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Abstract

This article presents experimental and numerical studies on the axial compres-
sive behavior of square concrete-encased concrete-filled steel tubular
(CECFST) short columns composed of a circular inner steel tube. Tests on six
full-scale short CECFST columns with the inner circular tube diameter varying
from 320 to 500 mm were carried out to study the influences of sectional diam-
eter and the tube thickness of circular CFST columns on their axial perfor-
mance. A theoretical model is developed using fiber analysis method and
validated against a large test database. The accuracy of various codified design
models is evaluated and a simple model is proposed to calculate their ultimate
strengths. Test results show that CECFST columns have improved load carry-
ing capacity and can sustain large axial loads without significant strength deg-
radation. In addition, increasing the thickness of the steel tube significantly
improves the composite action of the steel and concrete of the inner CFST col-
umn, which increases the compressive strength of CECFST columns by 27.3%.
However, the rate of increase in the compressive strength of the core concrete
of the CFST column has been found to be higher for the column with a smaller
local slenderness ratio. The ductility of CECFST columns is influenced by the
concrete strength and the spacing of the stirrups. Furthermore, the design
model suggested in this study can provide a better estimation than the codified

design models.
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1 | INTRODUCTION

Concrete-filled steel tubular (CFST) columns offer
improved strength, ductility, fire and seismic performance
compared with traditional reinforced concrete columns;
therefore are widely used in tall building structures, bridge
piers and other composite constructions.'” The steel tube
acts as formwork during the construction and provides
confinement to the core concrete.” However, the outer
tube of CFST columns can be exposed to a harsh environ-
ment particularly in the marine environment which may
cause significant corrosion to CFST columns, thus may
affect their mechanical performance. A square concrete-
encased concrete-filled steel tubular (CECFST) column as
illustrated in Figure 1 is constructed by placing a circular
steel tube into a square reinforced concrete column. Such
composite columns were employed previously in compos-
ite tall buildings and bridges, such as in Huanggang Cen-
tury Center and Lvjing Jiyuan building in Shenzhen.® The
concrete encasement significantly improves the fire resis-
tance, ease of connection to the beams, and the durability
of CECFST columns in a corrosive environment when
compared with concrete-filled steel tubular (CFST) col-
umns.’ Moreover, the presence of the inner steel tube
markedly improves the ductility and strength performance
of CECFST columns when compared with reinforced con-
crete columns. Despite their advantages over CFST col-
umns and reinforced concrete columns, experimental and
computational investigations into the behavior of CECFST
columns with large diameter steel tubes have been rela-
tively limited. Based on the literature, the maximum diam-
eter of the inner tubes in the tested CECFST columns was
219 mm. However, CECFST columns with a large diame-
ter of the inner tube are often used to carry heavy axial
loads in composite construction. Therefore, further tests
on short CFCFST columns with a large-diameter inner
tube should be carried out and accurate and robust com-
putational and design methods for such composite col-
umns should be developed accordingly.

'\\Longitu(l inal
bars
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FIGURE 1 Cross-section of a CECFST column
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A significant amount of research has been performed
on conventional CFST columns to investigate the influ-
ences of different parameters on their performance under
different loading conditions.'®*” Previous studies show
that circular tube provides more uniform confinement to
the core concrete compared with rectangular section.*
However, due to the ease of the connection to the beams,
rectangular CFST columns are widely adopted in com-
posite construction.”>*! Considering this researchers also
investigated various cross-sections of CFST columns such
as elliptical section,”*** hexagonal section,>** round-
ended CFST columns,?* and octagonal section.>*® In
combining the advantages of circular CFST columns and
square outer sections, square CECFST columns were sub-
sequently proposed. Investigations on the responses of
CECFST short columns to axial compression were then
performed by Chen,*” Kang,*® Liu,*® Nie et al.,*® and Liu
et al.*! Chen®” examined the influences of the tube thick-
ness on the axial behavior of short CECFST columns
made of high-strength concrete. Test study showed that
the peak loads of the specimens can be increased for the
increase of the thickness of the tube. The maximum
diameter of the inner tube in the tested columns was
133 mm. The significance of the diameter of the internal
steel tube as well as the concrete strength on the axial per-
formance of CECFST columns with the internal diameter
of the steel varying from 140 to 180 mm was examined by
Liu et al.** The peak compressive loads of the tested col-
umns were found to be improved for the increase in the
strength of concrete or the diameter of the steel tube. Fur-
thermore, Ji et al.** and Han et al.*® studied the cyclic
behavior of CECFST columns. They reported that the
bending capacities of tested CECFST columns were signifi-
cantly higher than those of traditional reinforced concrete
columns. Recently, Ma et al.** tested CECFST stub col-
umns subjected to biaxial loading. The ductility of the
tested columns was affected by the loading eccentricity
and end moment ratio. Zhou and Han*’ also performed a
test to investigate the fire performance of the joints
between the reinforced concrete beam and CECFST col-
umns. The failure of the test specimens was similar to the
beam failure and no fire-induced spalling could be
observed in the outer RC component due to the utilization
of lower strength concrete. The inner tube also protected
the spalling of the high-strength core concrete.

The behavior of CECFST short columns loaded eccen-
trically to failure was ascertained by Guo et al.***” and
An et al.*® experimentally. It was reported that the ductil-
ity and ultimate strength of CECFST columns were mark-
edly reduced by increasing the eccentricity ratio. The
numerical models of finite element (FE) were created by
Han and An’ and An and Han*’ using ABAQUS to inves-
tigate the responses of CECFST columns loaded either
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axially or eccentrically. Good agreement between the test
and numerical results can be observed. However, the
development of such an FE model is tedious, time-con-
suming, and often confronts the problem associated with
convergence issues. Therefore, the fiber-based numerical
model is widely used nowadays as an economical and
computationally advanced scheme compared with the tra-
ditional FE model to investigate composite structures.”®>°
This article presents an experimental program carried
out to study the structural responses of full-scale square
CECFST short columns loaded axially and developed a
theoretical model based on the fiber analysis for the per-
formance prediction of CECFST columns. The experi-
mental program is described first. This is followed by the
formulation and validation of the fiber-based theoretical
model. A parametric study on the responses of CECFST
columns using the computer modeling program written
is then given. The accuracy of various codified design
methods and the proposed design equation for designing
square CECFST short columns are examined. Finally,
conclusions drawn from this research are summarized.

