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Abstract

A novel glass fiber-reinforced polymer (GFRP) — concrete double tube composite column, which consists of an outer filament
winding GFRP tube, an inner pultruded GFRP tube and infilled core concrete and ring concrete, is proposed in this study. A total of
20 specimens were tested to investigate the structural behavior of the composite column. High strength concrete (HSC) was used as
the core concrete filled in the inner pultruded GFRP tube, while engineered cementitious composite (ECC) or normal concrete (NC)
with medium compressive strength was used as the ring concrete. Different outer and inner GFRP tube thicknesses were considered.
Test results reveal that overall performance of the GFRP-concrete double tube composite columns, especially the deformability, is
effectively enhanced in comparison to the corresponding normal GFRP-confined HSC columns. Axial load-strain responses and
dilation behavior of the composite column were carefully analyzed. Based on the test results, equations are developed to predict the

ultimate load carrying capacity and ultimate axial strain for the proposed GFRP-concrete double tube composite column.

Keywords: Composite column, Confinement, Double tube, Load capacity, Pultruded GFRP, Ultimate axial strain

1. Introduction

Composite structural columns are widely used in engineering practices to achieve enhanced performance with the effective
utilization of different materials, including concrete, steel and fiber-reinforced polymer (FRP) [1-6]. Various configurations of the
composite column section have been developed as shown in Fig. 1. With the confinement provided by steel or FRP tube, concrete
is subjected to triaxial compression and could gain improved strength and ductility for concrete filled steel tubular (CFST, Fig. 1(a))
columns [7-8] and concrete filled FRP tubular (CFFT, Fig. 1(b)) columns [9-10]. Extensive analytical models have been proposed
to describe the behavior of confined concrete in CFST and CFFT with the consideration of interactions among axial stress and strain
as well as lateral dilation and confinement. Among them, stress-path dependent stress-strain model is an advanced analytical model
proposed in recent years [11,12]. Stress-path dependence issue of confinement considers the lag between the development of axial
strain and that of the confining stress and strain, which is more pronounced with the increase of concrete strength. Modified actively
confined concrete model has been proposed to address this effect and could exhibit improved prediction results [13]. Teng et al. [14]
proposed the hollow concrete filled tubular sections, which are also termed as double skin tubular columns (DSTCs, Fig. 1(c)) and
have been extensively studied through both experimental and numerical investigations over the last decade [15-17]. This structural

form presents outstanding economic benefits due to the reduced self-weight. The inner and outer tubes can serve as permanent
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formwork for concrete casting. FRP tube is normally arranged as the outer tube while steel tube as the inner tube, to achieve the best
confinement effect and largest load carrying capacity. Compared with CFFT columns, the ductility performance of DSTCs is
significantly improved with the presence of steel tube. Advanced materials, such as ultra-high performance concrete (UHPC), high
strength steel and stainless steel, are also used in DSTCs recently to further improve the structural behavior [18-20]. On the basis of
DSTCs, double tube tubular columns (DTTCs, Fig. 1(d)) were developed if infilling the inner void with concrete [21-24]. Owing to
the dual confinement contributed by outer FRP tube and inner steel tube, the overall performance of the composite column is further
enhanced. With the well confined concrete surrounded, inward and outward buckling of steel tube can be effectively restrained and
the material strength can be fully utilized. Meanwhile, a residual load bearing capacity will be remained after the rupture of outer
FRP tube and can withstand a large axial strain for DTTCs. On the other hand, there are also studies in which the steel tube is
arranged as the outer tube, while FRP tube as the inner tube (Fig. 1(e)). It is found that the FRP rupture will be less brittle when
embedded in concrete [25]. The outer steel will still provide confinement to the inner crushed concrete and contribute to the axial
load capacity under large compressive strains, leading to a gradual failure manner and superior ductility performance [26]. In
addition to the section forms composed of circular tubes as presented in Fig. 1, rectangular, square and elliptical steel or FRP tubes

are also adopted in composite columns to suit specific engineering applications [22,23,26].

Concrete

I Sicel

(E) = FRP

© @ "~
Fig. 1 Configurations of composite columns. (a) CFST; (b) CFFT; (c) DSTC; (d)-(e) DTTC
FRP has the advantages of high strength-to-weight ratio, corrosion resistance and low maintenance cost. Extensive research has been
carried out in recent years to investigate the potential of replacing steel with FRP materials, such as FRP rebars and FRP tubes [27-
30]. FRP rebars and spirals were used to replace steel rebars and spirals in concrete structures and could realize promising
performance under appropriate design guidance [28,30]. Hybrid reinforcing bar, consisting of a central FRP rebar, an external
confining FRP tube and high strength cementitious material like UHPC, was proposed by Teng et al. [31] and subsequently
investigated under different loading conditions [32]. It was found that the compressive strength of FRP bar could be fully mobilized
since both the fiber micro-buckling and FRP buckling were prevented with the support of UHPC. Such steel-free structural members
can be used in marine environments to avoid the steel corrosion problem. Meanwhile, seawater sea sand concrete could also be

considered to work together with FRP materials for solving the shortage problem of fresh water and river sand in coastal areas [33].

Based on this background, an innovative FRP-concrete double tube composite column is proposed in this study, with the novel
section arrangement shown in Fig. 2. It consists of an outer filament winding glass fiber-reinforced polymer (GFRP) tube, an inner
pultruded GFRP tube, core concrete filled in the inner tube and ring concrete filled in the region between the inner and outer tubes.
Compared with the existing DTTCs, the inner steel tube is replaced with pultruded GFRP tube, as well as two types of concrete can
be used in the proposed composite column. There are several advantages that can be achieved for this composite column: (1) with
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the confinement provided by the outer filament winding GFRP tube, both compressive strength and strain of concrete can be
effectively enhanced; (2) the inner GFRP pultruded tube can serve as longitudinal reinforcement, contributing to the axial loading
capacity and providing potential bending resistance. With the support of surrounded concrete, compressive strength of pultruded
GFRP tube can be fully utilized without premature fiber buckling; (3) different concrete materials can be arranged separately for the
core and ring region to obtain improved comprehensive performance; (4) the steel-free column can be used in marine environments
without the concern of corrosion problem. Furthermore, seawater sea sand concrete can also be adopted in this proposed composite
column. The GFRP-concrete double tube composite column makes full use of the material characteristics of the filament winding
and pultruded GFRP tubes. To the best of the authors’ knowledge, there has been no research so far that considers a composite

column consisting of filament winding FRP tube and pultruded FRP tube simultaneously.

