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This paper presents the behavior of hollow fiber reinforced polymer–concrete–steel (HC-FCS) columns
under axial compressive loading. The typical HC-FCS column consists of a concrete shell sandwiched
between an outer fiber reinforced polymer (FRP) tube and an inner steel tube. The inner steel and outer
FRP tubes provide continuous confinement for the concrete shell; hence, the concrete shell achieves a sig-
nificantly higher strain, strength, and ductility compared to the unconfined concrete in conventional col-
umns. The HC-FCS column represents a compact engineering system; the steel and FRP tubes act together
as stay-in-place formworks. The effect of the fiber orientation and the steel tube diameter-to-thickness
ratio (Di/ts) on the compressive behavior of HC-FCS columns was investigated. Ten HC-FCS cylinders with
different steel tube Di/ts ratios and three concrete-filled fiber tubes (CFFTs) were manufactured and tested
under static cyclic axial compressive loading in addition to three empty steel tubes. The behavior of the
HC-FCS columns was complicated and related mainly to the stiffness of the FRP and steel tubes, which
controlled the direction of the concrete dilation under axial load. HC-FCS columns with FRP tubes made
with fibers oriented at ±45� showed low axial compressive strengths and high ultimate strains. HC-FCS
columns with wet lay-up FRP tubes that had ±45� and 0� (hybrid FRP) exhibited high axial strengths
and strains. The failure of the HC-FCS columns with hybrid FRP tubes consisted of two stages. The first
stage was the rupture of the unidirectional FRP tube (outer tube), and the second stage was the reorien-
tation of the oriented FRP tube exhibiting high axial strains.

� 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Hollow concrete columns have been introduced to reduce the
mass of the solid columns and, hence, reduce the internal forces
under seismic loading especially when the bridge located in the
high seismic regions. As a result, the hollow columns reduces the
base shear and moment on the foundation. Therefore, the required
foundation dimensions are also reduced substantially, thereby
lowering the construction time and costs. In the last few decades,
concrete-filled tubular columns have been employed widely in
the U.S., Japan, China, and Europe. Concrete-filled tubular columns
have many benefits, including a light weight-to-strength ratio,
concrete confinement, and short construction time. The seismic
behavior of the concrete-filled tubular columns has been exten-
sively studied under different loadings [e.g., 1–6].

Double-skin tubular columns have been developed as a new
version of the concrete-filled tubular columns [7]. A double-skin
tubular column consists of a concrete shell that is sandwiched
between two generally concentric steel tubes with a hollow inner
tube. Therefore, such columns combine the benefits of concrete-
filled tubular columns with the benefits of hollow concrete col-
umns. They have been extensively studied [8,9]. More recently,
Teng et al. [10] used fiber reinforced polymer (FRP) as an outer
tube and the steel as an inner tube in the double-skin tubular col-
umns. This system combines and optimizes the benefits of all three
materials: FRP, concrete, and steel in addition to the benefits of the
hollow concrete columns to introduce hollow FRP–concrete–steel
columns (HC-FCS). The HC-FCS columns have been investigated
extensively under axial compression loading [11–16]. The results
of the axial compression experiments showed high concrete con-
finement and ductility.

Most of the studies conducted on the confinement of concrete
using FRP used unidirectional fibers oriented in the hoop direction.
Very few researchers used angular fibers instead of the unidirec-
tional fibers in the concrete-filled fiber tubular and reinforced con-
crete columns [17–21]. According to the writers’ best knowledge,
no previous studies have been done investigating HC-FCS columns
with angular fibers under axial compressive loading. The studies
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Table 1
Description of the tested specimens.