2 | RESEARCH SIGNIFICANCE

The literature review shows that investigations on
CECFST columns with large diameters are missing and a
fiber-analysis technique has not been developed for deter-
mining the performance of CECFST columns. Further-
more, there are no design guidelines available for
designing such a column in the existing design codes
Eurocode 4,”” ACI 318-14,” and AIJ.>® However, CECS
188-2019% provides design guidelines for CECFST col-
umns. The applicability of existing design codes for
reinforced concrete and CFST columns to CECFST col-
umns has not been investigated. Thus, this study fills these
knowledge gaps by testing large-diameter short CFCFST
columns with a maximum outer cross-section of
600 x 600 mm. The diameter of the inner circular tube
varied from 320 to 500 mm which exceeded the maximum
diameter of the inner circular tube of existing CECFST col-
umns reported in the literature. The accuracy of the design
specifications in various design codes is evaluated and a
more accurate design model is proposed in this study.

3 | EXPERIMENTAL PROGRAM

3.1 | Testspecimens

A total of six square large-scale CECFST stub columns
with different cross-sectional sizes and material proper-
ties was tested under axial compression. The cross-
section of a CECFST column is illustrated in Figure 1, in

which B denotes the cross-sectional width of the column;
D stands for the diameter of the inner steel tube and ¢ is
its thickness. According to the section size of the column,
the column specimens were grouped into three groups,
namely G1, G2, and G3. Each group consisted of two
specimens, and the variation parameter was the tube
thickness. In the selection of the diameter and thickness
of the inner circular tube, the slenderness limits of the
steel tube specified by Eurocode 4,>’ AS 5100,°" ACI
318-19,°® and AISC 360-16° were considered. Eurocode

4°" specifies a local slenderness limit %(%ys) <90 while

AS 5100,°" ACI 318-19,”® and AISC 360-16°* specify the

local slenderness limit of the outer tube of the CFST col-
umn as %(g—;s) <82, ?\/];Zzs V8, and ’%(%) <0.31,

respectively. Furthermore, the maximum concrete com-
pressive strength specified by Eurocode 4,”” AS 5100,%
ACI 318-19,”® and AISC 360-16°% was as 20-50 MPa, 25-
65MPa, >17.2 MPa, and 21-70 MPa, respectively. Fur-
thermore, to suppress the overall buckling, the height (L)
of all column specimens was chosen to be three times the
width (B) of their cross-sections. Based on the aforemen-
tioned design specifications and markedly available steel
plates, preliminary theoretical analysis was undertaken
to calculate the theoretical ultimate strengths of CECFST
tested columns to ensure that all specimens are within
the limits of maximum height and loading capacity of the
testing machine available.

The material properties, and geometric and reinforce-
ment details of the column specimens are provided in
Table 1, where f. represents the cube compressive
strength of the concrete outside the inner tube; f; is the
cube strength of the core concrete filled in the inner tube;
s is the spacing of stirrups; @; and @, are the diameters
of the longitudinal reinforcement and stirrups,
respectively.

The formworks of CECFST columns are shown in
Figure 2. In preparing the specimens, the steel plates
with different thicknesses were first rolled and welded to
form the inner circular steel tubes as illustrated in
Figure 2a. The longitudinal reinforcing bars and stirrups
were then placed outside the tube; the formwork was
erected, and finally, the concrete was poured. As dis-
cussed by Zhou and Han,* to achieve improved seismic
performance, the load-carrying capacity of the inner
CFST column is usually designed to be higher than that
of the outer RC columns. This can be achieved by using
higher-strength concrete for the core section than that of
the concrete for the RC component. Similarly, in this
study, the strength of concrete for the inner tube was
designed to be higher than the outer concrete. Conse-
quently, the steel tube was filled with concrete first, and
then concrete with a different mix was used to fill the
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TABLE 1 Details of the tested specimens
L BxB Dxt Lo fu Longitudinal Ultimate load
Group Specimen (mm) (mm) (mm) (MPa) (MPa) bar Stirrup Py et (KN)
Gl CEC1-1 1200 400 x 400 320 X 6 35.6 47.2 12012 8@150 7437
CEC1-2 1200 400 x 400 320 x 10 35.6 47.2 12012 8@150 9468
G2 CEC2-1 1500 500 x 500 400 x 8 35.6 47.2 12016 8@120 12,578
CEC2-2 1500 500 x 500 400 x 12 35.6 47.2 12016 8@120 15,021
G3 CEC3-1 1800 600 x 600 500 x 10 35.6 47.2 12918 10@200 18,318
CEC3-2 1800 600 x 600 500 x 16 35.6 47.2 12018 10@200 22,880
FIGURE 2 Fabrication of

CECFST column specimens:
(a) fabrication of steel tubes,
(b) reinforcement, and

(c) casting concrete

=== 320(500)x10
=+ -400x12
500x16
0 -+ ; ; ; ; ; ; ;
0 005 01 015 02 025 03 035 04
Strain e
(a)

FIGURE 3

space between the formwork and the steel tube. To pre-
vent the failure of specimen ends, both ends of each spec-
imen were embedded with steel mesh.