1~ Ring concrete

_ Inner pultruded
GFRP tube

Fig. 2 Section of GFRP-concrete double tube composite column

In this study, a total of 20 specimens were prepared and tested under monotonic axial compression. High strength concrete (HSC)
was adopted as the core concrete in the composite column. Different parameters were investigated, including the thickness of outer
filament winding GFRP tube, the thickness of inner pultruded GFRP tube and the ring concrete material. Two concrete materials,
engineered cementitious composite (ECC) and normal concrete (NC) with medium compressive strength, were arranged separately
in the ring region of the composite column. As the fiber-reinforced cementitious material, ECC can develop much larger tensile
strength and strain as well as better ductile behavior compared with normal concrete [34-37]. Research on composite structural
members with the use of ECC have been emerged in recent years [38-41]. When the HSC core occurs localized cracks due to its
brittleness under compression, the NC ring or ECC ring is expected to ease the brittle failure of the column, leading to a more ductile
failure. Corresponding GFRP-confined HSC columns were also prepared and tested to make comparison with the proposed GFRP-
concrete double tube composite column. Compressive behavior of the pultruded GFRP tube were examined as well through the axial
compression tests on hollow pultruded GFRP tubes and HSC filled pultruded GFRP tubes, which also helps to understand the
comprehensive behavior of the proposed composite column. Axial load-strain responses and dilation behavior of the composite
column were carefully analyzed. Based on the test results, equations are developed to predict the ultimate load carrying capacity and

ultimate axial strain for the composite column.

2. Experimental investigations

2.1 Material properties
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88 2.1.1 Concrete

89  The mix proportions of HSC, NC and ECC adopted in this study are presented in Table. 1. It is noted that 2% volume polyethylene
90 (PE) fiber, with the properties provided in Table 2, was used for the ECC mixture. Five standard cylinders were cast simultaneously
91  when preparing the specimens and were tested to determine the compressive strength and strain for each type of concrete.
92 Compressive properties of HSC, NC and ECC are listed in Table 3. It can be seen that the elastic modulus of ECC is much lower

93  thanthat of HSC and NC due to the absence of coarse aggregates [35].

94 Table 1 Concrete mix proportions (kg/m?)
Concrete Water  Cement Fly ash Sand Aggregate S.P.” Fiber
HSC 120 603 - 693 1023 10.6 -
NC 165 550 - 624 1062 15 -
ECC 310.5 554.4 665.2 443.7 - 13.5 19.4
95 S.P.”: Super plasticizer.
96 Table 2 Polyethylene (PE) fiber properties
Diameter Length Density Elastic modulus Tensile strength
(um) (mm) (g/cm?) (GPa) (MPa)
24 12 0.97 120 3000
97
98 Table 3 Concrete material properties
Concrete Compressive cylinder Comprgssive Elastic modulus Poisson’s ratio
strength (MPa) strain (GPa)
HSC 95.1 0.0032 36.8 0.21
NC 63.2 0.0026 32.7 0.22
ECC 55.2 0.0046 15.3 0.21
99

100 To examine the tensile behavior of ECC, direct tensile tests were carried out on ECC coupons as per the recommendations of JCSE
101 [42]. Tensile stress-strain curves as well as the specimen failure modes are presented in Fig. 3. ECC coupons exhibited the ductile

102  tensile behavior and multiple fine cracking behavior, with the tensile strength of 5.0 MPa and ultimate tensile strain of 3-4%.
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0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
103 Tensile strain
104 Fig. 3 Tensile behavior of ECC coupons

105  2.1.2 Filament winding GFRP tube

106  Outer GFRP tube in the GFRP-concrete double tube composite column was manufactured by filament winding process. It is reported
107  that the compressive strength enhancement ratio of confined concrete can increase substantially with the increase of fiber orientation

108  with respect to the longitudinal direction of the tubes [43,44]. In this study, the fiber orientation was 80 degree to the longitudinal
M-4/35
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direction to provide confinement to the inner concrete. The nominal inner diameter of the filament winding GFRP tube was 200 mm.
Two different tube thicknesses were adopted to provide different levels of confinement and they were 7 layers (F7) and 10 layers
(F10) of fiber respectively. Split-disk tests were conducted to obtain the tensile behavior in the hoop direction. Five GFRP rings
with the height of 50 mm were cut from the corresponding GFRP tubes and tested as per ASTM D2290-08 standard [45] for F7 and
F10, respectively. The results are summarized in Table. 4 and Fig. 4(a). It can be found that the hoop tensile strength, strain and
elastic modulus are quite similar for the filament winding GFRP tubes with different thicknesses (F7 and F10). Ring compression
tests were carried out to obtain the compressive behavior in the axial direction according to GB/T5350-2005 [46]. The obtained
compressive properties as well as typical compressive stress-strain curves are presented in Table 4 and Fig. 4(b).

Table 4 GFRP tube material properties

. Tensile properties Compressive properties
Gtgkip Th('rfmf 53 Strength Strain Elastic modulus  Strength Strain Elastic modulus
(MPa) (GPa) (MPa) (GPa)
F7 2.5 620.8 0.0156 39.8 70.6 0.0106 9.5
F10 35 630.9 0.0164 38.5 84.6 0.0111 9.7
PF4 4.0 185.5 0.0091 20.4 188.7 0.0114 21.8
PF9 9.0 386.3 0.0103 37.5 379.8 0.0116 35.4

Note: Tensile properties refer to the hoop tensile properties for filament winding GFRP tube (F7 and F10) and axial tensile properties
for pultruded GFRP tube (PF4 and PF9). Compressive properties refer to axial compressive properties for both filament winding
GFRP tube (F7 and F10) and pultruded GFRP tube (PF4 and PF9).
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(a) Hoop tensile behavior (b) Axial compressive behavior

Fig. 4 Tensile and compressive behavior of filament winding GFRP tube

2.1.3 Pultruded GFRP tube

Inner GFRP tube adopted in this study was manufactured by pultrusion process, resulting in a unidirectional fiber matrix architecture.
Fiber is distributed along the longitudinal axis of the GFRP tube. Two nominal thicknesses, which are 4.0 mm (for PF4) and 9.0 mm
(for PF9), were considered in the double tube composite column. The nominal outer diameter of the pultruded GFRP tube is 150
mm. Five tensile coupon specimens were prepared and tested for PF4 and PF9, respectively. They were cut from the corresponding
tubes with respect to the longitudinal axis and prepared as per requirements of ASTM D3039-17 [47], as shown in Figs. 5(a) and
(b). The coupons were in the convex and concave shapes for the outer and inner surfaces, since they were cut from the round tube.

Slipping or local crushing failure may occur if they are clamped directed to the grips of the testing machine. Therefore, steel plates
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133 were attached on the inner and outer surfaces at the two ends with epoxy to form the flat surfaces for solid gripping and contact.

134  Tensile properties of PF4 and PF9 are listed in Table 4, while the typical tensile stress-strain curves are plotted in Fig. 6(a).
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150 Fig. 5 Details of pultruded GFRP tube coupons
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Fig. 6 Tensile and compressive behavior of pultruded GFRP tube

Compression coupon tests were also carried out to obtain the compressive behavior in the axial direction of pultruded GFRP tubes.
Five compression coupons were prepared for PF4 and PF9 respectively in the similar way as tension coupons according to ASTM
D695-15 [48] and shown in Figs. 5(c) and (d). Slenderness ratio was carefully checked to avoid global buckling failure. Compressive

properties and typical compressive stress-strain curves are presented in Table 4 and Fig. 6(b).