Group no. Specimen number Outer FRP tube Inner steel tube Di (ts) (mm) Concrete shell thickness (mm)

A HC-CIII45-25-64 CFRP – Three layers 45� 101.6 (1.6) 54
HC-CIII45-32-38 76.2 (2.0) 67
HC-CIII45-38-32 50.8 (1.6) 80
CFFT-CIII45 – –

B HC-GIII45-25-64 GFRP – Three layers 45� 101.6 (1.6) 54
HC-GIII45-32-38 76.2 (2.0) 67
HC-GIII45-38-32 50.8 (1.6) 80
CFFT-GIII45 – –

C HC-GII45/I0-25-64 GFRP – Two layers 45� + One Layer 0� 101.6 (1.6) 54
HC-GII45/I0-32-38 76.2 (2.0) 67
HC-GII45/I0-38-32 50.8 (1.6) 80
CFFT-GII45/I0 – –

D HC-GI45/II0-25-64 GFRP- One layer 45� + Two Layers 0� 101.6 (1.6) 54

E Steel tube A – 101.6 (1.6) –
Steel tube B – 76.2 (2.0) –
Steel tube C – 50.8 (1.6) –
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revealed that the angular fibers had a gradual failure instead of the
sudden rupture of the unidirectional fibers. Au and Buyukozturk
[21] studied the stacking sequence of the hybrid system using
the unidirectional angular fibers in concrete-filled fiber tubular
columns under axial loading. This study revealed that using the
unidirectional angular fibers improves the strength and ductility
of the confined concrete. The unidirectional fibers on the outer sur-
face provided the majority of the confinement. Hence, they rup-
tured first. Then, the angular fibers continued to contain the
concrete shell until high ductility was reached.

In an HC-FCS system, the concrete shell between the outer FRP
tube and the inner steel tube is usually thin. Self-consolidating
concrete (SCC) represents a good option for preventing honeycomb
and lessening the problem of consolidating and vibrating concrete.
SCC has a high flowability and a moderate viscosity, giving it the
ability to self-consolidate. A balance between dosages of super-
plasticizers or high range water reducers (HRWR) must be
achieved to increase the flowability and dosages of viscosity mod-
ifying agents (VMA) to enhance stability and reduce segregation.
2. Research significance

This paper presents the behavior of the HC-FCS columns under
cyclic axial compressive loading. The HC-FCS column has several
benefits such as its use of 60–75% less concrete material than the
solid cross-sectional column and both steel and FRP tubes acting
as stay-in-place formworks. The corrosion-free FRP outer tube
and concrete shell provide the inner steel tube with high corrosion
resistance. However, the inner steel tube may require additional
corrosion protection in the inner side using an anti-corrosion
agent. The FRP and steel tubes reduce concrete shell shrinkage as
they do not allow significant water evaporation. The investigated
HC-FCS columns had new features different from those investi-
gated in the literature. The previous studies were conducted on
HC-FCS columns using unidirectional FRP tubes oriented in hoop
direction and steel tubes with a low diameter-to-thickness ratio
that ranged from 11.9 to 32 and with concrete shell thickness is
about 35% of the column’s diameter. However, the investigated
HC-FCS columns in this paper were constructed using a thin to
thick concrete shell thickness (25–38% of the column’s diameter),
relatively high diameter-to-thickness ratios of the steel tube
(Di/ts = 32–64), low to high FRP confinement stiffness, the fiber in
the FRP is oriented at ±45� and hybrid FRP system.
3. Experimental program

3.1. Test specimens

A total of 16 specimens were tested under cyclic axial compres-
sive loading. Table 1 summarizes the specimens’ details and vari-
ables. The test matrix included 10 HC-FCS, 3 CFFT, and 3 bare
steel tube specimens. All of the CFFT and HC-FCS specimens were
identical and had an outer diameter of 210 mm and a height of
406 mm (Fig. 1). The thirteen specimens were sorted into four
groups. The nomenclature of the test specimens used in the current
study consisted of four syllabi. The first syllabus referred to the
type of the specimen where ‘‘HC” referred to the HC-FCS cylinders
and ‘‘CFFT” referred to concrete-filled fiber tubes. The second syl-
labus referred to the type of FRP where ‘‘C” was for carbon and
‘‘G” was for glass; this was followed by the number of layers in
Latin letters and the direction of fibers measured from the hoop
direction (45� or 0� or a combination). In the case of the combina-
tion of angle-plied FRP and the unidirectional FRP, the unidirec-
tional FRP was always in the outer surface. The third syllabus
referred to the percent of the concrete shell thickness relative to
the outer diameter. The fourth syllabus referred to the outer
diameter-to-thickness (Di/ts) ratio of the steel tube. The third and
fourth syllabi do not exist in the case of the CFFTs.

