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Foreword

Concrete filled steel tubular members,comprising a hollow steel tube infilled with
concrete, have been used in many structural applications, especially for columns
in high rise buildings and bridge piers. The other applications include structural
uses in civil infrastructural work, industrial construction, offshore oil and gas
installations and protective structures.

Although a series of design guides on concrete filled steel tubular members
have been produced by the American, Chinese, Europe, and Japan codes as well
as by CIDECT (International Committee for the Development and study of Tubular
Structures), they do not provide additional guidelines on the use of high strength
concrete and high tensile steel.

High strength materials have been found to be attractive alternatives to normal
strength materials for high-rise construction. The use of high strength materials is
feasible for columns in high rise buildings. This is because the higher the material
strength, the smaller the member size is required to resist the same design load.
This will free up more usable floor space and require less construction materials
and construction works. High strength concrete is relatively more brittle than
normal strength concrete and it might not exhibit any post peak compression
load displacement behaviour when it is not reinforced. However, if it is used in a
confined manner such as in concrete filled tube, its behaviour becomes more duc-
tile depending on the steel contribution ratio. This is because of the confinement
offered by the outer steel tube to the internal concrete which tends to increase the
compressive strength and post peak ductility of the concrete.

This design guide is based on Eurocode 4 (EN 1994-1-1, 2004) for the design
of concrete filled steel tubular members with special considerations for higher
concrete strength with cylinder compressive strength up to 90 N/mm2 and higher
grade of steel with yield strength up to 550 N/mm2. More than 2000 test data
collected from the literature on concrete filled steel tubes with normal and high
strength materials have been analysed to formulate the design method proposed
in this design guide.

This design guide also provides good detailing practices for typical joints
between concrete filled tubular members and other structural components. These
include composite beam to column joints, concrete beam to tubular column joints
and column base joints. Guideline is provided to select matching concrete and
steel grades for the design of high strength composite columns. Quality control
of high strength concrete materials and weldability of high tensile steel materi-
als are emphasized. Finally, fire protection and fire resistance design method in
accordance with EN1994-1-2 (2005) are introduced for concrete filled steel tubular
members. This design guide will endow structural engineers with the confidence

Design Guide for Concrete Filled Tubular Members with High Strength Materials to Eurocode 4.
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to use high strength materials in a safe and economic manner to design and
construct high rise buildings.
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Chapter One

Introduction

1.1. Concrete Filled Steel Tubular Columns

Steel and concrete are the two most commonly used constructional materials in
building, bridge and civil engineering construction. Steel is characterized by its
high tensile strength, excellent ductility and greater elastic modulus, resulting in
smaller cross section and slender member of which the buckling behaviour often
needs to be considered in design. On the other hand, concrete is characterized by
high compressive but low tensile strength, relatively lower material cost per unit
weight and lower thermal conductivity as compared to steel, which often result in
bulky members where brittle tensile cracking, creep and shrinkage properties may
affect their long term structural performance.

Steel-concrete composite structures combine the advantages of steel and con-
crete materials to achieve overall enhancement in strength and stiffness. Concrete
filled steel tubular (CFST) column, comprising a hollow steel tube infilled with
concrete with or without additional reinforcements or steel section, has been
widely used in high rise building construction. The local buckling of the outer steel
tube is delayed or even prevented by the concrete core while the inner concrete
core is confined by the steel tube providing enhancement in strength and ductility
under high compressive load. The steel tube can serve as permanent formwork for
concrete casting and thus it eliminates the need of additional work and leads to
fast track construction.

CFST columns have various composite cross-sections as shown in Figure 1.1.
Circular, square and rectangular sections are commonly adopted while polygonal
or elliptical sections also may be used for architectural and functional require-
ments. Conventionally, only plain concrete is filled into the hollow steel sections.
Nowadays, the concrete core may be reinforced by fibres or steel bars to enhance
ductility and fire resistance of the column. For convenience, the reinforcements
can be replaced by an internal steel tube which can provide higher confinement to
the concrete core. Other steel sections, such as solid steel section or H-section, can
be inserted into the concrete core to further enhance the compression resistance
and thus reduce the column size. For columns subjected to high flexural loading,
concrete filled double-tube sections can be used to increase the flexural stiffness
using less material.

Design Guide for Concrete Filled Tubular Members with High Strength Materials to Eurocode 4.
Copyright © 2015 J.Y. Richard Liew. Published by Research Publishing Services. All rights reserved.
ISBN: 978-981-09-3267-1 :: doi:10.3850/978-981-09-3267-1 ch1 1
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Figure 1.1 . Types of concrete filled steel tubular cross sections

High strength construction materials are now attractive owing to their eco-
nomic and architectural advantages. The higher the material strength, the smaller
is the required member size. Floor space can be saved and cost can be significantly
reduced in high-rise construction. However, material brittleness could be one of
the problems for ultra-high strength concrete and local buckling may be a problem
for structural members with high tensile steel. To overcome these problems, one
solution is to use composite structural members, especially concrete filled steel
tubes (CFSTs) as columns, where the ductility and strength of the concrete core can
be enhanced by the confinement effect provided by the steel tubes while the local
buckling of the steel tube can be delayed or even prevented by the concrete core.
In addition, the steel tube can serve as permanent formwork for concrete casting
and thus it eliminates the need for formwork and leads to fast track construction
and economical design (Liew and Xiong, 2012 & Liew et al., 2014).

