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Abstract

Concrete-filled steel tube (CFST) is a composite section which has more ultimate strength than concrete or steel section
alone. This experimental study was conducted to estimate the slenderness ratio of composite concrete-filled multi-steel
tubes (CFMST) columns. In this study, 55 composite columns with various heights were fabricated and tested under axial
load. They were divided into two main groups depending on the shape of the cross section (circular and square cross sec-
tion). Both sections have the same external dimensions. Each group includes five subgroups; solid and hollow columns with
various numbers of steel layers of different heights. The mode of column failure was used to categorize the columns into
non-slender (short) or slender (long) columns. The experimental results exhibited two types of failure modes: local buckling
for non-slender columns and global buckling for slender columns. The slenderness ratio (1) of all samples was calculated
mathematically whereby the suggested equation is dependent on the cross-section geometry to specify the slenderness
limit of CFST with various numbers of steel tubes. The results show the new proposed equations can be used to predict
the slenderness limit of CFST with various numbers of steel tubes, and thus whether the column will behave as slender or
non-slender. The results showed that the CFMST with solid section and multiple skins has higher slenderness limit where it
increased from (26.12 to 66.12) mm and (53.62 to 129.4) mm for circular and square section for one to three layers, respec-
tively. The proposed equations of slenderness ratio of CFST depend on the ratio of steel area to concrete area in composite
cross section. Also, the ultimate strength of the composite section is increased with the increase in the number of skins due
to increased confinement of concrete.
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1 Introduction

Concrete-filled multi-skin steel tube (CFMST) columns are
an engineered structure of composite members, [1] consist-
ing of two or more (circular, square, or rectangular) steel
tubes. CFMST columns are good-performance structural
elements that have been widely used in tall and multi-story
building structures. There is no need to use formwork for
this type of member where the column is the formwork.
This leads to reductions in working time, which is an impor-
tant advantage when using this type of column. Concrete-
filled steel tube (CFMST) columns have high strength due
to the strength of their materials (concrete and steel), which
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makes them more economical. Because CFMST reduces the
required cross-section size of the column, it allows more
space when constructing structures. CFMST columns have
a high resistance to fire as the sandwiched-concrete dictates
the steel tube and protects it from high temperatures better
than composite column with one layer of steel tube (CFST).
However, because of the presence of the internal pipe, the
concrete infill should be designed to be more flowable and
have a high passing ability. This problem can be resolved
by combining cementitious fillers or inert fillers inside the
concrete as explained by Lai et al. [2, 3]. Tests on the struc-
tural performance of concrete-filled double skin steel tubular
(CFDST) columns with axial loading have been performed
by previous researchers [4—11].

The steel tubes are placed vertically and their annuals
space is infilled by concrete infill [12]. Figure 1 depicts
the cross-sectional details of the concrete-filled steel tube
(CFST) column [13]. The basic principle holding in the
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composite columns is that steel pipes work as formwork as
well as main and lateral reinforcing steel. The samples are
partly or entirely loaded, the concrete core constrains the
local buckling of the pipes and thus, the pipes constrict the
concrete, causing the concrete to advance the load resist-
ance. Major features of concrete-filled steel tube CFST col-
umns are: construction is simple, formwork is not needed,
light weight with increased steel resistance make it suitable
for use on small and light foundations [12]. Steel tubes form-
ing the column provide better conditions for curing the con-
crete, increasing its strength [14]. Their use in multi-story
buildings and piers is recommended owing to the benefit
of increased load capacity for a reduced cross section [15].
Concrete-filled steel tube (CFST) columns are studied and
widely applied in civil and structural engineering [16].

In CFST columns, the concrete and steel together resist
exterior loads by combining behavior due to bond and fric-
tion between steel tube and concrete. Supplementary strut in
the concrete casing prevents undue spalling of the concrete
under conditions of uniform loading. In a composite struc-
ture, the steel tube section carries the initial construction
loads, including structural weight during construction. After
that, the concrete is pumped into the steel pipes. The con-
crete and steel are combined in such a way that the advan-
tages of the materials are effectively used in the composite
column. The subsequent addition of concrete to the building
frame allows for reduced impact and lateral deflection [17].

