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The axial compressive capacity and load–displacement behaviour of composite columns confined by two
interlocking spirals were experimentally and analytically investigated. The innovative spiral cage used for a
square column was fabricated by interlocking a circular spiral and a star-shaped spiral to enhance the confine-
ment effect for the core concrete. Eight full-scale square composite columnswere tested undermonotonically in-
creased axial compression. Experimental results demonstrated that, with significant savings of the transverse
reinforcement, the composite columns confined by two interlocking spirals achieved excellent axial compressive
strength and ductility capacity. Moreover, an analytical model was developed to take into account the concrete
confinement due to the structural steel in addition to the transverse reinforcement and distributions of the lon-
gitudinal bars. The analytical results accurately predicted the axial compressive capacity and load–displacement
behaviour of the specimens. Consequently, the application of the two interlocking spirals in a square composite
column appears to be very affirmative.

© 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Various experimental and numerical studies have shown that trans-
verse reinforcement in columns functions as follows: (1) holding longitu-
dinal bars in position; (2) preventing longitudinal bars from premature
buckling; (3) providing shear strength for columns; (4) providing passive
confinement for core concrete; and (5) improving axial compressive
strength and ductility of columns [1–7]. Square columns are traditionally
reinforcedwith rectangular hoops, and each hoop is formed froma single
steel bar with hook at both ends [8]. However, field experiences reveal
that hoops with a 135-degree bend are difficult to setup in a composite
column, and the entire construction is heavily relied on skilled labors
that is time-consuming and costly.

Spirals are a continuously wound transverse reinforcement and can
be fabricated automatically in a factory. The fabrication of helical spirals
is faster and cheaper than that of rectilinear hoops. Moreover, helical
spirals in a column aremore effective in providing concrete confinement
compared to rectilinear hoops [9,10]. Mirza and Skrabek [11,12] studied
the behaviour of short and slender composite columns subjected to axial
force and bending moment. Ricles and Paboojian [13] investigated the
seismic behaviour of composite columns through experiments. They
concluded that the strength and toughness of composite columns
were affected by the confinement status of the core concrete. Exactly
how the spirals apply to columnswith square cross section is of interest.
Fig. 1(a) shows a square column reinforced by a circular helical spiral.
; fax: +886 3 572 7109.
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Because the concrete at the four corners of the square column cannot
be confined by the circular spiral, applications of the circular spiral to
square columns are not common in engineering practice.

This research proposes an innovative spiral confinement as shown in
Fig. 1(b). The confinement is achieved by two interlocking spirals,
consisting of a circular spiral and a star-shaped spiral, with longitudinal
bars located around the perimeter of the square column. The interlocking
spirals overcome the shortcomings of applications of a circular spiral to
square cross-sectional columns, and facilitate sound confinement for
the concrete at the four corners of the square column. Moreover, the
manpower and construction time to fabricate reinforcement cage can
be substantially reduced because the spirals can be fabricated by auto-
matic machines in the factory. Fig. 2 illustrates the construction of the
two interlocking spirals.

This work elucidates experimentally and analytically the effective-
ness of the two interlocking spirals used in square composite columns.
Eight full-scale columns, including six spirally reinforced composite col-
umns and two reinforced concrete columns, were tested under mono-
tonically increased axial compression. An analytical approach was also
conducted to calculate the axial compressive strength and the load-
deformation relationships of the specimens.

2. Experimental program

2.1. Design of test specimens

Table 1 presents the details of the specimens. Six of the specimens
(SRC1 ~ 6) were composite columns reinforced with two spirals. The
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(a) (b)

Fig. 1. Spiral confinements for a square column: (a) a circular spiral; (b) two interlocking
spirals.
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other two specimens (RC1 and RC2) were reinforced concrete columns
with rectilinear hoops. The test specimens were 600 mm square in the
cross section and 1200 mm long. Two types of structural steel sections
used were welded built-up box section (□250 × 250 × 6 × 6 and
□300 × 300 × 9 × 9) and cross-H section (2-H220 × 100 × 6 × 9
and 2-H350 × 175 × 6 × 9). The ratios of the area of structural steel
section to gross section of the column are presented in the table.