1.2. Applications of High Strength Materials

With an aim towards a more sustainable construction, high strength materials
may reduce the use of construction materials, thus reducing the use of water,
energy and manpower in handling such materials. Demand for and use of high
strength materials for high-rise buildings began in the 1970s, primarily in the
U.S.A. Nowadays, high strength construction materials are mostly used in Asia
region for high rise construction. Table 1.1 summarises some of the buildings using
high tensile steel and concrete materials which focussed mainly in column and
wall construction.
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Table 1.1 . Buildings using high strength steel and concrete

Project Country Year
Completed

Building
Height ( m)

Concrete
(fck,
N/mm2)

Steel
(fy,
N/mm2)

Used as

225 West Wacker U.S.A 1988 132 96.5 - R.C columns
Drive
Pacific First Centre U.S.A 1989 185 131 350 CFST columns
Two-Union building U.S.A 1989 226 131 350 CFST columns
Two Prudential Plaza U.S.A 1989 303 82.7 - R.C columns

and walls
Gateway Tower U.S.A 1990 220 117.2 350 CFST columns
311 South Wacker U.S.A 1990 293 83 - R.C columns
Drive
Trump Palace U.S.A 1991 150 82.2 - R.C columns
Dain Bosworth Tower U.S.A 1991 164 96.5 - R.C columns
One Peachtree Centre U.S.A 1991 257 82.7 - R.C columns

and walls
Society Centre U.S.A 1991 275 82.7 - R.C columns

and walls
Trump World Tower U.S.A 2001 262 83 R.C columns
Trump International U.S.A 2009 346 110 - R.C columns
Hotel & Tower
BurjKhalifa Tower Saudi Arabia 2010 818 80 - R.C columns

and walls
The federation of the Korea 2013 245 - 570 Outriggers and

belt trusses
Korean Industries Hall
Lotte World Tower Korea 2015 555 - 570 Outriggers,

trusses, and
CFST columns

W-Comfort Towers Japan 2004 178 100 - CFST columns
Obayashi Technical Japan 2010 Multi-storey 160 700 CFST columns
Research Institute
R&D Centre of Japan 2011 Multi-storey - 1000 Steel columns
Sumitomo Metals
Sky Tree Japan 2012 634 - 630 Gain tower
Otemachi Tower Japan 2014 200 150 780 CFST columns
Abeno Harukas Japan 2014 300 150 590 CFST columns
Taipei 101 Taiwan 2004 508 70 510 CFST columns
Guangzhou West China 2010 432 90 345 CFST bracings
Tower
Goldin 117 Tower China 2015 597 70 390 CFST columns
Petronas Twin-Towers Malaysia 1994 452 80 - R.C columns
International Hong Kong 2010 484 90 - R.C columns

and walls
Commerce Centre
The Sail & Marina Bay Singapore 2009 245 80 - R.C columns
The Shard U.K 2012 306 80 - R.C columns
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Long term durability and ductility of high strength materials are two important
factors for consideration for their adoption in high rise construction. The fact
that high tensile steel and concrete materials have been used in countries which
have seismic activities such as U.S.A, Japan, Korea and China, indicating that the
ductility issues of such materials could be resolved by research and development
of new materials subjecting them to cyclic tests and advanced finite element
analyses, and most importantly though stringent control of material quality at the
factory and the site. As material research and manufacturing technology improve,
the use of higher strength concrete and steel materials will continue to increase as
wider applications are being sought in the construction of modern cities.

1.3. About this Guide

Current design codes for composite columns may be only applicable for normal
strength concrete and steel as shown in Table 1.2. For example, Eurocode 4 applies
to composite columns with normal weight concrete of strength classes C20/25
to C50/60 and steel grades S235 to S460 (EN 1994-1-1, 2004), AISC 360-10 only
applies to composite columns with normal weight concrete cylinder strength from
21 MPa to 70 MPa and steel yield strength up to 525 MPa (AISC, 2010), and DBJ
only applies to composite columns with normal weight concrete cylinder strength
from 25 MPa to 65 MPa and steel yield strength from 235 MPa to 430 MPa (DBJ,
2010). Japanese’s code allows the use of high strength concrete with compression
strength up to 90N/mm2 (AIJ, 1997). Eurocode 2 for concrete design allows Grade
90 concrete but Eurocode 4 for steel concrete composite structures restricted the
concrete strength up to Grade 50 (2004).

Composite structural members generally exhibit better ductility and higher
buckling resistance compared with individual steel or reinforced concrete mem-
bers. However, Eurocode 4 (design of composite steel and concrete structures)
gives narrower range of material strength for steel and concrete compared with
Eurocode 2 (design of concrete structures) and Eurocode 3 (design of steel struc-
tures). In view of the recent research done on concrete filled tubular columns, the
material strength range in Eurocode 4 can be further extended to match those
in Eurocodes 2 and 3 in order to fully realise the beneficial effect of composite
construction.

A series of design guides on CFST members have been produced by the Amer-
ican, Chinese, European, and Japanese codes as well as by CIDECT (International
Committee for the Development and study of Tubular Structures), however they
do not provide guidance on the design of CFST members using high strength con-
crete and high tensile steel. This design guide fills the gap by allowing the design
of concrete filled steel tubes with concrete cylinder strength up to 90 N/mm2 and
steel of yield strength up to 550 N/mm2. The design is based on Eurocode 4 (EN
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Table 1.2 . Limitation on characteristic strength (N/mm2) in modern design codes

Steel yield strength Concrete cylinder strength

Codes (N/mm 2) (N/mm 2)

AISC 360-10 ≤ 525 21∼70

DBJ/T13-51-2010 235∼430 25∼65

Architectural Institute of Japan (AIJ) 235∼440 18∼90

EN 1992-1-1 - 12∼90

EN 1993-1-1, EN 1993-1-12 235 ∼700 -

EN 1994-1-1 235 ∼460 20∼50

1994-1-1, 2004; EN 1994-1-2, 2005) for the design of concrete filled steel tubular
(CFST) columns with special considerations for the high strength concrete and
the high tensile steel. The design method has been proposed based on the latest
research done in NUS laboratory, calibration with the latest test data collected
worldwide and experiences gain from their uses in Japan.