3.2 | Material properties

To obtain the material properties of steel tubes, three
standard tensile coupons were cut from each steel tube.
Tensile tests were undertaken according to Chinese stan-
dard GB/T 228.1-2010.°% Similarly, the properties of rein-
forcements were determined by means of conducting
tensile tests on longitudinal bars and stirrups. The

800
700
600
o 500
2 400 Stirrup-8
4 ] —— Stirrup-
g0 Stirrup-10
@ 200 - --- Longitudinal bar-12
100 — = Longitudinal bar-16
0 1 Longitudinal bar-18
0 005 01 015 02 025 03 035
Strain ¢
(b)

Measured stress-strain curves of tensile coupon specimens: (a) steel tubes, and (b) longitudinal bar and stirrups

measured stress-strain relationships of typical tensile
coupons are shown in Figure 3. Table 2 presents the mea-
sured mechanical properties of steel materials, including
yield strength f, modulus of elasticity E,, tensile
strength f, and ultimate tensile strain ¢,, expressed as
the average value + SD of three test coupons.Ready-
mixed concrete was used to construct all column speci-
mens. To measure the strength of unconfined concrete,
three concrete cubes (150 x 150 x 150 mm) were made
for each concrete grade. Compressive tests were carried
out on concrete cubes at least 28 days after casting to
determine their compressive strengths (f.,) in accordance
with Chinese standards GB/T 50081-2019.°* The average
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Mﬁb CIET AL.
TABLE 2 Material properties of steel tubes obtained from tensile coupon tests
Steel type No. Geometry dimension of steel Sy (MPa) E; (GPa) f. (MPa) €u
Steel tube 1 320 X 6 358.7 + 3.7 193.2 + 6.6 4919 + 2.4 0.13 + 0.03
D x t (mm) 2 400 x 8 308.3 + 4.2 2042 + 2.1 4211+18 0.21 +0.11
3 320 x 10 346.7 + 2.2 2004 + 0.9 470.0 + 1.5 0.21 + 0.04
4 500 x 10 346.7 £ 2.2 2004 +£ 0.9 4700 + 1.5 0.21 + 0.04
5 400 x 12 3715+ 2.1 2024 + 1.1 506.4 + 3.4 0.16 + 0.09
6 500 x 16 380.4 + 3.9 2035+ 24 567.8 + 1.6 0.15+0.19
Steel bar 7 Stirrup- ®8 483.7 + 7.1 196.1 + 9.2 701.7 + 2.1 0.15 + 0.09
8 Stirrup- ®10 4347 +1.2 198.4 + 2.9 663.7 + 3.3 0.25 + 0.03
9 Longitudinal bar- ®12 432.0 + 3.0 2025+ 1.4 599.1 +4.1 0.14 + 0.09
10 Longitudinal bar- ®16 4701+ 1.7 200.3 £ 1.7 642.2 + 1.5 0.16 + 0.04
11 Longitudinal bar- ®18 442.7 + 3.4 198.2 + 3.1 627.7 + 3.1 0.19 + 0.12

compressive strength of the concrete used to fill the steel
tube and outside the steel tube was measured as 35.6 and
47.2 MPa, respectively.

3.3 | Test setup and instrumentations

All column specimens were tested under compression
using the 112,000 kN large-scale multifunctional struc-
ture testing system in the Key Laboratory of Beijing
University of Technology, China. The test set-up of the
column specimen and instruments are shown in
Figure 4. The load was directly applied to the column
specimen by the downward movement of the loading
ram at the upper end of the column specimen, which
was pulled by the four electro-hydraulic servo loading
systems of the loading machine. Four 600 mm range
precise draw-wire displacement sensors were installed
between the base plate and the loading plate to mea-
sure the end shortening of the specimen under axial
loading.

To measure the strain distribution in the compo-
nents of a column specimen, strain gauges were
attached to each component at different positions (steel
tube, longitudinal bar, stirrup, outer concrete, and
acrylic rod) at the mid-height cross-section. The num-
bers and locations of strain gauges and displacement
sensors are schematically illustrated in Figure 5. To
distinguish the location of strain gauges, each strain
gauge was numbered. Take ‘TZ' as an example: (I) ‘T’
indicates that the strain gauge was pasted on the outer
surface of the steel tube (‘L": ‘longitudinal reinforce-
ment’, ‘A" ‘acrylic rod’, ‘P: ‘stirrup’ and ‘C: ‘con-
crete’); (II) ‘Z' represents the longitudinal strain
measured in the column height direction (‘H":

horizontal direction). To measure the strain inside the
concrete, the strain gauge was pasted on a 4 x 4 mm
acrylic rod and fixed at the mid-length of the column
along the length direction through the metal wire. To
increase the adhesion with the concrete, sandpaper
was used to grind the rod on each side of the bar and
cut the groove.

The loading method specified in Chinese standard
GB/T 50152-2012°° was adopted in this test. To ensure
that the uniform compression was applied to the end of
the column specimen, both ends of the column speci-
men were smoothed with high-strength gypsum, and
the load-displacement double control method was
adopted for loading. The column specimen was
preloaded to 5% of its estimated ultimate strength to
ensure the correctness of the connection of instruments

1 ‘ A4,
Displacﬁ:‘l@t g

sen:

e

(@ (b)

FIGURE 4 Test setup of the column specimen
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I Strain gauges in
horizontal direction
Strain gauges in
Cz == gaug
® ® — vertical direction
® Draw-wire
displacement sensor
FIGURE 5 Arrangement of strain gauges and displacement

sensors in the column specimen

FIGURE 6
tested column specimens:

(a) Group 1, (b) Group 2, and
(c) Group 3

Failure modes of

@
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CEB-FIP

and the accuracy of data collections. This also elimi-
nated any possible gap between the specimen and the
loading plate and any possible initial bending effect of
the specimens. Each column was initially tested under
the force control method with a loading rate of 6-17
kN/s. When the applied load reached 80 ~ 90% of the
estimated ultimate strength of the column, the displace-
ment control method was used, which ensured that the
complete axial load-strain curve of the column was
obtained. According to the size of the specimen, the dis-
placement loading rate was slightly different. When the
axial load decreased to 60% of the column ultimate load
or the concrete spalled or crushed, it was assumed that
the specimen failed.

A - AER
14 S L
:? be { (ﬂ-i 1 I
i [N
‘.‘ -“1
CECl1-2 CEC2-1
(b)
P G
(O fy ‘ :
CEC3-2

(©
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4 | TEST RESULTS AND
DISCUSSIONS

41 | Failure modes

Figure 6 presents the failure modes of all column speci-
mens. It can be seen that all specimens generally failed
by the crushing of the concrete outside the steel tube
with obvious deformations of stirrups and longitudinal
bars in the vicinity of the crushed concrete. However,
slight differences between the failure modes of three
groups of specimens with different sizes were discovered.
The failure pattern of the first group of specimens was
mainly the cracking and spalling of the concrete outside
the steel tube in the middle and upper parts of the col-
umn. The failure of the second group of specimens was
characterized by the oblique cracks of the cover concrete
at both ends of the column, which extended to the mid-
dle of the column where the cover concrete bulged and
fell off. The third group of specimens failed by the
crushing of the concrete located outside the steel tube at
the upper end of the column. It was observed that the
inner CFST columns of the tested specimens did not fail,
which reflects the excellent capacity of CECFST columns.