For instance, Group A consisted of three HC-FCS cylinders and
one CFFT cylinder. The outer tubes of this group were made of
three layers of ±45� carbon fiber reinforced polymer (CFRP), while
the inner steel tubes of the HC-FCS cylinders had diameters of
101.6 mm, 76.2 mm, and 50.8 mm with steel diameter-to-
thickness (Di/ts) ratios of 64, 38, and 32, respectively.
3.2. Material properties

Table 2 shows the mix design of the SCC that was used. The
average cylindrical concrete compressive strength ðf 0cÞ at 28 days
was 55 MPa.

According to ASTM D3039 [22], longitudinal and radial coupons
with widths of 25 mm were cut from one-layer Glass and Carbon
FRP tubes. One horizontal and one vertical strain gauge were
attached to the mid height of the longitudinal FRP coupon. Two
strain gauges were attached to the middle of the radial disk. Under
tensile tests with a displacement loading rate of 1.27 mm/min., all
of the FRP coupons and radial samples failed by debonding
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Fig. 1. Typical cross-sections of the test specimens in groups: (a) Groups A/B/C, (b) Group D, and (c) Group E.

Table 2
SCC mixture proportions.

w/cm Cement (kg/m3) Fly ash (kg/m3) Water (kg/m3) Fine aggregate (kg/m3) Coarse aggregate (kg/m3) HRWRA (kg/m3) VEA (kg/m3)

0.38 350 174 198 830 830 2.1 0.7

Table 3
Properties of saturated FRP according to manufacturer’s data.

Material Nominal thickness/layer (mm) Young’s modulus, E (GPa) Tensile strength (MPa) Ultimate strain (%)

CFRP-45� 0.86 47.9 661 1.40
GFRP-45� 0.86 18.6 279 1.50
GFRP-0� 1.30 26.1 575 2.20

Fig. 2. Steel coupon tests: (a) testing of steel coupon and (b) rupture of steel
coupons.
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between the two 45� plies [±45�] without fiber rupture with ulti-
mate tensile stress for the specimens of about 73.0 MPa. This low
stress value occurred as the provided FRP fabric were manufac-
tured using neither woven nor filament techniques with a fiber ori-
entation at ±45�. Also, testing coupons having small width of only
25 mm which did not allow fiber continuity led to this reported
small stress values. The properties of the saturated FRP as provided
by the manufacturer data sheet are summarized in Table 3.

Standard coupons were cut longitudinally from a steel tube for
tensile tests according to ASTM A1067 [23]. The steel coupon tests
were conducted under a displacement control of 0.76 mm/min. A
strain gauge was attached to the mid height of the steel coupons
(Fig. 2a). All steel coupons failed by yielding in the neck (Fig. 2b).
The results showed that the yield stress, tensile stress, the Young’s
modulus, and the ultimate strain of the steel tubes were 620 MPa,
620 MPa, 200 GPa, and 0.4%, respectively.

Three hollow steel tubes similar to those used in the HC-FCS
cylinders were tested under monotonic axial compression. Strain
gauges were mounted, two in the hoop direction and two vertical
on the outer surfaces of the steel tubes, as shown in Fig. 3. Steel
Tube A, of a diameter of 101.6 mm, and Tube B, with a diameter
of 76.2 mm, failed at ultimate axial loads of 302 kN and 296 kN,
respectively, by local buckling in the elephant’s foot mode as
shown in Fig. 4a and b, respectively. This corresponded to maxi-
mum stresses of 592 MPa and 617 MPa, respectively (Fig. 5). How-
ever, Steel Tube C failed by global buckling and local buckling in
the elephant’s foot mode, as shown in Fig. 4c, at a load of 83 kN
corresponding to a stress of 315 MPa (Fig. 5). The failure load of
Tube C was significantly lower than the other tubes because the
global buckling occurred early. In general, the behavior of the steel
tubes was similar, starting with linear behavior until the axial
compressive strain ranged from 0.4% to 0.5%. After that, the stress



Fig. 3. Testing of steel tube under compressive loading.

