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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 bendingmoment,
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 bemade 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
themoment capacity of CFST sections slightly increased as theD/t ratio increased. These outcomes
can be useful information for structural engineers when designing circular CFST beamswith hollow
sections.
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INTRODUCTION1

Due to the mutual benefits of the interaction be-2

tween steel tube and concrete, concrete filled steel3

tube (CFST) owns several advantages when com-4

pared with reinforced concrete (RC). CFST does not5

need formwork during its construction, while con-6

crete spalling is prevented by steel tubes. Different as-7

pects of CFST, such as failure pattern1, load-carrying8

capacity and ductility2,3, behaviour4,5, and absorbed9

energy 6,7, have been investigated.10

A large number of investigations of CFST columns11

have been performed, whereas those of CFST beams12

appear to be limited, as raised by researchers8,9. This13

is due to the interesting confinement effect in CFST14

columns. In contrast, the confinement effect in CFST15

beams is limited, but CFST beams are obviously better16

than steel tube (ST) beams. Lu and Kennedy 10 exper-17

imentally investigated the flexural behaviour of rect-18

angular and square ST and CFST beams and found19

that the steel ratio controlled the increase in the ulti-20

mate strength of CFST beams compared to that of ST21

beams. They established models to calculate the flex-22

ural capacity of CFST beams. Elchalakani et al.8 ex- 23

perimentally studied the behaviour of circular ST and 24

CFST beams under pure bending, and concluded that 25

the infill concrete enhanced the strength and ductil- 26

ity of CFST beams. Han11 developed models to pre- 27

dict the flexural behaviour of rectangular and square 28

CFST beams, and these models were used by Han et 29

al.12 to investigate the flexural performance of CFST 30

beamsmade of self-consolidating concrete. Lu et al.13 31

confirmed that the behaviour of circular CFST beams 32

was negligibly influenced by the ratio of shear span 33

to beam depth. Chitawadagi and Narasimhan14 in- 34

vestigated the effect of concrete strength on the flexu- 35

ral behaviour of circular CFST beams and found that 36

the concrete strength slightly changed the capacity 37

of the CFST beams. Moon et al.15 found that lo- 38

cal buckling was delayed and the load-carrying ca- 39

pacity of CFST beams increased when the ratio of 40

steel strength to concrete strength increased. Jiang 41

et al.16 confirmed the high ductility of CFST beams. 42

Lai et al.17 tested nine high-strength square CFST 43

members under cyclic loadings and found that local 44

buckling and steel rupture were the failure modes. 45
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With high-strength steel, CFSTmembers had a higher46