2.2 Test specimens

A total of 12 specimens for GFRP-concrete double tube composite column were prepared and tested under monotonic axial
compression. All the specimens had the nominal diameter of 200 mm and nominal height of 400 mm. The height to diameter ratio
is 2, which is widely adopted for stub columns to investigate the structural behavior under pure axial compression [14-16,30]. The
outer diameter of the inner tube is 150 mm, yielding a 25 mm-thick ring for the composite column. GFRP-confined HSC specimens,
hollow pultruded GFRP tubes and HSC filled pultruded GFRP tubes were also prepared and tested in comparison to the double tube
composite column. All the specimens are listed in Table 5. For specimen ID, “F” refers to filament winding GFRP tube, while “F7”
and “F10” refer to the tubes with 7 and 10 winding layers respectively. “PF” refers to pultruded GFRP tube, with “PF4” and “PF9”
representing the nominal thicknesses of the tube are 4.0 mm and 9.0 mm respectively. “H” stands for high strength concrete; “N”
stands for normal concrete and “E” stands for engineered cementitious composite. “R” represents the repeated test. For example,
“F10-E-PF9-H-R” refers to the repeated specimen of the GFRP-concrete double tube composite column with 10-layer outer filament
winding GFRP tube and 9.0 mm-thick inner pultruded GFRP tube, as well as ECC as ring concrete and HSC as core concrete;
specimen “F7-H” is a GFRP-confined HSC column with 7-layer filament winding GFRP tube; specimen “PF9-H” is a HSC-filled
pultruded GFRP tube with 9.0 mm thickness. Fig. 7 shows the preparation process of double tube specimens. HSC was firstly cast

into pultruded GFRP tubes, followed by placing of filament winding GFRP tube outside. Spacers were used at both the top and
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bottom to guarantee the uniform thickness of the ring throughout the column height. NC or ECC was filled in the ring finally to

form the composite column.

Table 5 Key results of the tested specimens
Fl FZ F, Fmax

Specimen label (kN) &1 (kN) Eco (klil) Ecu (kN) Ecmax Enrup
F7-N-PF4-H 3099.7 0.0107 30654 0.0114 31569 0.0156 31569 0.0156 0.0128
F7-N-PF9-H 3669.1 0.0086 3328.3 0.0119 33855 0.0146 3669.1 0.0086 0.0115
F7-E-PF4-H 2535.3 0.0090 2499.7 0.0104 2746.3 0.0155 2746.3 0.0155 0.0113
F7-E-PF4-H-R 2479.7 0.0087 2381.2 0.0098 2827.4 0.0169 2827.4 0.0169 0.0111
F7-E-PF9-H 29685 0.0091 27383 0.0115 29252 0.0155 29685 0.0091 0.0092
F7-E-PF9-H-R 3359.4 0.0115 3316.5 0.0144 34425 0.0218 34425 0.0218 0.0129
F10-N-PF4-H 3458.6  0.0098 3350.4 0.0121 3481.0 0.0160 3481.0 0.0160 0.0120
F10-N-PF9-H* - - - - - - 4371.0 0.0095 0.0072

F10-N-PF9-H-R* - - - - 43700 0.0105  0.0081

3229.3 0.0187 3229.3 0.0187 0.0114

F10-E-PF4-H - - - -

F10-E-PF9-H 41853 0.0122 31974 0.0141 36199 0.0199 41853 0.0122 0.0109
F10-E-PF9-H-R 41645 0.0131 33825 0.0146 3592.8 0.0189 41645 0.0131 0.0115
F7-H - - - - 3086.6 0.0118 33659 0.0034 0.0110
F7-H-R - - - - 3093.7 0.0127 3366.8 0.0036 0.0112
F10-H - - - - 3613.7 0.0135 3613.7 0.0135 0.0121
F10-H-R - - - - 3729.7 0.0130 3729.7 0.0130 0.0117
PF4 - - - - - - 254.0  0.0073 -
PF9 - - - - - - 1407.2  0.0102 -
PF4-H - - - - - - 1665.2  0.0031 -
PF9-H - - - - - - 1804.6  0.0033 -

*Note: The specimens F10-N-PF9-H(-R) were not loaded to GFRP rupture due to the capacity limit of the machine. Therefore,
0.0072 and 0.0081 refer to the hoop strains corresponding to F,,,, and . 4, for the two specimens, instead of the actual rupture
hoop strains.

Fig .7 Preparation process of GFRP-concrete double tube composite columns

2.3 Test setup

Axial compression tests were carried on the MTS 815 rock mechanics system. Test setup and specimen instrumentation are shown
in Fig. 8. Twelve strain gauges with the gauge length of 5 mm were attached around the column in the mid height in the hoop
direction every 30 degree to monitor the hoop strain distribution. Four strain gauges with the gauge length of 20 mm were attached
in the axial direction every 90 degree for axial strain measurement. Four LVDTs were also placed between the top and bottom
loading plates to measure the axial shortening of the column. CFRP strips were used to wrap around the column near the two ends
for strengthening and to avoid the local failure. Two end surfaces were carefully capped using high strength gypsum material to
guarantee the column was in full contact with the loading plates. Monotonic axial compression was applied by displacement control
with a loading rate of 0.24 mm/min. All the data, including the axial load and readings of strain gauges and LVDTSs, was recorded

by a data logger simultaneously.
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Fig. 8 Test setup and instrumentation

3. Test results

3.1 Failure modes

The failed specimens of GFRP-confined HSC column and GFRP-concrete double tube composite column are shown in Fig. 9. All
the specimens failed by GFRP rupture on the outer filament winding tube in the hoop direction, as shown in Fig. 9(a). After removing
the outer GFRP tube, the cracking and crushing behavior of inner concrete can be observed as shown in Fig. 9(b). Localized diagonal
cracks separated the HSC core into two parts from the top to the bottom for GFRP-confined HSC columns (such as the specimen
F10-H as shown in Fig. 9(b)), leading to large hoop strains and GFRP rupture at the same locations. For double tube composite
columns having ECC as the ring, they would remain as intact with cracks distributed around the ECC surface (such as the specimens
F7-E-PF9-H-R and F10-E-PF9-H as shown in Fig. 9(b)). For double tube specimens having NC as the ring, the NC ring would crush
and the inner pultruded tube failure could be observed inside (such as the specimens F7-N-PF4-H and F10-N-PF4-H as shown in
Fig. 9(b)). Tearing sound could be heard when no rupture failure had been observed on the outer GFRP tube during the test, indicating
that the failure of inner pultruded GFRP tube occurred at that moment. Fig. 9(c) shows the splitting failure of the inner tube. It was
also observed that the cracking of ECC ring or crushing of NC ring was more obvious at the locations where the inner pultruded

GFRP tube failed. Crushing of HSC core in the double tube composite column was also observed and shown in Fig. 9(d).