Fig. 5. Axial strain–stress relation of the steel tubes.
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hardened with a lower stiffness until the maximum axial stress
was reached. Each steel tube then suffered stress softening due
to the local or global buckling until the end of the test.

3.3. Instrumentation and test setup

Compression tests were carried out using an MTS machine with
a loading rate of 0.5 mm/min. All test data, including the strains,
loads, and displacements, were recorded using a data acquisition
system. Two horizontal and two vertical strain gauges were
installed on the outer surface at the mid-height of the FRP tube.
Likewise, two horizontal and two vertical strain gauges were
installed on the outer surface at the mid-height of the steel tube.
In addition, two string potentiometers were attached on the outer
surface of the FRP tube to obtain the axial deformation of the mid-
dle region of 140 mm for each specimen. Fig. 6 illustrates the test
setup of the investigated cylinders.
(c)(b)(a)

Fig. 4. Modes of failure of the steel tubes: (a) elephant foot of tube A, (b) elephant foot of tube B, and (c) global buckling and elephant foot of tube C. Note: circles were drawn
around the local or global buckling.

Fig. 6. Test setup of the investigated specimens.



Fig. 7. Cyclic loading scheme.
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3.4. Loading protocol

All specimens were tested under compression loading on a cyc-
lic scheme, as shown in Fig. 7. The cyclic compression involved full
loading/unloading cycles, where the unloading of each cycle was
designed to terminate at 0.4 kN (near zero), and the reloading of
each cycle was designed to terminate at the unloading displace-
ment of the same cycle. The loading scheme followed nine steps,
beginning at an axial strain of 0.125%. The axial strain was
increased gradually until specimen failure or maximum displace-
ment of the machine, which corresponded to an overall strain of
the cylinder of 11.25%. Each loading step was repeated for three
cycles.
Fig. 8. Axial strain–axial load relation of the cylinders: (a) HC-CIII45-25-64,
4. Results and discussions

4.1. General behavior

Fig. 8 illustrates the axial strain versus axial load hysteretic
curves for the groups’ specimens. The axial compressive strains
were obtained from the average readings of the two string poten-
tiometers and were represented using negative values. The behav-
iors of the specimens in each group were similar and hence the
behavior of one specimen out of each group will be given in the
next section.

4.1.1. Group A (three layers of ±45�CFRP)
For the specimen HC-CIII45-25-64, the load increased approxi-

mately linear until reaching the peak axial load of 1356 kN at an
axial strain of approximately 0.14% (Fig. 8a). The load softened
with the strain increasing directly after the peak axial load without
strain hardening (unlike concrete cylinders confined using 0/90�
FRP). This behavior occurred because of the reorientation of the
±45� fiber. The axial load dropped by 41% to 800 kN at an axial
strain of 0.02. The load was approximately constant until an axial
strain value of 0.13, when the loading machine reached its maxi-
mum stroke without rupture of the FRP tube (Fig. 9). The post-
test visual inspection revealed that the steel tube displayed severe
local buckling (Fig. 9) which contributed to the softening of the
axial load.

4.1.2. Group B (three layers of ±45� GFRP)
For the specimen HC-GIII45-25-64, the load increased approxi-

mately linear until a peak axial load of 1522 kN corresponding to
an axial strain of approximately 0.80% (Fig. 8b). Beyond that the
(b) HC-GIII45-25-64, (c) HC-GII45/I0-25-64, and (d) HC-GI45/II0-25-64.
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Fig. 9. Modes of failure of all of the specimens and their steel tube local buckling.
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specimen displayed strength softening without any hardening
which was similar to the behaviors of the specimens in Group A.
The axial load dropped to 635 kN with a loss of approximately
58% at an axial strain of 0.044. After that, the axial load kept con-
stant until an axial strain of 0.08. The test was terminated at a ver-
tical displacement of 33.0 mm without rupture of the GFRP tube
(Fig. 9). The steel tube buckled locally, as observed in the other
specimens.
4.1.3. Group C (two layers of ±45� GFRP/one layer of unidirectional
GFRP)

