ISSN1027-5495. Functional Materials, 24, No.3 (2017), p. 427-433
doi:https://doi.org/10.15407/fm24.03.427 © 2017 — STC “Institute for Single Crystals”

The experimental research on axial compression
performance of concrete-filled steel square tube
strengthened by internal transverse stiffened bars

Nan Li'?, Lai Wang ?, Yajun Xi* Hui Wang’,
Tong Guan', Furui Dong’,Changfeng Sui’, Wenbin Cui’

Department of Resources and Civil Engineering, Shandong University
of Science & Technology, Taian, 271000,China
2School of Civil Engineering and Architecture, Shandong University
of Science and Technology, Qingdao, 266590,China
3Tai’an engineering construction standard cost office, Taian,
Shandong, 271000,China

Received December 15, 2016

The application of Concrete-filled square steel tubular column in structural engineering is
more and more widely. In order to improve the confinement of concrete core, the configuration of
concrete-filled square steel tube strengthened by internal transverse stiffened bars is proposed.
This paper employs a experimental research on concrete-filled square steel tube strengthened by
internal transverse stiffened bars under axial compression and the influencing factors of bearing
capacity such as diameter and spacing of steel bars is analyzed. The results shows that its axial
load capacity is increased 2.3%~13.1% than that of ordinary concrete-filled square steel tubular
column, spacing changes to improve the bearing capacity of concrete filled square steel tubular
column strengthened by transverse stiffened bars is more effective than the increase in stiffened
bars diameter.
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IlpuMmeHenwe KBaJpaTHON CTAJBHONU TPyOUYATONH KOJIOHHBI, 3aIIOJIHEHHOW OeTOHOM, B
CTPYKTYPHOU MH:KEHEePUH CTAHOBUTCS Bce aKTyasbHee. [{yist yuydrenus yaep:kanus 0ETOHHOTO
cepAevYHNKA IpearaeTcs KOHQUrypars 6eTOHHOM KBaAPATHON CTAJIHHOMN TPYOBI, YCUIEHHON
BHYTPEHHUMHU IIOIIEPEYHBIMU JKECTKUMH CTep:KHAMU. B Hacrosieir pabore IIpOBeIeHO
9KCIIEpUMEHTAJIFHOE UCCIEI0BAHNE 0CEBOT0 CIRATUS KBAPATHOMN CTAIBHOM TPYOBI, 3aTI0JTHEHHON
0eTOHOM ¥ YIPOYHEHHOW BHYTPEHHUMHU IIOTIEPEYHBIMU  CTEPIKRHAMHU. llpoaHarn3upoBaHbI
akTopsl, BAUSOIME HA ee MPOYHOCTh, TAKKe KaK JUaMeTpP CTAJbHBIX CTEPIKHEH U pacCTOsTHUE
Mesxay HuMmu. Pe3ybTaThl MOKa3BIBAIOT, YTO OCEBAsS MPOYHOCTH yBeawmdeHa Ha 2,3% ~ 13,1%,
10 CPABHEHUIO C OOBIYHOMN 3aII0OJTHEHHOW 0eTOHOM KBAJPATHOM CTAJIBLHOU TPYOUYATON KOJIOHHOM.
Tlokaszarmo, 4To Ha yHIpOUYHEHWE KOJIOHHBI 0OoJiee 3(pPeKTHUBHO BIIMSET PACCTOSTHUE MENKIY
YIIPOYHSONINMU CTEPIKHSIMU, YeM YBEJIMYEHNE UX TruaMmerpa.
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ExcnepumenTasibHe  JOCHIJJKEHHS  XaPAKTEPUCTHK  OCHOBOTO  CTUCHEHHSA
3aJ1i300€TOHHUX CTAJIEBUX KBAJAPATHUX TPYO, MOCUJIEHUX BHYTPIUIHIMU IMOHEPEIHUMU
skoperkumu crpuskHamu Nan Li, Lai Wang, Yajun Xi, Hui Wang, Tong Guan, Furui Dong,
Changfeng Sui , Wenbin Cui.

