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ABSTRACT

Compared with reinforced concrete, concrete filled steel tube (CFST) has several advantages due
to the mutually beneficial interaction between steel tube and concrete. A large number of studies
of CFST columns have been performed, whereas those of CFST beams appear to be limited in the
literature. Therefore, studies on CFST beams should be encouraged for building beam-column
frame structures. When a concrete filled steel tube (CFST) beam is subjected to a bending moment,
its sections are divided into compression and tension zones. An area of concrete near the neutral
axis may participate limitedly in the resistance of CFST sections; thus, it can be made hollow to
reduce the self-weight and cost. This paper thus investigates the effect of hollow concrete sections
on the moment capacity of CFST beams. A CFST section was selected, and its fiber model was
developed and verified. After that, a total of 60 sections of three diameter-to-thickness (D/t) ratios
of 40.64, 53.5, and 78.2 were analysed and compared. The effect of hollow concrete sections was
analysed and led to the conclusions. The results indicate that the moment-curvature curves are
moderately affected by the hollow concrete sections. The results also showed that the concrete
area can be made void up to 30.25% of the total area of CFST sections. The void area can be slightly
increased up to 42.25% as the D/t ratio increased. The results also indicated that the concrete infill
contributed 15.4%-19.8% to the capacity of CFST sections. The contribution of concrete infill to
the moment capacity of CFST sections slightly increased as the D/t ratio increased. These outcomes
can be useful information for structural engineers when designing circular CFST beams with hollow
sections.
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INTRODUCTION

Due to the mutual benefits of the interaction be-
tween steel tube and concrete, concrete filled steel
tube (CFST) owns several advantages when com-
pared with reinforced concrete (RC). CFST does not
need formwork during its construction, while con-
crete spalling is prevented by steel tubes. Different as-
pects of CFST, such as failure pattern !, load-carrying
capacity and ductility?, behaviour*°, and absorbed
energy®’, have been investigated.

A large number of investigations of CFST columns
have been performed, whereas those of CFST beams
appear to be limited, as raised by researchers®”. This
is due to the interesting confinement effect in CFST
columns. In contrast, the confinement effect in CEST
beams is limited, but CFST beams are obviously better
than steel tube (ST) beams. Lu and Kennedy '° exper-
imentally investigated the flexural behaviour of rect-
angular and square ST and CFST beams and found
that the steel ratio controlled the increase in the ulti-
mate strength of CFST beams compared to that of ST
beams. They established models to calculate the flex-

ural capacity of CFST beams. Elchalakani et al.® ex-
perimentally studied the behaviour of circular ST and
CFST beams under pure bending, and concluded that
the infill concrete enhanced the strength and ductil-
ity of CFST beams. Han'! developed models to pre-
dict the flexural behaviour of rectangular and square
CFST beams, and these models were used by Han et
al.'? to investigate the flexural performance of CFST
beams made of self-consolidating concrete. Lu et al. !®
confirmed that the behaviour of circular CFST beams
was negligibly influenced by the ratio of shear span
to beam depth. Chitawadagi and Narasimhan '* in-
vestigated the effect of concrete strength on the flexu-
ral behaviour of circular CFST beams and found that
the concrete strength slightly changed the capacity
of the CFST beams. Moon et al.'> found that lo-
cal buckling was delayed and the load-carrying ca-
pacity of CFST beams increased when the ratio of
steel strength to concrete strength increased. Jiang
et al.'® confirmed the high ductility of CFST beams.
Lai et al.'” tested nine high-strength square CEST
members under cyclic loadings and found that local
buckling and steel rupture were the failure modes.
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With high-strength steel, CFST members had a higher
load-carrying capacity but lower ductility, while stiff-
ness was negligibly affected. Gunawardena et al. '® re-
viewed and studied the moment capacity of circular
CFSTs under bending. 219 test results of circular CF-
STs collected from the literature were used for reliabil-
ity analyses. The results confirmed the adequate relia-
bility level of AS/NZS 2327 for design. Zarringol et
al.?0 studied the design calculations of different de-
sign standards applied for rectangular CFST beam-
columns with slender sections under combinations of
axial compression and bending. Modifications were
proposed to improve the design procedures. Xie et
al.?! tested 14 circular and square CFST beams made
of normal and recycled concrete and different cor-
rosion levels. They found that the corrosion no-
ticeably decreased the ultimate load-carrying capac-
ity and caused more apparent local buckling of CFST
beams. Investigations on CFST beams under com-
bined and cyclic loadings have also been conducted
by researchers >>~%,