Regarding the design of the transverse reinforcement, different de-
sign specifications were considered, including ACI 318 building code
[8] andAISC seismic provisions [14]. SpecimenRC2, served as the bench-
mark,was designed to haveminimum rectilinear hoops according to ACI
318 building code.

Ash ¼ 0:3shc
f ′c
f yt

Ag

Ach
−1

� �
ð1aÞ

Ash ¼ 0:09shc
f ′c
f yt

ð1bÞ

where Ash is the total cross-sectional area of hoop reinforcement within
spacing s; Ag and Ach are the gross cross-sectional area of the column and
the cross-sectional area measured to outside edges of hoop reinforce-
ment, respectively; f ′c is the specified compressive strength of concrete;
fyt is the specified yield strength of hoop reinforcement; s is the center-
to-center spacing of hoop reinforcement; and hc is thewidth of confined
core concrete.
(Structural steel not shown for clarity)

(a) (b)

Fig. 2. Construction of the two interlocking spirals: (a) fabricated cage of the star-shaped
spiral; (b) insert of the circular spiral.
For the spirally reinforced concrete column, specimen RC1, ACI 318
building code stipulates that the volumetric ratio, ρs, defined as the
ratio of the volume of spiral reinforcement to the volume of core con-
crete, shall not be less than the following requirement:

ρs ¼ 0:45
f ′c
f yt

Ag

Ach
−1

� �
ð2aÞ

ρs ¼ 0:12
f ′c
f yt

ð2bÞ

Regarding the transverse reinforcement used in composite columns,
AISC seismic provisions propose a formula based on ACI 318 building
code. A reduction factor of (1 − fysAs/Pn) is used to reduce the require-
ment for the tie reinforcement to take into account the structural steel
core. The minimum tie reinforcement shall meet the following:

Ash ¼ 0:09shc
f ′c
f yt

1−
f ysAs

Pn

� �
ð3Þ

in which As and fys are the cross-sectional area and specified yield
strength of the structural steel, respectively; Pn is the nominal axial
compressive strength of the composite column calculated in accordance
with the AISC specification [15]. Hence, for designing the spirally
reinforced composite columns, specimens SRC1 ~ 3, a formula adopting
a reduction factor according to the same design philosophy is proposed
as follows.

ρs ¼ 0:45
f ′c
f yt

Ag

Ach
−1

� �
1−

f ysAs

Pn

� �
ð4Þ

Moreover, in recognition for the superior confinement provided by
the structural steel section in composite columns [12,16], as indicated
in Fig. 3, Weng et al. [17] proposed a formula to account for reducing
transverse reinforcement due to the highly confined concrete in com-
posite columns. The following equationwas used to design the required
spirals for specimens SRC4 ~ 6.

ρs ¼ 0:45
f ′c
f yt

Ag

Ach
−1

� �
1−Ps þ Phcc

Po

� �
ð5aÞ

where

Po ¼ f ysAs þ f yrAr þ 0:85fc
′Ac ð5bÞ

Ps ¼ f ysAs ð5cÞ

Phcc ¼ 0:85fc
′Ahc ð5dÞ

where Po is the nominal axial compressive strength of the composite
column; Ps and Phcc are the compressive strength provided by the struc-
tural steel and highly confined concrete, respectively; fyr is the specified
yield strength of the longitudinal reinforcement; Ar is the cross-
sectional area of the longitudinal reinforcement; Ac is the cross-
sectional area of the concrete section; and Ahc is the area of highly con-
fined concrete.

Accordingly, the use of the transverse reinforcement for each speci-
men is shown in Table 1. Besides, the weights of the transverse rein-
forcement per unit length of the column are also presented. On the
basis of the reduction for the transverse reinforcement specified in
Eqs. (4) and (5), composite columns (specimens SRC1 ~ SRC6) utilized
less transverse reinforcement compared to the reinforced concrete
columns (specimens RC1 and RC2). Fig. 4 depicts the details of the
cross section of specimen SRC2, confined by two interlocking spirals.



Table 1
Details of the specimens.

Specimen
designation

Structural steel Longitudinal bar Transverse reinforcement Weight of
transverse reinf.
(N/m of col.)