For the specimen HC-GII45/I0-25-64, the load increased
approximately linear until an axial load of 1546 kN corresponding
to an axial strain of approximately 0.76% (Fig. 8c). Beyond that, the
specimen displayed load hardening until a peak axial load of
1770 kN corresponding to an axial strain of 0.02. Beyond that,
the axial load dropped to 700 kN with a loss of approximately



Fig. 10. FRP hoop strain and axial strain versus axial load relations of the
specimens: (a) HC-CIII45-25-64, (b) HC-GIII45-25-64, (c) HC-GII45/I0-25-64, and
(d) HC-GI45/II0-25-64.
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60% at an axial strain of 0.027. This drop occurred due to rupture of
the unidirectional FRP while the ±45� GFRP layers did not. After
that, the axial load remained constant until an axial strain of
0.045. After that, the specimen displayed load softening until the
failure of the specimen by the rupture of the ±45 GFRP layers at
an axial strain of 0.11 (Fig. 9). The steel tube buckled locally as with
the other specimens.

4.1.4. Group D (one layer of ±45� GFRP/two layers of unidirectional
GFRP)

For specimen HC-GI45/II0-25-64, the load linearly increased
until an axial load of 1720 kN corresponding to an axial strain of
approximately 0.33% (Fig. 8d). Beyond that, the specimen dis-
played load hardening until the axial load reached its peak value
of 2285 kN at an axial strain of 1.5%. Beyond the peak load, the
axial load dropped to 670 kN with a loss of approximately 70% at
an axial strain of 0.021 due to rupture of the unidirectional FRP,
while the ±45� FRP did not suffer any rupture. Beyond that, the
axial load softened until the ultimate axial strain of 0.11 when
the specimen failed due to rupture of the ±45� FRP layers (Fig. 9).
The steel tube buckled locally, which also occurred in the other
specimens.

4.2. Discussions

4.2.1. Axial–hoop strains relation
Fig. 10 illustrates the hysteretic axial and hoop strains versus

the axial load of each specimen. In this figure, the compressive
strains are denoted with negative signs and vice versa.

The behaviors of the axial and hoop strains for the specimens in
Groups A, B, and C were similar (Fig. 10a–c). In general, the axial
and hoop strains of each specimen in these three groups increased
simultaneously. The absolute values of the axial and hoop strains
were close because of the ±45� fiber orientation.

During the first cycles, before the ultimate load, the hoop and
axial strains increased linearly. At this stage, the concrete expan-
sion under axial loading mainly occurred outwardly. At the ulti-
mate load, the failure mainly occurred when the concrete lateral
dilation broke the structure of the ±45� fibers and the epoxy. After
this stage the fiber reorientation occurred and the specimen could
not achieve higher strength. However, the axial and hoop strains
did not reach to very high strains. This behavior occurred due to
the steel tube’s local buckling. When the steel tube buckled locally,
the concrete expanded inwardly and outwardly. This behavior
released some pressure on the FRP tube.

Three out of four specimens in Group B failed by FRP rupture,
while none of the specimens in Group A failed by FRP rupture. This
behavior was because the FRP tubes of the specimens in Group A
were made out of carbon fibers, where the single carbon fiber
had a lower diameter than the single glass fiber. Hence, the carbon
fiber had a lower outer surface area compared to the glass fiber
resulting in better epoxy impregnation in the glass fiber compared
to the carbon fiber [24]. Therefore, the bond breakage of the struc-
ture of the ±45� fibers and the epoxy occurred earlier in the carbon
fiber compared to the glass fiber. Once breakage occurred, the car-
bon fibers reoriented more than the glass fibers. This behavior
caused the axial capacity of the specimens in Group A to be lower
than those in Group B.

For specimen HC-GI45/II0-25-64 (Fig. 10d), at a given axial load,
the value of the hoop strain was higher than the corresponding
axial strain. This behavior indicated that the two unidirectional
outer FRP layers reduced the reorientation of the ±45� fiber.

