to diameter ratio (H/D)
ratio. The compiled database contains CFFT columns with H/D ratio varying from 2.0 to 2.85 with
95.5% of the columns having H/D ratio of 2.0. However, H/D does not significantly influence the
strength and strain enhancement ratios of circular CFFT columns for the range of H/D of circular
CFFT columns included in this database.

5.1 Regression analyses of circular CFFT column database

Regression Analyses of circular CFFT database is carried out to propose design oriented
models to determine the strength and strain enhancement ratios. The verification of the proposed
models is carried out using the four statistical indicators, i.e., Average Absolute Error (AAE),
Mean Square Error (MSE), Relative Standard Error of Estimate (RSEE) and Standard Deviation
(SD), as expressed in Egs. (17)-(20).

"N\ Pre.(i) — Exp.(i)

AAE: i=1 Exp(l) (17)
N
"iv Pre.(i) — Exp.(i) ’
MSE Exp.(i) (18)
N

\/"_N(Exp.(i) —Pre.(i))
RSEE =

P N-2
n 19
ZExp.(i) (9
i=1
N

'iv Pre.(i) Pre(avg).,
p o= Exp.(i)N _Elxp.(avg.) (20)
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where Pre. is the Model prediction, Exp. is the Experimental Test Database and N is the total
number of test data points. The statistical parameters are expressed in percentage.

5.2 Prediction of the strength enhancement ratio for circular CFFT columns

A design oriented model to determine the strength enhancement ratio of circular CFFT columns
as a function of actual confinement ratio (f, / f.,) is proposed in Eq. (21). The strength
enhancement ratio increases with an increase in actual confinement ratio. The confinement
effectiveness (k1) value for strength enhancement ratio has been found as 2.52 with coefficient of
determination (R*) of 0.72 (Eq. (22)).

fiﬂ:1.o+2.52(ﬁ’“J (21)

co

co

The CFFT database consisting of 134 data points was used to assess the performance of the
existing strength enhancement ratio models developed in Lam and Teng (2002) (Eq. (1)) (Fig. (4))
and Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu (2014) (Eq. (6)) (Fig. 5) and the
proposed strength enhancement ratio model (Eq. (21)) (Fig. 6). The comparison between the test
results and the predictions shows the improvement of the proposed model in calculating the
strength enhancement ratio of circular CFFT columns. Among the presented strength enhancement
ratio models, the proposed strength enhancement ratio model has the largest coefficient of
determination (R”) of 0.72. In addition, the errors of the proposed and the existing strength
enhancement ratio models were statistically verified (Fig. 7).

It is evident from Fig. 7 that, the proposed strength enhancement ratio model shows
significantly smaller statistical errors than Lam and Teng (2002) and Ozbakkaloglu and Lim (2013)
and Lim and Ozbakkaloglu (2014) strength enhancement ratio models. This is attributed to the fact
that the proposed model was developed from larger number of data points. Also, it is noted that
strength enhancement ratio model proposed by Ozbakkaloglu and Lim (2013) and Lim and
Ozbakkaloglu (2014) performs better than Lam and Teng (2002) strength enhancement ratio model
as Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu (2014) strength enhancement ratio
models incorporate actual confinement ratio (f;,/f.,) as an input parameter. Lam and Teng (2002)
strength enhancement ratio model considered nominal confinement ratio (f;/ f.,) as an input
parameter.

4
Lam and Teng (2002) model
72 data points
) 3 *
13:
5
£ 2 PO P
bS] -~
e
& * *
1
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0 1 2 3 4

Experimental/Databasef’,./ f,,

Fig. 4 The performance of Lam and Teng (2002) strength enhancement ratio model
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Fig. 5 The performance of Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu (2014)
strength enhancement ratio model

Proposed strength enhancement ratio model yd .
134 3 - s -
pd
.-/ ’
0 2 A4
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Fig. 6 The performance of proposed strength enhancement ratio model

50

AAE (%) M (%) SD(%)

Fig. 7 Statistical comparison of the proposed and selected strength enhancement ratio models

5.3 Prediction of the strain enhancement ratio of circular CFFT columns

A design oriented model to determine the strain enhancement ratio (g.,/&.) of circular CFFT
columns as a function of actual confinement ratio (f;,/ f.,) and confinement modulus (X)) is
proposed with coefficient of determination (R*) of 0.80 (Eq. (22)).
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fa _14685.1 Jia K, (22)
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The performance of the existing strain enhancement ratio models presented in De Lorenzis and
Tepfers (2003) (Eq. (3)) (Fig. 8) and Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu
(2014) (Eq. (11)) (Fig. 9) and the proposed strain enhancement ratio model (Eq. (22)) (Fig. 10)
were assessed using the CFFT database consisting of 134 data points.
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Fig. 9 Performance of the Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu (2014)
strain enhancement ratio model