The above review indicates that the literature focuses
on CFST beams with full infill concrete, while CEST
beams with hollow sections seem to be hardly found
in the literature. Under bending moments, the infill
concrete near the neutral axis participates limitedly
in the resistance of CFST beams. Therefore, it can be
partly removed to reduce the self-weight and save on
cost. This study aimed in this direction to provide in-
formation for engineers in practice. To achieve this
aim, a circular section analysed by Liew and Xiong*®
was selected. A model of this CFST section was de-
veloped in SAP20002°, and it was verified by compar-
ing its result with the result of an available theoretical
model. After verification, the model was developed
for various CFST sections with consideration of hol-
low concrete sections. The results were analysed and
compared to clarify the effect of hollow concrete sec-
tions on moment capacity of CFST sections. The com-
parison results were used to draw conclusions, which
can be beneficial to structural engineers when design-
ing hollow CFST beams.

DESCRIPTIONS OF CIRCULAR CFST
BEAM SECTIONS

The circular section analysed by Liew and Xiong?®
was revisited. The outer diameter was 508 mm, and
the thickness of the steel tube was 12.5 mm. The com-
pressive strength of concrete was 40 MPa. The steel
was S355, with a yield strength of 355 MPa. The ulti-
mate strain &, was taken as 0.02527. The elastic mod-
ulus was Ey = 2 x 103 MPa. The elasto-plastic model

of steel adopted in ACI 318-192% and the stress-strain
model proposed by Hognestad >’ were selected to be
used in this paper. These stress-strain models of steel
and concrete are shown in Figure la and b, respec-

tively.
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Figure 1: Models of steel and concrete.
METHOD

CFST sections can be considered composite sections
regardless of the imperfection of the connection be-
tween the steel tube and concrete. The composite con-
cept was employed by Han'!! to develop a model of
moment capacity for CSFT sections. Using this con-
cept, Han ! transformed CFST sections into compos-
ite sections. Then, the bending formula of the me-
chanics of materials was applied and modified using a
regression factor. The Han '! model is shown in Equa-
tion 1, where M,, is the moment capacity; Wy, is
the section modulus of the rectangular CFST beams
(Equation 2); fgy is the “nominal yield strength” of
composite sections>’, which is determined by Equa-
tion 3; and 7, is termed the flexural strength index
(Equation 4), which was determined based on regres-
sion analysis using the experimental data. In Equa-
tions 3 and 4, £ is the confinement factor; f is the
characteristic strength of concrete, which equals the
compressive strength of cylinder concrete samples?'.
Mu = ymWscmfvcy (1)

Wiem = (7 x D3)/32 for circular sections (2)

fiey = (1.14+1.028 ) (3)

Y = 1.1 +0.48In(E +0.1) (4)
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For the CFST section described in Section 2, the pa-
rameters are determined as Ay = 19458.2 mm?, A, =
183224.8 mm?, Weg, = 12870370 mm?, & = 0.943,
fsey = 84.055 MPa, ¥, = 1.12. Consequently, the ul-
timate moment is M,, = 1211.6 kNm based on Han !

model.

The above CEST section was modeled in SAP20002°
using the information in Section 2. Figure 2 shows
the model of the CFST section in SAP2000 section

6. Figure 3 shows the moment-curvature

designer
curves obtained from the fiber-modeled analysis. The
ultimate moment was 1258.7 kNm. Compared with
the ultimate moment M, = 1211.6 kNm obtained
from Han!! model, the difference is 3.9%, showing

a good agreement between the two results.