3acrocyBaHHS KBAIPATHOI CTAJIEBUI TPyOUACTOI KOJIOHU, 3aII0BHEHOI 0ETOHOM, Y CTPYKTYPHIH
iHsKeHepll crae Bce OLIBINT aKTyaJibHOIO. J[Jid mosrimreHHss yTpuMaHHA OEeTOHHOTO CeplaedyHuKa
IPOIIOHYETHCA KOH(Iryparris 6eTOHHOI KBagpaTHOI cTajieBol TPyOM, MOCHUJIEHOK BHYTPIITHIMHA
TOIEPEYHUMHU KOPCTKUMH CTPHSKHAMHA. Y JaHiii poboTi IIPOBeIeHO eKCIIepruMeHTaJIbHe
JIOCJIIIPKEeHHA 0CbOBOr0 CTUCHEHHS KBAaAPATHOI CTAJIeBOl TPYOH, 3aII0BHEHOI OETOHOM 1 3MIITHEHOI
BHYTPIIIHIMA IIOIIEPEYHUMH CTPHsKHAMK. [IpoaHasizoBaHo ¢axTopw, IO BILIMBAIOTH HA 11
MIITHICTh, TaKl K JlaMeTp CTaJIeBUX CTPMIKHIB 1 BIACTAaHb MiK HUMHU. Pe3ynpTaTi mOKa3yioTh,
10 0ChOBA MIIHICTE 301ibimeHa Ha 2,3% ~ 13,1%, B IOPIBHAHHI 31 3BUYAWHOK 3aIIOBHEHOI
0eTOHOM KBaJApaTHOI cTaeBuil TpyouacToi kossouow. [lokaszamo, 1110 Ha 3MIITHEHHS KOJIOHN O1JIBIIT
e)eKTUBHO BILIMBAE BIJICTAHDb MI%K YIIPOUYHSIONMMI CTPUKHIMU, HIK 301IBIIEHHS X JiaMeTpa.

1. Introduction

The concrete-filled steel square tubular con-
crete structure is composed of two different
properties of steel and concrete. The outer steel
pipe can effectively improve the internal con-
crete constraints, and concrete is better in the
three-way pressure state, so that the concrete
can play a better compression performance; at
the same time, Concrete in the filling to save
the template support costs owing to the exis-
tence of steel, improve the construction speed,
improve the overall stability of the structure,
it had more significant economic benefits [1,2].
Based on the above characteristics, the theo-
retical research and engineering application
of concrete-filled steel tubular composite struc-
ture in civil engineering has become more and
more extensive in recent years [3—6].

The axial and bending tests of 22 square-
shaped CFST columns were carried out to study
the axial and bending ultimate bearing capac-
ity [7]. Knowles et al. [8] studied the ultimate
bearing capacity of concrete-filled square steel
tubes. The influence of slenderness and other
factors on the axial compression performance
is analyzed and compared with the section of
the hollow steel pipe. It is shown that the con-
fining effect of the steel pipe wall on the inner
concrete obviously improves the ultimate bear-
ing capacity of the concrete infill steel tube.
Shkir K [10] studied the axial performance of
11 CFST columns with length of 3m ~ 5m, and
compared with the numerical results of finite
element numerical simulation. It shows that
the mechanical performance and economic ef-
fect of concrete-filled square steel tubular col-
umns are better. Zed Hesham et al. [11] stud-
ied the stability and post-buckling properties
of concrete-filled square steel tubular columns,
and tested 24 concrete-filled steel tubular spec-
imens and 6 empty steel pipe specimens. Hajjar
et al. have simplified the constitutive relation
of three-dimensional nonlinear finite element
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materials [12], and the slip between steel pipe
and core concrete has been studied by defining
non-linear elements.

A large number of studies have shown that
in the concrete-filled square steel tubular col-
umns, the confinement ability of the concrete
core in the corner area is stronger than the
middle of the square tube [13,14]. In this paper,
a new type of CFST column section is proposed,
the internal transverse stiffened bars is weld in
the internal tube plate in order to strengthen
the confinement of concrete core and local sta-
bility of square steel pipe wall, so as to enhance
the ultimate bearing capacity and deformation
capacity of concrete-filled square steel tubular
columns.