4.2.2. Change in FRP confinement
Fig. 11 shows the envelope of axial strains versus the normal-

ized axial load for the specimens that had similar steel tubes and
concrete shell thickness but different FRP confinement. There are
discrepancies among different international codes when it comes
to concrete filled tubes. The American Institute of Steel Construc-
tion (AISC) [25] used plastic-stress distribution method to calculate
the equivalent uniform concrete stress while the ACI-318 [26] used
Whitney stress block method. The plastic-stress distribution



Fig. 11. Axial strain–normalized load relation of: (a) HCs with steel tube D/t ratio of 64, (b) HCs with steel tube D/t of 38, (c) HCs with steel tube D/t of 32, and (d) CFFTs.

Fig. 12. Axial strain–normalized load relations of the two specimens of concrete shell thicknesses of 32% and 38% of: (a) Group A, (b) Group B, and (c) Group C.
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Table 4
Steel tube Di/ts ratio of HC-FCS columns of literature and of current study.

Do (mm) Di (mm) ts (mm) Di/ts (Di/ts)AISC Normalized (Di/ts) Pu/Po

Current study 210 101.6 1.6 64.0 23.3 2.74 0.80
101.6 1.6 64.0 23.3 2.74 0.89
101.6 1.6 64.0 23.3 2.74 1.04
101.6 1.6 64.0 23.3 2.74 1.30
76.2 2.0 39.0 23.3 1.67 0.86
76.2 2.0 39.0 23.3 1.67 0.82
76.2 2.0 39.0 23.3 1.67 1.02
50.8 1.6 32.0 23.3 1.37 0.76
50.8 1.6 32.0 23.3 1.37 0.87
50.8 1.6 32.0 23.3 1.37 1.04

Ozbakkaloglu and Fanggi [27] 150 101.6 3.2 31.8 35.0 0.91 1.31
101.6 3.2 31.8 35.0 0.91 2.07
101.6 3.2 31.8 35.0 0.91 1.05
76.2 3.2 23.8 35.0 0.68 1.16
76.2 3.2 23.8 35.0 0.68 1.17
38.1 3.2 11.9 35.0 0.34 1.10
38.1 1.6 23.8 35.0 0.68 1.27
38.1 1.6 23.8 35.0 0.68 1.16

Yu et al. [13] 205 140.2 5.3 26.5 42.1 0.63 1.26
0.63 1.23

Yu et al. [12] 152 76.2 3.2 23.8 41.1 0.58 0.99
0.58 1.27
0.58 1.48

Wong et al. [14] 152 41.9 2.3 18.3 38.7 0.47 1.35
75.9 3.3 23.0 41.1 0.56 0.99
75.9 3.5 21.7 34.2 0.63 1.14
87.9 2.1 41.9 43.3 0.97 1.10

115.1 5.2 22.1 39.5 0.56 1.17

(b)(a)

(d)(c)

- 105

+1,220

- 550

+3,345

- 1,490

+14,400

- 2,560

+19,170

Fig. 13. FRP and steel hoop strains in the cross-sections of the specimens: (a) HC-CIII45-25-64, (b) HC-GIII45-25-64, (c) HC-GII45/I0-25-64, and (d) HC-GI45/II0-25-64.
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revealed a concrete stress of 0:95 f 0c instead of 0:85 f 0c that is used
by the ACI-318. The normalized axial load was calculated as the
axial load over the nominal axial capacity (Po) for a given specimen
where Po was calculated according to ACI-318 (Eq. (1)).

Po ¼ Asf y þ 0:85f 0cðAc � AsÞ ð1Þ

where As = the cross-sectional area of the steel tube, Ac = the cross-
sectional area of the concrete shell, Ay = the yield stress of the steel
tube, and f 0c = the cylindrical concrete’s unconfined compressive
stress.

Fig. 11a illustrates the relation of the axial strain versus the nor-
malized axial load for the specimens that had a concrete shell
thickness of 25% of the outer diameter. The normalized axial load
increased from approximately 0.8 to 1.3 when the FRP tube struc-
ture was changed from one layer of ±45�/two layers of unidirec-
tional to three layers of carbon fiber oriented at ±45�. The
normalized axial load increased from approximately 0.8 to 1.04
when the FRP tube structure was changed from two layers of
±45�/one layer of unidirectional to three layers of carbon fiber ori-
ented at ±45�.