4.2 | The ultimate strengths of stub
columns

The experimentally measured load-axial strain curves of
the tested column specimens are presented in Figure 7,
where the strain was calculated as the ratio of the end

shortening (§) to the column length (L). At the initial
stage of loading, the axial load-strain curves of all speci-
mens were straight lines, which indicate that all parts of
the specimen remained elastic at this stage. When the
axial load reached 75-90% of the column ultimate load,
the slope of the curve began to decrease, and the speci-
men entered the elastic-plastic stage. At this stage, the
concrete outside the steel tube cracked. It is worth noting
that before the ultimate load was reached, no obvious
failure occurred in all specimens. The spalling of the
cover concrete occurred after the ultimate loads of the
columns have attained. In the later stage of loading,
although the concrete located outside the steel tube was
seriously crushed, all the specimens showed excellent
residual strengths, which were about 85 ~ 95% of their
peak loads. This indicates that CECFST columns have
good ductility. The utilization of the CFST column was
found to increase the ultimate strength of the CECFST
column, as shown in Table 3. It should be noted that in
the superposition method, the concrete cube strengths
were converted to the cylindrical strengths using the fol-
lowing formula proposed by L'Hermite®® and the strength
of cover concrete was reduced by a strength reduction
factor of 0.85 to consider the column size effects, as
suggested by ACI 316-19.°® The increase in the ultimate
strength calculated varied from 6% to 12%. However, the
insignificant increase in the ultimate load of Column
CECI1-1 was caused by the fact that the concrete strength
as the average concrete cylindrical strength was used to
calculate the ultimate loads of the columns.

The measured ultimate loads of the specimens are
listed in Table 1. From Table 1 and Figure 7, it can be

10500 18000
9000 T 000
Z 7500 Z
< 60004 7 ijzooo 1
g 4500- g 20007
= 3000 - 2 6000
E] . =
1500 CECI-1} .2 3090 — CEC2-1
< 0 | | | — C‘P:CI'Z < +r— 0o CEC2-2
T T T T
0 0.005 0.01 0.015 0.02 0.025 0.03 0 0.005 0.01 0.015 0.02 0.025 0.03
Axial strain ea Axial strain eq
(a) (b)
24000 ......................
20000
V4
= 16000
A
= 12000
]
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TABLE 3 Improvement of the compressive strength of core concrete of CECFST columns
Lo fa Ultimate load Superposition Increase in the ultimate
Group Specimen (MPa) (MPa) P, (kN) load (kN) strength (kN) Loclfe
Gl CEC1-1 35.6 47.2 7437 7341 96 1.03
CEC1-2 35.6 47.2 9468 8445 1023 1.37
G2 CEC2-1 35.6 47.2 12,578 11,444 1134 1.25
CEC2-2 35.6 47.2 15,021 13,662 1359 1.31
G3 CEC3-1 35.6 47.2 18,318 17,202 1116 1.16
CEC3-2 35.6 47.2 22,880 20,849 2031 1.30
FIGURE 8 Measured 9000
. . 9000
axial load versus axial and = 7500 - o
i Z Z 7500
hoop strain curves of tested = 6000 =
| . . 2 26000 -
column specimens: g 4500 - -§ 4500
(a) specimen CEC1-1, = =
; = 3000 - 3000
(b) specimen CEC1-2, % %
_ < 1500 < 1500
(c) specimen CEC2-1,
(d) specimen CEC2-2, 0 0
. 20000 -16000 -12000 -8000 -4000 0 4000 -20000 -16000 -12000 -8000 -4000 0 4000
() specimen CEC3-1, and (f) Strain e(x107-6) Strain e(x104-6)
specimen CEC3-2
(a) (b)
14000 18000
~12000 - 15000
floooo ] flzooo .
= 8000 -
= S 9000
= 6000 S
= Az = 60001 —AZ Tz
= 40007y = --cz - -TH
2000 N.ea 30007 Neea
0 T T T T T 0 T T
-20000 -16000 -12000 -8000 -4000 0 4000 20000 -16000 -12000 -8000 -4000 0 4000
Strain £(x107-6) Strain e(x107-6)
(c) (d)
20000
216000 il
< \ih
12000 i E
E \ ] 1
= 8000 I\ it
£ | TZ - LZ -~ CZ g} g 4
< 40004 e N e < 5000~ €2 - - TH—-PH \
{ — - N-ea ¢
0 T T T T T 0 T T T T T
20000 -16000 -12000 -8000 -4000 0 4000 20000 -16000 -12000 -8000 -4000 0 4000
Strain £(x107-6) Strain £(x107-6)
(e) ®

seen that the steel tube thickness has a great impact on
the performance of CECFST columns. For Group G1, the
thickness of steel tubes was increased from 6 to 10 mm
which resulted in an increase in the column ultimate
strength by 27.3%. Similarly, for Groups G2 and G3, the
increase in the ultimate strengths due to an increase in
the tube thickness was determined as 19.2% and 24.9%,
respectively. Increasing the thickness of the steel tube

increases the steel area, thus increasing the lateral pres-
sure to the confined concrete. Therefore, the peak com-
pressive loads of such columns can be improved by
increasing the steel ratio of the columns. The effect of the
thickness of the steel tube on the compressive strength of
core concrete was investigated and calculated using the
superposition method. From Table 3, it is seen that
increasing the thickness of the steel tube increased the
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compressive strength of core concrete of CECFST col-
umns. However, the rate of increase was found to be
higher for the column with a smaller section slenderness
ratio. The local slenderness ratios for Columns CEC1-1,
CEC2-1, and CEC3-1 were calculated as 81, 66, and
74, respectively according to Eurocode 4, whereas the
local slenderness ratios for Columns CEC1-2, CEC2-2,
and CEC3-2 were calculated as 47, 53, and 51, respec-
tively. The increase in the compressive strength of the
core concrete of Columns CEC1-2, CEC2-2 and CEC3-2
was calculated as 32%, 5%, and 12% higher than the
compressive strength of the core concrete of Columns
CEC1-1, CEC2-1, and CEC3-1, respectively. It should be
noted that due to the insignificant increase in the ulti-
mate load of Column CEC1-1 calculated according to
the superposition method discussed earlier, the rate of
increase in the compressive strength of the core concrete
of Column CEC1-2 may be overestimated compared
with that of the Column CEC1-1.