Failed specimens of hollow pultruded GFRP tube and HSC-filled pultruded GFRP tube are shown in Fig. 10. Buckling was observed
for hollow pultruded GFRP tube. Failure of the thicker specimen PF9 was more localized in comparison to that of the thinner
specimen PF4, as shown in Figs. 10 (a) and (b). For HSC-filled pultruded GFRP tubes, splitting failure in the hoop direction would
occur (as shown in Figs. 10 (c) and (d)) when the HSC core reached the compressive strength, leading to sudden large dilation and

concrete crushing.
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Fig. 9 Typical failure modes of GFRP-confined HSC column and GFRP-concrete double tube composite column
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3.2 Axial load-axial strain responses

Axial load-axial strain curves of the tested specimens are plotted in Fig. 11. It is noted that the axial strain can be determined by
axial strain gauges as well as by the full height LVDTSs as shown in Fig. 8. The readings of the four axial strain gauges were nearly
the same at the initial loading stage, indicating the application of pure axial compression without eccentricity. However, with the
increase of the loading, the readings of the four strain gauges deviated with each other. This behavior is also reported in literature
[49] and is believed to be caused by the non-uniform damage and cracking of inner concrete. On the other hand, the readings of the
four LVDTSs, which represented the axial shortening of the column, were almost the same during the whole loading process.
Meanwhile, axial strain calculated by the LVDTs were close to that recorded by the strain gauges at the initial stage. Therefore,
axial strain is determined with the average reading of the four LVDTs and the corresponding column height in this study for analysis

and discussion.

Axial load-axial strain curves of GFRP-confined HSC columns are shown in Figs. 11(a) and (b). For specimens F7-H and F7-H-R,
there was a significant load drop after the first peak point, followed by load recovery until GFRP rupture. However, the ultimate
axial load was still lower than the load corresponding to the first peak point. With the outer GFRP tube thickness increased, the
ultimate load was higher than the first peak load for specimens F10-H and F10-H-R, indicating an effective confinement on the HSC
core was achieved. For GFRP-concrete double tube composite columns as shown in Figs. 11(c)-(j), all the specimens would have
the enhanced loading capacity. Meanwhile, the ultimate axial strains were obviously improved in comparison to the corresponding
GFRP-confined HSC columns, demonstrating the good deformability of the newly proposed composite column. The load-strain
curves for GFRP-concrete double tube composite columns present different feature compared with those for GFRP-confined HSC
columns. The behavior will be discussed in detail in section 4.1 with illustrations of the characteristics of the different components
in the composite column. Linear load-strain relationships can be observed in Fig. 11(k) for hollow pultruded GFRP tubes under axial
compression until failure. Compared with PF4, both the load capacity and compressive strain were higher for PF9. With the infilled
of HSC into the pultruded GFRP tubes, PF4-H and PF9-H failed at the similar axial strain which was corresponding to the HSC core
crushing (Fig. 11(1)). PF4-H would lose the capacity completely, while PF9-H would maintain about half of the maximum capacity

after the HSC core failure, then followed by the load decreasing gradually.
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It should be noted that the loading was suspended for specimens F10-N-PF9-H and F10-N-PF9-H-R when the axial load achieved

the actual maximum loading capacity of the machine (which is around 4370 kN) as shown in Fig. 11(h). Therefore, both two

specimens were not failed with rupture of the outer GFRP tube.

4500 4500 4500
4000 4000 4000
3500 3500 . e 3500
P - \
= 3000 -2 Z 3000 / \ S 3000 |
g [l g / . ) - \
= 2500 B g 2500 ! g 2500
Sl | \ S ool | 2\ £ / \
= 2000 4 5 2000 : S 2000
Rl \ o z Al 2l | \
1500 } }f\\ 1500 / - 1500 / l
Rl
1000 s BTY S 1000 ——FI0-H * 1000 —— F7-N-PF4-H
---FT-HR 5 - - < FI10-HR N
500 500 3 500
0 0 0
0000 0004 0008 0012 0016 0020 0024 0.000 0004 0008 0012 0016 0020 0024 0.000 0004 0008 0012 0016 0020 0.024
Axial strain (a) Axial strain (b) Axial strain (C)
4500 4500 4500
4000 4000 4000
3500 3500 3500 - S R
P B -7 v
g 3000 3 2 3000 Z 3000 7 ;
g / g g P ) T T
= 2500 2 2500 " = ™ =5 g 2500 4 v
= ol / 2 / N = / |
= 2000 5 = 2000 ! = 2000 !
2wl | \ LI \: E ol / '
1500 / l, < 1500 / \, = 1500 / - '
s 4
——F7-E-PF9-H \
1000 1000 e T B PFACE ) 1000 |
/ — pINPROH | Y I o EEpRiER 2 / - - - FL-E-PF9-H-R
500 500 ' 500
0 0
0000 0004 0008 0012 0016 0020 0024 0.000 0004 0008 0012 0.016 0020 0024 0000 0004 0008 0012 0016 0020 0024
Axial strain (d) Axial strain (e) Axial strain )]
4500 4500 4500
Zaa
4000 4000 // 4000
3500 — 3500 3500
E 3000 Z 3000 g 3000 "\ >
g \ goer 2 P Y
9 2500 = 2500 = 2500
5 / \ Z el / £ / B
= 2000 = 2000 = 2000
2 ol | \ 2l ] g0/ .
1500 5 1500
/ \ 1500 / LR GNPFO /
1000 1000 =-==-F10-N-PF9-H 1000
/ ——F10-N-FF4-H l / / ——F10-E-PF4-H
500 \ 500 500
0 0 0
0000 0004 0008 0012 0016 0020 0024 0.000 0004 0008 0012 0016 0020 0024 0000 0004 0008 0012 0016 0020 0024
Axial strain (g) Axial strain (h) Axial strain (l)
4500 4500 4500
4000 F " “ 4000 4000
3500 | v Noeos ‘ 3500 3500 |-
7 1 —_
Z 3000 - £ 23000 3000
2 2500 1 < 2500 2 2500 |
E ' g s
= L v = = L
3 200 ' 5 2000 T 200 ) BT
i — A
< 1500 b ! <1500 PE < 1500 | | ==~ PF9-H
\‘ . L7 - - PF 1
L L ¥
1000 —FI0-E-PFO-H  ° 1000 o 1000 v
500 1 === F10-E-PF9-H-R . .. 500 - 500 - o
- K
-7 - N -
° . | | . | 0 i i i i i
0.000 0004 0008 0012 0016 002 0024 0.000 0004 0008 0012 0016 0020 0024 0.000 0004 0008 0012 0016 0020 0024
Axial strain (J) Axial strain (k) Axial strain

3.3 Hoop strain-axial strain responses

Fig. 11 Axial load-axial strain curves for tested specimens

0]

Hoop strain on the outer filament winding GFRP tube reflects the dilation behavior of the column and the confinement effect applied

on the inner concrete. It also governs the failure of the column when the hoop strain reaches the ultimate tensile strain of the filament

winding GFRP tube. Hoop strain was calculated by averaging the readings of the twelve hoop strain gauges and was plotted against
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268  axial strain before GFRP rupture for GFRP-confined HSC columns and GFRP-concrete double tube composite columns in Fig. 12.
269 It is noted that negative values were assigned to hoop strains, while positive values were assigned to axial strains. The average hoop
270  strains at GFRP rupture &y, ,,;,, Which is also the hoop strain corresponding to the ultimate axial strain ¢, are listed in Table 5 for

271  all the tested specimens.
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276 Fig. 12 Hoop strain-axial strain curves for tested specimens

277

278 4. Discussions

279 4.1 Compressive behavior analysis
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Fig. 13 shows the compressive stress-strain curves for different components in the GFRP-concrete double tube composite column.
It is noted that the curves for filament winding GFRP tube, HSC, NC and ECC are based on the compressive material tests of F7
ring, HSC cylinder, NC cylinder and ECC cylinder, while the curve for pultruded GFRP tube is calculated from the axial load-strain
curve of PF9 as shown in Fig. 11(k) with the corresponding cross-sectional area. Due to the hoop fiber orientation, filament winding
GFRP tube is weak in the axial direction with low elastic modulus. For pultruded GFRP tube and concrete materials (ie. HSC, NC
and ECC), they will fail at different compressive strength and strain. Compared with HSC and NC, the pultruded GFRP tube has
much larger failure compressive strength and strain. Compared with HSC and NC, ECC has a larger failure compressive strain with
a lower elastic modulus. Therefore, the different components in the composite column will not fail simultaneously when they are

compressed under the same axial strain.