load-carrying capacity but lower ductility, while stiff-47

ness was negligibly affected. Gunawardena et al.18 re-48

viewed and studied the moment capacity of circular49

CFSTs under bending. 219 test results of circular CF-50

STs collected from the literature were used for reliabil-51

ity analyses. The results confirmed the adequate relia-52

bility level of AS/NZS 2327 19 for design. Zarringol et53

al.20 studied the design calculations of different de-54

sign standards applied for rectangular CFST beam-55

columns with slender sections under combinations of56

axial compression and bending. Modifications were57

proposed to improve the design procedures. Xie et58

al.21 tested 14 circular and square CFST beams made59

of normal and recycled concrete and different cor-60

rosion levels. They found that the corrosion no-61

ticeably decreased the ultimate load-carrying capac-62

ity and caused more apparent local buckling of CFST63

beams. Investigations on CFST beams under com-64

bined and cyclic loadings have also been conducted65

by researchers22–24.66

The above review indicates that the literature focuses67

on CFST beams with full infill concrete, while CFST68

beams with hollow sections seem to be hardly found69

in the literature. Under bending moments, the infill70

concrete near the neutral axis participates limitedly71

in the resistance of CFST beams. Therefore, it can be72

partly removed to reduce the self-weight and save on73

cost. This study aimed in this direction to provide in-74

formation for engineers in practice. To achieve this75

aim, a circular section analysed by Liew and Xiong2576

was selected. A model of this CFST section was de-77

veloped in SAP2000 26, and it was verified by compar-78

ing its result with the result of an available theoretical79

model. After verification, the model was developed80

for various CFST sections with consideration of hol-81

low concrete sections. The results were analysed and82

compared to clarify the effect of hollow concrete sec-83

tions onmoment capacity of CFST sections. The com-84

parison results were used to draw conclusions, which85

can be beneficial to structural engineers when design-86

ing hollow CFST beams.87

DESCRIPTIONS OF CIRCULAR CFST88

BEAM SECTIONS89

The circular section analysed by Liew and Xiong2590

was revisited. The outer diameter was 508 mm, and91

the thickness of the steel tube was 12.5 mm. The com-92

pressive strength of concrete was 40 MPa. The steel93

was S355, with a yield strength of 355 MPa. The ulti-94

mate strain εu was taken as 0.02527. The elastic mod-95

ulus was Es = 2 x 105 MPa. The elasto-plastic model96

of steel adopted in ACI 318-1928 and the stress-strain 97

model proposed by Hognestad29 were selected to be 98

used in this paper. These stress-strain models of steel 99

and concrete are shown in Figure 1a and b, respec- 100

tively.

Figure 1: Models of steel and concrete.

101

METHOD 102

CFST sections can be considered composite sections 103

regardless of the imperfection of the connection be- 104

tween the steel tube and concrete. The composite con- 105

cept was employed by Han11 to develop a model of 106

moment capacity for CSFT sections. Using this con- 107

cept, Han11 transformed CFST sections into compos- 108

ite sections. Then, the bending formula of the me- 109

chanics of materials was applied andmodified using a 110

regression factor. TheHan11 model is shown in Equa- 111

tion 1, where Mu is the moment capacity; Wscm is 112

the section modulus of the rectangular CFST beams 113

(Equation 2); fscy is the “nominal yield strength” of 114

composite sections30, which is determined by Equa- 115

tion 3; and γm is termed the flexural strength index 116

(Equation 4), which was determined based on regres- 117

sion analysis using the experimental data. In Equa- 118

tions 3 and 4, ξ is the confinement factor; fck is the 119

characteristic strength of concrete, which equals the 120

compressive strength of cylinder concrete samples31. 121

Mu = γmWscmfscy (1) 122

Wscm = (π x D3)/32 for circular sections (2) 123

fscy = (1.14+1.02ξ )fck (3) 124

γm = 1.1 + 0.48ln(ξ + 0.1) (4) 125
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For the CFST section described in Section 2, the pa-126

rameters are determined as As = 19458.2 mm2, Ac =127

183224.8 mm2, Wcsm = 12870370 mm2, ξ = 0.943,128

fscy = 84.055 MPa, γm = 1.12. Consequently, the ul-129

timate moment is Mu = 1211.6 kNm based on Han11
130

model.131

The above CFST section was modeled in SAP200026132

using the information in Section 2. Figure 2 shows133

the model of the CFST section in SAP2000 section134

designer26. Figure 3 shows the moment–curvature135

curves obtained from the fiber-modeled analysis. The136

ultimate moment was 1258.7 kNm. Compared with137

the ultimate moment Mu = 1211.6 kNm obtained138

from Han11 model, the difference is 3.9%, showing139

a good agreement between the two results.140

Figure 2: CFST section in SAP2000 section de-
signer 26 .