There have been experimental investigations on con-
crete-filled steel tubes CFST over many decades [18]. Sev-
eral previous studies were conducted to identify the struc-
tural behavior of the concrete-filled tube columns CFST
in the round section, such as Xiong et al. [10], Furlong
[19], Knowles and Park [20], Neogi et al. [21], Rangan and
Joyce [22], Zeghiche and Chaoui [23], Portolés et al. [24],
Dundu [25] Ekmekyapar and Al-Eliwi [26]. Ekmekyapar
and Al-Eliwi experimental results [26] proved that increas-
ing of slenderness of the column reduced the confinement
of the concrete core in round CFST columns. This was
because the primary indicator of the ultimate strength
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of the slender column is global buckling failure, not the
strength of the material, as the strength of the concrete is
impacted by the property of confinement. Moreover, Tao
et al. [27] studied the behavior of structural double-skin
(DCFST) slender columns under eccentrically loading as
shown in Fig. 1b. All specimens of slender DCFST col-
umns had a failure pattern of buckling. It was confirmed
that the bending rigidity and the ultimate capacity of the
samples studied were reduced, due to an increase in the
eccentric loading or an increase in the slenderness ratio
of the column.

Romero et al. [28] presented a case study on the behav-
ior of slender round concrete-filled double skin steel tube
CFDST columns exposed to room and high temperatures.
The main parameters studied in this research were the thick-
ness of the steel layer and various concrete strengths on the
inner and outer steel tubes. The results showed the effect
of steel tube thickness on column strength, namely that an
increase in the thickness of the outside tube combined with
a thinner internal tube led to a good improvement in the
ultimate of CFDST slender columns. Ibanez et al. [9] exam-
ined slender round CFDST beam-columns under eccen-
tricity loading, where the members had relative strength
ratios between 0.53 and 1.17. Several concrete compressive
strengths were used to create these slender beam-columns;
these ranged between 40 and 149 MPa. All the slender
CFDST columns failed by global buckling. Wan and Zha
[29] introduced verification in the behavior of round slen-
der and non-slender CFDST columns under the influence of
eccentric loading to failure. It turned out that the strength
of non-slender columns is improved when using an inner
tube with a larger diameter, whereas in slender columns this
effect is less clear. Recently, Ahmed et al. [11] presented
experimental results on non-slender round CFDST columns
examining the sensitivity of their structural performance to
the eccentric load, the cross-sectional shape, and the thick-
ness of steel tube. Experimental data from similar research
[30] showed that the internal tube considerably enhanced the
flexibility of CFDST columns and the stiffness and strength
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reduced significantly with increases in the eccentricity ratio
with increasing the eccentricity ratio remarkably.

From the above previous studies, it found that there do not
try by these researchers to propose an equation to estimate
the slenderness ratio for CFMST composite column. Hence,
the main aim of this study is to estimate the limit of the slen-
derness ratio for CFST columns. However, no computational
model has been developed to investigate their slenderness
ratio and no design guidelines have been given in the pre-
dicted slenderness ratio of such columns. To overcome these
limitations, this paper describes new suggested equations
to calculate the slenderness ratio of CFST columns rein-
forced with various numbers of steel tube skins filled with
normal concrete, this has not often been calculated by other
researchers. The verifications of the suggested equations are

Table 1 Adopted column specimens

undertaken depending on the adopted experimental study.
The determination of the column type whether non-slen-
der (short) or slender (long) was obtained experimentally
depending on the failure mode of the tested samples.

2 Experimental Program

In this work, HSS steel tubes were used to fabricate the
adopted samples. The samples were of circular and square
cross section, with heights ranging from (400 to 800) mm
in the circular sections and (800 to 1200) mm in the square
sections. Total samples were (55) tested under axial load as
shown in Table 1.

