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This is the first design guide on concrete-filled double skin steel
tubular (CFDST) structures. It addresses in particular CFDST
structures with plain concrete sandwiched between circular hol-
low sections and provides the relevant calculation methods and
construction provisions for CFDST structures.

CEDST structures inherit the advantages of conventional
concrete-filled steel tubular (CFST) structures, including high
strength, good ductility and durability, high fire resistance and
favorable constructability. Moreover, because of their unique
sectional configuration, CFDST structures have been proved to
possess lighter weight, higher bending stiffness and better cyclic
performance than conventional CFST. Consequently, CFDST can
offer reduced concrete consumption and construction costs.

This design guide is for engineers designing electrical grid
infrastructures, wind power towers, bridge piers and other struc-
tures requiring light self-weight, high bending stiffness and high
bearing capacity.
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Preface

The concrete-filled double skin steel tubular (CFDST) structure
is a new type of steel-concrete composite structure. It inherits the
advantages of conventional concrete-filled steel tubular (CFST)
structures, including high strength, good ductility and durabil-
ity, high fire resistance and favorable constructability. Moreover,
because of its unique sectional configuration, the CFDST structure
has been proved to possess higher bending stiffness and better cyclic
performance than conventional CFST structures. In addition, the
use of CFDST structures could lead to lighter self-weight with less
concrete consumption and a reduction of the foundation cost.

This design guide is based on the limit state design philosophy and
is fully compliant with all the current Eurocodes. It covers the selec-
tion of materials, design of the CFDST structures, design of joints,
fire protection requirements and practical construction issues. It will
be a valuable guide for practicing engineers who are interested in
the design of CFDST structures. Following the principle of sustain-
able development, the publication of this design guide is expected to
exert positive effects on the application of CFDST structures.

Finally, the authors would like to thank and acknowledge the con-
tributions from Mr. You-Xing Hua, Dr. Chao Hou, Dr. Wei Li, Dr. Kan
Zhou and Dr. Therese Sheehan in preparation of this design guide.

Lin-Hai Han
Dennis Lam
David A. Nethercot
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CHAPTER 1

Introduction

1.1 CONCRETE-FILLED DOUBLE SKIN
STEEL TUBES (CFDST)

Concrete-filled double skin steel tubular (CFDST) members are
composite members which consist of inner skin, outer steel skin

and concrete filled in the annulus. Figure 1.1 shows some typical
CEDST cross sections. Either the inner skin or the outer skin can
be circular, rectangular or square hollow sections. The outer steel
skin can be either carbon steel or stainless steel. This type of com-
posite structure derives from the conventional concrete-filled steel
tube (CFST) structure and inherits the advantages of the CFST
structure. This sandwiched cross section has been proved to have
high stiftness with enhanced stability under external pressure. This
section of the book introduces the applications of CEST structures
briefly, and then presents an application of CFDST structures.

It is well known that the conventional CEST consists of an outer
steel tube and a concrete core infilled. Various types of CEST cross
sections are shown in Figure 1.2. Some background information is
available in the publications by Zhao and Han (2006) and Han et al.
(2014).

The advantages of CFST members, such as high strength and
fire resistance, favorable ductility and high energy absorption

1
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FIGURE 1.1 Typical CFDST cross sections.
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FIGURE 1.2 Typical CEST cross sections.

capacity, have been well recognized worldwide, (Goode and Lam,
2011; Lam and Williams, 2004; Qu et al., 2015; Yang et al., 2008)
leading to the wide application of CFST members, especially in
buildings, bridges and other large-scale structures. As shown in
Figure 1.3, CFST members can be adapted to replace conventional

Longitudinal
reinforcement

Concrete core
Stirrup

Concrete teel tube

(a) RC member (b) CFST member

FIGURE 1.3 Typical RC and CFST members.
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reinforced concrete (RC) members so that the structure can benefit
from the advantages of CFST members. Moreover, the outer tube
can be used as formwork in construction, significantly reducing the
labor and material costs and increasing the efficiency of construction.

CFST structures have been used in China for over 50 years. They
have been used as the load-bearing members in subway stations
in Beijing since 1966 and in workshops and power plant buildings
since the 1970s. Recent decades have seen the rapid development
of the applications of CFST construction. CFST members are now
being used as major load-bearing members under various loading
conditions in buildings, bridges and other structures.

Figures 1.4 through 1.7 show the application of CFST members in
an electrical transmission tower, a high-rise building and two bridges
in China (Han, 2016; Han et al., 2014). The state-of-the-art research
innovations for CFST structures and their development trends, espe-
cially in China, have been reviewed and discussed by Han et al. (2014).

The research and utilization of CFEST structures in Europe are
extensive as well. As shown in Figures 1.8 and 1.9, circular CFST

FIGURE 1.4 An electrical transmission tower in Zhoushan, China.
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FIGURE 1.5 China Zun (528 m) under construction, Beijing, China.

columns are used in the Fleet Place House due to their good
mechanical performance and appealing architectural appearance
appealing architectural appearance (Hicks et al., 2002).

CEST columns are also gaining popularity in construc-
tion in Japan, where they are used as the critical columns in
medium- and high-rise buildings, bridge piers, power transmis-
sion towers, and so on. The first edition of the AIJ standard for
composite concrete and circular steel tubular structures was
published in 1967, based on the research conducted in the early

FIGURE 1.6 Wushan Yangtze River Bridge, Chongging, China.



Introduction m 5

Steel tube
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FIGURE 1.7 Ganhaizi Bridge, Yaan, Sichuan Province, China (1811 m
in length with 36 spans and lattice piers up to 107 m in height).

1960s. Extensive work is also available on the investigation of
CFST members and structures in the last two decades of the
last century, including the “New Urban Housing Project” and the
“US-Japan Cooperative Earthquake Research Program.” In addi-
tion, individual universities and industrial institutions have also

A\
=

FIGURE 1.8 Fleet Place House, London, UK.



6 m Design Guide for Tubular Structures

L
)
!

FIGURE 1.9 Composite columns used in Fleet Place House, London, UK.

finished research work and presented the results at the annual
meetings of the Architectural Institute of Japan (AIJ) (Morino
and Tsuda, 2003).

The studies and application of CFST in the United States are
relatively recent compared with those in Japan. The CFST mem-
bers used in the United States differ significantly from those in
Japan, which hindered the application of previous research in the
United States. In Japan, the slenderness ratios of CEST members
were typically not greater than 60, while in the United States, the
slenderness ratios were greater than 100, with concrete used for
maximizing the column stiffness (Roeder, 1998). When the CFST



Introduction m 7

columns started to be used in United States, no relevant content
was available in the design standards at that time. The application
prompted experimental and theoretical research. For instance,
Task Group 20 of the Structural Stability Research Council pro-
posed a specification for the design of steel-concrete composite
columns in 1979, which was subsequently adopted in the 1986
AISC-LRFD Code. Afterward, researchers studied the static and
cyclic performance of CFST members and joints, and they pro-
posed design methods to improve the practice of building CFST
structures in the United States.

Most building structures with CFST columns used in the
United States are braced frames, where axial forces are developed
in these columns under lateral loading with a consequent demand
for bond stress capacity. CFST columns are used in unbraced
building structures as well, with the aim of forming primary lat-
eral resistance systems. The building shown in Figure 1.10 is the
Gateway Tower in Seattle, which employs a braced frame with
CFST columns.

The application of the CFST structures is supported by several
well-known national codes, such as the Japanese code AIJ (2001),
American code AISC (American Institute of Steel Construction,
2010), British bridge code BS5400 (British Standards Institution,
2005), Australian bridge design standard AS5100 (Standards
Australia, 2004), Chinese code DBJ/T13-51 (2010) and Eurocode
4 (2004).

The advantages of CFDST are similar to those of conventional
CFEST and include increased sectional stiffness; enhanced global
stability; lighter weight; ability to use the space in the inner tube,
if necessary, good damping characteristics and good cyclic per-
formance. CFDST columns can exhibit enhanced fire resistance
because the inner tubes are protected by the sandwiched concrete
in the fire condition. Moreover, the steel tubes can act as formwork
to the concrete during construction. The steel tubes can also bear
a considerable amount of construction load prior to the pump-
ing of the concrete mix, which results in construction efliciency.
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FIGURE 1.10 Gateway Tower, Seattle, U.S.

CFDST has been used as high-rise bridge piers in Japan (Yagishita
etal., 2000) to reduce the structural self-weight while maintaining
a high energy-absorption capacity.

In recent years, many studies have been performed on CFDST
members, and a state-of-the-art review has been conducted by
Han et al. (2004) as well as Zhao and Han (2006). According to
Han et al. (2004) and Tao et al. (2004), hollow ratio  is a critical
parameter reflecting the proportion of the void in the cross sec-
tion. This ratio is defined as D,/(D,—2t,), where D, and D, are the
diameters of the inner and outer tubes, respectively, and ¢, is the
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(¢) pouring sandwiched concrete (d) fresh sandwiched concrete

Steel tubes
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(e) CFDST pole in service

FIGURE 1.11  (Continued)



Introduction = 11

thickness of the outer tube. If hollow ratio y of a CFDST column
equals 0, this column is a conventional CFST column.