Figure 3: Moment–curvature curves of the CFST
section

RESULTS ANDDISCUSSIONS OF 141

MOMENT CAPACITY OF CFST BEAM 142

SECTIONS 143

Figure 4 shows a typical CFST section with hollow 144

sections. In this section, CFST sections with differ- 145

ent D/t and d/D ratios were used for analyses. The 146

CFST section with the outer diameter of D = 508 147

mm described in Section 2 was modified. The steel 148

thicknesses were selected to be 12.5, 9.5, and 6.5 mm, 149

whichmadeD/t ratios of 40.64, 53.5, and 78.2, respec- 150

tively. CFSTs without and with hollow sections were 151

analysed. The hollow diameters d were selected based 152

on the d/D ratio varying from 0 to itsmaximum value. 153

The maximum value of d/D corresponds to the steel 154

tube section. The increment of the d/D ratio was se- 155

lected to be 0.05. Table 1 shows different CFST sec- 156

tions with a constant outer diameter of D = 508 mm, 157

while values of d/D ratio and d vary as presented in 158

columns 2 and 3, respectively. The last row of Table 1 159

shows the steel sections, in which the ratio of d/Dwas 160

calculated. 161

Figure 4: CFST with hollow sections

A total of 60 analyses were performed for three D/t 162

ratios and 20 sections for each D/t ratio. Figure 5a 163

shows 20 moment-curvature curves of CFST sections 164

with aD/t of 40.64 but different hollow sections. Sim- 165

ilarly, Figure 5b and c show the moment–curvature 166

curves of CFST sections withD/t of 53.5 and 78.2, re- 167

spectively. The highest curve is of the CFST section 168

without a hollow section. The lowest curve is of the ST 169

section (CFST section with a d/D of 0.95-0.97). This 170

figure indicates that the contribution of the infill con- 171

crete to the moment capacity is moderate. The mo- 172

ment capacity of CFST beam sections is governed by 173

the steel tubes. 174
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Table 1: Hollow CFST sections.

No. d/D ratio d (mm) Percentage of hollow area
to whole area (%)

1 0 0.0 0

2 0.05 25.4 0.25

3 0.10 50.8 1.00

4 0.15 76.2 2.25

5 0.20 101.6 4.00

6 0.25 127.0 6.25

7 0.30 152.4 9.00

8 0.35 177.8 12.25

9 0.40 203.2 16.00

10 0.45 228.6 20.25

11 0.50 254.0 25.00

12 0.55 279.4 30.25

13 0.60 304.8 36.00

14 0.65 330.2 42.25

15 0.70 355.6 49.00

16 0.75 381.0 56.25

17 0.80 406.4 64.00

18 0.85 431.8 72.25

19 0.90 457.2 81.00

20 0.95 (0.96 and 0.97) 483 (489 and 495) 90.4 (92.7 and 94.95)

Figure 6a shows the variations in the ultimate mo-175

ment of CFST sectionswith aD/t of 40.64with respect176

to different d/D ratios. This figure shows the following177

interesting aspects. The moment capacity is almost178

unchanged when the d/D ratio varies from 0.0 to 0.50.179

This indicates that the compression zone of concrete is180

outside the hollow section; therefore, it does not affect181

the moment capacity. The moment capacity slightly182

decreases when the d/D ratio is 0.55. Further increas-183

ing the d/D ratio, there is a clear decreasing trend in184

moment capacity. When there is no infill concrete,185

the moment capacity is 1064.5 kNm. This character-186

istic is also found for CFST sections with D/t of 53.5187

and 78.2, as presented in Figure 6b and c. However,188

the ratio of d/D at the starting reduction in the ulti-189

mate moment is slightly increased to 0.55 and 0.6 for190

CFST sections with D/t of 53.5 and 78.2, respectively.191

Figure 7a shows the reduction percentages of mo-192

ment capacities compared with the solid CFST sec-193

tions with a D/t of 40.64. There is no reduction when194

the d/D ratio is up to 0.50, while the reduction of the 195

ultimate moment starts at 0.55, which corresponds 196

to the percentage of hollow area to the whole area 197

of 30.25%. When further increasing the d/D ratio to 198

0.95, the reduction percentage increases significantly 199

to 15.4%. This reduction percentage also indicates the 200

limited contribution of the infill concrete to the mo- 201

ment capacity of CFST beam sections. 202

Figure 7b and c indicate a similar characteristic for 203

CFST sections with D/t of 53.5 and 78.2; however, 204

the ratio d/D of the starting reduction of the ultimate 205

moment is slightly increased to 0.60 and 0.65, respec- 206

tively. Therefore, when D/t increased from 40.64 to 207

53.5 and 78.2, the threshold values of d/D increased 208

from 0.50 to 0.60 and 0.65, respectively. These results 209

indicate the more important role of concrete in CFST 210

sections with a higher D/t ratio. Figure 7 also reveals 211

that the contribution of the concrete infill to the mo- 212

ment capacity was 15.4% to 19.8% for CFST sections, 213

with D/t varying from 40.64 to 78.2, respectively. 214
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Figure 5: Moment-curvature curves of CFST sec-
tions with different hollow sections.