400

——— Filament winding FRP tube P
— — =Pultruded FRP tube .
----- -HSC .
—-—-NC P
----+ECC .

300

200 Pe

Axial stress (MPa)
AY

100

0
0.000 0.002  0.004 0.006 0.008 0010 0.012

Axial strain

Fig. 13 Axial stress-strain curves for different components in the composite column

Hoop strain-axial strain curves, which reflect the lateral dilation property under axial compression, are shown in Fig. 14 for different
components in the double tube composite column. For filament winding GFRP tube, the fiber orientation is 80 degree with respect
to the longitudinal direction. It leads to a much larger stiffness in the hoop direction than that in the axial direction. The lateral
dilation increases more slowly than pultruded GFRP tube, which has all the fiber oriented in the axial direction and as a result low
stiffness in the hoop direction. The calculated Poisson’s ratios for filament winding GFRP tube and pultruded GFRP tube are 0.11
and 0.35, respectively. Therefore, the hoop strain for filament winding GFRP tube is lower than that for pultruded GFRP tube under
the same axial strain. For HSC, NC and ECC, the hoop strain increases linearly with the increase of axial strain in the initial elastic
stage, with the similar Poisson’s ratio 0.20. Non-linear behavior occurs with the hoop strain increasing much faster due to the
development of concrete damage and cracking after the elastic stage. For plain HSC, NC and ECC, they will fail suddenly when the
compressive strengths are reached. It is worth noting that the Poisson’s ratio of filament winding GFRP tube is lower than that of
the concrete materials, indicating that the confining GFRP tube can get contact with and provide confinement to the confined

concrete during the whole loading process.
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Fig. 14 Hoop strain-axial strain curves for different components in the composite column

With the clear illustrations of axial stress-strain behavior and dilation behavior for the different components, the compressive
behavior of the GFRP-concrete double tube composite column could be analyzed and understood more comprehensively. Typical
axial load-axial strain curve and hoop strain-axial strain curve for the double tube composite column under axial compression are
shown in Fig. 15. In the initial stage OA, hoop strain increases slowly and limited confinement is triggered. After the transition point
A, concrete starts to dilate much more quickly due to the cracking behavior as illustrated in Fig. 14, leading to the faster development
of hoop strain for the composite column as shown in Fig. 15. Meanwhile, effectively GFRP confinement is provided as well and

leads to the strain hardening stage.

At point B with the axial load F; and the corresponding axial strain .4, it can be noted there is a significant load drop. It is caused
by the failure of the inner pultruded GFRP tube. It is worth noting that the axial strain ., of the GFRP-concrete double tube
composite column could be larger than the failure strain of the hollow pultruded GFRP tube under compression as shown in Fig. 13.
This is because that the core concrete and ring concrete, which are both under effective confinement, could provide restrain to the
pultruded GFRP tube and thus delay the failure. Meanwhile, the load drop between points B and C is smaller than the load capacity
of the corresponding pultruded GFRP tube, indicating that there is still residual capacity contributed by the pultruded GFRP tube in

the double tube composite column.

Since the outer filament finding GFRP tube is still providing the confinement to the inner concrete, axial load starts to recover at
point C (&, F,). The second strain hardening stage will end at point D (e, F,) when the ultimate hoop tensile strain is reached for

the outer filament winding GFRP tube, followed by column failure.

It should be noted that the ultimate load capacity F. at point D could be either higher or lower than the load capacity F; at point B.
For example, the specimen F10-E-PF9-H has relatively large load drop in stage BC. The second strain hardening stage CD is not
long enough for the axial load to recover to the value before the drop. For the specimen F7-N-PF4-H, on the contrary, the load
dropped in stage BC is less significant compared with the load gained in the second strain hardening stage CD. Maximum load
capacity F,,, is taken as the larger one between F; and F, and summarized in Table 5, with &, ,,,, referring to the corresponding

axial strain. The axial loads and corresponding axial strains at points B, C and D are also listed in Table 5.
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Fig. 15 Typical compressive behavior of GFRP-concrete double tube composite column

4.2 Hoop strain distributions

Hoop strain is of vital importance for the investigation of confinement behavior for GFRP-confined concrete. With the use of the
twelve strain gauges attached on the surface of the outer filament winding GFRP tube, hoop strain distribution can be measured and
plotted in Fig. 16 for each specimen. It can be observed that the GFRP-concrete double tube composite columns (as shown in Figs.
16(e-p)) could generally achieve a more uniform hoop strain distribution in comparison to the corresponding GFRP-confined HSC
columns (as shown in Figs. 16(a-d)). It is widely accepted that concrete cracking pattens can have large influence on the hoop strain
behavior [50-53]. Fig. 17 shows the diagram of failure mechanism for GFRP-confined HSC and GFRP-concrete double tube
composite columns under axial compression, in conjunction with the comparisons of failure modes of tested specimens. Due to the
brittle characteristic, HSC can develop localized cracks under compression, which will lead to highly concentrated hoop strains at
the corresponding locations on GFRP tube for GFRP-confined HSC columns as shown in Fig. 17(a). With the presence of the inner
pultruded GFRP tube, the HSC core is separated from the NC/ECC ring, so that the concentrated hoop strain cannot be spread out
directly for GFRP-concrete double tube composite columns as shown in Fig. 17(b). The ring concrete is less brittle with the relatively
lower compressive strength. Therefore, more dispersed cracks can generate in the ring concrete, leading to a more uniform hoop

strain distribution on the outer filament winding GFRP tube.