CFDST members have been used in electrical grid structures.
Photos of a CFDST pole is shown in Figure 1.11. Figure 1.11a, b
show both the outer and inner steel tubes of the CFDST during
construction; Figure 1.11c, d show the process of concrete pouring
between the gap of the outer and the inner steel tubes. Figure 1.11e
shows the CFDST pole in service stage. The bearing capacity and
stability of the pole is enhanced when compared with a conven-
tional transmission tower, while the occupied area of the base is
reduced.

1.2 ABOUT THIS GUIDE

The design guide is intended to be used by designers and engineers
for the design, construction and inspection of this form of struc-
ture and is most suitable for those CFDST structures with plain
concrete sandwiched between circular hollow sections (CHS). It
discusses the selection of materials, design of the CFDST struc-
tures, design of joints, fire protection requirements and practical

construction issues for CFDST structures.

1.3 DEFINITIONS
1.3.1 Concrete-Filled Double Skin Steel Tubular Structure

Structure consisting of inner and outer steel skins with the annu-

lus between the skins filled with concrete.

1.3.2 Hollow Ratio

Given by D,/(D,—2t,), where ¢, is the wall thickness of the outer
steel tube, D, and D, are the outer diameter of the inner tube and
the outer width or diameter of the outer tube, respectively.

1.3.3 Steel Ratio

Given by A, /A, where A, and A_ are the cross-sectional area of
the outer steel tube and the cross-sectional area of the concrete,
respectively.
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1.3.4 Nominal Steel Ratio

Given by A, /A,
the outer steel tube and the nominal cross-sectional area of the
concrete (given by A_ = (n/4)(D, - 2t,)?), respectively.

where A, and A_, are the cross-sectional area of

1.3.5 Nominal Confinement Factor

Given by a, f, ,ue/fao Where a is the nominal steel ratio of the
CEDST columns, f,,., is the yield stress of the outer steel tube and
f. is the characteristic compressive strength of the concrete.

1.4 SYMBOLS
1.4.1 Design Action and Action Effect

M Bending moment

M, Design moment at the beam end

N Axial force

Nir Design value of bearing capacity for CFDST members to

resist lateral local compression
Vv Shear force

1.4.2 Computational Indices

E,

E, Modulus of elasticity of steel

(EA),, Compound elastic compression stiffness of concrete-
filled double skin steel tube

(EI);, Compound elastic flexural stiffness of concrete-filled

double skin steel tube

Shear modulus of elasticity of concrete

G, Shear modulus of elasticity of steel

(GA),, Compound elastic shear stiffness of concrete-filled dou-
ble skin steel tube

Modulus of elasticity of concrete

N, Tension of the ring plate caused by axial force of the beam

N,.. Sectional capacity of the outer tube and the sandwiched
concrete

N, Sectional capacity of the inner tube
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Elastic bucking load

The design value of the lateral local compression in the
joint area of CFDST members

Sectional capacity of the CFDST members under axial
compression

The bearing capacity of the member under short-term load
Design value of bearing capacity for CFDST members to
resist lateral local compression

Sectional capacity of the CFDST tensile member

Axial load sustained by sandwich concrete transmitted
from the beam of floor i which is connected to the column
Sectional flexural bearing capacity

Compound flexural bearing capacity of the outer tube
and sandwiched concrete

Flexural bearing capacity of the inner tube

The tension caused by the combination of the most
adverse effects in X direction

The tension in Y direction (working with N,
same time)

max at the
Compound flexural modulus of the outer tube and sand-
wiched concrete

The flexural modulus of the inner tube

Design value of tensile strength of the steel of the stiffen-
ing ring plate

Design value of the bond strength between steel tube and
concrete, and for the bonding between circular steel tube
and concrete

Characteristic value and design value of compressive
strength of concrete

Characteristic value and design value of tensile strength
of concrete

Yield strength of steel

Yield strength of steel for inner tube

Yield strength of steel for outer tube
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Design value of tensile, compressive and flexural strength
for steel, and design value of tensile strength of the steel
bar in the section with negative bending moment at the
end of the beam

Design value of tensile, compressive and flexural strength
for the steel of the inner tube

Design value of tensile, compressive and flexural strength
for the steel of the outer tube

Design value of compound axial compressive strength for
the outer tube and the sandwiched concrete

Design value of shear strength of the weld

3 Geometric Parameter

Cross-sectional area of sandwiched concrete

Nominal cross-sectional area of concrete in CFDST

Area of the steel bar in the section with negative bending
moment at the end of the beam

Gross cross-sectional area of the composite member
Area of inner steel hollow section in CFDST

Area of outer steel hollow section in CFDST

Equivalent sectional area of outer tube

Area of local compression for CEDST (For hollow branch
pipe, the area is the same value with solid branch pipe

nd>

which has identical diameter), A = , d,, is diameter

of the brace which transfers lateral forces

Maximum design distribution area for lateral partially
compression

Sectional area of the oblique web tube in lattice CFDST
member

Section perimeter of the outer tube in CFDST

Outer diameter of the outer tube in CFDST

Outer diameter of the inner tube in CFDST

Diameter of outer circular steel tube for the top cross section
of concrete-filled double skin steel tubular tapered column
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Diameter of outer circular steel tube for the bottom cross
section of concrete-filled double skin steel tubular tapered
column

Equivalent external diameter of outer tube

Second moment of area of concrete

Second moment of area of inner tube

Second moment of area of outer tube

Effective length of a member

Effective length of a tapered member

Length between the middle points of the top and bottom
floor column

Length of chord in an interval

Perimeter of inner surface section of outer tube or outer
surface section of inner tube

Length of weld

Halfwidth of the quadruple and double component column
Distance between the centroidal axis of the cross section
and the centroidal axis of each column component in the
wide direction

Effective width of the outer tube wall of the column par-
ticipating in the work of the stiffening ring

Width filled by fillet weld

Width of the stiffening ring plate

Distance between concrete and tube along radial direc-
tion in circumferential gap

Distance between concrete and tube along radial direc-
tion in circular-segment gap

Load eccentricity

Height of the section of the end of the beam; half height
of the quadruple and triple component column; the depth
which the column plug into the base cup

Weld height

Height of the web or the plate

Size of the nominal core concrete section r.=D /2 —t,
Fire resistance, in h
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t Thickness of the stiffening ring plate

t, Wall thickness of the inner steel tube in CFDST
t Wall thickness of the outer steel tube in CFDST
At, Thickness loss of outer tube under corrosion

foe Equivalent wall thickness of outer tube

t, Thickness of the weld (plate)

W, Ratio of circumferential gap

W, Ratio of circular-segment gap

Y Taper ratio

0 Tapered angle

1.4.4 Computational Coefficients

n Axial compression ratio, long-term load ratio

k., Long-term load influence coefficient, referred to Table 3.2

k, Strength index for CFDST columns

o Steel ratio

o, Sectional area ratio of the outer tube of the single chord
to the web tube

o, Sectional area ratio of the outer tube of the single chord

to the horizontal web tube

oy Sectional area ratio of the outer tube of the single chord

to the oblique web tube

o, Nominal steel ratio; nominal steel ratio of a single chord

o Equivalent nominal steel ratio

o, Sectional area ratio of the inner tube to the outer tube of
a single chord

o Modular ratio of steel to concrete o = E, / E.

B, Strengthen coefficient for the concrete supposed to lat-
eral local compression

B Influence coeflicient for concrete strength subjected to
lateral local compression

B Ratio of the vertical biaxial tension of the stiffening ring
plate

B Equivalent moment factor

1 Hollow section ratio
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Equivalent hollow section ratio
Coeflicient of cross-sectional moment capacity
Stability factor of axial compression member
Slenderness ratio
Slenderness ratio of a single chord in an interval
Slenderness ratio of the horizontal web members
The larger of the equivalent slenderness ratio in the X-X
and Y-Y direction
Bond stress between steel tube and sandwich concrete
Nominal confinement factor
Equivalent standard value of nominal confinement factor
Design confinement factor
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CHAPTER 2

Materials

2.1 STEEL

2.1.1 The properties should be obtained in accordance with EN

1993-1-1 (Sections 3.1 and 3.2). The quality requirements
should comply with the corresponding product standards.
Other types of steel should also comply with relevant prod-
uct standards if used.

The strength classes in this design guide are based on the
yield strength f, with a maximum value of S,

Note: The value of S, ,, for application within this design
guide is 460 N/mm?. Steel of grades $235, S275 and S355
are suggested. Use of high strength steel beyond the current
limit required further consideration.

2.1.2 For the circular CFDST tube, straight seam welded tube

and spiral welded tube will be used.