2.Experiment Program

2.1 Specimen design

The dimension of the section is 200x 200 mm,
the length diameter ratio of L/D is 3, the height
1s 600 mm, steel plate thickness of CFST speci-
mens is 4 mm. The spacing of internal transverse
stiffened bars is 50 mm, 75 mm and 100 mm
individually, the diameter of stiffened bars is
4 mm and 6 mm, the length of stiffened bars is
180 mm. The material of the steel plate is
Q235B, the stiffened bar is HPB335. Typical sec-
tion is shown in Fig. 1. The detailed dimensions
of the test specimens are shown in Table 1.

2.2 Materials properties

All specimens were fabricated from steel
sheeting with a measured thickness of 4 mm.
Based the test methods for mechanical prop-
erties of steel and concrete [15,16] , the yield
strengths of the steel tubes are obtained as
231 MPa, which had been determined from ten-
sile test on three coupons. The elastic modulus
of every steel tube is taken as 203 GPa. Normal
strength concrete with a water-cement ratio
of 0.6 was used for the infill. The compressive
strength of the concrete was determined from
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Table 1. List of detailed dimensions of specimen

; spacing, :
specimen width, mm | height, mm t, mm diameter, length, P ¢ ultimated
mm mm mm load, kN
A0 200 600 4 None None None 1570
Al 200 600 4 4 180 100 1607
A2 200 600 4 4 180 75 1670
A3 200 600 4 4 180 50 1720
A4 200 600 4 6 180 100 1640
3" Transverse
mr-— stiffened bar
| Concrete — )
8 /_S(Eﬁhm’f § — Inr;erl\/\t/alg of =
N T T steel tube
oansverse | | N -, - -
— T
200 180 T
200
Fig. (1). Typical section -
three 150 mm cubes taken from each batch of A-A

concrete. The average concrete cubic strength
at 28 days of curing age are 31.6 MPa for speci-
mens that were prepared for the compression
test.

2.3 Test Layout

The test is completed on the YAW-3000A
electro-hydraulic servo pressure testing ma-
chine. Before the axial compression test, the
concrete filled square steel tubular short col-
umn specimens placed in a press car, adjust the
position to ensure the location of the specimen
center, and pushed it to the loading position, then
adjust the height of top pressure plate, make the
distance between the top surface of specimens
and pressure plate as close as possible. Square
steel tube concrete short column pre load is
200 kN, check the measurement instrument
and the loading work is normal. Loading pro-
cedure is the way of hierarchical axial loading.
In the elastic stage, the load value of each stage
is about 10 % of the ultimate load value, the
specimen is about 150 kN, and the concrete-
filled steel tubular short column reaches the
yield stage and the load classification is further
reduced. When the load increased to 85 % of the
calculated ultimate load, make the load contin-
uously slowly until the specimen reaches the
ultimate bearing capacity. The loading interval
time is controlled in 2 minutes.

2.4 Measuring arrangement

The main measurement contents of the axial
compression test include the vertical and hori-
zontal strain of the column, the column longitu-
dinal displacement and the pressure value. The
longitudinal strain is composed of steel pipe
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Fig. 2. Placement of strain gauge

column attached to the outer surface of each
surface, located in the height of the specimen of
1/2, the transverse strain measured by strain
gauge, pasted on the outer surface of steel pipe
column, located in the cross section width of
1/4, 1/2 and 3/4, as shown in Fig. 2. The strain
data were collected by DH3816N static strain
collection instrument. In this test, the ultimate
load and displacement is measured by the pres-
sure sensor synchronously, and the load dis-
placement curve is drawn, which is convenient
to control the whole loading process.

3. Results and Discussion

3.1 Failure mode

In the elastic loading stage, specimen AO
has no changes in appearance. When the load
reaches 1400 kN, the steel tube in the upper
surface slightly bulged; when reaching the ul-
timate load of 1610 kN, the upper surface of
square steel tube deformation increasing with
the pressure rising obviously, while load de-
creased slowly, finally the load is stability at
1300 kN.