4.3 | Strain distributions

The variations of strain in different parts of the tested
specimens against the axial load are demonstrated in
Figure 8. The negative side represents the axial load-
longitudinal strain relationships, while the positive side
shows the axial load-hoop strain relationships. Since
some of the strain gauges were damaged by the large
deformation and concrete crushing in the inelastic range,
only recorded strains by strain gauges before damaging
are presented in Figure 8. Due to the failure of the strain
gauge on the acrylic bar in specimen CEC2-1, it is not
shown in the figure. By analyzing the load-strain curves,
it can be found that at the elastic stage, with increasing
the load, the longitudinal strain and hoop strain show a
linear increasing trend. The strains of steel tube, con-
crete, longitudinal bar, and stirrup are all small before
the peak load, which indicates that these parts have just
started or have not entered the inelastic stage. However,
upon reaching the ultimate load, the strain increased
remarkably owing to the rapid expansion of outer
concrete.

5 | THEORETICAL MODEL

51 | General

A theoretical model employing the fiber analysis tech-
nique is developed to simulate the nonlinear performance
of CECFST columns loaded axially. Such a numerical
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FIGURE 9 Typical fiber discretization of the cross-section of a
CECFST column

scheme has computational efficiency when compared with
traditional finite element software.’>®’~® The composite
section of a CECFST column is divided into fibers with
small areas as illustrated in Figure 9. The axial stress of
each fiber is computed from its corresponding axial strain
by employing the uniaxial stress-strain relationships of
materials. The axial load is calculated as the stress resul-
tant over the entire cross-section.

5.2 | Constitutive laws of structural steel
and reinforcement

The stress-strain relationships of structural steel adopted
for the steel tube are illustrated in Figure 10a. The mate-
rial model considers the influence of biaxial stresses on
the steel tube due to the effective confinement effects by
reducing the yield stress by a factor of 0.9. The expres-
sions suggested by Liang™® are used to calculate the
stresses from 0.9 &y (e5y denotes the yield strain) to the
strain ey at the onset of strain-hardening, which is speci-
fied as 0.005. The formulas given by Mander® are
adopted to the stresses from ¢ to the ultimate strain eg,
which is prescribed as 0.2.

Longitudinal reinforcing bars in a CECFST short col-
umn loaded concentrically may buckle after the cover
concrete has crushed as depicted in Figure 6. The buck-
ling of longitudinal reinforcements considerably reduces
the strength of CECFST columns so that it must be
included in the nonlinear simulation of such composite
columns. Longitudinal reinforcing bars are tied by trans-
verse stirrups with a small spacing, which usually pre-
vent them from elastic buckling. Therefore, only inelastic
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FIGURE 11 Idealized stress—strain curves for concrete: (a) core concrete and (b) unconfined and stirrup confined concrete

buckling of longitudinal reinforcements is incorporated in
the present numerical model by means of modifying the
stress-strain model of rebars in compression. The stress—
strain relationships for longitudinal rebars in axial com-
pression shown in Figure 10b account for the inelastic
buckling of rebars with a length taken as the spacing of
stirrups. The model assumes that the longitudinal rebar
starts undergoing inelastic buckling once the cover con-
crete is crushed and its strength linearly reduces to 20% of
its yield strength from the concrete strain &, to 2.5¢,, and
thereafter remains constant as illustrated in Figure 10b.”

5.3 | Constitutive laws of concrete

The concrete in a CECFST column is divided into the
core concrete that is confined by the steel tube, stirrup
confined concrete, and unconfined cover concrete. The

following sections present the stress-strain relationships
of concrete used for different regions.

5.3.1 | Stress-strain relationships for the
core concrete

Figure 1la illustrates the stress—strain relationships of
the core concrete that is confined by the circular steel
tube. The ascending part is described by the equation

suggested by Mander et al.”" as follows:
o f’cc (EC/S,CC)A’
Ce=—— T (1)
A+ (sc/ecc) -1
hm ot (2)

B glcc - (f,cc/EC)
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where o, and ¢, are the longitudinal stress and strain,
respectively; E. denotes Young's modulus of concrete
estimated by E. =4400 <ny'€) ~, in which y, stands for the
strength reduction factor considering the size effect pro-
vided by Liang and Fragomeni’* for the filled concrete con-
fined by a circular steel tube; f, CC is the compressive strength
of confined concrete; €, refers to the strain at f /cc.

The maximum strength and its strain of confined con-
crete are expressed by the following equations of Mander
et al.>>

, 411\
fcc=<1+ i")m 3)
, 20.5,,

=(1 e 4
)

where f,, represents the lateral stress provided by the cir-
cular steel tube to the core concrete; ¢, is the strain at
yaf’c and is given by De Nicolo et al.”* as

£, = \/ [0.626(y.f,) —4.33] x 1077 +0.00076  (5)

The lateral pressure model for concrete in circular CFST
columns developed by Liang and Fragomeni’” is used to
estimate f,, on the core concrete in CECFST columns,
which is written as:

2t D
0.7(1)9 _vs)mtfs}’ fOI‘T <47

frp = D D
0.006241 — 0.00003577 fsy for47 < 7 <150

(6)

in which f, denotes the yield stress of the structural steel
material; v, stands for Poisson's ratio of the hollow steel
tube, specified as 0.5; and v, is Poisson's ratio of the steel
tube that is filled with concrete proposed by Tang et al.”*

The descending part of the stress-strain curve of con-
crete was originally proposed by Lim and
Ozbakkaloglu” as:

Oc :flcc - [ JoJa (7)