2.2 CONCRETE

2.2.1 The sandwiched concrete can be normal concrete or high-

strength concrete; the water-cement ratio should not be

19
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greater than 0.45. The characteristic (5%) cylinder strength
fu of the sandwiched concrete should be within the range
from 25 N/mm? to 56 N/mm?; the properties and qual-
ity requirement should comply with EN 1992-1-1 Section
3.1 and EN 1990 Section 2. Use of high strength concrete
beyond the current limit required further consideration.

2.2.2 Normally the strength of the sandwiched concrete should
be compatible with the strength of the steel tube, that is,
concrete of higher strength class should be used with steel
tube of higher strength grade.

2.2.3 The shrinkage strain value of sandwiched concrete can be
calculated using Appendix 1.

2.3 CONNECTION DEVICES

2.3.1 Fasteners and welding consumables

Reference should be made to EN 1993-1-8, Chapters 3 and 4
for requirements for fasteners and welding consumables.

2.3.2 Headed stud shear connectors

Reference should be made to EN 13918.



CHAPTER 3

Design of CFDST
Columns

3.1 DESIGN PHILOSOPHY
3.1.1 General Rules

General rules for the design of CFDST structures are presented herein,
including rules for the limitation of parameters in current equations.

1. The structural design of CFDST must be on the basis of
national construction principles and technical economy
policy, the engineering condition, material supply, trans-
port, setup and construction of members should be fully
considered. The structural plan needs to be designed rea-
sonably to confirm that it is safe, applicable, economical,
resource conservative and environmentally friendly.

2. Ultimate strength design methods based on probability the-
ory are adopted, the design resistance is calculated using the
equations with partial factors.

3. The CFDST structures need to meet the ultimate limit state
and the serviceability limit state requirements.
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a. The strength limit state should consider the basic com-
bination of load effect while the accidental combination
should also be considered if necessary. The bearing capa-
bility of members should be calculated with the design
value of load. For structures with requirements of seis-
mic resistance, seismic checking based on EN 1998-1:
2004 and other relevant standards are needed as well.

b. The design for serviceability limit state should consider
the standard combination of load effects.

4. The seismic design of CFDST structures should meet the
provisions of EN 1998-1: 2004.

5. The diameter of the outer tube should not be less than 200
mm, the thickness of the tube should not be less than 4 mm
and the maximum aggregate size of the concrete should not
exceed 1/3 of the clear distance between the inner and outer
tubes. The ratio of the diameter of the outer tube to the wall
thickness should not exceed 1.5 times the limit value of the
hollow tube without concrete infill. This limit value without
concrete infill is obtained by:

D, <135¢* (3.1)

[

where € =,/235/ f,

The ratio of diameter to thickness of inner CHS should
meet the provisions for hollow tubes under axial compres-
sion in EN 1993-1-1 (Table 5.2).

6. The hollow section ratio of CFDST should be kept between 0 and
0.75. The hollow section ratio should be calculated as follows:

3.2)
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where:
v is the hollow section ratio of CFDST
D; isthe outside diameter of inner CHS in CFDST
D, isthe outside diameter of outer CHS in CFDST
t, is the wall thickness of the outer steel tube in CFDST

7. When CFDST is used in seismically active areas, the nomi-
nal confinement factor of circular CFDST members should
not be less than 0.6 or greater than 4.0. The nominal con-
finement factor should be calculated as follows:

g _ Aso . fy,outer — (Xn . fy,outer (33)
Ace 'fck fck
where:
o is the nominal steel ratio

A,,  1is the cross-sectional area of outer steel hollow sec-
tion in CFDST

is the nominal cross-sectional area of concrete in
CFDST, A, = (D, 2t,)* /4

frouer 18 the yield strength of steel of the outer tube
is the characteristic compressive stren of concrete
" the characterist p trength of t

8. Prefabricated parts should be checked for construction safety.
When checking the lifting for prefabricated parts, the dead
load should be multiplied by an amplification factor of 1.5.

9. The separation between the concrete and steel tube should be
measured. The provisions in Sections 3.9.3 and 3.9.4 should
be used to confirm if the strength reduction caused by the
circumferential gap or the circular-segment gap needs to
be considered in design. If necessary, the calculation of the



24 m Design Guide for Tubular Structures

bearing capacity for CFDST members should take into con-
sideration the effect of imperfection according to Section 3.9.

3.1.2 Design Indices

1. The nominal value of the strength for hot rolled steel tubes or
the steel tubes made of hot rolled steel plate can be obtained
from EN 1993-1-1 (Table 3.1) or relevant product standards
(EN 10025-2).

2. The nominal value of the strength for thin-walled cold-
formed steel tubes can be obtained from EN 1993-1-3 (Table
3.1a and 3.1b).

3. The material properties of steel can be obtained from EN
1993-1-1 (Section 3.2) or product standards (EN 10025-2).

4. The design value, characteristic value and modulus of
elasticity of concrete can be obtained from EN 1992-1-1
(Section 3.1).

5. The compound elastic compression stiffness of CFDST
should be calculated as follows:

(EA)sc = Es : (Asi + Aso) + Ec : Ac (34)

where:
E,E.  arethe modulus of elasticity of steel and concrete

A, A, arethe cross-sectional area of inner and outer tube

si?

A is the cross-sectional area of sandwiched concrete

c

6. Compound elastic flexural stiffness of CFDST should be cal-
culated as follows:

(EI)sc ZES'(Isi+Iso)+a'Ec'Ic (35)
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where:

I, I, I. are the moment of inertia of the cross sections of

inner tube, outer tube and sandwiched concrete,
respectively

a isthe stiffness reduction coeflicient of sandwiched
concrete, a=0.6

7. Compound elastic shear stiffness of CFDST should be calcu-
lated as follows:

(GA)SC = Gs . (Asi + Aso ) + Gc : Ac (36)

where:

G, isthe shear modulus of elasticity of steel

G, is the shear modulus of elasticity of concrete, 0.4 times

the value of modulus of elasticity of concrete.

c

3.1.3 Deformation of Structures and Members

1. When CFDST is used in power transmission tower
structures, the limitation of its deformation should sat-
isfy the stipulation of the electricity standard EN 1998-6
(Section 5.5).

2. When conducting static or dynamic analysis, the structure
should be considered as a whole part with a proper calcula-
tion model adopted.

3.1.4 Anti-Corrosion

1. When the structure is exposed to the environments that have
special requirements for corrosion prevention or is subjected

to corrosive gaseous and solid mediums, weathering steel
should be used.
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2. Anti-corrosion measures should be taken in order to protect
the outer tube for CFDST, such as paint or the use of metal gal-
vanizing after applying anti-rust protection. The surface pro-
tection should be obtained in accordance with EN ISO 12944.

3.2 CROSS-SECTIONAL RESISTANCE

3.2.1 The axial resistance of a cross section for CFDST mem-
bers should meet the following requirement:

a. Axial compression

The cross-sectional resistance of axial compressive CFDST mem-
bers should be determined as follows:

Nu = Nosc,u + Ni,u (37)
Nosc,u = fosc . (Aso + Ac) (38)
Ni,u = finner : Asi (39)
where:
N, is the sectional capacity of the CFDST members under
axial compression
N, isthe sectional capacity of the outer tube and the sand-
wiched concrete
N, is the sectional capacity of the inner tube
fose is the design value of compound axial compressive

strength for the outer tube and the sandwiched concrete
fimer 18 the design value of tensile, compressive and flexural
strength for the steel of the inner tube

A is the sectional area of the inner tube

The composite strength of the outer tube and the sandwiched
concrete f, . should be obtained from Equation (3.10).

0sc
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Fose =Cr W2+ fouer +Cs (114 +1.028,)- f. (3.10)

C, isa calculation coefficient, C, = o/(1 + o)
C, isa calculation coefficient, C,=(1 +a,)/(1 + o)

A .
g, isthe design confinement factor, &,= — fouer _ o, Jouer
0 g
Ace fc fc
o is the steel ratio of the member, a=A, /A,
is the nominal steel ratio of the member, a,=A, /A,
v is the hollow section ratio of CFDST
is the design value of tensile, compressive and flexural
outer g P
strength for the steel of the outer tube

f. is the design value of concrete strength

b. Axial tension

The cross-sectional resistance of axial tensile CFDST members
should be calculated as follows:

Nut = (1'1_0'05a0)'(1‘09_1'06W)'fouter ‘Aso + Jinner 'Asi (311)

3.2.2 The cross-sectional flexural resistance of CFDST mem-
bers should meet the following requirement:

Mu = Mosc,u +Mi,u (312)

where:
M, is the flexural bearing capacity
M., isthe compound flexural bearing capacity of the outer
tube and sandwiched concrete
M;, isthe flexural bearing capacity of the inner tube

Mosc,u =Ym - Vvscm : fosc (313)

Mi,u =Ym2 M/si : finner (314)
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where:
Weem is the compound flexural modulus of the outer tube
4 4
and sandwiched concrete, W, = D, =D7)
32D,

Wy is the flexural modulus of the inner tube,

Wy =
32D,

Ymi»> Ym2  are the flexural bearing capacity factor
Yo =0.481n(E+0.1)-(1+0.06y —0.85y>)+1.1  (3.15)
Yoy = —0.02y 27 In& +1.04y (3.16)
The selected cross section for the calculation of flexural bearing

capacity for the tapered CFDST member should be the minimum
cross section.