Meanwhile, it can be observed in Fig. 16 that the hoop strain distribution is more uniform for specimens with PF9 as inner tube (as
shown in Figs. 16(f.i,j,I,m,0,p)) compared with the specimens with PF4 as inner tube (as shown in Figs. 16(e,g,h,k,n)), since this
hindering effect could be more obvious for the specimens with thicker inner tube. Compared with the specimens with NC as ring

concrete (as shown in Figs. 16(e,f,k-m)), the specimens with ECC as ring concrete (as shown in Figs. 16 (g-j,n-p)) can exhibit even
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350 more uniform hoop strain distribution. It is believed that the ECC ring could help to redistribute the hoop strain due to the good

351  tensile and multiple cracking behavior and further avoid the strain concentration.
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4.3 Effects of different parameters

4.3.1 Filament winding GFRP tube thickness

The comparisons of axial load-strain response for specimens with different outer filament winding GFRP tube thicknesses are

presented in Fig. 18. With the increase of outer GFRP tube thickness, the confining stiffness is increased. For GFRP-confined HSC

columns, the load drop after the first peak is eliminated when using thicker outer GFRP tube F10. Both the ultimate load capacity

and ultimate axial strain is improved accordingly. For GFRP-concrete double tube composite columns with PF4 as inner tube, the

observed axial load-axial strain curves for specimens with different outer GFRP tube thicknesses are similar as shown in Figs. 18

(b) and (d). For double tube columns with PF9 as inner tube, larger stiffness of the strain hardening stage can be noted for the

specimens with the thicker outer tube F10 as shown in Figs. 18(c) and (e). Hoop strain-axial strain curves for specimens with

different outer filament winding FRP tube thicknesses are compared in Fig. 19. Hoop strain increases more slowly in general with

the development of axial strain for the specimens with the thicker outer GFRP tube, due to the stronger confinement provided.
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Fig. 19 Effect of outer filament winding GFRP tube on hoop strain-axial strain curves

4.3.2 Pultruded GFRP tube thickness

As shown in Fig. 11(Kk), the bearing capacity of PF9 is significantly higher than that of PF4. Therefore, it can be observed in Fig. 20
that at the first strain hardening stage, both the stiffness and the compressive load of the GFRP-concrete double tube composite
columns with PF9 as inner tube are improved compared with those of the double tube composite columns with PF4 as inner tube. It
is also worth noting that the improvements are more obvious for the specimens with F10 as outer GFRP tube as shown in Figs. 20(c)
and (d). Meanwhile, the thicker inner pultruded GFRP tube will not only lead to the more uniform hoop strain distribution as
presented in Fig. 16, but also restrain the increase of hoop strain. Much slower hoop strain growth can be observed, as shown in Fig.

21, for the specimens with FP9 as inner tube in comparison to those with PF4 as inner tube.
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Fig. 20 Effect of inner pultruded GFRP tube on axial load-axial strain curves
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403
404 4.3.3 Ring concrete

405 Figs. 22 and 23 present the comparisons of GFRP-concrete double tube composite columns with NC and ECC as ring concrete. Due
406 to the lower compressive strength and elastic modulus of ECC than those of NC, both the initial stiffness and compressive load
407 capacity of the specimens with ECC as ring concrete are lower in comparison to those of specimens with NC as ring concrete. It is
408  known that the dilation of ECC under compression is at a lower level than NC. Therefore, the hoop strain increases obviously more
409 slowly for the specimens with ECC as ring concrete. The ultimate axial strain is generally improved when ECC ring is adopted,

410 indicating the improved deformability of the composite column.
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Fig. 23 Effect of ring concrete on hoop strain-axial strain curves
5. Predictions of ultimate conditions
5.1 Ultimate load carrying capacity

Compared with GFRP-confined HSC columns, the proposed GFRP-concrete double tube composite columns could generally
develop similar or higher maximum load carrying capacity, except for the specimens F7-E-PF4-H(-R) and F10-E-PF4-H which have
ECC ring of relatively lower compressive strength and thinner inner pultruded GFRP tube PF4. Analysis of load carrying capacity
of GFRP-concrete double tube composite columns could be more complicated in comparison to the normal GFRP-confined HSC
columns, because of the presence of inner tube and two types of concrete involved. Fig. 24 shows the mechanical diagram of different
components in the double tube composite column. A o, Aying, Apr and Ap are representing the sectional areas of core concrete,
ring concrete, inner pultruded GFRP tube and outer filament winding GFRP tube, respectively. f; .. is the confining pressure
applied on the core concrete, while f; .ing and fi, »ing are the confining pressures applied on inner side and outer side of the ring

concrete.

f"i'.ring ,_/_L]?O’ring
YT

—-{’ {q—ﬁi,ring —-‘j I}-—
\_‘\\\ )\/ l \/‘I(/,f;f//
N

© f (d) ©

(b)

Fig. 24 Mechanical diagram of GFRP-concrete double tube composite column: (a) cross section; (b) core concrete; (c) inner
pultruded GFRP tube; (d) ring concrete; (e) outer filament winding GFRP tube
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Load carrying capacity of GFRP-concrete double tube compaosite column can be calculated by the superposition of the load capacity

of different components, as shown in the following expression:

F= Acorefcore + Aringfring + AFfF + APFfPF (1)

in which fo.. and f,.;,4 are the confined concrete strengths of core concrete and ring concrete; f and fpr are the axial compressive

strengths of outer filament winding GFRP tube and inner pultruded GFRP tube.

Due to the different types of concrete adopted in the core and ring regions in the composite column, the core concrete of solid
circular section is under uniform confinement, while the ring concrete of annular section is under non-uniform confinement.
However, it is considered that the confining pressures are not much different between the core concrete and ring concrete, since they
are both concrete materials with similar compressive behavior. In the elastic stage, it is believed that the concrete and the GFRP
tubes are in good contact, since the Poisson’s ratio of the outer tube is lower than that of the ring concrete and the inner tube is
embedded between core concrete and ring concrete. In the post-elastic stage when concrete cracks significantly, the lateral dilation
becomes relatively large. Both the inner and outer GFRP tubes could keep the good contact with the concrete. Meanwhile, it is
considered that the confinement effect is provided by the outer filament winding GFRP tube only in the composite column. Since
the hoop stiffness is quite low due to the absence of fiber in the hoop direction for the inner pultruded GFRP tube, it cannot provide
additional confinement to the core concrete. The hoop tensile strength of ECC ring is negligible in comparison to that of the outer
GFRP tube. It will not contribute to the confinement effect as well. Therefore, it is assumed that the confining pressures applied on
the core concrete and ring concrete are the same and both equal to that provided by the outer filament winding GFRP tube. The

confining pressure f; can be calculated as follows:

_ _ _ _ _ 2Egtrep
fi= fl,core = fli,ring = flo,ring = Kiep = D )

where E, tr, D and &, are the elastic modulus, thickness, inner diameter and hoop strain of the outer filament winding GFRP tube;

K; is the confining stiffness. For the ultimate condition at GFRP rupture, the corresponding confining pressure f,, is expressed as:
fru = Ki€nrup ©))
in which &, ., is the actual hoop rupture strain of the outer filament winding GFRP tube.