CONCLUSIONS215

In this study, 60 fiber-sectional analyses of CFST sec-216

tionswithD/t of 40.64, 53.5, and 78.2were performed.217

The effect of hollow concrete sections was analysed218

and led to the following conclusions. The moment–219

curvature curves are moderately affected by the hol-220

low concrete sections. The moment curvature curves221

were almost unchanged when the ratio of d/D was up222

to 0.55, at which the hollow area was approximately223

30% of the total sectional area of CFST. Moment ca-224

pacity of CFST sections decreases when further in-225

creases the d/D ratio beyond 0.55. When d/D ratio226

is close to its maximum value (ST beams), the de-227

creasing percentage of moment curvature was 15.4%–228

Figure6: Variation in ultimatemomentwith respect
to d/D for CFST sections

19.8%. Based on the obtained results, the hollow 229

sections were recommended to be limited at 0.55, 230

which corresponds to approximately 30%of the cross- 231

sectional area of CFST sections. It is worth noting 232

that these conclusions are applied for sections under 233

pure bending. Further experimental and finite ele- 234

ment studies should be carried out for CFST sections 235

with hollow sections under combinations of bending 236

moment and axial loading. Additionally, local buck- 237

ling of steel tubes in such analyses should be further 238

investigated. 239
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Figure 7: Reduction percentage of moment capac-
ity of CFST sections with respect to d/D.
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TÓM TẮT
So với bê tông cốt thép, ống thép nhồi bê tông (CFST) có một số ưu điểm do sự tương tác cùng
có lợi giữa ống thép và bê tông. Một số lượng lớn các nghiên cứu về cột CFST đã được thực hiện;
trong khi đó, các nghiên cứu về dầm CFST dường như rất ít được nghiên cứu. Vì vậy, nghiên cứu
dầm CFST cần được khuyến khích để xây dựng kết cấu khung dầm–cột CFST. Khi dầm CFST chịu
mô men uốn, các mặt cắt của nó được chia thành vùng nén và vùng kéo. Diện tích bê tông gần
trục trung hòa có thể tham gia một cách hạn chế vào khả năng chịu uốn của tiết diện CFST; do
đó, nó có thể được làm rỗng để giảm trọng lượng bản thân và chi phí. Vì vậy, bài báo này nghiên
cứu ảnh hưởng của tiết diện bê tông rỗng đến khả năng chịu mômen của dầm CFST. Mặt cắt dầm
CFST được chọn và mô hình thớ của nó đã được xây dựng và kiểm chứng. Sau đó, tổng cộng 60
mặt cắt có ba tỷ lệ đường kính trên độ dày (D/t) là 40,64, 53,5 và 78,2 đã được phân tích và so sánh.
Ảnh hưởng của các tiết diện bê tông rỗng đã được phân tích và đưa ra các kết luận. Kết quả chỉ ra
rằng các đường cong quan hệ giữa mô men uốn và góc xoay bị ảnh hưởng vừa phải bởi các mặt
cắt bê tông rỗng. Kết quả cũng cho thấy diện tích bê tông có thể được làm rỗng lên tới 30,25%
tổng diện tíchmặt cắt CFST. Diện tích rỗng có thể tăng lên tới 42,25% khi tỷ lệD/t tăng lên. Kết quả
cũng chỉ ra rằng phần bê tông nhồi đóng góp 15,4%–19,8% vào khả năng chịu mô men của tiết
diện CFST. Sự đóng góp của bê tông nhồi đối với khả năng chịu mô men của tiết diện CFST tăng
nhẹ khi tỷ lệ D/t tăng. Những kết quả này có thể là thông tin hữu ích cho các kỹ sư kết cấu khi thiết
kế dầm CFST tròn có tiết diện bê tông rỗng.
Từ khoá: Khả năng chịu mô men, Ống thép nhồi bê tông (CFST), Dầm, Mặt cắt rỗng, Uốn
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