Cross section

Size (mm) Area
ratio

Size Area
ratio

Circular
spiral

Star-shaped
spiral

Rectilinear
hoop

Spacing
(mm)

SRC1 □250 × 250 × 6 × 6 1.63% 12 No.8 1.69% No. 4 No. 4 - 115 325

SRC2 □300 × 300 × 9 × 9 2.91% 12 No.8 1.69% No. 4 No. 4 - 130 286

SRC3 □300 × 300 × 9 × 9 2.91% 12 No.8 1.69% No. 4 No. 3 - 100 282

SRC4 Two H220 × 100 × 6 × 9 1.66% 12 No.8 1.69% No. 4 No. 4 - 125 298

SRC5 Two H350 × 175 × 6 × 9 2.91% 12 No.8 1.69% No. 4 No. 4 - 150 248

SRC6 Two H350 × 175 × 6 × 9 2.91% 12 No.8 1.69% No. 4 No. 3 - 125 226

RC1 - - 8 No.10
8 No.11

4.05% No. 4 No. 4 - 100 376

RC2 - - 8 No.10
8 No.11

4.05% - - No. 4 90 405
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2.2. Material properties

Ready-mix normal weight concrete was used for the specimens and
standard cylinders of 150 × 300 mm were cast also. ASTM C39/C39M
[18] test procedures were followed to determine the concrete compres-
sive strength. Because concrete strength is highly depended on the cur-
ing condition, the compressive strength of the cylinders cured in the
same condition as the columns was used. The average compressive
strength of three cylinders was 32.3 MPa measured at the time of
testing.

The steel plates used for the structural steel corewere all A572Gr. 50
steel. All the longitudinal bars and circular spirals were ASTMA615 [19]
Gr. 60 deformed bars. Owing to fabrication requirement, star-shaped
spirals were deformed wires confirming ASTM A496 [20]. Three cou-
pons were cut from each steel material and were tested in accordance
with ASTM A370 [21] to obtain the yield and ultimate strengths.
Partially confined 
concrete

Highly confined 
concrete

Unconfined 
concrete

Structural steel Lateral tie Longitudinal bar

Fig. 3. Concrete confinement in composite columns.
Table 2 presents the average material properties of the steel plates,
deformed bars, and deformed wires. Instead of the specific strengths,
the measured material strengths were adopted to evaluate the perfor-
mance of the specimens.

2.3. Test setup

Fig. 5 shows the setup of the axial compression test for the speci-
mens. A 58,800 kN hydraulic jack applied compressive force at a con-
stant stroke rate of 0.03 mm/s. To achieve a uniform load distribution
on the specimens, end capsweremounted on both column ends. Exten-
someters of linear variable differential transformers were installed to
measure the axial shortening of the specimens.

3. Experimental results and discussions

3.1. General behaviour and failure mode

All specimens demonstrated similar global behaviour. Before cracks
were observed on the concrete surface, specimens exhibited linear elas-
tic behaviour. Minor longitudinal cracks gradually appeared on the con-
crete surface, and these cracks propagated longitudinallywhile the axial
compressive force was increased continuously. Caused by the serious
cracking, concrete cover began to spall when the specimens reached
their ultimate strengths. Post-peak behaviours of the specimens were
massive spalling of the concrete cover, buckling of the longitudinal
bars, and rupturing of the spirals or hoops.

Fig. 6 shows the failure appearance of specimens RC2, SRC2, and SRC3
after removing the spalled concrete cover. As indicated in Fig. 6(a), the
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Fig. 4. Cross section of spirally reinforced composite column, specimen SRC2.
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rectilinear hoop in specimen RC2 ruptured at the hook. The circular spi-
ral of specimen SRC2, having No. 4 circular and star-shaped spirals, rup-
tured as presented in Fig. 6(b); however, the star-shaped spiral was not
damaged. As a result, the star-shaped spiral could still confine the core
concrete and prevent buckling of the longitudinal bars located at the cor-
ner of the column. Specimen SRC3 was designed to have No. 4 circular
spiral and No. 3 star-shaped spiral. Because of the smaller size, the
star-shaped spiral ruptured but the circular spiral was undamaged as
shown in Fig. 6(c). The rupture of the star-shaped spiral led to severe
buckling of the longitudinal bars at the corner of the column, and, conse-
quently, the axial compressive strength of the specimen deteriorated.