Lam and Teng [54] developed design-oriented model for FRP-confined concrete, which could directly predict the stress-strain
behavior and has also been adopted by the UK Concrete Society [55] and ACI 440.2R-17 [56] with some modifications. Teng et al.
[57] subsequently proposed more accurate equations to predict the ultimate conditions in the design-oriented model, including

ultimate compressive strength and ultimate axial strain. The ultimate compressive strength f;. can be expressed as follows:

fee = feo + kilpx — A)pefeo 4)
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K 2Eft
1 _ fr (5)

pe =12 (6)

in which f;, and ¢, are compressive strength and the corresponding compressive strain of unconfined concrete; py is confinement
stiffness ratio and represents the stiffness of confining FRP relative to that of the confined concrete; p, is the strain ratio reflecting
the strain capacity of confining FRP; k, is the strength enhancement coefficient and a is the confinement stiffness ratio threshold
for effective confinement. The term (px — a) can be understood as the actual effective confinement stiffness ratio. It is regressed
by Teng et al. [57] that k; = 3.5 and a = 0.01 based on the test database with the concrete strength ranging from 33.1 to 47.6 MPa.
However, Eq. (4) with this set of values would provide much higher predictions on the ultimate compressive strength for the GFRP-
confined HSC columns F7-H(-R) and F10-H(-R) investigated in this study. It is widely accepted that with the increase of concrete
strength, the increased brittleness would decrease the confinement effect providing the same FRP confining material used [58-61].
Hence, a larger confinement stiffness ratio threshold could be considered for GFRP-confined HSC. To best-fit the test results of the
tested specimens F7-H(-R) and F10-H(-R), a = 0.035 was adopted in Eq. (4) for the ultimate compressive strength prediction, while
k, = 3.5 was remained unchanged to assume that the same strength enhancement effect could be obtained after reaching the
effective confinement. If Eq. (4) with the modified parameter can provide accurate predictions on the ultimate compressive strength
of GFRP-confined HSC column, it is believed that it can also provide close predictions on the ultimate compressive strength for the
confined HSC core in the GFRP-concrete double tube composite column. Therefore, the confined concrete strength for core concrete

feore IN EQ. (1) corresponding to the ultimate FRP rupture can be expressed as:

feore = fc’c,Hsc = fCIO,HSC + 3.5(px — 0'035)p£fC,0,HSC (7

For double tube composite columns with NC as the ring concrete, the compressive strength of unconfined NC is 63.2 MPa.
Meanwhile, relatively uniform cracking, rather than localized cracking like HSC core, was observed for the failed specimens.
Therefore, Eq. (4) with the original confinement stiffness ratio threshold a = 0.01 was adopted to predict the ultimate compressive

strength of NC ring concrete f,.;,, as follows:

fring = fc’C,NC = fc’o,Nc + 3.5(pk — 0-01)Pefc’0,1vc (8)

For FRP-confined ECC, the stress-strain behavior could be different from that of FRP-confined normal concrete. The existing
research on FRP-confined ECC is still limited in the current stage. Li et al. [62] experimentally investigated the behavior of ECC
under a series of confining pressures and developed equations to describe the compressive strength and the corresponding
compressive strain of ECC with respect to certain confining pressure. Dang et al. [63] conducted monotonic and cyclic axial
compression tests on FRP-confined ECC and proposed predictions on the ultimate conditions including both compressive strength

and strain. Yuan et al. [64] observed that the dilation behavior of FRP-confined ECC was different from that of FRP-confined normal
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concrete. The development of hoop strain is more restricted due to the self-confinement effect of ECC. A new equation was also
proposed to express the hoop strain-axial strain behavior based on the test results. In this current study, the following Eq. (9),

proposed by Dang et al. [63], was adopted to predict the ultimate compressive strength of ECC ring concrete fr.;n4:

fring = fecpec = féogcc + 2.5fw C)]
where f,, is the confining pressure at FRP rupture and can be calculated by Eq. (3).

In Eq. (1), the compressive strengths of outer filament winding GFRP tube and inner pultruded GFRP tube at GFRP rupture are also
needed to be determined for obtaining the ultimate load carrying capacity of the GFRP-concrete double tube composite column. The
ultimate compressive strain of hollow outer filament winding GFRP tube is lower than the ultimate axial compressive strain of the
composite column. Since the outer GFRP tube is fully supported by the inner concrete, the axial buckling failure is believed to be
delayed and the axial load carrying capacity will not lose immediately. Therefore, the compressive strength f; is assumed to be
unchanged when reaching the ultimate compressive strain till GFRP rupture. Meanwhile, the load carried by the outer filament
winding GFRP tube is quite limited compared with that carried by the inner concrete. No significant effect would be caused with

this assumption.

The failure of inner pultruded GFRP tube occurred before the GFRP rupture of the outer tube. As discussed in section 4.1, load
contributed by the pultruded GFRP tube will not lose completely because the pultruded GFRP tube is embedded in concrete and the
failure is restrained. The load drop from point B to point C in Fig. 15, which is also the difference between the load F; and F, as
presented in Table 5, is around 30% of the load carrying capacity of the corresponding hollow pultruded GFRP tube for all the tested
GFRP-concrete double tube composite columns on average. To be conservative, 50% load reduction is considered when pultruded
GFRP tube reaches the compressive strain, leading to the residual load carrying capacity of the inner tube equals to 50% of the
maximum load carrying capacity of the corresponding hollow pultruded GFRP tubes. Fig. 25 shows the axial load-axial strain
behavior of outer filament winding GFRP tube and inner pultruded GFRP tube adopted for the load carrying capacity prediction of
GFRP-concrete double tube composite columns. It is noted that in Fig. 25, the curves for PF4 and PF9 are determined based on the
compression test results on hollow pultruded GFRP tubes, while the curves for F7 and F10 are calculated according to the stress-
strain curves of compressive material tests on GFRP rings with the use of corresponding sectional areas of outer filament winding

GFRP tube.
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Fig. 25 Axial load-strain behavior adopted for GFRP tubes in load carrying capacity predictions

With the compressive strengths for different components determined as above, the ultimate load carrying capacity of the GFRP-

concrete double tube composite column could be calculated with Eq. (1). Comparisons of the ultimate load carrying capacity between

test results F .., and prediction results F ,,..q are shown in Table 6 and Fig. 26(a). Close agreements can be achieved with the

mean value of 1.00 and coefficient of variation (Cov) value of 0.031. It demonstrates that the proposed equations could provide

good predictions on the ultimate load carrying capacity for the tested composite columns.

Table 6 Ultimate conditions by tests and predictions

Ultimate load carrying capacity

Ultimate axial strain

SpeCimen label Fc,test Fc,pred Fc,test/ € < gcu,test/
(kN) (kN) Fc,pred cutest cu,pred Ecupred

F7-N-PF4-H 3156.9 3043.5 1.04 0.0156 0.0132 1.19
F7-N-PF9-H 3385.5 3375.7 1.00 0.0146 0.0129 1.13
F7-E-PF4-H 2746.3 2860.7 0.96 0.0155 0.0186 0.83
F7-E-PF4-H-R 2827.4 2854.4 0.99 0.0169 0.0185 0.91
F7-E-PF9-H 2925.2 3169.4 0.92 0.0155 0.0178 0.87
F7-E-PF9-H-R 34425 3287.8 1.05 0.0218 0.0192 1.13
F10-N-PF4-H 3481.0 3531.3 0.99 0.0160 0.0139 1.15
F10-N-PF9-H* 4371.0 4253.7 1.03 - - -