The design guide also gives some drawings and detailing for various steel
beam to tubular column connections, concrete beam to tubular member con-
nections and tubular column base connections. Material quality control of high
strength concrete is emphasized. Finally, fire protection and fire resistance design
are introduced for concrete filled columns. This design guide will endow structural
engineers with the confidence to use high strength materials in a safe and efficient
manner in design and construction.
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Chapter Two

Materials

2.1. Concrete

American Concrete Institute (ACI, 2010) defines high strength concrete as concrete
with a cylinder compressive strength greater than 50N/mm2. The definition of
high strength concrete is implicitly reflected in EN 1992-1-2 (2004) for fire resistant
design of concrete structures. For high strength concrete, special care are required
for production and testing and at which special structural design requirements
may be needed. As technology progresses and the use of concrete with even higher
compressive strength evolves, the definition of high strength concrete is likely to
be revised.

High strength concrete is made possible by reducing porosity, inhomogeneity
and micro-cracks in the hydrated cement paste and in the interfacial transition
zone between cement paste and aggregates. The utilization of fine pozzolanic
materials in high strength concrete leads to a reduction of the size of the crystalline
compounds, particularly, calcium hydroxide. Consequently, there is a reduction of
the thickness of the interfacial transition zone. The densification of the interfacial
transition zone allows for efficient load transfer between the cement mortar and
the coarse aggregate, contributing to the strength of the concrete. For high strength
concrete with extremely dense matrix, a weak aggregate may become the weak link
for the concrete strength.

It is important to note that high strength concrete (HSC) and high performance
concrete (HPC) are not synonymous. HSC exhibits higher strength and secant
modulus whereas HPC has their ingredients and mix proportions specifically
prepared as to possess particular properties for the expected use of the structure
such as higher strength, better ductility and lower permeability.

The concrete strength classes, as shown in Table 2.1 and Table 2.2, for normal
strength concrete (NSC) and HSC can be used for the design of CFST columns.
Concrete class higher than C90/105 can only be used with further investigation
and advices from specialists using performance based design approach.

This design guideline is also applicable to lightweight aggregate concrete
which exhibits a density of not more than 2200 kg/m3 or contains a proportion
of artificial or natural lightweight aggregates having a particle density of less than
2000 kg/m3. Where the lightweight aggregate concrete is used, the modulus of

Design Guide for Concrete Filled Tubular Members with High Strength Materials to Eurocode 4.
Copyright © 2015 J.Y. Richard Liew. Published by Research Publishing Services. All rights reserved.
ISBN: 978-981-09-3267-1 :: doi:10.3850/978-981-09-3267-1 ch2 7
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Table 2.1 . Strength classes of normal strength concrete

Strength class C12/15 C16/20 C20/25 C25/30 C30/37 C35/45 C4 0/50 C45/55 C50/60

Cylinder strength 12 16 20 25 30 35 40 45 50
(fck, N/mm2)
Cube strength 15 20 25 30 37 45 50 55 60
(fck,cube,N/mm2)
Modulus of 27 29 30 31 33 34 35 36 37
elasticity
(Ecm, GPa)

Table 2.2 . Strength classes of high strength concrete

Strength class C55/67 C60/75 C70/85 C80/95 C90/105

Cylinder strength (fck, N/mm2) 55 60 70 80 90
Cube strength (fck,cube, N/mm2) 67 75 85 95 105
Modulus of elasticity (Ecm, GPa) 38 39 41 42 44

elasticity should be determined based on Ecm of NSC or HSC with the same value
of fck.

Elcm = Ecm (ρc/2200)2 (2.1)

where
ρc is the density of lightweight aggregate concrete, kg/m3

Ecm, Elcm are the modulus of elasticity of normal weight concrete and
lightweight concrete, respectively

This design guide also defines concrete with the cylinder compressive strength
higher than 90N/mm2 as ultra-high strength concrete (UHSC).

2.2. Steel

In this design guide, the steel with yield strength lower and equal to 460N/mm2

is defined as mild steel, whereas those with yield strength higher than 460N/mm2

are defined as high tensile steel.
Two types of high tensile steel should be distinguished which are mostly used

in building and offshore structures. One type is called QT steel which is manu-
factured based on quenching and tempering processes after rolling. Quenching
imparts a high degree of hardness, while leading to a high strength. However, the
quenched steel is too brittle to be used. It is returned to the furnace for tempering
which will reduce the hardness and then achieve better ductility. The technical
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delivery conditions for flat products of QT steels are documented by EN 10025-6
(2004). The abbreviation form of delivery condition is Q.

Another type of high tensile steel is TMCP steel which is manufactured based
on thermo-mechanically controlled process during rolling, in which case the
rolling process is accompanied by a quenching process. The technical delivery
conditions of TMCP plates are included in EN 10149-2 (1996). The abbreviation
form of delivery condition is M.

The strength classes as shown in Table 2.3 for mild steel and high tensile
steel can be used for the design of CFST columns with hot-rolled, cold-formed
or welded steel sections. The modulus of elasticity of steel is taken as 210 GPa. For
the structural steel materials to be used in Singapore, they should be in compliance
with the BC1:2012: the Design Guide on Use of Alternative Structural Steel to BS
5950 and Eurocode 3 (BC1, 2012).

The limiting values of ratio fu/fy, elongation at failure and ultimate strain εu are
recommended in Table 2.4 for mild steel and high tensile steel.