Fig. 7 depicts the axial compressive strength versus axial displace-
ment relations of the specimens. The test axial compressive strength
was normalized by dividing the squash strength, Psquash. The squash
strengthwas calculated the same as Po in Eq. (5b) but themeasuredma-
terial strengths tabulated in Table 2were used. The two interlocking spi-
rals could provide confinement to the core concrete and prevent
buckling of the longitudinal bars, and then the confinement resulted
in the increase of the axial compressive strength that can be observed
from Fig. 7. Moreover, the spirally reinforced composite columns
exhibited gentle descending branch at the load–displacement curve.
3.2. Axial compressive strength and ductility

Table 3 tabulates the maximum test axial compressive strengths,
Ptest, and squash strengths, Psquash, for all specimens. Squash strengths
of the columns represent the sum of all the axial compressive strengths
Table 2
Measured strengths of steel materials used in the specimens.

Steel plate
thickness
(mm)

Reinforcing bar

6 9 Deformedwire Deformed bar

No. 3 No. 4 No. 4 No. 8 No. 10 No. 11

Yield strength
(MPa)

421 386 552 525 463 469 452 530

Ultimate strength
(MPa)

571 529 635 601 707 658 705 756
contributed from each structural material, based on the assumption of
strain compatibility. Thus, the increase of the axial compressive
strength due to concrete confinement was not considered. Therefore,
the strength ratio of Ptest to Psquash implied degree of the concrete con-
finement effect. As shown in Table 1, specimens RC1 (two interlocking
spirals) and RC2 (rectilinear hoops) had the same amount of the longi-
tudinal bars; however, specimen RC1 had fewer amount of the trans-
verse reinforcement than specimen RC2. Specimen RC1 attained 9%
higher axial compressive strength than specimen RC2 because of the
great confinement effect provided by the two interlocking spirals.

Specimens SRC1 and SRC4 had lower structural steel ratio (1.63%
and 1.66%, respectively) than other specimens (2.91%). The strength ra-
tios of these two specimens were approximately the same as that of
specimen RC1. Nevertheless, all other composite column specimens
with higher steel ratio attained higher strength ratio than specimen
RC1 that implied the structural steel shape could provide superior con-
finement to the core concrete.

To evaluate the ductility capacity of the specimens, a ductility index
was defined as the ratio of the post-peak displacement corresponding to
70% of the peak load, δ0:7Pu , to the displacement corresponding to the
peak load, δPu . The larger the ductility index, the better seismic perfor-
mance of the column. As presented in Table 3, spirally reinforced con-
crete column (specimen RC1) had better ductility capacity than
rectilinearly tied reinforced concrete column (specimen RC2). Further-
more, because the structural steel shape enhanced the confinement
for the core concrete, spirally reinforced composite columns, specimens
SRC1 ~ SRC6 having ductility indices ranging from 5.03 to 8.67, attained
much better ductility capacity than reinforced concrete columns, speci-
mens RC1 and RC2 having ductility indices of 4.08 and 3.73, respective-
ly. Cyclic behaviour is one of the most important issues while the
columns are subjected to seismic load. The future research is needed
to investigate seismic performance of the composite columns with
two interlocking spirals.

3.3. Effect of the transverse reinforcement

Since the circular and star-shaped spirals are interlocking, the circu-
lar spiral has a crosstie-like effect over the star-shaped spiral through
the use of the longitudinal bars. When the specimens were subjected
to the axial compression, the circular spiral not only confined the con-
crete but also suppressed the lateral deformation of the star-shaped
spiral. The circular spiral functioned as a crosstie to improve the
performance of the star-shaped spiral. The two interlocking spirals



Max. force 58800 kN
Max. displacement 500 mm

Max. stroke rate 0.58 mm/sec

Strong
Frame

58800 kN
Hydraulic Jack

Test Specimen

Fig. 5. The 58,800 kN test machine and the test setup.
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simultaneously confined the core concrete and prevented the prema-
ture buckling of the corner longitudinal bars. Therefore, the two inter-
locking spirals increased the axial compressive strength and the ductility
of the columns.