F10-N-PF9-H-R* 4370.0 4314.7 1.01 - - -

F10-E-PF4-H 3229.3 3301.5 0.98 0.0187 0.0199 0.94
F10-E-PF9-H 3619.9 3616.7 1.00 0.0199 0.0198 1.00
F10-E-PF9-H-R 3592.8 3653.3 0.98 0.0189 0.0201 0.94
F7-H 3086.6 3043.8 1.01 0.0118 0.0122 0.96
F7-H-R 3093.7 3042.8 1.02 0.0127 0.0123 1.03
F10-H 3613.7 3584.1 1.01 0.0135 0.0134 1.01
F10-H-R 3729.7 3570.5 1.04 0.0130 0.0133 0.98
Mean 1.00 1.01
Cov 0.031 0.105

*Note: For specimens F10-N-PF9-H(-R), the ultimate load carrying capacity is referring to the maximum axial load recorded in

tests.
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Fig. 26 Comparisons between test results and prediction results

5.2 Ultimate axial strain

Ultimate axial strains of the tested specimens are summarized and compared in Fig. 27. All of the proposed GFRP-concrete double
tube composite columns present improved ultimate axial strain in comparison to the corresponding GFRP-confined HSC columns,
except for the specimens F10-N-PF9-H(-R) which were not loaded to failure due to the limited machine capacity. The improvements
are 19.2-52.2% and 20.8-46.4% for specimens with F7 and F10 as the outer filament winding GFRP tube, respectively. It is also
worth noting that by comparing with F7-H(-R) and F10-H(-R) as well as F7-H(-R) and the double tube composited columns with
F7 as the outer GFRP tube, the proposed GFRP-concrete double tube composite columns are more effective to reach a larger ultimate

axial strain and deformability than increasing the outer confining GFRP tube thickness from F7 to F10.
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Fig. 27 Comparison of ultimate axial strain for tested specimens
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Many design equations have been developed to predict the ultimate axial strain for FRP-confined concrete [57,65-68]. Most of them
adopt the form proposed by Teng et al. [57], as shown in the following Eq. (10), relating the ultimate axial strain to the confinement

stiffness ratio and strain ratio.
2= C+kof ()9 (pe) (10)

in which C is constant; k, is strain enhancement coefficient; f (px) and g(p.) are functions of the confinement stiffness ratio and
the strain ratio. The constant C is taken as 1.75 by Teng et al. [57], so that it can yield €., = 0.0035 when &., = 0.002 for concrete
with no FRP confinement. 0.002 is generally adopted as the strain at unconfined compressive strength of normal strength concrete,
while 0.0035 is the corresponding ultimate compressive strain. However, it is mentioned that the constant 1.75 can be adjusted to
suit the specific case of unconfined concrete with the different values of ¢, and ¢, [57]. For unconfined high strength concrete, the
compressive failure is brittle and the ultimate compressive strain ¢, is normally the same as the strain ., corresponding to the
compressive strength f,. Therefore, C = 1 is adopted in this study for conservative predictions of the ultimate compressive strain

of the composite columns with high strength concrete. For simplicity, Eq. (10) is rewritten as follows:

cu fu
=14 ka(pipe)” = 1+ ko (1) (11)
c0 co

in which the ultimate axial strain is directly related to the confining pressure f;,,. This simplified form has equivalently considered
the effect of confinement stiffness ratio and strain ratio and has been adopted in the existing design-oriented models for FRP-
confined concrete [68,69]. It is found that the strain enhancement coefficient k, = 5.4 and the index b = 0.3 could best-fit the test
results of F7-H(R) and F10-H(R). For the prediction of GFRP-concrete double tube composite columns, f; 4., Which is the average

unconfined strength of core concrete f¢o core and ring concrete fo .., 4, is adopted and can be calculated as:

_ (fclo,coreAcore + fcro,ringAring)

L 12
fco,ave (Acore+Aring) ( )

Meanwhile, the larger axial strain &, ., between core concrete and ring concrete is used to consider the benefit brought to the
ultimate axial strain of double tube composite columns to the utmost extent. Therefore, the following Eq. (13) is generated to predict

the ultimate axial strain ., of GFRP-concrete double tube composite columns:

f
Ecu = Ecorg T 5-4(%)0'3550,lrg (13)

co,ave

Prediction results &, ;4 are summarized in Table 6 and compared with test results ., .5, in Fig. 26(b). Close agreements with
the mean value of 1.01 and coefficient of variation (Cov) value of 0.105 indicate the promising predictions on the ultimate axial

strain of the tested specimens.
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It should be noted that the actual GFRP rupture strain of each tested specimen is used for the validation purpose for both ultimate

load carrying capacity and ultimate axial strain. For design purpose, FRP material rupture strain after considering the strain efficiency

factor [52,69-72] can be adopted for the calculation.

6. Conclusions

A novel GFRP-concrete double tube composite column was proposed and studied through axial compression tests. Effects of

different parameters, including outer filament winding GFRP tube thickness, inner pultruded GFRP tube thickness and ring concrete

material, were investigated and examined. Compared with corresponding normal GFRP-confined HSC columns, the proposed

GFRP-concrete double tube composite columns exhibit superior compressive behavior. The following conclusions can be drawn

within the current scope of this study:

o))

)

®)

(4)

®)

(6)

Failure of all the tested specimens is governed by outer filament winding GFRP tube rupture in the hoop direction. Inner
pultruded GFRP tube in the GFRP-concrete double tube composite column failed prior to the outer GFRP tube rupture,
then followed by a load drop. The load carrying capacity would still recover to withstand a new strain hardening stage until
rupture of the outer GFRP tube.

Load carrying capacity of the double tube composite column is increased with the increase of outer filament winding GFRP
tube thickness from 2.5 mm (F7) to 3.5 mm (F10) as well as the inner pultruded GFRP tube thickness from 4.0 mm (PF4)
to 9.0 mm (PF9). Compared with specimens with NC as ring concrete, the specimens with ECC as ring concrete would
develop a relatively lower load carrying capacity due to the lower compressive strength of ECC than that of NC.

The proposed GFRP-concrete double tube composite column could develop more uniform hoop strain distribution in
comparison to the corresponding GFRP-confined HSC column. It is also noted that the hoop strain would be more uniformly
distributed if thicker inner pultruded GFRP tube as well as ECC ring are adopted for the double tube composite column.
Compared with the GFRP-confined HSC columns, the GFRP-concrete double tube composite column has a lower hoop
strain at the same axial strain and presents a slower development with the increase of axial strain. This effect is more
obvious when thicker inner pultruded GFRP tube and ECC ring are used for the double tube composite column.
Compared with GFRP-confined HSC column, the ultimate axial strain of GFRP-concrete double tube composite column is
improved by 19.2-52.2% and 20.8-46.4% for specimens with F7 and F10 as the outer filament winding GFRP tube,
respectively. The improvement is more significant for columns adopting ECC as the ring concrete. It demonstrates that the
proposed composite column is effective to achieve an enhanced deformability.

Design equations for predicting the ultimate load carrying capacity and ultimate axial strain of the GFRP-concrete double
tube composite column are proposed and verified against the test results obtained from this study. The close agreements
between prediction results and test results reveal the promising performance of the proposed equations within the current

scope of the study.
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It is worth noting that the ratio of the inner tube diameter to the outer tube diameter could have influence on the column performance.
Further experimental and numerical investigations will be carried out to achieve a more comprehensive understanding and provide

design guidelines for the GFRP-concrete double tube composite columns.
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