In the test of the other 6 specimen(A1~AG6),
the overall trend of load-displacement curve is
similar, which can be divided into four stages in
the loading process, when the load is less than
0.85 times of ultimate load of specimen, with
the increase of load, vertical displacement in-
creases; when the load limit load 1s 0.85 times
greater than ultimate load, the specimen enter
the elastic-plastic stage, the relationship be-
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tween load and displacement is non-linear. The
axial load increases gradually with the increase
of vertical displacement, but the increase rate
is less than the elastic stage; when the load is
greater than the ultimate load, the specimen
enter the failure stage, the surface of the speci-
men is generally outward. The bearing capacity
of concrete filled square steel tubular column
decreases gradually, and the displacement in-
creases and then tends to be stable. In the case
of different diameter and spacing of reinforced
concrete, the ultimate load of the bearing ca-
pacity is different, the bigger the diameter of
transverse stiffened bar is and the smaller the
spacing is, the greater the ultimate bearing ca-
pacity is.

3.2 Comparison of load and displace-
ment curves

The load displacement curves of concrete
filled square steel tubular column and rein-
forced concrete filled square steel tubular col-
umn are shown in Fig.3 and Fig.4.

As seen from Fig. 3 and Fig. 4, load-dis-
placement curve of concrete filled square steel
tubular column and concrete filled square steel
tubular columns strengthened by transverse
stiffened bars can be divided into four stages:
elastic stage, elastic-plastic stage, failure stage
and steady decline stage. the bearing capacity
of concrete filled square steel tubular columns
strengthened by transverse stiffened bars is
higher than that of concrete filled steel tubular
columns. It can be seen from the above diagram
that the axial compression bearing capacity
increases with the decrease of the transverse
reinforcement spacing in the case of constant
transverse reinforcement diameter. in addition,
peak displacement of A1~A6 is bigger than A0
due to type of transverse stiffened bars, while
the final displacement can reach 10~15 mm in-
dividually.

3.3 Ultimate bearing capacity of con-
crete filled square steel tubular column
strengthened by transverse stiffened bars

(1) The comparison of the effect of the horizon-
tal reinforcing steel bar on the bearing capacity.

As seen from the Table 1 and Fig. 5, The
bearing capacity of concrete filled square steel
tubular column with internal transverse stiff-
ened bars is bigger than that of ordinary con-
crete filled square tubular column, The maxi-
mum increasing rate is 13.1 %, the minimum
increasing rate reached 2.3 %. This is mainly
due to the weak restrictions on core concrete in
square steel tube. After adding the transverse
stiffened bars, the confinement between the
square steel tube and concrete is strengthened,
the concrete core is compressed from three di-
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Fig. 3. Load-Displacement curves of A0 Al A2
and A3
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Fig. 4. Load-Displacement curves of A0 A4 A5

and A6

rections, thereby improving the core concrete
compressive strength, improve the bearing ca-
pacity of the concrete confinement reinforced
with horizontal tube.

(2) The effect of the diameter change of trans-
verse stiffened bar on the bearing capacity.

Of the A1~A6 specimens, when the spacing
of the transverse stiffened bar is 100 mm, with
a diameter of 4 mm stiffened bars, ultimate
bearing capacity of square steel tubular column
is 1607 kN, with a diameter of 6mm stiffened
bars, it is 1640 kN, the change of the diameter
bring 33 kN increase in ultimate bearing ca-
pacity, the ultimate bearing capacity increased
only 1.5 %; When the spacing of the transverse
stiffened bar is 76mm, with a diameter of 4mm
stiffened bars, ultimate bearing capacity of
square steel tube column is 1670 kN, with a
diameter of 6mm stiffened bars, ultimate bear-
ing capacity of square steel tube column is
1710 kN, the diameter of the changes that
improve the bearing capacity of 40 kN com-
pared with the ultimate bearing capacity
only increased by 2.2 %; when the spacing of
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Fig. 5. Comparison of ultimate bearing capacity

the stiffened bar is 50 mm, with a diameter of
4 mm stiffened bars, ultimate bearing capac-
ity of square steel tubular column is 1720 kN,
with a diameter of 6mm stiffened bars, ultimate
bearing capacity of square steel tubular column is
1806 kN, the diameter of the changes that improve
the bearing capacity of 86 kN compared with the
ultimate bearing capacity increased only 3.8 %.

The above analysis shows that in concrete
filled square steel tubular column strengthened
by transverse stiffened bars, the bar diameter
changes can improve the bearing capacity of
concrete with horizontal reinforced stiffened
square steel tube is not obvious.