3.3 RESISTANCE OF MEMBERS
UNDER AXIAL LOADING

3.3.1 The effective length of the CFDST column should be
determined according to the regulations in EN 1993-1-1
(Annex B.1).

3.3.2 The slenderness limit of the CFDST column should be
determined according to the regulations in EN 1993-1-1
(Chapter 6).

3.3.3 The bearing capacity of the CFDST members under axial
loading should meet the following requirements:

a. Axial compression

N<y-N, (3.17)



Design of CFDST Columns m 29

where:

N is the design value of the axial compressive load applied

on the CFDST member

x is the stability reduction factor of the axial compression
member (Appendix 2, where A is the slenderness ratio of
the member)
is the sectional capacity of the CFDST members under
axial compression

The slenderness ratio of the member should be calculated as
follows:

D2 +(D, —2t,)?

For the tapered CFDST members with hinged ends, the minimum
cross section should be considered for the sectional capacity of the
member and the effective length should be calculated as follows:

A= (3.18)

lLo= b (3.19)

NS

where:

I, isthe effective length of the corresponding constant cross
section column which has the same geometric length and
boundary condition

y is the taper ratio

(3.20)

D, is the diameter of the outer circular steel tube for the top
cross section of the CFDST tapered column

D, isthe diameter of the outer circular steel tube for the bot-
tom cross section of the CFDST tapered column
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1. Axial tension:

N<N, (3.21)
where:
N, is the sectional capacity of the CFDST tensile member
N, should be obtained according to provision 3.2.1.

3.3.4 The buckling resistance of the whole member and each
individual component of the lattice compressive CFDST
members should be checked.

3.3.5 The buckling resistance of the whole lattice compressive
CEDST member should be calculated using Equation (3.17),
the stability factor can be found in Appendix 2 based on the
equivalent slenderness ratio, which is given by Table 3.1.

In Table 3.1:
L is length of chord in an interval
M is the slenderness ratio of a single chord in an interval
A, is the slenderness ratio of the horizontal web members
Ao A, are the slenderness ratios of the whole member about
axes X-X and Y-Y; respectively
o is the modular ratio of steel to concrete, a,=E/E,
a, is the nominal steel ratio of a single chord, o, = A, /A,
o is the sectional area ratio of the outer tube of the single
chord to the web tube, o, = A /A,
oy is the sectional area ratio of the outer tube of the single
chord to the oblique web tube, a,=A, /A,
a is the sectional area ratio of the outer tube of the single
chord to the horizontal web tube, o, = A, /A,
o is the sectional area ratio of the inner tube to the outer

tube of a single chord, o, = A /A,
b is the half width of the quadruple and double compo-
nent column
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h is the half height of the quadruple and triple compo-
nent column
b, b, are the distance between the centroidal axis of the
cross section and the centroidal axis of each column
component in the wide direction, respectively

3.3.6 The buckling resistance of a circular lattice compressive
CFDST member should be checked using Equation (3.17), and the
buckling resistance of a single component column should also be
checked. When the slenderness ratio A, of an individual compo-
nent column satisfies the following conditions, its buckling resis-
tance does not need to be checked:

For the lattice member with horizontal web members: A, <40
and A, <0.50
bers: A, <0.7A

for the lattice member with oblique web mem-

max?>

where:
Amax 18 the larger of the equivalent slenderness ratios about

axes X-X and Y-Y

max

3.4 RESISTANCE OF MEMBERS IN COMBINED
AXIAL LOADING AND BENDING

3.4.1 The bearing capacity of CFDST members subjected to
compression and bending within a plane should meet the
following requirements:

a. when N/N, >2y’n,:

N +“-(BWMJ§1 (3.22)
v-N, d M,

b. when N/N, <2y’n,:

_b(Nj _ C[NJH.(B""MJQ (3.23)
N, N, ) d\ M,
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where:
a=1-2y"m,; b= 13_C°2 ; c=2(co_1) ; d=1—0.4(NJ;
X Mo Mo E
2
NE — T (EsIso +EsIsi +EcIc) ;

ls

For circular CFDST members:

C, =1+(0.18-0.2y>)E™""

(0.5-0.2458)-(1+0.7y —1.8y%)  £<0.4
Mo = (0.1+0.1487°%).1+0.7y —1.8y*) £>0.4

M is the maximum design value of the bending moment in
the calculated section of the members

B,, isthe equivalent moment factor, which can be obtained in
EN 1994-1-1 (Table 6.4)

L, is the effective length of the members
N, isthe sectional strength of the members under axial com-
pression, which should be calculated using Equation (3.7)
M, isthe sectional flexural bearing capacity, which should be

calculated using Equation (3.12)

The effective length of the tapered CFDST beam-column
members should be calculated using Equation (3.19), and the cal-
culated cross section for compression and flexural bearing capac-
ity of the tapered CFDST member should be the minimum cross
section.

3.4.2 The bearing capacity of the CFDST members under bend-
ing and tension should meet the following requirement:

N, M (3.24)
N, M,
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where:
N is the design value of the tensile load
is the sectional strength of the member under axial ten-
sion, which should be calculated as Equation (3.11)
M is the maximum design value of the bending moment in
the calculated section of the member
M, isthe sectional flexural bearing capacity, which should be
calculated as Equation (3.12)

3.4.3 When lattice CFDST members are subjected to compres-
sion and bending, the in-plane overall buckling resistance
should be checked as follows:

N, P M < (3.25)
X'Nu I/Vsc'(I_X'I\T/I\JE)'fosc
2
Ny = “(fj‘)“ (3.26)
where:

X is the stability factor for the check of in-plane sta-
bility of the axial compression member (refer to
Appendix 2)

A, W, are the whole area and section modulus of lattice
members

A is the equivalent slenderness ratio

B, is the equivalent moment factor, which can be

obtained in EN 1994-1-1 (Table 6.4)

It is not necessary to check the out-of-plane overall stable bear-
ing capacity, but the stability of the component column should be
checked. For the single component column of the lattice column
with oblique web members, it can be treated as a chord member
in the truss. For the single component of the lattice column with
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horizontal web members, it should be treated as an eccentrically
compressed member, subjected to local moment caused by shear.

3.5 LONG-TERM EFFECTS

3.5.1 The bearing capacity of CFDST members under long-
term load should meet the following requirement:

N<k, N, (3.27)
where:
k. isthelong-term load influence coeflicient, refer to Table 3.2
N,, is the bearing capacity of the member under short-term
load, which can be calculated by Equations (3.7), (3.22),
(3.23), (3.24) and (3.25)
In Table 3.2,
n is the long-term load ratio, n=N/N,
N is the long-term load
e 1istheload eccentricity
r is the outside radius of the outer steel tube in CFDST,

r=D,/2

3.6 LOCAL BEARING IN THE CONNECTION AREA

3.6.1 For CFDST members under lateral local bearing in the
connection areas, as shown in Figure 3.1, to avoid possible
local bearing failure, the following requirements should be
satisfied:

a.

The dimension of the brace should not be greater than
that of the chord;

The wall thickness of the brace should not be greater
than that of the chord;

Under loading, the brace should not penetrate the chord.
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Bracg g Brace
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FIGURE 3.1 Typical connection area of CFDST members under local
bearing.

3.6.2 For CFDST members which may have a local bearing
failure in the joint area, the local bearing capacity should
be checked. As shown in Figure 3.2, the bearing capacity
should meet the following requirements:

Nip < Ny (3.28)

Ny = (1=y)B.B. f. S:L\Tle (3.29)

Br=~+A, /A (3.30)

Outer tube
Inner tube

Concrete

(a) front sectional view

Outer tube

A |
Concrete
Inner tube Dy-D; 4w, Do-D; | Dy-D; | | Dy-D; Concrete
(b) lateral sectional view (©) top view

FIGURE 3.2 The diagram for the load transfer of local bearing force in
the connection area of CFDST.
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where:
Nip is the design value of the lateral local compression in the
joint area of CFDST members
¢ is the design value of bearing capacity for CFDST mem-
bers to resist lateral local compression
f. is the design value of the concrete strength
0 is the angle between the brace and the chord
B, is the strengthen coefficient for the concrete subjected to
lateral local compression
A, is the area of local compression for CFDST (for hollow
branch pipe, the area is the same value as for the solid

nd>

N,

u

branch pipe which has identical diameter), A, =

is diameter of the brace which transfers lateral forces
A, is the maximum design distribution area for lateral par-

sin
B. isthe influence coeflicient for concrete strength subjected

to lateral local compression (refer to Table 3.3), when cal-
culating the nominal confinement factor & for CFDST

members, A, = A;; A = AiNAL A

3.7 IMPACT

A
tial compression, A, = 16 +2d,,(D,—D;)

3.7.1 To avoid the potential damage or failure when CFDST
structures suffer impact loading, for example, when a road-
side CFSDT structure is impacted by cars, the influence of
impact should be considered.