Core type of column Circular section

Square section

Label of specimens Height of col-  Specimen Label of specimens Height of col-  Specimen

umn (mm) designation umn (mm) designa-
tion
Solid section C1S 450 C1S450 S1S 800 S1S800

500 C1S500 850 S1S850
550 C1S550 900 S15900
600 C1S600 950 S15950
650 C1S5650 1000 S1S1000
700 C1S700 1100 S1S1100

C28 500 C2S500 S2S 800 $25800
550 C2S550 850 S25850
650 C25650 900 525900
700 C25700 950 $25950
750 C25750 1000 S$251000
- - 1100 S2S1100

C3S 500 C3S500 S38 1000 S351000
550 C35550 1050 S351050
600 C35600 1100 S3S1100
650 C35650 1150 S3S1150
700 C35700 1200 S$351200
750 C35750 - -
800 C3S800 - -

Hollow section C2H 400 C2H400 S2H 700 S2H700

450 C2H450 750 S2H750
500 C2H500 800 S2H800
550 C2H550 850 S2H850
600 C2H600 900 S2H900

C3H 500 C3H500 S3H 900 S3H900
550 C3H550 950 S3H950
600 C3H600 1000 S3H1000
650 C3H650 1050 S3H1050
700 C3H700 1100 S3H1100

Total no. of specimens 28 specimens

27 specimens

Springer
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2.1 Preparation of Specimens

A total of (55) samples were fabricated and filled with
normal strength concrete (NSC) as shown in Table 1 and
Fig. 2. NSC mix proportions of (1:1.6:2.94) (Cement: Sand:
Gravel) proportions, respectively, with W/C ratio of (0.45)
was designed based on ACI code (ACI 211.1-1991) [31]
and utilized to cast the columns. The compressive strength
(f'c) of this mixture at 28 days was (32.2 MPa). Each speci-
men was prepared a steel tube of a specific height, and the
number of steel layers depended on the adopted sample. A
base steel plate was used to close the bottom end of the
column while the other end was open to allow infilling with
NSC. The specimens in Table 1 were categorized according
to the cross section of CFST as either circular section or
square section. Each category was divided into five groups
depending on the core type of column and the number of
steel tubes. The number of steel tube layers varied from one
to three with various heights of columns. The height for
circular sections varied/ranged from (400-800) mm and for
a square section from (700-1200) mm. The design of col-
umns was based on determination of the critical height of
these columns that represent the limit in the CFMST column
can be classified as short or long column. Many parameters
were adopted in this study; shape of cross section (square or
circular section), number of steel layers, section type (hol-
low or solid section). All these parameters play a role in the
determination of the critical height. Therefore, for multilayer
specimen (for example C2S), the lower bond of the height

Fig. 2 Fabrication and casting
of specimens

Fig.3 Cross section and details
of the adopted specimens

/—W:7G 2mm

S18 828

=76.2mm
W=50.8mm

‘W=76 2mm
Z ‘W=50 8mm

was higher than the section with only one layer (C1S). The
reason behind that is as the inertia of the section increased,
the critical height increased and so on for other parameters.
These specimens were adopted to predict the slenderness
ratio of CFST with various parameters. All steel tubes in
the adopted specimens have the same thickness (1 mm). The
specimen designations in Table 1 are as follows: the first
symbol (C or S) refers to the cross section, i.e., (C) for cir-
cular section and (S) for square section; the second symbol
(1, 2 or 3) refers to the number of layers of steel tube for the
specimen; the third symbol (S or H) indicates whether the
core of the specimens is solid or hollow; the final number
refers to the height of the specimen in millimeters. In all
specimens, circular and square specimens have the same
external dimension as shown in Fig. 3, i.e., the width of the
square column (W) equals the diameter of the circular tube
(D)=76.2 mm.