P -2
(=) *+1]
Eci =€

in which f_ is the residual concrete compressive
strength, and ¢ is the strain that defines the inflection
point, given by Lim and Ozbakkaloglu” as:

& = 2.88;(_, (;Qfé) o (ﬁ) + 108/60 (}/cflc) o (1 —%)

The concrete residual strength (f,) is calculated by
fo= ﬂcf/cc, in which g, is strength degradation parameter
provided by Liang and Fragomeni’” as

5 _{1.0 for 21.7<D/t <40
¢~ 10.0000339(D/t)* — 0.010085(D/t) +1.3491 for40 <D/t <150

©)

5.3.2 | Stress-strain relationships for the
outer concrete

The stress-strain constitutive laws for unconfined con-
crete presented by Mander et al.”' as illustrated in
Figure 11b are adopted for the cover concrete in a
CECFST column. The maximum compressive strength of
unconfined concrete is calculated as f,, =y.f,, where
7.=0.85 to consider the size effects.”® The descending
part of the curve from the onset of the transition point
where &, > 26‘; is assumed to be a straight line up to the
spalling strain (e;p) taken as 0.006 based on the test
results.”’

Equation (1) is employed to describe the ascending part
of the stress—strain curve for concrete confined by stirrups.
The maximum compressive strength and the corresponding
strain of concrete confined by stirrups are calculated using
Equations (10,11) suggested by Wang et al.”®

fe=rd[1+1.73(0)*%] <1.5f, (10)

e, =¢,[1+142(0)" %] <0.01 (11)

where @ is the confinement index of stirrup confined con-
crete can be determined as:”®

0= fle/
vefe

(12)

where f). is the effective lateral confinement stress of stir-
rup calculated as ), =k.f}, where f; is expressed as.

fl :kepwds (13)

ke = (0.04n+0.97) x (1—%) x (1—0.5%) (14)
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in which p,, is the volumetric ratio of stirrups; s is the
spacing of stirrups; n is the number of stirrups along the
length of the column; and oy is the tensile stress in the
stirrups when the confined concrete reaches the compres-
sive strength, which can be determined as:”®

k.E
0,=12.20~7% L 180 <f, (15)

Yol ¢

in which E; and f, are Young's modulus and yield stress
of stirrup, respectively.

The descending part of the stress—strain curves of con-
crete confined by stirrups is assumed to be a straight line’
and is represented by:

Oc :f,cc — Eget (60 - 8,cc> (16)

in which Eg is the rate of deterioration between
the maximum stress and 85% of the maximum stress
calculated as

0.15f
g =22V e (17)
0.85 — €cc
! ! B
£y gs = ot 0.225pw\/; (18)

6 | VERIFICATION OF THE
THEORETICAL MODEL

The verification of the accuracy of the theoretical
model is performed by comparisons of the
predicted strengths and the load-axial strain (P —e¢)
curves of CECFST columns with the test results reported
in this study as well as available in the literature. The
concrete cube strengths were converted to the cylindrical
strengths using the following formula proposed by
L'Hermite®®:

f= [0.76+0.210g10 <%>} feu (19)

The comparisons of the ultimate loads of CECFST col-
umns under investigation are presented in Table 4 where
it can be seen that the theoretical model can reasonably
yield the test ultimate strengths of such columns. The
mean of the predicted-to-experimental ultimate strength
is 0.96. The predicted P—e& curves employing the
theoretical model are presented in Figures 12 and 13.

ﬁb | 2759
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A reasonable match between the test results and the
theoretical predictions can be observed.

7 | PARAMETER STUDY

The theoretical model was employed to examine the influ-
ences of importance column parameters on the perfor-
mance of CECFST columns loaded axially. The details of
the reference column were B=700mm, Dx t=500x
10mm, fsy=350MPa,  fi, =fy=400MPa, and
feo =fq=50MPa, the number of the longitudinal bars
=12 mm, the diameter of the longitudinal
rebars = 20 mm, the diameter of the stirrup = 10 mm,
space s = 200mm, concrete cover = 40mm
and E; =200 GPa.

7.1 | Influences of the diameter-to-
thickness (D/t) ratio

The D/t ratio of the columns varied from 30 to 50 and
70 by varying the tube thickness. The increase in the D/t
ratio decreases the ultimate loads of the columns as illus-
trated in Figure 14. The column ultimate loads are
reduced by 12.3% and 16.7%, respectively by increasing
the D/t ratio from 30 to 50 and 70. This can be attributed
to the fact that increasing the D/t ratio decreases the
cross-sectional area of the circular steel tube and the con-
finement to the core concrete.

7.2 | Influences of the width-to-diameter
(B/D) ratio

The B/D ratio of the column was changed from 1.2 to 1.4
and 1.6 by increasing the width of the outer section. The
results given in Figure 15 demonstrate that increasing
theB/D ratio increases the cross-sectional area of the
outer concrete which significantly improves the ultimate
loads of the columns. When the B/D ratio is changed from
1.2 to 1.6, the column ultimate load increases by 65.3%.
However, the ductility of the columns reduces as the B/D
ratio of the columns increases as shown in Figure 15.

7.3 | Influences of the concrete strength

The sensitivity of the performance of CECFST columns
to the concrete strength was studied by changing the
strength of concrete from 30 to 50 MPa and 70 MPa. The
P—¢ curves of the columns with varying concrete
strengths are presented in Figure 16. It is discovered that
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2 the column ultimate load increases due to the increase in
§ the concrete strength. However, using high-strength con-
3 crete reduces the ductility of the columns. The ultimate
& load increases by 80.7% by changing the strength of con-
. ... crete from 30 to 70 MPa. Figure 17 also presents the influ-