TABLE 3.3 The Influence Coefficient p, for Concrete Strength Subjected to
Local Bearing Forces®

Nominal Confinement Factor & 0.4 0.8 1.2 1.6 2.0 >3.0

The strength coefficient of 1.07 122 147 167 187 2.00
concrete f3,

¢ The intermediate values can be calculated by linear interpolation.
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3.7.2 When impact was caused by cars with speeds under 30
m/s, the bending capacity of the CFDST column should
meet the requirements of provision 3.2.

3.7.3 The impact resistance capacity of CFDST members drops
sharply when the hollow ratio reaches 0.8. It is reccommended
that the hollow ratio be less than 0.7 for a CEDST in risk of
impact in practice.

3.8 EFFECTS OF CORROSION

3.8.1 During the design of CFDST structures, the material, con-
struction measures and anti-corrosion measures should be
reasonably selected to meet the corresponding requirements.

3.8.2 When the outer tube of CFDST is corroded in a cor-
rosive environment, the bearing capacity after corrosion
can be checked approximately using the “equivalent sec-
tion method.” The specific method uses the equivalent
parameters after corrosion to replace the original param-
eters during the calculation of bearing capacity. The for-
mulae for the calculation of the equivalent parameters are

as follows:
t,. =t, —At, (3.31)
D, =D, —2At, (3.32)
A

o, = e 3.33
A (3.33)

D.
=t 3.34
A D, -2t ( )

Asoe ) fy,outer — 0. - fy,outer

= Olpe (3.35)
Ace : fck fck

&=
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where:

is the thickness loss of the outer tube under corrosion

t,. isthe equivalent wall thickness of the outer tube

D, isthe equivalent external diameter of the outer tube

is the equivalent sectional area of the outer tube

.. is the equivalent nominal steel ratio

Wy, is the equivalent hollow section ratio

€, is the equivalent standard value of the nominal confine-
ment factor

3.8.3 For localized corrosion on the outer tube of CFDST mem-
bers, such as pitting and point corrosion, the “equivalent
section method” could be adopted with the largest thickness
loss along the cross section taken as At, in 3.8.2.

3.9 LIMITATION AND CALCULATION
OF CONCRETE IMPERFECTION

3.9.1 Separation may occur between the concrete and the tube
in CFDST members during construction and service, which
would influence the composite action between the concrete
and the steel and thus decrease the bearing capacity. The two
most common types of separations are the circumferential
gap (shown in Figure 3.3a) and the circular-segment gap
(shown in Figure 3.3b).

Circumferential gap d Circular-segment gap
c

Outer tube Outer tube

Inner tube
Inner tube
Concrete

Concrete

(a) circumferential gap (b) circular-segment gap

FIGURE 3.3  Separation between the concrete and the tube in CFDST.
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3.9.2 The ratio of the circumferential gap and the circular-seg-
ment gap should be calculated from Equations (3.36) and
(3.37), respectively.

2d
= 3.36
\ D, (3.36)
d
. . 3.37
V=1 (3.37)

[

where:

Wy, is the ratio of the circumferential gap
is the distance between the concrete and the tube along
the radial direction, as shown in Figure 3.3a
vy, is the ratio of the circular-segment gap
is the distance between the concrete and the tube along
the radial direction, as shown in Figure 3.3b

3.9.3 The ratio of the circumferential gap should not exceed
0.05%; if it does, the member is not qualified for confine-
ment. The possible composite effect should be ignored when
this ratio exceeds 0.05% and the member should be consid-
ered as a steel member.

3.9.4 When the ratio of the circular-segment gap is less than 2.4%,
the strength reduction of the member can be ignored. When
the ratio exceeds 2.4%, the calculation of bearing capacity
should be conducted according to the equations below:

N<k-N, (3.38)

L {1—\|;(1.42§+0.44) c<1.24 (3.39)

1-y(4.66-1.978) £>1.24
where:
N, is the axial compressive bearing capacity of CFDST with no
separation, calculated by Equation (3.7) in 3.2.
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CHAPTER 4

Joints and
Connections

4.1 GENERAL DESCRIPTION

4.1.1 Joint and connection design of CFDST structures should
meet the requirements of strength, stiffness, stability and
seismic performance to ensure that the force can be trans-
ferred effectively and that the inner tube, the outer tube
and the concrete could work together, making it easier for
manufacturing and installation. Proper concrete placement
methods should be chosen to ensure the density of concrete
in the joint area.

4.1.2 The construction of the steel structure should be simple
and induce a clear load transfer path. The center lines (or
bolt alignments) of each stressed bar should converge on one
point so as to reduce eccentricity. Connections of the steel
tubes should use a flange plate or axis-rib configuration. The
inner tube and the outer tube can be connected with the
partition plate bolt.
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4.1.3 The weld check and the tensile capacity check in the
connection between branches of the built-up members in
CEDST structures should be conducted according to the
regulations in EN 1993-1-8 (Chapter 4).

4.2 JOINTS

4.2.1 Diagonal web member configuration (Figure 4.1) should
be used for lattice columns under eccentric pressure, where
CFDST members are used as chord components and hollow

| >

FIGURE 4.1 Diagonal web member joints.
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steel tubes as web members. Transverse web member form
(Figure 4.2) should be used when the spacing of column
components is not enough for fabrication of diagonal web
member configuration, while the mixed form of the diago-
nal and transverse web member (Figure 4.3) should be used
when the spacing of column components is sufficient. The
construction of the lattice column should be in accordance
with the following provisions:

1. Lattice column with diagonal web member configuration:

FIGURE 4.2 Transverse web member joints.
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40°< <<60°
— !

K4

{. —¥c=50 mm

§ T “Ic=50mm

FIGURE 4.3 Mixed web member joints.

a. The angle between the diagonal web member and
the column component should range from 40 to 60
degrees.

b. The axis of each bar should intersect at the center of
the joint, or the distance of the intersection of the
axis of the diagonal web members and the axis of
the column components should not be greater than
D,/4, where D, is the diameter of the outer steel tube;
otherwise, the influence of eccentricity should be
considered;

c. The distance of the end of the web members should
not be less than 50 mm.

2. Transverse column with diagonal web member
configuration:
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a. The distance between the center of adjacent web
members should not be greater than 4 times the
distance between the center of the adjacent column
components;

b. The cross-sectional area of the hollow steel tube web
member should not be less than a quarter of that of
the outer steel tube of the column component;

c. The slenderness ratio of the web members should
not be larger than half of that of a single column
component.

3. Hollow steel tubes can be used as web members.

4. 'The web members and column components should be
welded directly, and holes should not be drilled in the
steel surface of the column components.

4.2.2 Diaphragms should be added at the positions carrying
a horizontal load and at the ends of the transport units for
three and four components lattice column. The distance
between the diaphragms should not be greater than the
smaller of 9 times the sectional diameter of the largest
column or 8 m.

4.2.3 The rigid beam-column joint in a frame structure using
CEDST columns should adopt the configuration of strength-
ening ring plates. When the outer diameter of the steel tube
is large enough for installation of inner baftle plate, the form
of the inner baffle plate can be used, but the pouring of con-
crete between the inner and outer tubes should be ensured
not to be affected.

When the beam is an I-section steel beam or a steel-con-
crete composite beam, the construction of the joint is shown
in Figure 4.4. Design of the joint should be in accordance
with EN 1993-1-8.
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1—column 2—end of beam
l—column 2—end of beam l—column 2—end of beam

3—top, b"‘l‘i"gigge:i“g ring 3—stiffening ring 3 stiffening ring
4—high strength bolt 4—high strength bolt
(1) joint of steel beam I (2) joint of steel beam 11 (3) joint of steel beam 111

FIGURE 4.4 Joint of steel beam.

4.2.4 The rigid joints between a circular section CFDST struc-
ture and the stiffening ring plate generally includes four
types of configurations, shown in Figure 4.5.