Table 2.3 . Strength classes of mild steel and high tensile steel

Grade Nominal values of yield strength fy (N/mm 2) with thickness (mm) less than or
equal to or equal to

16 40 63 80 100 150

S235 235 225 215 215 215 195
S275 275 265 255 245 235 225
S355 355 345 335 325 315 295
S420 420 400 390 370 360 340
S460 460 440 430 410 400 380
S500 500 500 480 480 480 440
S550 550 550 530 530 530 490
S620 620 620 580 580 580 560
S690 690 690 650 650 650 630

Table 2.4 . Limitations on ductility, elongation at failure and ultimate strain for mild steel and high
tensile steel

Steel Ratio fu/fy Elongation at Failure Ultimate Strain

Mild steel ≥ 1.10 15% εu ≥ 15εy (εy = fy/E)
High tensile steel ≥ 1.05 10% εu ≥ 15εy
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The maximum permissible plate thickness for mild steel and high tensile steel
can be determined in accordance with EN 1993-1-10 and EN 1993-1-12, respec-
tively. In Singapore, the maximum thickness of steel plate could be determined
based on Table 2.5 and Table 2.6 where a reference temperature of 10◦C is used.

Table 2.5 . Maximum permissible plate thickness (mm) for mild steel

Charpy Energy Stress Level

Steel grade Sub-grade At T ( ◦C) Jmin σEd=0.75fy(t) σEd=0.50fy(t) σEd=0.25fy(t)

S235 JR 20 27 60 90 135

J0 0 27 90 125 170

J2 -20 27 125 170 200

S275 JR 20 27 55 80 125

J0 0 27 75 115 165

J2 -20 27 110 155 200

M, N -20 40 135 180 200

ML, NL -50 27 185 200 230

S355 JR 20 27 40 65 110

J0 0 27 60 95 150

J2 -20 27 90 135 200

K2, M, N -20 40 110 155 200

ML, NL -50 27 155 200 210

S420 M, N -20 40 95 140 200

ML, NL -50 27 135 190 200

S460 Q -20 30 70 110 175

M, N -20 40 90 130 200

QL -40 30 105 155 200

ML, NL -50 27 125 180 200

QL1 -60 30 150 200 215

Notes:
1) Linear interpolation can be used in applying this table.
2) Stress level σEd should be calculated as for serviceability limit state taking into account all

combinations of permanent and variable actions as defined in EN 1991.
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Table 2.6 . Maximum permissible plate thickness (mm) for high tensile steel

Steel grade Sub-grade Charpy Energy Stress level

At T (◦C) Jmin σEd=0.75fy(t) σEd = 0.50fy(t) σEd=0.25fy(t)

S500 Q 0 40 55 85 145

Q -20 30 65 105 170

QL −20 40 80 125 195

QL −40 30 100 145 200

QL1 −40 40 120 170 200

QL1 −60 30 140 200 205

S550 Q 0 40 50 80 140

Q −20 30 60 95 160

QL −20 40 75 115 185

QL −40 30 90 135 200

QL1 −40 40 110 160 200

QL1 −60 30 130 185 200

S620 Q 0 40 45 70 130

Q −20 30 55 85 150

QL −20 40 65 105 175

QL −40 30 80 125 200

QL1 −40 40 100 145 200

QL1 −60 30 120 170 200

S690 Q 0 40 40 65 120

Q −20 30 50 80 140

QL −20 40 60 95 165

QL −40 30 75 115 190

QL1 −40 40 90 135 200

QL1 −60 30 110 160 200

See Table 2.5 for the explanatory notes.

2.3. Reinforcing Steel

The yield strength of reinforcing steel is limited to the range of 400 N/mm2 to
600 N/mm2 as conforming to EN 1992-1-1 (2004). The plain round bar, Grade
250, is not recommended because it does not offer any advantages over the ribbed
reinforcement and seldom used in practice.



December 23, 2014 4:17 RPS

12 Design Guide for Concrete Filled Tubular Members with High Strength Materials to Eurocode 4

Table 2.7 . Strength class of reinforcing steel, BS 4449 (2005)

Class Characteristic yield strength Ultimate/yield Ultim ate elongation
(fyk, MPa) strength ratio

B500A 500 1.05 2.5%
B500B 500 1.08 5.0%
B500C 500 ≥ 1.15, < 1.35 7.5%

The use of reinforcing steel should be in accordance with BS EN 10080 (2005)
which however gives no actual specification for strength class. Where it is the case,
BS 4449 (2005) may be referred to. The strength class provided in BS 4449 (2005) is
shown in Table 2.7 with an elastic modulus of 210 GPa.

It is noted that the characteristic yield strength of reinforcing steel has been
increased from the conventional Grade 460 to Grade 500. Nevertheless, Grade 460
reinforcing steel is still allowed in present guideline in accordance with BS 4449
(1997).

2.4. Shear Connector

The mechanical characteristics and nominal dimensions of shear studs may be
referred to BS EN ISO 13918 (2008) and BS EN ISO 898-1 (1999). Weldability and
welding examination of shear studs should be checked in accordance with BS EN
ISO 14555 (2006).

High strength concrete provides higher confinement for shear studs locally.
Thus, the design shear strength of stud, PRd, as given in EN 1994-1-1 (2004), is
deemed to be appropriate to high strength concrete (An and Cederwall, 1996; Yan
and Liew, 2013). The design shear resistance of a headed stud may be calculated
as:

PRd = min

(

0.8fusπd2
s

4γv
,

0.29αsd
2
s

√

fckEcm

γv

)

(2.2)

where

ds = the diameter of the shank of the shear stud, 16mm ≤ ds ≤ 25mm

fus = the ultimate strength of the shear stud, ≤ 500N/mm2
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hsc = the overall height of the shear stud

γv = the partial factor which is 1.25 for the ultimate limit state

αs = 0.2
(

hsc
ds

+ 1
)

for 3 ≤ hsc/ds ≤ 4

1.0 for hsc/ds > 4

fck = the characteristic cylinder compressive strength of concrete

Ecm = the elastic modulus of concrete

When high strength concrete is used, the design resistance of the connector will
be governed by the design shear resistance of the stud rather than by the concrete
bearing resistance.