K2 222 2 ences of the strengths of the core concrete and outer
concrete on the P—e¢ curves of the columns. When the
Eo 0 8 strength of the core concrete was changed from 30 to
™ é =g 70 MPa, the strength of outer concrete remained the same
. o o as 50 MPa. Similarly, the strength of the core concrete
g ’E‘ i § remained constant as 50 MPa when the strength of the
s = outer concrete was varied. It is seen that the influences of
o the outer concrete on the ultimate loads and ductility of
g E w the columns are more pronounced than that of the core
== v ¥ concrete. The percentage increase in the ultimate load is
- 44% for the outer concrete while it is 23.8% for the
§ increase of the core concrete from 30 to 70 MPa.
&
iy
5 < - 8 8
é o g § ;@3 7.4 | Influences of the steel yield
R~ strength
Q [ [
” & E g g The effects of the steel yield strength of the steel tube and
S == the longitudinal rebars of CECFST columns were investi-
E = gated by changing their yield stress. The P — ¢ curves of the
= e columns made of steel with varying yield stress are pro-
§° "E g g g vided in Figure 18. The column ultimate load is increased
S S8 & & by 12.3% by changing the yield strength of the inner steel
_ tube from 250 to 450 MPa. However, the ductility of the
g v o= columns is found to be remained unchanged for the
3 g a 2 change of the yield stress. On the contrary, the increase
_ in the ultimate strength is only 2% when the yield stress
& o o of the longitudinal bars increases from 400 to 600 MPa.
22 8 &
- e § 7.5 | Influences of the longitudinal bar
58S o o ratio (a;)
ESIR- S S
° 2 = To investigate the sensitivities of the performance of
:‘é -E, § o ¥ short CECFST columns to ¢; ratio, the diameter of the
E E T;' é é longitudinal bar was changed to vary the ¢; ratio from 1%
K| Aa 2 2 to 2% and 3%. The influences of @; ratio on theP — ¢ cur-
- o ves of the columns are shown in Figure 19. The column
8 8 ultimate strength has an increase of 7.3% when ¢; ratio
°§ g é ; % increases from 1% to 3%. The influence of ¢; ratio on the
=S m& 3 S % ductility of the columns is also found to be insignificant

é -~ % as can be seen from Figure 19.

=~ B

« 5§ E 7.6 | Influences of the spacing of stirrups

2 % 2 B2 2 a8 The significance of stirrup spacing on the behavior of

& short CECFST columns was investigated by varying the
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spacing from 100 to 200 mm and 300 mm. The P—¢
curves of the columns are presented in Figure 20, which
indicates that the influence of spacing is more pro-
nounced on the ductility of the column rather than on
its ultimate strength. When the spacing decreases to
100mm from 300mm, the column ultimate load
improves only about 1.8%. Furthermore, the column
with a stirrup space of 100 mm has better ductility than
other columns. This is because decreasing the spacing of
stirrups improves the confinement to the outer concrete
which results in an improvement in the column
ductility.

8 | DESIGN MODELS

81 | Codified methods

Design specifications given by CECS 188-2019,%°
Eurocode 4,” ACI 318-19,°® and AIJ*® were employed to
calculate the ultimate strengths of concrete-encased
CFST columns loaded axially and compared against the
test results to evaluate their accuracy. Table 5 summa-
rizes the codified design formulas that are utilized to
compute the ultimate compressive strengths of short col-
umns. From the comparisons presented in Table 6, it is
observed that existing codes cannot accurately yield the
ultimate compressive loads. Among the existing codes,

ALl provides better estimations than others while
Eurocode 4 significantly overestimates the ultimate loads
of such columns. However, AlJ significantly underesti-
mates the ultimate strengths of the tested columns
reported by Chen.*’

8.2 | Proposed design model

Simple design formulas for estimating the ultimate loads
of axially loaded CECFST columns are proposed as
follows:

Pprop = Py +Pcrst (20)
PrC :Alfyr +AC0f2:o (21)
PCFST :Asty +Alelcc (22)

where P;. and Pcpst are the axial bearing capacities of
reinforced section and inner CFST columns, respectively;
A is the cross-sectional area, subscript co, ci, I, and s refer
to the outer concrete, core concrete, longitudinal bar, and
steel tube, respectively; f, and f,, are the steel yield
stresses of steel tube and longitudinal rebar, respectively;
f.. refers to the compressive strengths of confined con-
crete calculated using Equation (3).
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curves

The accuracy of the proposed design model is vali-
dated by comparing the design ultimate strengths against
the test results and presented in Table 5. The proposed
design model is found to provide reasonable estimations
of the ultimate loads of CECFST columns. The mean
predicted-to-experimental ultimate load value of 0.99
with a corresponding SD of 0.08 was obtained.

9 | CONCLUSIONS

This article has presented an experimental program car-
ried out on axially loaded square concrete-encased
concrete-filled large-diameter steel tubular short col-
umns. A mathematical model has also been developed
based on the theory of the fiber analysis method for the
computer simulation of CECFST columns. The model
has considered the concrete confinement caused by the
inner steel tube and stirrups and the inelastic buckling of
longitudinal rebars. The accuracy of the computational
program has been verified against the test data and used
to perform a detailed parameter study. The accuracy of
the codified design models has been investigated and a
simple design formula has been suggested to determine
the ultimate compressive strengths of such columns
loaded axially.

The following conclusions are drawn from this study:

1. The common failure modes of the tested CECFST
short columns loaded concentrically were the concrete
crushing and spalling of the outer concrete, associated
with the deformation of stirrups and longitudinal
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TABLE 5 Design formulas for

Design models

predicting the ultimate axial strengths

of CECFST columns

Eurocode 4

ACI 318-19

CECS 188-2019

AlJ

ﬁb | 2765
LU

bars. The outer concrete effectively prevented the
inner steel tube from local buckling.

. The encased CFST columns improved the ultimate

strength of the CECFST columns. The increase in the
ultimate strength calculated varied from 6% to 12% when
compared with the ultimate load of the CECFST col-
umns calculated employing the superposition method.

. The stub columns failed in a ductile manner where

the residual strengths of the columns were still at 85—
95% of their peak loads.

. Increasing the steel tube thickness remarkably

improved their ultimate strengths. This is due to the
improvement of the composite action of the steel and
concrete of the inner CFST columns. The rate of
increase in the compressive strength of the core con-
crete of the CFST column was found to be higher for
the column with a smaller local slenderness ratio.

. Parameter study shows that the strength of the outer

concrete and spacing of stirrups have a significant
effect on the ductility of CECFST columns.