30 =
Proposed strain enhancement ratio model //"
25 134 data points //"
) e
< 20 + <
W‘ /
= e
215 ¢
5 o
3 o N
o 10 PR X v
~ I .
*
».
5 ﬁ e
0 d

0 5 10 15 20 25 30

Experimental/Database ¢,/ ¢,

Fig. 10 Performance of the proposed strain enhancement ratio model
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80 B De Lorenzis and Tepfers (2003) model
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Fig. 11 Statistical comparison of the proposed and selected strain enhancement ratio models

The comparison between the test results and the predictions show the improvement of the
proposed model in calculating the strain enhancement ratio of circular CFFT columns. Among the
presented strain enhancement ratio models, the proposed model has the largest coefficient of
determination (R?) of 0.80. Also, the error of the existing and proposed strain enhancement ratio
models was statistically verified (Fig. 11).

The proposed strain enhancement ratio model has exhibited smaller statistical errors than De
Lorenzis and Tepfers (2003) and Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu (2014)
strain enhancement ratio models (Fig. 11). It is noted that strain enhancement ratio model proposed
by Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu (2014) has exhibited smaller
statistical errors than De Lorenzis and Tepfers (2003) strain enhancement ratio model as
Ozbakkaloglu and Lim (2013) and Lim and Ozbakkaloglu (2014) strain enhancement ratio models
was validated with larger number of FRP confined concrete columns as compared to De Lorenzis
and Tepfers (2003).

5.4 Experimental versus predictions

The Fig. 12 compares the results of the proposed design oriented strength enhancement ratio
model and the experimental strength enhancement ratios of CFFT columns compiled in Table 2.

4
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Fig. 12 Perimental/Database versus the proposed model predictions for the strength
enhancement ratio (f'../ f2,)
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Fig. 13 Experimental/Database versus the proposed model predictions for the strain
enhancement ratio (&.,/ &)

The predictions of the proposed strength enhancement ratio model and the experimental strength
enhancement ratios match well with 85% of data are within +20% of the predicted strength
enhancement ratio values.

The Fig. 13 compares the results of the proposed design oriented strain enhancement ratio
model and the experimental strain enhancement ratios of CFFT columns compiled in Table 2. For
the prediction of the proposed strain enhancement ratio model, more than 70% of data fall within
+20% of the predicted strain enhancement ratio values.

It is noted that the strength and strain enhancement ratios are significantly influenced by
unconfined concrete strength and material properties of fibres. The actual confinement ratio
decreases with increase in the unconfined concrete strength. Hence, to achieve equivalent
confinement ratios, HSC and UHSC filled FRP tube columns require either larger tube thicknesses
or higher modulus of fibres than NSC filled FRP tube columns. The properties of FRP tubes may
significantly influence the predicted values.

6. Conclusions

This paper presents a comprehensive database of experimental test results of circular CFFT
columns. Based on predefined selection criteria, 134 circular CFFT column test results (database)
from 599 CFFT specimen test results have been compiled. Also, different parameters (diameter of
CFFT, height to diameter ratio of columns, unconfined concrete strength, and actual confinement
ratio) that influence the behaviour of circular CFFT columns have been investigated. Design
oriented models to predict the strength and strain enhancement ratios of circular CFFT column
have been proposed. Following conclusions are drawn based on the compilation of the circular
CFFT column database and on the development of design oriented models.

The strength and strain enhancement ratios of circular CFFT columns significantly depend on
the actual confinement ratio and increase linearly with an increase in the actual confinement ratio.
The actual confinement ratio is expressed as a function of diameter of CFFT (D), unconfined
concrete strength (f.,), and modulus of elasticity of fibres (E)), thickness of fibre (#) and actual
circumferential rupture strain (g,,,) of the fibres.

Design oriented models developed to predict the strength and strain enhancement ratios of
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circular CFFT columns as a function of actual confinement ratio have smaller Average Absolute
Error (AAE), Mean Square Error (MSE), Relative Standard Error of Estimate (RSEE) and
Standard Deviation (SD) than the available strength and strain enhancement ratio models that are
mainly developed for FRP confined concrete columns. The AAE, MSE, RSEE and SD of the
proposed strength enhancement ration model are 11.4%, 2.4%, 13.3% and 14.6%, respectively.
The AAE, MSE, RSEE and SD of the proposed strain enhancement ratio model are 21.8%, 9.0%,
25.2% and 29.8%, respectively.

The results of the proposed strength and strain enhancement ratio models match well with the
experimental strength and strain enhancement ratios of circular CFFT database. More than 85% of
data points fall within + 20% of the predictions by the strength enhancement ratio model and 70%
data points fall within = 20% of the predictions by the strain enhance ratio model.
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