For applications in Singapore, shear studs not covered in this design guide shall
be allowed provided they are in compliance with the provisions in BC1 (2012).

Shear connectors other than the stud type, such as weld beads, welded rein-
forcements, welded shear keys, etc., are also allowed provided they can perform
in accordance with the product manufacturer’s recommendations or when special-
ist’s advice is consulted.

2.5. Bolts

The characteristic values of yield strength fyb and ultimate tensile strength fub for
bolt classes 4.6, 4.8, 5.6, 5.8, 6.8, 8.8 and 10.9 are given in Table 2.8.

Bolts from class 4.6 up to and including class 10.9 can be used as non-preloaded
connections, whereas for preloaded connections, class 8.8 and 10.9 should be used.

For holding-down bolts used in foundation situations, their characteristics with
threads from M16 up to and including M64 of product grade C are provided in BS
7419 (2012). Generally, Class 4.6 and class 8.8 as shown in Table 2.8 are used for
the holding-down bolts. They shall be fabricated from hot-rolled steel conforming
to EN 10025-2 (2004), EN 10025-3 (2004)and EN 10025-4 (2004). Reinforcing steels
may be used as the holding-down bolts in which case they shall be in accordance
with BS EN 10080 (2005) and the steel grade shall be specified. The reinforcing
steel should not be used as holding-down bolts with yield strength higher than

Table 2.8 . Characteristic values of yield strength and ultimate tensile strength for bolts

Bolt Class 4.6 4.8 5.6 5.8 6.8 8.8 10.9

fyb(N/mm2) 240 320 300 400 480 640 900
fub(N/mm2) 400 400 500 500 600 800 1000
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300 N/mm2 (EN 1993-1-8, 2005). The design anchorage resistance of the holding-
down bolts against pull-out failure, concrete-cone failure, splitting failure, blow-
out failure, etc., can be determined in accordance with DD CEN/TS 1992-4-1 (2009)
and DD CEN/TS 1992-4-2 (2009).

For applications in Singapore, bolts not covered in this design guide can be
used provided their characteristics strength meets the requirements in BC1 (2012).

2.6. Test Database on CFST Columns

2.6.1. General

This design guide expands the database of Goode (2008) to include 2033 test results
on CFST columns based on the research work done in NUS (Liew et al., 2013). The
new test data also includes recent research on steel tubes infilled with ultra-high
strength concrete with cylinder compressive strength greater than 90 N/mm2. The
test results are used for comparison with the resistance predicted by EC4 (EN 1994-
1-1, 2004) to establish the design guide of using high strength materials for CFST
columns.

In this database, test specimens involving short and long CFSTs subjected to
compression, uniaxial bending, and bi-axial bending, are categorized for compari-
son with EC4 predictions. Tests on encased columns, columns with stainless steel
and aluminium steel sections are excluded. Results from tests involving preload
effect, sustained loading for creep and shrinkage studies and dynamic loadings are
not included. In addition, CFST columns with Class 4 slender sections, in which
the d/t ratio exceeds the class 4 limit stipulated in EN 1994-1-1, are also excluded
although they were included originally in Goode’s database.

In this database, the concrete compressive cylinder strength is in the range of
8.5N/mm2 to 243N/mm2, and the steel yield strength ranges from 178N/mm2 to
853N/mm2. The ratio of column height over section smaller dimension is in the
range of 0.67 to 60, and the relative slenderness λ ranges from 0.02 to 1.30 which is
within the limit of EC4.

The columns, both circular and rectangular, are divided into three groups:
axially loaded cross sections, axially loaded columns, and beam-columns in which
members are subject to compression and bending. Axially loaded cross section
represents short columns in which their resistance are not affected by the member
length and thus the buckling reduction factor χ equal to 1.0. For those with χ < 1.0,
they are grouped into axially loaded columns and beam-columns. The bending
moment can be directly induced by the compression action, for example where the
bending moment results from the eccentricity of the compression force.
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2.6.2. Influence of Concrete Strength

The average test/prediction ratios against concrete cylinder strength are shown
in Table 2.11. The ratios are categorized into three groups based on concrete
strength. By studying the values which are not bracketed, the average test/EC4
value for each type of CFST specimens is greater than unity generally indicating a
conservative average prediction by EC4. Table 2.11 also provides the percentage
of conservative prediction (i.e., test/EC4 prediction ≥ 1.0) which reflects the
reliability of the prediction by EC4. For high strength concrete (50N/mm2

< f ck ≤
90N/mm2), the percentages of all circular columns and the axially loaded rectan-
gular cross sections are lower than those of their counterparts with normal strength
concrete (f ck ≤ 50N/mm2). For ultra-high strength concrete (f ck > 90N/mm2),
the percentages of all columns are lower than those of their counterparts with
normal strength concrete. This reflects the increasing complexity and severity as
the concrete strength increases.

For high strength concrete with fck > 50 N/mm2, the effective compressive
strength of concrete in accordance with EC2 (EN 1992-1-1, 2004) should be used.
The effective strength is determined by multiplying the characteristic strength by
a reduction factor η as given in Eqn. (2.3). For ultra-high strength concrete with
fck > 90N/mm2, the reduction factor of η = 0.8 should apply and the increase of
concrete strength due to confinement effect from steel tube should be ignored.