When the stiffening ring plate is bearing tension N in the
direction of the beam, N can be calculated from the follow-
ing formula:

M

N="+N 4.1
T 4.1)

M:MC—V'?,D", M=>0.7M, 4.2)

FIGURE 4.5 Types of the stiffening ring plate of circle in circle CFDST.
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where:
M s the design value of the bending moment at the end of
the beam
N, is the tension of the ring plate caused by the axial force of
the beam

h  is the height of the section of the end of the beam
M. is the design value of the bending moment of the support
of the beam at the center line of the column
V  is the design value of the shear force of the end of the
beam at the axis of the column corresponding to the M,
is the outer diameter of the outer circular steel tube

1. Calculation of width (b,) and thickness (t,) of the stiffen-
ing ring plate

a. The width of the top ring plate connecting RC beam
(b)) should be 20 to 40 mm less than the width of
the beam; the width of the bottom ring plate should
be 20 to 40 mm greater than the width of the beam;
the width of the ring plate connecting steel beam (b,)
should be equal to the width of the beam flange

b. The thickness of the steel plate connecting the rein-
forced concrete beam (¢,) can be calculated from the
following formula, and strength of the weld should

be checked
t, = A f (4.3)
b, f
where:
A, 1is the area of the steel bar in the section with negative

bending moment at the end of the beam

f is the design value of tensile strength of the steel bar in
the section with negative bending moment at the end of
the beam
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fi is the design value of tensile strength of the steel of the
stiffening ring plate

The thickness of the ring plate connecting the steel beam (¢,)
should be determined according to the axial tension of the beam
flange.

2. Calculation of the width of the control section of the
stiffening ring plate (b)

a. For I type and II type stiffening ring plate, b should
satisfy the following equations:

b>F- N _Fz.be.tf"f$ter (4.4)
t-fi t-fi
0.93
F=—F—nw— (4.5)
V2sin? o +1
E = 1.74sina, 4.6)

\2sin® o +1

b, =(0.63 +o.8811;5 )-A/D, -t, +1, 4.7)
where:

o is the angle between the direction of tension and the
calculation cross section

b. is the effective width of the outer tube wall of the col-
umn participating in the work of the stiffening ring
(Figure 4.6)

t is the thickness of the outer tube of the column

=)

1o is the design value of the steel strength of the outer tube
of the column
F,, F, are geometrical coefficients
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N——

I, b
I—tube wall 2—stiffening
FIGURE 4.6  Effective width of the outer tube wall of the circular column.

b. For the III type and IV type stiffening ring plate, b
should satisfy the following formula:

b>(1.44+ [3}1)-%—0.86419e o fouer (4.8)
t-fi t-hi
_ N
Br = Noow <1 4.9)
where:

By is the ratio of the vertical biaxial tension of the stiffen-
ing ring plate when the stiffening ring plate is bearing
uniaxial tension, 3, =0

Ny max s the tension caused by the combination of the most
adverse effects in the X direction

N, is the tension in the Y direction working with N, .. at

the same time
c. Construction of the stiffening ring plate:
i. 0.25<b/D,<0.75.

ii. 0.1<b/D,<0.35, b/t;<10. The length of the
column in the connection area is calculated
from the top and bottom stiffening ring plate
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and should not be less than the outer diameter of
the column.

iii. For the corner and side columns, the width of
the control section of the stiffening ring plate
(b and h,) should meet the minimum structural
requirements.

4.2.5 The web of steel beam of the beam-column joint and the
shear stress of the steel Corbel plate (Figure 4.7) should be
calculated as follows:

V, 21,
0.6 m Jg| e < £ 4.10
Ry g(bj] ) (410
b, =t, +2h; (4.11)

A
S TE
I

o
oy @é»

FIGURE 4.7 The calculation diagram of the tube stress of CFDST.



Joints and Connections m 59

where:
v

max

is the maximum shear force that the web of end of the
beam or a Corbel plate can bear
h; is the height of the web or the plate
is the size of the nominal core concrete section, and
r.=D /2t t, is the thickness of the outer tube
fiv 1s the design value of the shear strength of the weld
b, is the width of the fillet weld
t, isthe thickness of the weld (plate)
h;  is the leg size of the fillet weld

4.2.6 Parts such as bracket and hanger can be welded on the
outer tube of CFDST. When supporting heavy brackets
and hangers on the tube wall, the stiffening ring configu-
ration should be adopted, the strength of the outer tube
should be checked and the influence of the additional load
of the hanger on the CFDST member should be considered
as well.

4.2.7 The joint design for earthquake regions should meet the
following requirements:

1. Only II~VI type stiffening ring beam-column joints
with inner diaphragm in 4.2.4 should be used.

2. When using a joint of steel beam, the section design of
the beam should meet the relevant rules of the standards
EN 1993-1-8 and EN 1998-1.

3. The seismic resistance checking of the stiffening ring
plate can be conducted according to the relevant rules
for steel structure in EN 1993-1-8.

4. Joints should meet the following requirements:

a. Smooth shape curve with no cracks or nicks should
be ensured for the manufacture of the stiffening ring
plate;
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b. The horizontal weld with the same strength for the
base metal should be used between tubes of the joint
part and the column tube;

c. Groove welding should be used for the butt welding
between the stiffening ring plate and the steel beam
flange.

5. For the maximum stress area that may produce plastic
hinges, welding should be avoided.

4.2.8 The rigid joints of CFDST beams and columns can adopt
the following configurations (Figures 4.8 through 4.10). Blind
bolts could also be used for the beam-column connections,

> |

1 —column limb 2—high strength bolt 3—I-beam 4—outer stiffening ring plate

FIGURE 4.8 Joint of outer stiffening ring plate form.

l—column limb 2—steel beam 3—flange reinforcing plate 4—hole on top, bottom flange

FIGURE 4.9 Joint through half core of Cantilever beam form.
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>

T
1
1
1
'
1
1
1
|
'
[ L e
T
1
1
1
'
1
1
1
1
1
L

m I\l m A-A
1—column  2—steel beam 3—flange reinforcing plate 4—hole on top, bottom flange
FIGURE 4.10 Joint of drop form.

and the steel beams can be fastened by blind bolts to either
the inner or outer skin of the CFDST columns.

4.2.9 The whole or part of the shear force of the beam end in the
joint area is transferred to the inner tube and the concrete in
the form of shear stress in CFDST, as shown in Figure 4.11.
In the frame, the bond stress between the inner tube, outer

N=N +NSI+NC

amad - . —_

Ay, = 2 0, beam
W | ¥ / ~
o S
Eii i A
o {ly i N
i U 7T
[ Ay = beam
(R N: Z Q:
Vbl ‘/_| -
A g
N T AN N,TAN, column Ay
so so st oA ALY e _

— _— N _*AN,
N tAN

FIGURE 4.11  Schematic diagram of stress transfer.
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tube and concrete should be checked using the following
formula:

S lc < -12
where:

T. isthe bond stress between the steel tube and the sandwich

S
concrete
AN, is the axial load sustained by the sandwich concrete transmit-

ted from the beam of floor i which is connected to the column
The calculation method of AN,_is as follows:

Assuming that the resultant force of the shear force at
the beam end is AN}, and N; is the axial force acting on the
column:

a. When N, >0.85f-A,, the shear force at the beam end is
carried by the steel tube, and it is unnecessary to check
the bond strength;

b. When N, <0.85f-A_, but N, + AN, > 0.85f-A,,
AN, =0.85f.-A. —N, (4.13)
c. When N, + AN, <0.85f-A,,

AN, =AN, (4.14)

is the perimeter of the inner surface section of the outer
tube or the outer surface section of the inner tube
I is the length between the middle points of the top and
bottom floor column
fu is the design value of the bond strength between the steel
tube and the concrete, and for the bonding between the
circular steel tube and the concrete, f, =0.225 N/mm?
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When the bond between the steel tube and the concrete does
not meet the requirements, appropriate construction measures
should be taken. For instance, shear connectors should be pro-
vided between the steel and concrete interfaces.

4.3 FLANGE CONNECTIONS

The following configuration (Figure 4.12) could be adopted in the
flange connection of CFDST structures. The flange bolts, flange
plate and weld in the flange connections can be designed accord-
ing to EN 1998-6 and BS EN 1092. Other flange connections could
also be used as construction conditions allow. It is recommended
that flange connection to the inner and outer tubes should not
occur in the same section; a minimum lap distance of 300 mm is
recommended.

4.4 PLATE CONNECTIONS

Typical connections between vertical structural components and
horizontal components as well as the connections between main
components and inclined components in CFDST structures,

are shown in Figure 4.13. These can be optimized by designers.
Designs should be conducted according to EN 1993-1-8 in terms
of the strength of the connection plate, stability, the weld joint and
the bolt.

/

T

.
NEREEE
Ly 3
A|:|A
L|i|_l

1—outer steel tube ~ 2—inner steel tube ~ 3—bottom flange plate

4—top flange plate 5—concrete pouring hole 6—bolt hole

FIGURE 4.12  Schematic diagram of outer flange connections.
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1

Main tower

\
f—ﬁg side
\
<,:°/°/

Horizontal
component

o

FIGURE 4.13  Schematic diagram of plate connections.

4.5 COLUMN-FOOT CONNECTIONS

4.5.1 Typical column bases for CFDST include pinned column
bases and fixed column bases.

a. 'The design of pinned column bases should be according
to EN 1993-1-8 (Chapter 6).

b. The rigid column bases include plug-in column bases
and embedded column bases.