Table 1 tabulates also the weights of the transverse reinforcement
per unit length of the column used in the specimens. Spirally reinforced
concrete specimen RC1 used less transverse reinforcement than recti-
linearly tied reinforced concrete specimen RC2, but specimen RC1 de-
veloped better strength ratio and ductility capacity than specimen
RC2. All composite specimens used less transverse reinforcement than
RC columns. However, the spirally reinforced composite columns
not only exhibited adequate strength and ductility performance but
also confirmed satisfactory economic benefit, especially for specimens
SRC5 and SRC6.
(a) Specimen RC2 (b) Specimen 

Ruptured circRuptured rectilinear hoop

Fig. 6. Failure appearance of specimens afte
4. Analytical prediction

4.1. Analytical modeling

An analytical approach was conducted to predict the axial compres-
sive strength and load–displacement behaviour of the specimens. The
cross section of a composite column can be divided into several areas
as shown in Fig. 8. The confined concrete in a composite column is dif-
ferent from that in a reinforced concrete column. The concrete in com-
posite column was assumed to be categorized into four different
areas: (1) a highly confined area that concrete confined simultaneously
by the structural steel, circular spiral, and star-shaped spiral; (2) a dou-
bly confined area that concrete confined by the circular and star-shaped
spirals; (3) a singly confined area that concrete confined by either the
SRC2 (c) Specimen SRC3

Ruptured star-shaped spiralular spiral

r removing the spalled concrete cover.
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Table 3
Experimental results.

Specimen Axial strength Strength
ratio

Axial
displacement

Ductility
index

Ptest
(kN)

Psquash
(kN)

Ptest
Psquash

δPu

(mm)
δ0:7Pu

(mm)

δ0:7Pu
δPu

SRC1 15,559 14,865 1.05 3.18 21.61 6.80
SRC2 17,913 16,316 1.10 3.58 24.63 6.88
SRC3 18,139 16,316 1.11 5.54 27.84 5.03
SRC4 15,323 14,805 1.04 4.51 30.69 6.80
SRC5 18,541 16,496 1.12 3.47 30.07 8.67
SRC6 18,639 16,496 1.13 4.62 25.93 5.61
RC1 17,501 16,700 1.05 5.22 21.31 4.08
RC2 16,108 16,700 0.96 5.88 21.91 3.73
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circular spiral or star-shaped spiral; and (4) an unconfined area that
concrete located outside the transverse reinforcement. In accordance
with the stress–strain models of the different materials, the analytical
axial compressive strength and load–displacement curve were calculat-
ed by summing the strengths contributed from each material. The
stress–strain relations of variousmaterials used in the spirally reinforced
composite columns are briefly presented herein.
(
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(a) Box section structural steel

Fig. 8. Concrete confinement area
Awidely accepted stress–strainmodel proposed byMander et al. [5]
wasused to establish the stress–strain relations of the confined concrete
as follows.

f c ¼
f ′ccxr

r−1þ xr
ð6aÞ

with

x ¼ εc
εcc

ð6bÞ

r ¼ Ec
Ec−E sec

ð6cÞ
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εcc ¼ εco 1þ 5
f ′cc
f ′co

−1

 !" #
ð6fÞ

where f ′cc and εcc are the maximum compressive stress and the corre-
sponding strain of the confined concrete, respectively; Ec is the tangent
modulus of elasticity of the concrete; Esec is the secant modulus of the
confined concrete at peak stress; f ′co and εco are the unconfined concrete
compressive strength and the corresponding strain, respectively; f ′l is
the effective lateral confining stress; and K is the confinement factor
for confined concrete.

The stress–strain relations modeled for the longitudinal bar were as-
sumed that the longitudinal bar would buckle when the concrete cover
spalled. Therefore,when the axial compressive strain exceeded the strain
εco, corresponding to the unconfined concrete compressive strength f ′co,
the strength of the longitudinal bar gradually dropped to 40% of its
yield strength and maintained constant after the axial strain reached
ten times of the strain εco, as shown in Fig. 9(a). The ten times of the
strain εco was assumed based on that the axial compressive strength of
the double-spirally reinforced composite specimens was characterized
by a slow decrease at the descending branch of the load–displacement
curve as shown in the experiments.