Fig. 11b illustrates the relation of the axial strain versus the nor-
malized axial load for the specimens that had a concrete shell
thickness of 32% of the outer diameter. The normalized axial load
increased from approximately 0.86 to 1.02 when the FRP tube
structure was changed from two layers of ±45�/one layer of unidi-
rectional carbon fibers to three layers of carbon fiber oriented at
±45�. However, the ultimate axial strains changed slightly.

Fig. 11c illustrates the relation of the axial strain versus the nor-
malized axial load for the specimens that had a concrete shell
thickness of 38% of the outer diameter. The normalized axial load
increased from approximately 0.76 to 1.04 when the FRP tube
structure was changed from two layers of ±45�/one layer of unidi-
rectional carbon fibers to three layers of carbon fiber oriented at
±45�. However, the ultimate axial strains changed slightly.

Fig. 11d illustrates the relation of the axial strain versus the nor-
malized axial load for the CFFT specimens. The normalized axial
load increased from approximately 0.97 to 1.06 when the FRP tube
structure was changed from two layers of ±45�/one layer of unidi-
rectional carbon fibers to three layers of carbon fiber oriented at
±45�. The ultimate axial strains significantly changed (from 0.035
to 0.12) with the changing FRP type.

These comparisons indicated that increasing the FRP confine-
ment improved the axial compressive strength of the HC-FCS spec-
imens more than that of the CFFT specimens. However, the FRP
confinement slightly affected the ultimate strains of the HC-FCS
specimens, but it significantly affected the ultimate strains of the
CFFT specimens.
Fig. 14. Steel hoop strain–axial load relation of the specim
4.2.3. Change in concrete shell thickness
Fig. 12 illustrates the axial strain versus the normalized axial

load of the specimens that had concrete shell thicknesses of 32%
and 38% of the outer diameter for all of the groups. These two spec-
imens were selected from each group to investigate the effect of
the concrete shell thickness on the axial capacity of the HC-FCS
specimens. These specimens had close Di/ts ratios of steel tubes.
Hence, the effect of the steel tube Di/ts ratio could be excluded from
these comparisons. It should be noted that it was not possible to
find steel tubes with different diameters but the same Di/ts in the
local steel market. Fig. 12 shows that changing the concrete shell
thickness had a negligible effect on the normalized axial capacity
of the HC-FCS specimens if the steel tube Di/ts ratio was slightly
changed.

4.2.4. Sectional analysis and steel tube local buckling
Using a Di/ts ratio is an important parameter in the study of HC-

FCS columns. Previous studies were conducted on HC-FCS columns
having low Di/ts values [12–14,27]. Table 4 summarizes the results
of some previous studies on the HC-FCS columns under axial com-
pressive loading. As shown in the table, the collected data is for
stubs having Di/ts values ranging from 11.9 to 32 and Pu/Po values
ranging from 0.99 to 2.07. In the current study, specimens having
Di/ts values ranged from 32 to 64 and Pu/Po values ranged from
0.76 to 1.30. This low Pu/Po is due to the reorientation of the fiber
in the FRP tube and local buckling effects.