2.2 Testing Procedure

All samples were tested under axial load by using a univer-
sal testing machine with 2000 kN maximum capacity. The
specimen was installed vertically and supported at the free
ends by bases of steel plate of the testing machine as shown
in the schematic diagram plan of the testing procedure
(Fig. 4). Two Linear Variable Displacement Transducers
(LVDTs) were used for lateral displacement measurement.
LVDTI1 and LVDT2 with (90°) between them were placed
at mid-height of the tested specimen to measure the lateral

=76.2mm
=50.8mm
vt

= —w=254mm

S38 . C1s Cc2s C3s

=76.2mm
W=50.8mm

7+ HW=254mm

S2H
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Table 2 Adopted column specimens with circular section
V J Group of Specimen Heightof P ultimate Mode of failure
; speci- designa- column (kN)
< mens tion (mm)
/ C1S C18450 450 387 Local Buckling
v, C1S500 500 361 Global Buck-
-LVDT 1 i
LVDT 2— A4 ling
% Z ] C1S550 550 328 Global Buck-
/ :h // o ling
C1S600 600 278 Global Buck-

Tested——_ lin

Column . / g

Sample — C1S650 650 275 Global Buck-

ling
C1S700 700 259 Global Buck-
Load K % ——Machine ling
Actuator ~ Steel Frame C2S C2S500 500 471 Local Buckling
) C2S550 550 446 Global Buck-
ling
C25650 650 435 Global Buck-
ling
C2S8700 700 383 Global Buck-
ling
C2S750 750 376 Global Buck-
ling
C3S C3S500 500 489 Local Buckling
Fig.4 Set up of the testing procedure C3S550 550 487 Local Buckling
C35600 600 484 Global Buck-

. . . ling
dlsplacemejnt (buckling) of' the te.sted sample on b(.)th §1des 35650 650 451 Global Buck.
of the specimen due to applied axial load as shown in Fig. 4. ling

C3S700 700 441 Global Buck-
ling
3 Experimental Results and Estimation C38750 750 386 Global Buck-
of Slenderness Ratio ling
C3S800 800 366 Global Buck-
Tables 2 and 3 provide a summary of the experimental ling )
results for circular and square adopted specimens in this C2H C2H400 400 458 Local Buckling
. . . . . C2H450 450 380 Local Buckling
study, respectively. Various heights with small increments
. . . C2H500 500 366 Global Buck-
were tested for each group to specify critical height of ling
CFMST. When CFMST had height less than the critical COHSS0 550 131 Global Buck.
height, CFMST was behaved as short column (non-slender) ling
and it was behaved as long column (slender) when CFMST’s C2H600 600 255 Global Buck-
height exceed the critical height. The value of height incre- ling
ments was 50 mm, as shown by the height of column in  C3H C3H500 500 446 Local Buckling
Tables 2 and 3. Discussion of the results is in three parts: C3H550 550 401 Local Buckling
failure mode, estimation of slenderness ratio, and ultimate C3H600 600 399 Global Buck-
strength. ling
C3H650 650 387 Global Buck-
3.1 Failure Mode ling
C3H700 700 340 Global Buck-
ling

Two types of failure mode were observed during the test
program (local buckling and global buckling) failure, as
shown in Fig. 5. These modes of failure were used to classify
columns into slender or non-slender. When local buckling
failure occurs, the column behaves as a non-slender column

@ Springer
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Table 3 Adopted column specimens with square section

Group of Specimen Heightof P ultimate Mode of failure
speci- designa- column (kN)
mens tion (mm)
S1S S1S800 800 380 Local Buckling
S1S850 850 362 Local Buckling
S1S900 900 340 Local Buckling
S1S950 950 338 Local Buckling
S1S1000 1000 310 Global Buck-
ling
S1S1100 1100 304 Global Buck-
ling
S2S S2S800 800 448 Local Buckling
S2S850 850 393 Local Buckling
S2S900 900 385 Local Buckling
S2S950 950 386 Local Buckling
S2S1000 1000 360 Local Buckling
S2S1100 1100 320 Global Buck-
ling
S3S S3S1000 1000 428 Local Buckling
S3S51050 1050 416 Local Buckling
S3S1100 1100 382 Local Buckling
S3S1150 1150 379 Global Buck-
ling
S3S51200 1200 366 Global Buck-
ling
S2H S2H700 700 331 Local Buckling
S2H750 750 292 Local Buckling
S2H800 800 275 Local Buckling
S2H850 850 283 Global Buck-
ling
S2H900 900 231 Global Buck-
ling
S3H S3H900 900 407 Local Buckling
S3H950 950 398 Local Buckling
S3H1000 1000 398 Local Buckling
S3H1050 1050 385 Local Buckling
S3H1100 1100 370 Global Buck-
ling