(3) The effect of the spacing change of trans-
verse stiffened bar on the bearing capacity

Of the A1~A6 specimens, when the trans-

verse stiffened bar diameter is 4 mm, spac-
ing 1s 100 mm, ultimate bearing capacity is
1607 kN, while spacing is 75mm, ultimate
bearing capacity is 1670 kN, spacing is 75mm,
ultimate bearing capacity is 1720 kN, the
change of distance between above two bring
50 kN and 63 kN increase in capacity individu-
ally, increased by 4.5 % and 6.5 % compared to
the ultimate bearing capacity of the above two;
when the diameter of transverse stiffened bar
is 6mm, spacing is 100mm, the ultimate bear-
ing capacity of steel column is 1670 kN, spacing
is 75mm, ultimate bearing capacity is 1710 kN,
spacing is 50 mm, ultimate bearing capacity is
1806 kN, the change of distance between above
two are 96 kN and 40 kN increase in capac-
ity individually, increased by 4% and 5% com-
pared to the ultimate bearing capacity of the
above two. The above analysis is shown that
in concrete filled square steel tubular column
strengthened by transverse stiffened bars, spac-
ing change i1s conducive to improve the bearing
capacity of column, which is to enhance bearing
capacity, reduce spacing of the transverse stiff-
ened bars is more effective than increasing the
steel rib diameter.
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The above analysis shows that concrete filled
square steel tubular column strengthened by
transverse stiffened bars, spacing changes to
improve the bearing capacity of concrete filled
square steel tubular column strengthened by
transverse stiffened bars is more effective than
the increase in stiffened bars diameter. When
the diameter of stiffened bar is smaller, espe-
cially in less than the thickness of the steel
plate in steel tube concrete, this improvement
of the bearing capacity is not obvious.

3.3 Comparative analysis of transverse
strain

Transverse strain of three section on all
specimens are shown in Fig.6 — Fig.8.

In short, due to the constraint effect of lat-
eral reinforced, transverse strain is less than
the transverse strain of concrete filled square
steel tube column reinforced concrete with
horizontal square steel tubular column; at the
same time decreases with distance of horizon-
tal reinforced, concrete filled square steel tubu-
lar column corresponding to transverse strain
lower position, transverse stiffening bar di-
ameter affected by the increase of transverse
strain is not obvious; with horizontal reinforced
concrete filled square steel tubular column 1is
confined to the core of the transverse stiffener
reinforced concrete in steel tube, the constraint
effect of built-in transverse stiffener reinforced
ribs of concrete-filled square steel tubular col-
umn strengthened, from the change of each sec-
tion of the column lateral strain is uniform, the
stress in the process of variation of transverse
strain in each cross section were small.

3.4 Ductility index of each specimen

Compared with concrete structure, con-
crete filled steel tubular structure shows bet-
ter ductility. In order to reflect the ductility of
concrete filled steel tube, the use of the existing
definitions of ductility index, that is to say, the
formula is

pr="% 1)

Hy
where, DI — Ductility Index; , — the displace-
ment When reaching the ultimate load; p, ~the
displacement when the force reduced the 85 %

limit load.

As seen from Table 2, the ductility of rein-
forced concrete with horizontal rectangular
steel tube column is greater than the ordinary
concrete filled square steel tube column; the
specimens in the transverse stiffener bar diam-
eter were 4mm and 6mm, bar spacing is reduced
from 100mm to 50mm, the ductility of concrete
with transverse stiffening bars increased by
8.6 % and 9 %. Comparison figure in ductility
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Table 2. DI of specimens

specimen B B DI
A0 2.8 4.5 1.57
Al 2.9 5.1 1.74
A2 3.0 5.4 1.81
A3 3.3 6.2 1.89
A4 3.1 5.6 1.77
A5 3.5 6.4 1.84
A6 3.9 7.4 1.93
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Fig. 6. Transverse strain of upper section on
specimens

of specimens can be seen from Fig. 9. Increase
of bar diameter can improve the ductility of
concrete filled square steel tube, but the ductil-
ity index increase is not obvious. Therefore, in
order to increase the ductility of concrete-filled
square steel tubular column with inner trans-
verse stiffening ribs, the spacing of transverse
stiffeners should be reduced.