Figure 2: CFST section in SAP2000 section de-

signer?°.
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Figure 3: Moment-curvature curves of the CFST
section

RESULTS AND DISCUSSIONS OF
MOMENT CAPACITY OF CFST BEAM
SECTIONS

Figure 4 shows a typical CFST section with hollow
sections. In this section, CFST sections with differ-
ent D/t and d/D ratios were used for analyses. The
CFST section with the outer diameter of D = 508
mm described in Section 2 was modified. The steel
thicknesses were selected to be 12.5, 9.5, and 6.5 mm,
which made D/t ratios of 40.64, 53.5, and 78.2, respec-
tively. CFSTs without and with hollow sections were
analysed. The hollow diameters d were selected based
on the d/D ratio varying from 0 to its maximum value.
The maximum value of d/D corresponds to the steel
tube section. The increment of the d/D ratio was se-
lected to be 0.05. Table 1 shows different CFST sec-
tions with a constant outer diameter of D = 508 mm,
while values of d/D ratio and d vary as presented in
columns 2 and 3, respectively. The last row of Table 1
shows the steel sections, in which the ratio of d/D was
calculated.

Concrete

Steel tube

D=508

Figure 4: CFST with hollow sections

A total of 60 analyses were performed for three D/t
ratios and 20 sections for each D/t ratio. Figure 5a
shows 20 moment-curvature curves of CFST sections
with a D/t of 40.64 but different hollow sections. Sim-
ilarly, Figure 5b and ¢ show the moment-curvature
curves of CFST sections with D/t of 53.5 and 78.2, re-
spectively. The highest curve is of the CFST section
without a hollow section. The lowest curve is of the ST
section (CFST section with a d/D of 0.95-0.97). This
figure indicates that the contribution of the infill con-
crete to the moment capacity is moderate. The mo-
ment capacity of CFST beam sections is governed by
the steel tubes.
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Table 1: Hollow CFST sections.

No. d/D ratio
1 0

2 0.05
3 0.10
4 0.15
5 0.20
6 0.25
7 0.30
8 0.35
9 0.40
10 0.45
11 0.50
12 0.55
13 0.60
14 0.65
15 0.70
16 0.75
17 0.80
18 0.85
19 0.90
20 0.95 (0.96 and 0.97)

d (mm) Percentage of hollow area
to whole area (%)
0.0 0
25.4 0.25
50.8 1.00
76.2 2.25
101.6 4.00
127.0 6.25
1524 9.00
177.8 12.25
203.2 16.00
228.6 20.25
254.0 25.00
279.4 30.25
304.8 36.00
330.2 42.25
355.6 49.00
381.0 56.25
406.4 64.00
431.8 72.25
457.2 81.00

483 (489 and 495) 90.4 (92.7 and 94.95)

Figure 6a shows the variations in the ultimate mo-
ment of CFST sections with a D/t of 40.64 with respect
to different d/D ratios. This figure shows the following
interesting aspects. The moment capacity is almost
unchanged when the d/D ratio varies from 0.0 to 0.50.
This indicates that the compression zone of concrete is
outside the hollow section; therefore, it does not affect
the moment capacity. The moment capacity slightly
decreases when the d/D ratio is 0.55. Further increas-
ing the d/D ratio, there is a clear decreasing trend in
moment capacity. When there is no infill concrete,
the moment capacity is 1064.5 kNm. This character-
istic is also found for CFST sections with D/t of 53.5
and 78.2, as presented in Figure 6b and c. However,
the ratio of d/D at the starting reduction in the ulti-
mate moment is slightly increased to 0.55 and 0.6 for
CFST sections with D/t of 53.5 and 78.2, respectively.
Figure 7a shows the reduction percentages of mo-
ment capacities compared with the solid CFST sec-
tions with a D/t of 40.64. There is no reduction when

the d/D ratio is up to 0.50, while the reduction of the
ultimate moment starts at 0.55, which corresponds
to the percentage of hollow area to the whole area
of 30.25%. When further increasing the d/D ratio to
0.95, the reduction percentage increases significantly
to 15.4%. This reduction percentage also indicates the
limited contribution of the infill concrete to the mo-
ment capacity of CFST beam sections.

Figure 7b and c indicate a similar characteristic for
CEST sections with D/t of 53.5 and 78.2; however,
the ratio d/D of the starting reduction of the ultimate
moment is slightly increased to 0.60 and 0.65, respec-
tively. Therefore, when D/t increased from 40.64 to
53.5 and 78.2, the threshold values of d/D increased
from 0.50 to 0.60 and 0.65, respectively. These results
indicate the more important role of concrete in CFST
sections with a higher D/t ratio. Figure 7 also reveals
that the contribution of the concrete infill to the mo-
ment capacity was 15.4% to 19.8% for CFST sections,
with D/t varying from 40.64 to 78.2, respectively.
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Figure 5: Moment-curvature curves of CFST sec-
tions with different hollow sections.