(i.e., short column), and when global buckling failure occurs,
column behaves as slender column (i.e., long column). In
CFMST columns, the main reason for local and global buck-
ling failures can be justified as follows: when both materials
(concrete and steel tubes) reach the yield stress for ductile
materials (yielding in steel tube) and the ultimate stress for
brittle materials (compressive strength in concrete) at a spe-
cific zone in the column, local buckling happened. Global
buckling refers to the loss of stability of a component and
is usually independent of material strength. This loss of sta-
bility usually occurs within the elastic range of the material
[32]. Slender or thin-walled components under compressive
stress are susceptible to global buckling. Most people have

@ Springer

observed what is called “Euler buckling” where a long slen-
der member subject to a compressive force moves lateral to
the direction of that force. Although Euler’s theory of col-
umns applied for isotropic and homogenous materials, but in
general, the force necessary to cause such a buckling motion.
Therefore, buckling studies are much more sensitive to the
component restraints than in a normal stress analysis [33].
The theoretical Euler solution will lead to infinite forces in
very short columns, and that clearly exceeds the allowed
material stress. Thus, in practice, Euler column buckling can
only be applied in certain regions and empirical transition
equations are required for intermediate length columns. For
very long columns, the loss of stiffness occurs at stresses far
below the material failure [34].

Form the failure mode of experimental results shown in
Tables 2 and 3, it observed that maximum height of speci-
men that failed by local buckling increased when use more
than one steel layer. For CSMST with circular cross section,
it failed by local buckling when maximum height was (450,
500 and 550) mm for C1S, C2S and C3S, respectively, and
for CFMST with square section, the maximum height was
(1000, 1100 and 1150) mm for S1S, S2S and S3S, respec-
tively. These results led to conclude that the increase number
of steel tube eliminated the early global buckling and led the
failure mode of specimens to be local buckling rather than
global buckling due to increasing stiffness of section.

3.2 Estimation of Slenderness Ratio

The main objective of this study and tables is to determine
the slenderness ratio for this type of column. The slender-
ness ratio is the limit between short columns and long col-
umns. In this study, the term "slenderness limit" refers to the
limit that is used to specify whether the column is slender or
non-slender. This limit is determined when the mode failure
of two specimens changes from local to global buckling. In
this investigation, Eqs. 1 and 2 were proposed to estimate
the slenderness limit for CFMST with various parameters
such as type of section (square or circular), number of steel
layers, and solid or hollow section.

Ag
A==
i )
SL.=41-hy )
where

A =represents suggested slenderness ratio, dimension-
less.

Ag = Area of steel in cross section of the specimen, mm?.
A = Area of concrete in cross section of the specimen,

mmz.
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a Local buckling in non slender specimens

Fig.5 Observed mode failure in adopted CFMST

S, =represent slenderness limit for the adopted column,
mm.

h,, =represents the average height of adjacent specimens
when mode failure converted to represent with "local to
global buckling", mm.

The slenderness limit of CFMST was calculated for the
experimental result depending on suggested Eqs. 1 and
2 as shown in Tables 4 and 5. In Tables 4 and 5, two
contiguous columns were chosen for each group, one of
which failed by local buckling and one of which failed
by global buckling. The point at which the failure type
changes from local buckling to global buckling determines
the slenderness ratio for each group. From these results, it
was observed that the slenderness limit for solid sections