η =

{

1.0 − (fck − 50) /200 50 N/mm2
< fck ≤ 90 N/mm2

0.8 fck > 90 N/mm2 (2.3)

With the introduction of reduction factor η, the effective compressive strengths
are given in Table 2.9 for various high strength concrete classes. Accordingly, the
secant modulus for high and ultra-high strength concrete should be modified
based on the effective strength as in Eqn. (2.4). The modified secant modulus are
given in Table 2.10 for various high strength concrete classes.

Ecm = 22[(η · fck + 8)/10]0.3 (2.4)

The predictions of CFST members using EC4 based on the effective strength
and modified secant modulus are given in Table 2.11 where values are in the brack-
ets [ ] and <>. It is found that the percentages of all columns with high strength
and ultra-high strength concretes are comparable with those of their counterparts
with normal strength concrete. The comparable reliability with normal strength
concrete has been achieved for high strength concrete and ultra-high strength
concrete with the introduction of concrete strength reduction factor η in Eqn. (2.3)
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Table 2.9 . Effective compressive strengths of high strength concrete

Strength classes C55/67 C60/75 C70/85 C80/95 C90/105

Effective compressive strength (N/mm2) 53.6 57 63 68 72

Reduction ratio 2.5% 5.0% 10.0% 15.0% 20.0%

Table 2.10 . Secant modulus of high strength concrete

Strength classes C55/67 C60/75 C70/85 C80/95 C90/105

Modified secant modulus (GPa) 38.0 38.6 39.6 40.4 41.1

Reduction ratio 0.7% 1.3% 2.8% 4.3% 5.9%

and neglect of confinement effect for ultra-high strength concrete. Hence, it is
recommended that the EC4 limitation on concrete strength could be extended to
C90/105 concrete with the reduction factor. However it is not recommended for
the ultra-high strength concrete owing to lesser test data. In case where the ultra-
high strength concrete is used in the CFST columns, specialist advice should be
sought.

Table 2.11 gives the percentages for all test data in terms of concrete strength.
Overall, the percentage decreases with increasing concrete strength (refer to values
not in the brackets). When the reduction factor η and neglect of confinement
are introduced, the percentages of high strength concrete and ultra-high strength
concrete are larger than those of their counterparts with normal strength concrete.
The design values (refer to values in ( ), { } and ||) are also provided in Table 2.11
with the introduction of partial factors of 1.5 and 1.0 for concrete and steel,
respectively. When the codes specified design values are compared with the test
results, the percentages of under-prediction (i.e., test/EC4 prediction < 1.0) are
less than 3%.

The Test/EC4 ratios are also plotted in Figure 2.1, with the effective strength
and modified modulus of elasticity applied for concrete with strength higher than
50N/mm2. In order to further extend the EC4 scope to include the ultra-high
strength concrete, more test data should be provided for concrete with strength
higher than 100N/mm2.
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Table 2.11 . Influence of concrete strength on test/EC4 prediction ratios for CFST members

Type of column Compressive cylinder strength of concrete

≤50 N/mm2 ≤90 N/mm2
>90 N/mm2

Axially loaded circular cross section
Nos. 295 130 44

Test/EC4 ≥ 1 66.8% (99.3%) 59.2% [66.9%]{97.7%} 47.7%<100%>|100%|
Av. 1.068 (1.355) 1.023 [1.062]{1.383} 1.016 <1.298>|1.646|

St. Dev. 0.136 (0.169) 0.111 [0.132]{0.190} 0.104<0.139>|0.153|

Axially loaded circular column
Nos. 383 60 22

Test/EC4 ≥ 1 85.9% (97.4%) 68.3% [83.3%]{98.3} 81.8%<100%>|100%|
Av. 1.186 (1.388) 1.039[1.075]{1.339} 1.085<1.195>|1.512|

St. Dev. 0.246 (0.267) 0.110[0.121]{0.162} 0.095<0.093>|0.157|

Circular beam-column
Nos. 240 66 46

Test/EC4 ≥ 1 82.1% (98.8%) 71.2% [81.8%]{98.5%} 69.6%<78.3>|91.3%|
Av. 1.192 (1.352) 1.086[1.136]{1.356} 1.008<1.121>|1.378|

St. Dev. 0.217 (0.237) 0.182[0.189]{0.216} 0.172<0.205>|0.266|

Axially loaded rectangular cross section
Nos. 282 63 39

Test/EC4 ≥ 1 80.1% (99.6%) 68.3% [90.5%]{96.8%} 56.4%<89.7>|100%|
Av. 1.122 (1.287) 1.068 [1.118]{1.330} 1.032<1.136>|1.321|

St. Dev. 0.150 (0.196) 0.123 [0.117]{0.168} 0.093<0.099>|0.132|
Axially loaded rectangular column

Nos. 101 40 12
Test/EC4 ≥ 1 62.4% (94.1%) 70.0% [77.5%]{95.0%} 58.3%<91.7%>|100%|

Av. 1.059 (1.220) 1.057[1.099]{1.321} 1.095<1.212>|1.458|
St. Dev. 0.140 (0.172) 0.134[0.140]{0.177} 0.206<0.193>|0.233|

Rectangular beam-column
Nos. 160 23 27

Test/EC4 ≥ 1 73.1% (98.1%) 87.0% [87.0%]{100%} 70.4%<85.2%>|100%|
Av. 1.107 (1.338) 1.099[1.128]{1.461} 1.044<1.089>|1.314|

St. Dev. 0.279 (0.341) 0.112[0.102]{0.148} 0.115<0.117>|0.124|
All test data

Nos. 1461 382 190
Test/EC4 ≥ 1 77.3% (98.3%) 67.0% [78.3%]{97.6%} 62.6%<90.0%>|97.9%|