The embedded structural steel effectively confined by the core con-
crete because the core concrete remained undamaged until the end of
the experiment. As a result, the local buckling of the structural steel
did not occur; thus, a linearly elastic-perfectly plastic stress–strain
curve without any strength degradation was adopted for the structural
steel, as shown in Fig. 9(b).

4.2. Analytical results

The concrete confinement factor K is mainly affected by the effective
lateral confining stress f ′l. At the highly confined concrete area, the later-
al confining stress was enhanced by the structural steel section in addi-
tion to the transverse reinforcement. Elements of the structural steel
section were considered to calculate the confining stress. Different con-
finement factorswere determined based on the category of the confined
concrete via Eq. (6e) suggested by Mander et al.

Table 4 tabulates the calculated confinement factors Ks, Kd and Kh for
singly, doubly and highly confined concrete, respectively. The confine-
ment factor Ks for singly confined concrete is highly affected by the
spacing of either the circular or star-shaped spiral, and the distribution
of the longitudinal bars. Next, the confinement factor Kd for doubly con-
fined concrete is influenced by both the circular and star-shaped spirals
in addition to the longitudinal bars. The confinement factor Kh for highly
confined concrete is greatly dependent on the structural steel section.
As a result, the confinement factor Kh is the greatest among the confine-
ment factors while the confinement factor Ks is the smallest one,
as evidenced in Table 4. Moreover, the confinement factors Kh of speci-
mens SRC1 and SRC4, with smaller structural steel section than other
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Fig. 10. Compressive stress–strain curve of confined concrete based on different confine-
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composite specimens, are considerably lower than those of other
specimens.

Calculated according to the equations mentioned before, the com-
pressive stress–strain curves for various confined concrete are illustrat-
ed in Fig. 10. The confinement factors mainly influenced the ultimate
strength and post-peak behaviour of the confined concrete.

On the basis of strain compatibility, the load–displacement curves
for the specimens were calculated at a given axial compressive strain
ε. The analytic compressive strength Panalysis was determined as follows.

Panalysis ¼ f sAs þ f rAr þ f ucAuc þ f sc;circularAsc;circular þ f sc;starAsc;star

þ f dcAdc þ f hcAhc ð15Þ

where the definitions for the areas are shown in Table 4; and the vari-
ables of f are the stresses corresponding to the areas.

Fig. 11 illustrates the analytical and experimental load-strain
curves of specimens SRC2 and SRC5. A good agreement between
the analytical and experimental load-strain relationships is obtained
at both pre-peak and post-peak behaviour. Table 4 summarizes the
maximum axial compressive strengths of the experiments and
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Fig. 11. Analytical and experimental load-str
analyses for all the specimens. The analytical predictions are very
close to the experimental results. The ratios of the experimental to
analytical strength, Ptest/Panalysis, range from 0.961 to 1.061. The aver-
age ratio is 1.003 and the coefficient of variation is 0.036. Moreover, the
analytical approach is more accurate to predict the maximum test
strengths than the calculated squash strengths because the squash
strengths did not take into account the confinement effect of the core
concrete.
5. Conclusions

Six full-scale composite columns and two reinforced concrete col-
umns were tested under axial compression. An analytical approach
was developed to predict axial compressive strengths and behaviour
of the specimens. Based on the experimental and analytical results,
the following conclusions can be drawn.

1. The experimental results revealed that the spirally reinforced con-
crete column achieved better load-carrying capacity and behaviour
than the rectilinearly tied reinforced concrete column, although the
amount of the spirals was less than that of the rectilinear hoops.

2. Compared to the spirally reinforced concrete column, the spirally
reinforced composite columns demonstrated excellent axial strength
and ductility performance attributed to the confinement resulting
from structural steel.

3. The spirally reinforced composite columns with larger structural
steel resulted in higher axial strength ratio because the structural
steel provided superior confinement to the core concrete.

4. In general, experimental results have demonstrated the advantages
in strength and ductility improvement as well as economic benefit
increment in applying the two interlocking spirals to square compos-
ite columns.

5. The analytical results exhibited that the analytical model can accu-
rately predict not only the axial compressive strength but also the
load–displacement relations of the spirally confined composite
columns.
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