. The increase in the longitudinal bar ratio increases

the ultimate strength of the columns, however, the
longitudinal bar ratio has insignificant effects on the
ductility of the columns.

. The existing design models cannot provide accurate

estimations of the ultimate strengths of CECFST col-
umns loaded axially. Among all, Eurocode 4 provides
a significant overestimation of the ultimate strength of
CECFST columns. Although AIJ provides better

Design equations
Inner circular CFST column:
Pcrst = 11,Ad o +Acif/ci <1 +’7£%%)

Ne=025(342-2)  (,<1.0)
Ne=4.9—18.5-1417-2* (3.>0)

Npi.rk
)= pl.
Ner

Outer section:

Pre =Aif e+ Accf o
Concrete-encased CFST columns
Py pca = Prc + Pcrst

Pyact =Afyr +0.85Accf o +Adfyy +0.85Acf

Py cecs =0.9(Prc + Pcrst)
Pre=Afy +Accf o
0.9f 4 Ac(1+a)  ford<1/(a—1)*
st {0.9kaAci(l +v0+0) forl/(a—1)2<0<2.5

_Afy
o= Acif

fck :0'67fcu
_ {2 forf ., <50MPa

1.8 for50<f, <100 MPa

Py :Alfyr +A00f,co +Asty +AC'lf,ci
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TABLE 6 Comparisons of the design ultimate strengths of CECFST columns using various design models
Py et Py rca Py pct Pyany Py crcs Py prop

Specimen  (kN) (kN) P (kN) g (kN) P (kN) e (kN) % References

R1-1 1270 1188 0.94 994 0.78 1122 0.88 941 0.74 1178 093  Liu*

R1-2 1252 1188 0.95 994 0.79 1122 0.90 941 0.75 1178 0.94

R2-1 1303 1451 1.11 1218 0.93 1385 1.06 1107 0.85 1441 1.11

R2-2 1274 1451 1.14 1218 0.96 1385 1.09 1107 0.87 1441 1.13

CDCFT1-1 2663 2776 1.04 2209 0.83 2483 0.93 2326 0.87 2554 0.96  Nie et al.*

CDCFT1-2 2652 2876 1.08 2294 0.86 2582 0.97 2391 0.90 2651 1.00

CDCFT1-3 2633 2732 1.04 2171 0.82 2438 0.93 2297 0.87 2510 0.95

CDCFT2-1 3451 3906 1.13 3082 0.89 3467 1.00 3275 0.95 3531 1.02

CDCFT2-2 3515 4023 1.14 3181 0.90 3584 1.02 3351 0.95 3642 1.04

CDCFT2-3 3615 3892 1.08 3070 0.85 3453 0.96 3265 0.90 3517 0.97

Al-1 2510 2304 0.92 1918 0.76 2207 0.88 1640 0.65 2226 0.89  Chen®

Al-2 2447 2304 0.94 1918 0.78 2207 0.90 1672 0.68 2226 0.91

B1-1 2850 2539 0.89 2082 0.73 2381 0.84 1904 0.67 2415 0.85

B1-2 2992 2539 0.85 2082 0.70 2381 0.80 1904 0.64 2415 0.81

C1-1 2594 2644 1.02 2137 0.82 2425 0.93 2069 0.80 2622 1.01

C1-2 2761 2644 0.96 2137 0.77 2425 0.88 2069 0.75 2622 0.95

D1-1 2842 2755 0.97 2199 0.77 2479 0.87 2252 0.79 2701 0.95

D1-2 2906 2755 0.95 2199 0.76 2479 0.85 2252 0.77 2701 0.93

CSTRC1 5384 6082 1.13 5022 0.93 5601 1.04 5021 0.93 5827 1.08 Liu et al.*!

CSTRC2 7219 7512 1.04 6237 0.86 7031 0.97 6097 0.84 7333 1.02

CSTRC4 5738 6859 1.20 5524 0.96 6097 1.06 5820 1.01 6417 1.12

CSTRC5 7899 8311 1.05 6757 0.86 7549 0.96 6980 0.88 7976 1.01

CSTRC6 7910 8677 1.10 6978 0.88 7744 0.98 7433 0.94 8184 1.03

CSTRC7 8458 8813 1.04 7093 0.84 7879 0.93 7618 0.90 8355 0.99

CEC1-1 7437 8897 1.20 6900 0.93 7639 1.03 7779 1.05 7684 1.03  This study

CEC1-2 9468 10,665 1.13 8026 0.85 8743 0.92 9711 1.03 9817 1.04

CEC2-1 12,578 13,710 1.09 10,758 0.86 11,921 0.95 11,936 0.95 11,789 0.94

CEC2-2 15,021 17,247 1.15 13,005 0.87 14,139 0.94 15,597 1.04 15,727 1.05

CEC3-1 18,318 20,945 1.14 16,130 0.88 17,796 0.97 18,576 1.01 17,542 0.96

CEC3-2 22,880 26,744 1.17 19,831 0.87 21,443 0.94 24,415 1.07 23,913 1.05

Mean 1.05 0.84 0.95 0.87 0.99

SD 0.10 0.07 0.07 0.12 0.08

CoV 0.09 0.08 0.07 0.14 0.08

estimations, it significantly underestimated the ulti-
mate strengths of some CECFST tested columns.

8. The proposed design model in this study considers the
confinement effects of the inner steel tube and can
predict the ultimate loads with reasonable accuracy.

The investigations into the behavior of large-diameter
CECFST columns presented in this study provide useful
insight into the understanding of their axial performance
under concentric loading. Furthermore, the tested

columns reported in this study covers a wide range of
local slenderness ratio of inner steel tube of CECFST col-
umns which are within the slenderness limit specified by
existing design codes. The excellent axial performance of
CECFST columns observed in this study will provide con-
fidence to the structural engineers in adopting such a col-
umn in wider applications in practice. However, the
findings of this study demonstrate that the existing codi-
fied design models can not accurately predict the ulti-
mate strengths of CFCFST columns. Therefore, new
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design guidelines should be developed to facilitate the
application of such a column in practice. Furthermore,
future studies should investigate the performance of
CECFST slender columns subjected to eccentric loading
and develop design models.
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