Av. 1.133 (1.339) 1.052 [1.094]{1.361} 1.034<1.175>|1.440|
St. Dev. 0.210 (0.240) 0.132 [0.141]{0.186} 0.132<0.165>|0.224|

Notes:
1) For the value1, (value2), [value3], {value4}, <value5> and |value6| in the table, value1 is based on the
characteristic strengths of steel and concrete; (value2) is based on design strengths; [value3] is based on
characteristic strengths with reduction factor η for concrete; {value4} is based on design strengths with
reduction factor η for concrete. <value5> is based on characteristic strengths with reduction factor η and
neglect of confinement for concrete; |value6| is based on design strengths with reduction factor η and neglect
of confinement for concrete.
2) The design partial factor is 1.5 and 1.0 for concrete and steel, respectively.
3) This table does NOT include test specimens with class 4 section as in EC4.
4) Av.=Average value; St.Dev.=Standard Deviation.
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Figure 2.1 . Comparison of test/EC4 prediction ratio against concrete strength

2.6.3. Influence of Steel Strength

The average test/prediction ratios against steel yield strength are shown in
Table 2.12. All the values are based on the reduction factor η in Eqn. (2.3) and the
neglect of confinement for ultra-high strength concrete. The ratios are categorized
into three groups based on steel strength. It is observed that the average ratio of
test/EC4 prediction for each type of column with mild steel (f y ≤ 460N/mm2) is
greater than unity. However, this is not true for columns with high tensile steel
(f y > 460N/mm2). This might be due to the lack of test data. Thus for the use of
high tensile steel, the liability needs to be further investigated.

Table 2.12 also gives the percent of test/EC4 prediction > 1.0 and the average
prediction all test data in terms of steel yield strength. The ratios between test
and design prediction are also provided. The average test/EC4 prediction ratio for
CFST with high tensile steel is higher than those with mild steel, but the standard
deviation is higher indicating that wide scattering of results are observed for test
specimens involving the use of high tensile steel. When the codes specified design
values are compared with the test results, the percentage of under-prediction (i.e.,
test/EC4 prediction < 1.0) is less than 5%, although the average ratio is higher
than those with mild steel.
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Table 2.12 . Influence of steel strength on test/EC4 prediction ratios for CFST members

Types of column Yield strength of steel

≤460N/mm2 ≤550N/mm2
>550N/mm2

Axially loaded circular
cross section

Nos. 450 5 14
Test/EC4 ≥ 1 71.6% (99.6%) 40.0%(40.0%) 28.6% (100%)

Av. 1.093 (1.399) 0.922 (1.133) 0.975 (1.180)
St. Dev. 0.150 (0.189) 0.200 (0.215) 0.068 (0.081)

Axially loaded
circular column Nos. 414 38 13

Test/EC4 ≥ 1 85.7% (97.6%) 89.5% (100%) 92.3% (92.3%)
Av. 1.152 (1.378) 1.399 (1.532) 1.160 (1.270)

St. Dev. 0.167 (0.210) 0.544 (0.526) 0.112 (0.122)

Circular beam-column Nos. 346 6 -
Test/EC4 ≥ 1 82.4% (98.0%) 33.3% (83.3%) -

Av. 1.175 (1.356) 1.032 (1.367) -
St. Dev. 0.211 (0.236) 0.213 (0.268) -

Axially loaded rectangular
cross section Nos. 308 21 55

Test/EC4 ≥ 1 84.7% (99.0%) 100% (100%) 65.5% (100%)
Av. 1.135 (1.324) 1.132 (1.310) 1.048 (1.146)

St. Dev. 0.147 (0.189) 0.071 (0.096) 0.089 (0.117)

Axially loaded
rectangular column Nos. 145 8 -

Test/EC4 ≥ 1 67.6% (95.2%) 87.5% (87.5%) -
Av. 1.078 (1.262) 1.152 (1.328) -

St. Dev. 0.141 (0.181) 0.267 (0.331) -

Rectangular
beam-column Nos. 187 8 15

Test/EC4 ≥ 1 73.8% (98.4%) 87.5% (100%) 100% (100%)
Av. 1.099 (1.338) 1.061 (1.385) 1.221 (1.459)

St. Dev. 0.255 (0.319) 0.071 (0.119) 0.219 (0.168)

All test data Nos. 1850 86 97
Test/EC4 ≥ 1 78.9% (98.3%) 84.9% (94.2%) 69.1% (99.0%)

Av. 1.128 (1.357) 1.226 (1.410) 1.079 (1.216)
St. Dev. 0.181 (0.222) 0.409 (0.395) 0.141 (0.165)

Notes:
(1) For the value1, (value2) in the table, value1 is based on characteristic strengths of steel and
concrete; (value2) is based on design strengths. For concrete with f ck > 50 N/mm2, the reduction factor
η is considered for the concrete compressive strength and the secant modulus of concrete is modified
accordingly. For concrete with f ck > 90 N/mm2, confinement effect is ignored.
(2) The design partial factor is 1.5 and 1.0 for concrete and steel, respectively.
(3) This table does NOT include test specimens with class 4 section as in EC4.
(4) Av.=Average value; St.Dev.= Standard Deviation.
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Figure 2.2 . Comparison of test/EC4 prediction ratio against steel strength

The Test/EC4 ratios are also plotted in Figure 2.2. More than 90% test data
are from CFST columns with mild steels. Test data is insufficient to establish the
validity of using the high tensile steels according to EC4. The following section
provides additional guideline to limit the use of high tensile steel by selecting
matching grades of steel and concrete materials for composite construction.