3

1—outer tube 2—inner tube 3—end plate

FIGURE 4.14  Schematic diagram of plug-in column base.
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a. A plug-in column base is shown in Figure 4.14. The
design of the base cup is the same as that for rein-
forced concrete (RC) structures and should meet the
construction demands.

b. The design of an embedded column base with steel
plate should be undertaken according to EN 1993-1-8.

The column should be embedded by concrete with thickness no
less than 50 mm. The top of the column should not be less than
200 mm higher than the ground. Studs or stub rebars can be
welded to the outer surface of the outer tube to increase the bond
between the composite CFDST columns and the outer concrete.
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CHAPTER 5

Fire-Resistance
Design

5.1 When the load ratio (n) of a CFDST column does not
exceed the strength index (k,), no extra measures are
needed for the fire-resistance design, where the load ratio
(n) was defined as the ratio of the axial compressive load
applied in the fire situation to the load-bearing capacity at
ambient temperature. The strength indexes for CFDST col-
umns subjected to different fire-resistance ratings can be
obtained from Table 5.1.

5.2 For CFDST columns which do not meet provision 5.1, mea-
sures such as spraying fireproofing coatings or other effec-
tive outer cover prevention should be employed according to
the fire-resistance design method, so that the fire-resistant
level as well as the fire resistance could meet the require-
ments of corresponding design guideline EN 1994-1-2.

When the fire-proof coating with properties given
in Table 5.2 is used for a fire-proof protection layer, the

67
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TABLE 5.2 The Properties of Fire-Proof Coating

Requirement

Bond strength (MPa) >0.04
Compressive strength (MPa) >0.3
Dry density (kg/m?) <500
Thermal conductivity [W/(m-K)] <0.1160
Water resistance (h) >24
Cyclic freeze-thaw resistance (time) >15
Fire resistance ~ Thickness of 15 20 30 40 50

fire-proof protection

layer (mm)

Fire-resistant time 1.0 1.5 2.0 2.5 3.0

not lower than (h)

thickness of the fire-proof protection layer (a) for CFDST
columns should be calculated as follows:

a=ky-a, >7mm (5.1)

where k,, is the influence coefficient of the hollow ratio,
which can be calculated from Equation (5.2).

kiy = expl(a-Ag +B Lo +7)-y’] (5.2)
where A, =A/40.
0.=0.05t*—0.24t —0.17; B =-0.12t>+0.62t +0.43; y=0.208¢+0.824

The factor a, in Equation (5.1) may be calculated as
follows:

For CFDST members with CHS outer and CHS inner:

a, = kig -(19.2t +9.6) - C" (028000190 (5.3)

where:
When k; <0.77 and k, <n<0.77, kg = p-n+q
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When k, <0.77 and n>0.77, k;x =1/(3.695—3.5n)
When k, >0.77, kig =o-(n—k,)/(1-k,)

where:

p=1/(0.77-k); q=k./ (k;—0.77) ; ©=7.2t;

In Equations (5.1), (5.2) and (5.3):

t is the fire resistance, in h

n is the ratio of the axial compressive load applied in the
fire situation to the load-bearing capacity at ambient
temperature

C is the perimeter of the outer section for the CFDST mem-
ber. C=nD,, where C=628~6280 mm, which means
D,=200~2000 mm

CFDST column
Vent hole. /
\\T' Bes
“a T el E
Slab on | ul B
\ E,ii'ii'i §
s T J
-] =
T .-
4
ot {1 vl —=
Venthole/:"' he !

FIGURE 5.1  Schematic diagram of exhaust vents position.
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A is the slenderness ratio, with the range of 10~80
vy  is the hollow ratio, with the range of 0~0.75
k. is the strength index for the CFDST column. Refer to

Table 5.1

5.3 To ensure the release of moisture in the inner concrete dur-
ing fire, a vent hole with the diameter of 10 mm should be set
on the outer tube of columns in each story, the positions of
which are suggested to be above and below the intersection
of the columns and slabs, and the vent holes are suggested to
be set central and symmetrical, as shown in Figure 5.1. Two
centrally symmetrical vent holes should be set on each mem-
ber of the CFDST truss, and a couple of vent holes should be
added when the length of the member exceeds 4 m.



CHAPTER 6

Construction

6.1 GENERAL DESCRIPTION

6.1.1 Procedures for the manufacturing of steel tubes should be
organized according to the detailed drawings and documents
of design. As for complicated members, experiments should be
conducted to ensure the reliability of construction techniques.

6.1.2 If the hollow steel tubes are installed first, followed by
the pouring of the concrete, the strength and stability of the

hollow steel tubes under the construction load should be
checked.

6.1.3 Steel members should be fixed and checked before the
pouring of sandwiched concrete.

6.1.4 Appropriate measures should be taken in accordance
with EN 1993-1-8 and EN 10025-5 to prevent the corrosion
of steel tubes.

6.2 FABRICATION OF TUBULAR MEMBERS

6.2.1 Construction and manufacture of steel tubes should fol-
low EN 1993-1-3.
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6.2.2 The inner surface of the steel tube should be kept clean
and free from oil stain after manufacturing.

6.2.3 The ends of tubes should be sealed during installation in
case debris may enter the tube. Concrete strength should
reach 50% of the design value before installation in a precast
CFDST component.

6.3 CONCRETE PLACEMENT

6.3.1 The quality of the sandwiched concrete in a CFDST com-
ponent should be monitored during all stages of the concrete
pouring.

6.3.2 The tubes should be properly fixed and checked before
pouring the concrete. Dust and water in the tube should be
appropriately cleared. Concrete should not be poured into
the inner tube.

6.3.3 The methods of concrete placement include pump fill-
ing, vibrating tube by tube along the whole length, filling by
embedded pipe, gravity filling and so on. Trials may be done
to test the compactness of the concrete so that the proper
method of placement is chosen.

6.3.4 Not only the strength but also the slump of the concrete
should be considered for the design of the concrete mix. The
water-cement ratio should follow the strength level of the
concrete and be tested by experiments. It should also satisfy
the workability requirements of the concrete if the pump-
filling method is taken.

6.3.5 The concrete must be poured continuously. When con-
struction gaps are necessary, the ends of the tube should be
sealed to keep the tube free from water, dust and oil.

6.3.6 To avoid the bounce of aggregate during the pouring pro-
cess, cement grout with the same strength of the concrete
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with thickness of 100-200 mm will be placed before the
pouring of the concrete.

6.3.7 Concrete may spill from the tube before assembling the
diaphragms with exhaust vents between stories or end plate
using spot welding. Patch welding is made after the concrete
reaches 50% of the designed strength value. An alternative
method is to pour the concrete up to a height slightly lower
than the tube end. Cement grout with the same strength
of the concrete is poured to fill the tube after the concrete
reaches 60% of the design strength, and welding of dia-
phragm or end plate is finished sequentially.

6.3.8 Supersonic wave could be used to monitor the compact-
ness of the sandwiched concrete. Local drilling and grouting
technique should be used to remedy defect.

6.4 QUALITY CHECK

Quality check of CFDST structures should follow codes and spec-
ifications including EN 1992, EN 1993, EN 1994.
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Appendix 1:
Calculation of the
Shrinkage of the
Sandwiched Concrete

The shrinkage deformation of the concrete in CFDST can be cal-
culated from:

t
€h) =—-& Al.l
where:
t is the time for concrete to dry (days)
(eq), is the terminal shrinkage of concrete (10-°), calculated
from:
(Ssh)u =780- ch : ’YK : sz 'Ys : Ym : Yc : Yu : Yu : (A12)
where:

Y s the factor of curing time before drying; it can be calcu-
lated from Table A1.1 by linear interpolation

Y» is the factor of environmental relative humidity, which
should be taken as 0.3 for all sandwiched concrete
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Y,s is the factor of size influence, which is a function of the
ratio of the volume and the superficial area of the compo-
nent, and can be calculated from:

sz — 1'2.670.00472V/S (A1.3)
Y, is the factor of concrete slump (s, mm), calculated from:
Y, =0.89+0.00161s (Al.4)

Y, is the correction coefficient of fine aggregate, calculated
from:

Yo =0.30+0.0140 (® < 50) (A1.5)
Yo =0.90+0.0020 (©>50) (AL.6)

where:
o is the percentage of fine aggregate
Y. isthe correction coefficient of the amount of cement, cal-
culated from:

Y. =0.75+0.00061c (A1.7)
where:
¢ is the amount of cement in concrete per cubic meter, kg/m?

Y. Iisthe factor of air content in concrete, calculated from:

Yo =0.95+0.008c (AL8)

TABLE A1.1T  The Influence Coefficient y,, of the Curing Time before Drying
to the Concrete Shrinkage

Curing Time (days) 1 3 7 14 28 90
Yep 1.20 1.10 1.00 0.93 0.86 0.75
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a is the percentage of air content
Y. isthe factor of steel tube on shrinkage of concrete, calcu-
lated from:

v, =0.0002D,,. +0.63 (A1.9)

where:

D,. is the size of cross section, D;,.=D.,.