b Global buckling in a
slender column

increased with the increased number of steel tubes from
(26.12 to 66.12) mm and (53.62 to 129.4) mm for circular
and square section, respectively. In the hollow section, the
slenderness limit decreased with the increased number of
steel tubes in the circular section from (81.22 to 74.75)
mm and in the square section from (139.75 to 132.5) mm.
This is due to the increased area of the hollow section in
relation to the total cross-section area, where the ratio of
hollow area to total cross-section area in (C2H and S2H)
is equal to (41%) while in (C3H and S3H) it is equal to
(9.4%), review Fig. 3. For this reason, the slenderness limit
in the hollow section decreases. Another reason for the
decrease in the slenderness limit in the hollow section is
due the decrease in the concrete area within the cross sec-
tion of CFMST which affects the proposed equations.

Table 4 Predicted slenderness

limit (SL ) for adopted CFST ;I:cl;ﬁlzrfls (Sig seicglrrlzfirén Modefalure - fmm) A, () A (m) 4 s
with circular section
CIS C18450 Local 475 236.25 4324.12 0.055 26.12
C1S500 Buckling
C2S C2S500 Local 525 392.7 4167.7 0.094 4935
C2S550 Buckling
C3S C3S550 Local 575 469.35 4091.02 0.115 66.12
C3S600 Buckling
C2H C2H450 Local 475 392.7 2297.3 0.171 81.22
C2H500 Buckling
C3H C3H550 Local 575 469.35 3660.96 0.13 74.75
C3H600 Buckling

Springer
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Iab!e 5 Predicted slenderness Group of Specimen Mode failure h(mm) A (mm?) A, (mm?) A S (mm)
“?“t <SL) for ad(.)pted CEST specimens  designation
with square section
S1S S1S950 Local 975 300.8 5505.64 0.055 53.62
S1S1000 Buckling
S28 $2S1000 Local 1050 500 5306.44 0.094 98.7
S$2S1100 Buckling
S3S S$3S1100 Local 1125 597.6 5208.8 0.115 129.4
S3S1150 Buckling
S2H S2H800 Local 825 500 2925 0.171 132.5
S2H850 Buckling
S3H S3H1050 Local 1075 597.6 4661.28 0.13 139.75
S3H1100 Buckling

It was also observed that the slenderness limit of the
square section was approximately twice the slenderness limit
for the circular section, because the area of the circular sec-
tion is less than the area of the square section for the same
external dimension by 22.5%.

3.3 Ultimate Strength

The ultimate strength and the load—lateral displacement rela-
tionship of the adopted specimens was shown in Figs. 6 and
7 for CEFMST column with circular and square, respectively.
It observed that use more than one steel layer increased the
ultimate strength of section. While the used of hollow sec-
tion instead of full filled steel tube section reduced the ulti-
mate strength. This is due to increase the concrete in cross
section. Some parametric studies were adopted from results
shown in Table 6 and 7 as follows.

For specimens with the same column height, Tables 6
and 7 explain a comparison study for ultimate strength
of the adopted CFMST for circular and square section,
respectively. The study showed that the ultimate strength of
CFMST increases with an increased number of steel tubes by
a ratio of (70.3-30.5) % for circular section and (38.1-5.3)
% for square section over the ultimate strength of CFST
column with a single steel layer, depending on the height
and number of steel tubes. In circular section, experimental
results indicated that in circular section the ratio increased as
column height increased, while in square section it was the
reverse. The structural behavior of CFST elements is con-
siderably affected by the difference between the Poisson ‘s
ratios of the steel tube and concrete core. In the initial stage
of loading, the Poisson’s ratio for the concrete is lower than
that of steel. Thus, the steel tube has no confining effect on
the concrete core. As longitudinal strain increases, the lateral
expansion of the concrete gradually becomes greater than
the expansion of the steel tube. At this stage, the concrete
core becomes triaxially and steel tube biaxially stressed [33].
The steel tube under a biaxial state cannot sustain the normal

@ Springer

yield stress, causing a transfer of load from tube to the core.
The load transfer mechanism is similar in square and circular
CFST elements. In the first stage of loading, the steel tube
sustains most of the load until it yields.