Fig. 13 illustrates, as an example, the hoop strains in the FRP
and steel at a cross-section located at the mid-height of the speci-
mens HC-CIII45-25-64, HC-GIII45-25-64, HC-GII45/I0-25-64, and
HC-GI45/II0-25-64. These specimens had identical steel tubes
while different FRP stiffness. The positive strain values represent
tensile strain and vice versa. The reported strains corresponded
to the peak load of each specimen. As shown in the figure, all of
the steel tubes were subjected to compressive hoop strains while
the FRP tubes were subjected to tensile hoop strains due to con-
crete dilation. The specimens HC-CIII45-25-64 and HC-GI45/II0-
25-64 had the lowest and highest lateral pressure (i.e., lateral
strain), respectively. As shown in the figure, there is a relation
between the FRP confinement stiffness and the concrete lateral
pressure. When the FRP confinement stiffness was increased, the
concrete shell was laterally restrained from outside. Hence, the
concrete dilation due to the axial compression directed toward
the inner side, the weaker side, resulting in higher hoop compres-
sive strains in the steel tube. The steel tube local buckling occurred
due to the bidirectional compressive stress resulting from axial
loads and concrete dilation. The hoop compressive strain in the
steel tube of the specimen HC-GI45/II0-25-64 was approximately
2560 microstrain which is much higher than 105 microstrain in
ens: (a) HC-CIII45-25-64 and (b) HC-GI45/II0-25-64.
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Fig. 15. Actual steel diameter–thickness ratios relative to the AISC manual value
versus increase in capacity.
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the case of the specimen HC-CIII45-25-64. Therefore, the steel tube
was more susceptible to local buckling when the FRP confinement
stiffness increased. Consequently, the specimen reached to higher
axial strength and lower axial ductility when the FRP confinement
stiffness increased. This indicated that the behavior of the HC-FCS
columns under axial load is complicated, and it is related to the
interaction between the FRP and steel stiffness. Further studies
should be conducted to identify the relative steel–FRP tubes’ stiff-
ness for the optimum design.

Fig. 14 illustrates the hoop strains on the steel tubes of the spec-
imens HC-CIII45-25-64 and HC-GI45/II0-25-64. As shown in
Fig. 14b, the steel tube experienced local buckling at a load of
1500 kN corresponding to 1300 microstrain. Beyond that, the hoop
strains unloading–reloading significantly changed. The specimen
experienced significant residual hoop strains during the unloading
behavior, indicating nonlinear buckling of the steel tube.

The normalized Di/ts can be defined as the ratio between the Di/
ts and the Di/ts of the American Institute of Steel Construction
(AISC)Manual Steel Construction [28] for steel columns with hollow
sections under compression as per the following equation:

Normalized ðDi=tsÞ ¼ Di=ts 0:07
E
Fy

� ��
ð2Þ

where E and Fy are the Young’s modulus and the yield stress of the
steel tube, respectively.

As shown in Table 4 and Fig. 15, the local buckling occurred
when the Di/ts ratio was higher than the AISC Manual value. The
normalized Di/ts ratio for the tested cylinders in the current study
was between 1.37 and 2.74. However, this ratio in the specimens
gathered from the literature relative to the AISC manual was lower
than 1.0, as shown in Fig. 15. That explained the local buckling that
occurred for the steel tubes of the tested specimens, even for the
specimens with a steel tube Di/ts ratio of 32.

According to the presented study, using steel tube Di/ts ratio of
64 is recommended for the HC-FCS columns under axial compres-
sive loading which is agreed with the recommendations presented
by Abdelkarim et al. [29] for the HC-FCS columns under combined
flexural and axial compressive loading. More efficiency in strength
and ductility can be achieved for the HC-FCS columns using this Di/
ts ratio besides the cost benefits.
5. Findings and summary

The behavior of the hollow fiber reinforced polymer–concrete–
steel columns (HC-FCS) under cyclic axial compressive loading was
studied. The HC-FCS columns consisted of a concrete shell sand-
wiched between an outer FRP tube and an inner steel tube. Ten
HC-FCS cylinders with different steel tube Di/ts ratios, three
concrete-filled fiber tubes (CFFTs), and three steel tubes alone were
tested under static cyclic axial compressive loading. The effects of
using steel tubes with different Di/ts ratios and the effect of the FRP
tube’s fiber orientation on the behavior of the HC-FCS columns
under axial load were investigated. The behavior of the HC-FCS col-
umns was complicated and related mainly to the stiffness of the
FRP and steel tubes, which controlled the direction of the concrete
dilation under axial load. HC-FCS columns with FRP tubes made
with fibers oriented at ±45� showed a low axial compressive
strength and a high ultimate strain. HC-FCS columns with wet
lay-up FRP tubes that had ±45� and 0� (hybrid FRP) exhibited high
axial strengths and strains. The failure of the HC-FCS columns with
hybrid FRP tubes consisted of two stages. The first stage was the
rupture of the unidirectional FRP (outer tube), and the second stage
was the reorientation of the ±45� fibers exhibiting high axial
strains.
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