CONCLUSIONS

In this study, 60 fiber-sectional analyses of CFST sec-
tions with D/t 0f 40.64, 53.5, and 78.2 were performed.
The effect of hollow concrete sections was analysed
and led to the following conclusions. The moment-
curvature curves are moderately affected by the hol-
low concrete sections. The moment curvature curves
were almost unchanged when the ratio of d/D was up
to 0.55, at which the hollow area was approximately
30% of the total sectional area of CFST. Moment ca-
pacity of CFST sections decreases when further in-
creases the d/D ratio beyond 0.55. When d/D ratio
is close to its maximum value (ST beams), the de-
creasing percentage of moment curvature was 15.4%-—
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Figure 6: Variation in ultimate moment with respect
to d/D for CFST sections

19.8%.

sections were recommended to be limited at 0.55,

Based on the obtained results, the hollow

which corresponds to approximately 30% of the cross-
sectional area of CFST sections. It is worth noting
that these conclusions are applied for sections under
pure bending. Further experimental and finite ele-
ment studies should be carried out for CFST sections
with hollow sections under combinations of bending
moment and axial loading. Additionally, local buck-
ling of steel tubes in such analyses should be further

investigated.
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Anh huéng cta tiét dién bé tong réng dén kha nang chiu mé men
uén thuan tay ctia dam éng thép nhai bé téng tron

Lé Ba Khanh'2, Cao Van Vui'%”

TOM TAT

So vdi bé tong cét thép, dng thép nhéi bé tong (CFST) cd mot s6 uu diém do su tuong tac clng
6 loi gitia 6ng thép va bé tong. Mot s6 luong I6n cac nghién clu vé cot CFST da dugc thuc hién;
trong khi d6, cac nghién ctiu vé dam CFST dudng nhu rét it dugc nghién ctu. Vi vay, nghién cdu
dam CFST can dugc khuyén khich dé xay dung két cdu khung dam-cot CFST. Khi dam CFST chju
md men udn, cac mat cat clia nd dugc chia thanh viing nén va ving kéo. Dién tich bé toéng gan
truc trung hoa co thé tham gia maét cach han ché vao kha nang chiu uén cla tiét dién CFST; do
dé, n6 co thé duac lam réng dé giam trong luang ban than va chi phi. Vi vay, bai bdo nay nghién
cu anh hudng cla tiét dién bé tong réng dén kha nang chiu mé men ctia dam CFST. Mat cit dam
CFST dugc chon va mé hinh thé clia né da dugc xay dung va kiém ching. Sau do, téng cong 60
mat cat co ba ty lé duong kinh trén dé day (D/1) la 40,64, 53,5 va 78,2 da dugc phan tich va so sanh.
Anh hudng clia cac tiét dién bé téng réng da dudc phan tich va dua ra cic két luan. Két qua chira
rang cac dudng cong quan hé gitta mé men uén va géc xoay bi dnh hudng viia phai bsi cac mat
cét bé tong rédng. Két qua cling cho thdy dién tich bé tong cé thé dugc lam réng lén tdi 30,25%
t8ng dién tich mat cat CFST. Dién tich réng cé thé tang 1én t6i 42,25% khi ty 1& D/t tang lén. Két qua
cling chi ra rang phan bé tong nhoi dong gép 15,4%-19,8% vao kha ndng chiu mé men cda tiét

'Khoa Ky Thudt Xay Dyng, Truong Dai dién CFST. Su déng gop clia bé tong nhéi déi véi kha ndng chiu mé men cua tiét dién CFST tang
hoc Béch Khoa Tp. H6 Chi Minh, 268 Ly nhe khi ty 1& D/t tang. Nhing két qua nay cé thé 1a théng tin hu ich cho céc ky su két cau khi thiét
ThWZg Kiéfilph“ff"g 14, Quan 10, TP, ké dam CFST tron ¢ tiét dién bé tong rong.
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