Even though the load transfer mechanism in circular and
square CFST is similar, the maximum confined compressive
stress of concrete core in circular columns is higher than in
square column. This can be explained in terms of a larger
confining effect of circular steel tubes.

4 Conclusions

Based on the results achieved from the experimental work,
the main conclusions can be drawn as:

1. A new suggested equation was used to calculated the
slenderness limit of CFST with the various numbers of
steel tubes which leads to knowing the column behave
as slender or non-slender.

2. It was observed that the slenderness limit of CFST
increased with an increased number of steel layers
(skins). For the solid section, it increased from (26.12 to
66.12) mm for the circular section and (53.62 to 129.4)
mm for the square section.

3. In the hollow section of CFST, it was observed that the
slenderness limit decreased with the increased number
of steel skins from (81.22 to 74.75) mm for the circular
section and (132.5 to 139.75) mm for square section.
This is due to the increased hollow ratio of the sectional
area in relation to the total cross-section area.

4. The slenderness limit of the square section is more twice
the value of that of the circular section. This is due to
the area of the circular section being (/4 =22.5%) less
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Fig.6 Load-lateral displacement relation for CFMST with circular section

than the area of the square section for the same external
dimension.

The ultimate strength of CFMST column increases with

increased numbers of steel layers by a ratio of (70.3—

30.5) % for circular section and (38.1-5.3) % for square
section over the ultimate strength of CFST column with
a single steel layer.

@ Springer



3988 Arabian Journal for Science and Engineering (2022) 47:3979-3989
450 450
400 400
/‘?"— ...’_.ga?l'\ . -:
350 4..' '\_\—C—-—- 350 /{-’”’ ."
= 300 YOPT — = 300 ’ =
:?_‘, 250 /,4-, N g s
- ’// / o ? |7
@ 200 © 200
92 150 $15800 +--+--515850 | Qo Py
I2 e §25800 s veeee 525850
100 == =51S900 == . S1S950 - 100 | ——=$25900 = == S25950
50 = $§151000 ——— 5151100 ] 50 V = + 5251000 ——S5251100]
0 . . . o | | |
9 = 2 3 4 5 6 0 1 2 3 4 5 6
Lateral Displacement (mm) Lateral Displacement (mm)
450 450
400 — e e feceees 400
/, P N T
350 o - o= == e 350
300 Vo -t T
P4 7.5 | - 2 300 e
X 250 e - X 750 P AN
b o] l:' ” = ,” ” ==
3 | g w [ =T
o v : -
$351000 +eseee $351050 -] ] . A
= 10 / = 130 7/ e S2HT00 ++++ =+ S2H750
100 = = = 5351150 == == 5351200 100 |4 R ————
0 | | | 0 f ! | |
0 1 2 3 4 . 8 0 1 2 3 4 5 6

Lateral Displacement (mm)

Lateral Displacement (mm)

450
400 ﬂit
—— T - -~
350 e
— 300 L/ ._.‘ /‘v, .
< Lo /.
= 250 /*, 77
T 500 o2l
3 [:27 217
=i 350 [ S3HI00 +eeeee S3H950 |
4
100 {f#— = = = $3H1000 = == S3H1050 |
s0 L < — - S3H1100 -]
0 l I l
0 1 2 3 4 5 6

Lateral Displacement (mm)

Fig.7 Load-lateral displacement relation for CFMST with square section

Table 6 Comparison study for ultimate strength for circular section

Height of col- P ultimate (kN) Increase ratio
umn (mm) (%)*

CIS C2S C3S C2S8 C3S
500 361 471 489 30.5 355
550 328 446 487 35.6 48.5
650 275 435 451 58.2 64.0
700 259 383 441 479 70.3

ncrease ratio (% ) = =CI8 % 100

@ Springer
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Table 7 Comparison study for ultimate strength for square section

Height of column P ultimate (kN)

Increase ratio

(mm) (%)

S1S S28 S3S S28 S38
1000 310 360 428 16.1 38.1
1100 304 320 382 53 25.7

“Increase ratio (% ) = % x 100
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