Appendix 2: Stability
Coefficient of
Members under
Axial Compression
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Appendix 3: Examples

for the Bearing

Capacity Calculation
of CFDST Members

Basic conditions:

Cross-Sectional Size and Load Information

Outer Tube* Inner Tube* Effective  Steel Concrete
D,xt,(mm) D;xt,(mm) Length(m) Grade Grade

1000 x 22 50018 4.8 S355  C40/50

Design Value of the
Internal Force
Axial Moment
Force N M
(kN) (kN-m)
12000 8000

a Steel tubes are hot rolled structural steel.

Geometrical information:

D, =1000mm, ¢, =22mm, D; =500mm, ¢; =18 mm, L. = 4800mm

Ay =x[500% — (500 —36)*]/4=2.73%10*mm"
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Ay, = TX[1000° — (1000 —44)°]/ 4 = 6.76 X 10* mm”
A, =1 x((1000—44)* —500)* / 4 = 5.21x10° mm®
A, =mx(1000-2x%22)* /4=7.18x10°mm”*
A=Ay + A+ Ay =6.16x10°mm”°

Physical information:
According to EN 1992-1-1 (Section 3.1) and EN 1993-1-1
(Section 3.2)

E, =2.1x10° N/mm?
E.=3.5%10* N/mm?*
f=f,=355N/mm’
fu =510N/mm*
fa =40N/mm’
fo = fa /Yo =40/1.5=26.7N/mm’
a. Axial compressive capacity
0=Ay/A. =013, o, =A, /A, =0.094
& =0l fyouer / fac =0.094-355/ 40 = 0.8343
Eo =0y fouter / fo =0.094%355/26.7 =1.2498

D.
=————=0523
v D, —-2t,

C=a/1+a)=0.115, C,=(1+0a,)/1+o)=0.968



Appendix 3 = 109

fose =Ci W+ fro+Cy - (1.14+1.028, ) f.
=0.115%0.523* x 3554 0.968 X (1.14+1.02%x1.2498) X 26.7 =73.6 N / mm?
Nosew = fose (A + A) =73.6X5.89x10° 107> = 4.33x10* kN
Niu = fimner - Ag = 355%2.73%10* X107 =9.69x10° kN
Ny = Nogu + Niy =5.299x10* kN

I=mn-[D}—(D,-2t;)"]/64=4.602x10" mm*

r=\I1/A. = \/4.602><101° /616000 =273.3 mm
A=L./r=4800/273.3=17.56

The corresponding stability factor can be obtained according
to Appendix 2

% =0.956

b. Flexural capacity
Ymi = 0.481n(§ +0.1)(1+0.06y —0.85y%) +1.1=1.074

Ymz =—0.02y > In(§) + 1.04y " =1.627

i _ps
‘/Vscm = T (Do Dil ) = 920)(107 l'Ill’l’l3
32D,
4 _ 9+ )4
W, = D =D =26)] 3175108 mm?
32D,

Mo = Vit - Wiem * fose =1.074X9.20 X107 X 72.9%10° =7.2%10° kN -m



110 = Appendix 3

Miy =Ymz2 - Wai* frinner =1.627%3.17x10° X 355%10™° =1.83x10° kN-m

M, = My + M;, =9.03x10° kN-m

c. Check for requirements

_ nl ) (EI)SC
=

Ng =1.367x10° kN

Lo =1+(0.18—0.2y*)E ™" =1.154
£=0.8343> 0.4

Mo = (0.1+0.14-E**).(1+0.7y —1.8y*) = 0.2424

2:(Co—1 N
2= CZMZI.ZZ d=1-0.4-(—)=0.9965

b= 1-G =-3.135;
X ‘Mo Mo NE

1.2x10*
N 704 =0.226 <21, =2x0.956° x0.2424 = 0.424
N, 5.299x10

According to 1994-1-1 (Table 6.4), in this case f,,= 1.0

2
S (A [N (A L L Y TS
N, N )T\,

Therefore, this column is safe to be used in practice.
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ATJ, see Architectural Institute of
Japan (AI])
AISC, see American Institute of Steel
Construction (AISC)
AISC-LRFD Code, 7
American Institute of Steel
Construction (AISC), 7
Anti-corrosion, 25-26
Architectural Institute of Japan
(AI)), 4,7
AS5100, Australian bridge design
standard, 7
Axial compression, 26-27, 28-29, 34,
83-105
capacity, 108-109
member for CFDST, 83-105
Axial tension, 27, 30, 33

Bearing capacity calculation,
107-110

Blind bolts, 60-61

Bond stress, 61-62

Brackets and hangers, 59

BS5400, British bridge code, 7

BS EN 1092, 63

Buckling resistance, 30, 33, 35

Butt welding, 60

Cement grout, 75

CFDST, see Concrete-filled double
skin steel tubes (CFDST)

CFDST columns design, 21-47

concrete imperfection, 46-47
corrosion effects, 45-46
cross-sectional resistance, 26-28
impact, 44-45
local bearing in connection
area, 36-44
long-term effects, 36
philosophy, 21-26
anti-corrosion, 25-26
deformation of structures and
members, 25
indices, 24-25
rules, 21-24
resistance of members
under axial loading, 28-33
in combined axial loading and
bending, 33-36
CFST, see Concrete-filled steel tube
(CFST) structure
China, CEST structures in, 3
Circular hollow sections (CHS), 11
Column-foot connections, 64-65
Compound elastic compression, 24
Compound elastic flexural stiffness,
24-25
Compound elastic shear stiffness, 25
Computational coeflicients, 16-17
Computational indices, 12-14
Concrete, 19-20, 23, 63
imperfection, 46-47
placement, 74-75
shrinkage deformation, 79-81
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Concrete-filled double skin steel
tubes (CFDST), 1-17; see
also individual entries

axial compression member for,
83-105
bearing capacity calculation of,
107-110
concrete shrinkage deformation
in, 79-81
definitions, 11-12
hollow ratio, 11
nominal confinement
factor, 12
nominal steel ratio, 11
steel ratio, 11
structure, 11
symbols, 12-17
computational coefficients,
16-17
computational indices, 12-14
design action and action
effect, 12
geometric parameter, 14-16
Concrete-filled steel tube (CFST)
structure, 1-3, 8
in China, 3
in Europe, 3-4
in Japan, 4, 6
in United States, 6-7
Connection, 49-50
column-foot, 64-65
description, 49-50
devices, 20
flange, 63
plate, 63
Construction, 73-75
concrete placement, 74-75
description, 73
fabrication of tubular members,
73-74
quality check, 75
Corrosion effects, 45-46
Cross-sectional resistance, 26-28

DBJ/T13-51, Chinese code, 7
Deformation
shrinkage, of concrete, 79-81
of structures and members, 25
Design action and action effect, 12
Diagonal web member, 50-51, 52
Diaphragms, 53

EN 1992-1-1, 24, 108

EN 1993-1-1, 21, 24, 108

EN 1993-1-3,73

EN 1993-1-8, 50, 53, 59, 63, 64,
65,73

EN 1994-1-2, 67

EN 1998-1, 22, 59

EN 1998-6, 25, 63

EN 10025-5, 73

EN ISO 12944, 26

Equivalent section method, 45, 46

Eurocode 4, 7

Europe, CFST structures in, 3-4

Fabrication, of tubular members,
73-74

Fasteners and welding
consumables, 20

Fire-resistance design, 67-72

Fixed column bases, 64

Flange connections, 63

Fleet Place House, 4

Flexural bearing capacity, 27-28, 34,
109-110

Gateway Tower, 7
Geometric parameter, 14-16
Gravity filling, 74

Groove welding, 60

Headed stud shear connectors, 20
Hollow ratio, 11

Hollow steel tubes, 53

Impact loading, 44-45



Japan, CFST structures in, 4, 6
Joints, 49-63

Load-bearing members, 3
Load ratio, 67

Materials, 19-20
concrete, 19-20
connection devices, 20
steel, 19

Mixed web member, 51

New Urban Housing Project, 5
Nominal confinement factor, 12
Nominal steel ratio, 11

Partial factors, equations with, 21
Patch welding, 75

Pinned column bases, 64

Pitting corrosion, 46

Plate connections, 63

Plug-in column base, 65

Point corrosion, 46

Prefabricated parts, 23
Probability theory, 21

Pump filling, 74

Quality check, 75
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Reinforced concrete (RC), 2
Resistance
under axial loading, 28-33
in combined axial loading and
bending, 33-36
cross-sectional, 26-28
Rigid beam-column joint, 53, 54
Ring plates, 53-58

Shear stress, 58, 61
Shrinkage deformation of concrete,
79-81
Spraying fireproofing coatings, 67
Steel, 19
ratio, 11
tube, 23-24, 63, 73-74
Structural Stability Research
Council, 7
Supersonic wave, 75

Task Group 20, 7

Transverse web member, 51

Tubular members fabrication,
73-74

United States, CFST in, 6-7
US-Japan Cooperative Earthquake
Research Program, 5
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