4. Conclusion

This paper is concerned with the experiment
of concrete-filled square steel stub columns
strengthened by internal transverse stiffened
bars under axial compression. The following
conclusions can be drawn based on the results
of this study:

(1) Through the experiments of concrete-
filled square steel tubular column and concrete-
filled square steel tubular column strengthened
by internal transverse stiffened bars under ax-
ial compression, it is shown that the load-dis-
placement performance of this type of concrete
filled steel tubular column is similar with the
ordinary concrete filled square steel tubular
column, but bearing capacity of this new type
of column has been improved in certain extent,
the maximum increase 13.1%.
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Fig. 9. Comparison figure in ductility of speci-
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(2) The transverse strain of the reinforced
concrete filled square steel tubular column is
smaller than that of the concrete filled square
steel tube column due to the restriction of the
inner transverse reinforcement on the core con-
crete;
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(3) Compared with the increase of trans-
verse reinforcement diameter, reducing the
transverse reinforcement spacing can improve
the ultimate bearing capacity and ductility
more effectively.

5. Acknowledge

The authors gratefully acknowledge the
fiTnancial support from the Technology Project
of Shandong Province Construction Depart-
ment of Urban and Rural Housing of China un-
der Grant No. 2016KY028, Scientific Research
Innovation Team Support Plan of Department
of Resources and Civil Engineering of Shan-
dong University of Science and Technology and
2016 national university student innovation
and entrepreneurship training program proj-
ect. (No. 201613624002)

References

1. Zhong Shan Tong. Steel Pipe Concrete (3rd Edi-
tion) [M]. Beijing: Tsinghua University Press,
2002

2. Han Linhai. Concrete-filled steel tube structure
- theory and practice, Beijing: Science Press,
2004

3. Cai Shaohuai. Modern concrete-filled steel tube
(first edition), People’s Communications Press,
2003

4. Han Linhai. Steel Pipe Concrete Theory and
Practice (2nd Edition), Beijing: Science Press,
2007

5. Han Linhai, Yang Youfu. Modern concrete-filled
steel tube technology, China Construction In-
dustry Press, 2004

Functional materials, 24, 3, 2017

6.

N

10.

11.

12.

13.

14.

15.

16.

Zhong Shan Tong. High-rise concrete-filled steel
tube structure, Harbin: Heilongjiang Science
and Technology Press, 1997

Furlong, R. W., J.Struct. Div., 93(5), 113, 1967
R. B. Knowles, R. Park, J. Struct. Div. ASCE,
95(2), 2565, 1969

K.Cederwall, B. Engstrom, M. Grauers, Second
International Symposium on Utilization of High-
Strength Concrete, Hester, W. T, Berkeley, Cali-
fornia. May, 1990: 195-214.

H. Shakir-Khalil, J. Zeghiche, The Struct.Eng.,
67(9), 346, 1989.

Matsui. C, Tsuda. K and El Din, H. Z. Stabil-
ity design of slender concrete filled steel square
tubular columns. Proceedings of the 4th East
Asia-Pacific Conference on Structural Engineer-
ing and Construction, 1993,(1),317-322

Jerome F. Hajja, Aleksandr Molodan, Eng.
Struct., 20(4), 398, 1998

K. Tsuda, C. Matsui, E. Mino, Strength and be-
havior of slender concrete filled steel tubular col-
umns stability problems in designing, Construc-
tion and Rehabilitation of Metal Structures Pro-
ceedings of the Fifth International Colloquium
on Structural Stability, 1996: 489-500.

H. Shakir-Khalil, A. Al-Rawdan, Experimen-
tal behavior and numerical modeling of con-
crete-filled rectangular hollow section tubular
columns. Composite Construction in Steel and
Concrete III, 1997, 222-235.

National Standard of the People ‘s Republic of
China, GB / T228-2002, Test Method for Room
Temperature Tensile Testing of Metals, Beijing:
China Standard Press, 2002

National Standard of the People’s Republic
of China, GB / T50081-2002, Standard Test
Method for Mechanical Properties of Ordinary
Concrete, Beijing: China Construction Industry
Press, 2002

433