2.6.4. Material Compatibility between Steel Grade and Concrete Class

For high strength concrete filled steel tubular columns subjected to compres-
sion, it is necessary to ensure that yielding of the steel section occurs before
the concrete core reaches its maximum stress. Otherwise, the full plastic resis-
tance of the composite section cannot be achieved due to brittle failure of
high strength concrete after reaching the maximum stress. Hence, the selec-
tions of steel grade and concrete class have to ensure that the yield strain
of steel is smaller than the compressive strain of concrete at the peak stress.
The yield strain of steel and the strain of concrete at peak stress may be
calculated in accordance with EN 1992-1-1 (2004) and EN 1993-1-1 (2005) as:

Steel yield strain: εy = fy/Ea (2.5)

Concrete strain at peak stress (�) : εc1 = 0.7f 0.31
cm < 2.8 (2.6)
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where fcm = fck+8 is the mean compressive strength of concrete at 28 days, in
N/mm2. Ea = 201 GPa is the elastic modulus of steel tube.

The yield strain of steel and the strain of concrete at peak stress are respectively
shown in Table 2.13 and Table 2.14. It is noted that the calculation for the strain of
concrete at peak stress ignores the confinement effect from the steel tubes. If the
increase of strain by confinement is taken into account, higher steel grade could be
used.

Table 2.15 gives recommendation on the matching grades of steel and concrete
suitable for use in CFST columns such that ǫy < ǫcl. It is recommended that the
steel tubular sections up to Grade S550 may be used with concrete grade up to
C90/105, although test evidence by Liew et al. (2013) shows that the strain of
concrete at peak stress of CFST is very much higher than the concrete without
any confinement. In case where higher strength concrete and high tensile steel not
shown in Table 2.13 should be used in CFST columns, specialist advices should be
sought.

Alternatively, the maximum steel strength can be determined according to
the concrete characteristic strength with strength class up to C90/105 using the
following expression:

fy ≤ 0.7Ea (fck + 8)0.31 (2.7)

where
fy is the characteristic yield strength of steel
fck is the characteristic cylinder compressive strength of concrete
Ea is the modulus of Elasticity of steel

Table 2.13 . Yield strain of steel

Steel Grade fy εy (�)

S235 235 1.12

S275 275 1.31

S355 355 1.69

S420 420 2.00

S460 460 2.19

S500 500 2.38

S550 550 2.62

S620 620 2.95

S690 690 3.29
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Table 2.14 . Strain of concrete at peak stress

Concrete Class fck fcm εc1 (�)

C12/15 12 20 1.77
C16/20 16 24 1.87
C20/25 20 28 1.97
C25/30 25 33 2.07
C30/37 30 38 2.16
C35/45 35 43 2.25
C40/50 40 48 2.32
C45/55 45 53 2.40
C50/60 50 58 2.46
C55/67 55 63 2.53
C60/75 60 68 2.59
C70/85 70 78 2.70
C80/95 80 88 2.80
C90/105 90 98 2.90

Table 2.15. Compatibility of steel and concrete materials for CFST columns
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Chapter Three

Design of Concrete Filled Steel Tubular Columns

3.1. General

This design guide applies to CFST columns with steel grade up to S550 and con-
crete class up to C90/C105. The partial factors for concrete, steel and reinforcement
are shown in Figure 3.1 (EN 1992-1-1, 2004; EN 1993-1-1, 2005; EN 1993-1-8, 2005;
EN 1994-1-1, 2004).

The scope of this design guide is limited to the types of CFST sections shown
in Figure 3.1. It is not applicable to composite members with concrete encased
sections and partially encased sections. It is also not applicable to laced or battened
CFST columns which consist of two or more discontinuously connected sections.
Where it is the case, specialist advices should be consulted.

Table 3.1 . Partial factors of materials

Concrete Steel Reinforcement Shear Connector

γc = 1.5 γa = 1.0 γs = 1.15 γv = 1.25

Figure 3.1 . Types of double symmetric CFST sections

Design Guide for Concrete Filled Tubular Members with High Strength Materials to Eurocode 4.
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The ratio of the depth to the width of the composite cross-section should be
within the limits of 0.2 and 5.0. The longitudinal reinforcement that may be used in
calculation should not exceed 6% of the concrete area. Longitudinal reinforcement
in concrete filled tube may not be necessary if it is not required for fire resistance.

The steel contribution ratio δ is defined as:

δ =
Aafyd + Aefed

Npl,Rd
(3.1)

Aa, Ae are the cross-sectional area of steel tube and encased steel section
respectively

fyd, fed are the design strength of steel tube and encased steel section

respectively

Npl,Rd is the axial resistance of composite section defined by Eqn. (3.3)

The steel contribution ratio δ should fulfill the following condition:

0.2 ≤ δ ≤ 0.9 (3.2)

The CFST columns limited in this design guide should be checked for:

– Resistance to local bucking in accordance with Section 3.2
– Resistance of cross-section in accordance with Section 3.3
– Resistance of member in accordance with Section 3.4
– Resistance of longitudinal shear in accordance with Section 3.5
– Introduction of loads in accordance with Section 3.6

The general method as given in EN 1994-1-1 (2004) may also be extended to CFST
columns with high strength materials. The general method could be implemented
by means of advanced finite element analysis. The details of which are not pro-
vided in this design guide.

3.2. Local Buckling

The effects of local buckling may be neglected for a steel section fully encased
in concrete of CFST columns. For outer tubes, the maximum values of Table 3.2
should not be exceeded.

The local buckling of outer tube could be prevented by increasing the plate
thickness. Alternatively, stiffener plates to be welded on the steel plate in the
longitudinally direction of the column, as shown in Figure 3.2, may be used to
reduce the effective width of the steel plates.
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Table 3.2 . Maximum values (d /t), (h/t) for local buckling

Maximum values according to steel grades

Concrete filled
Cross-section

Maximum value
in expressions

S275 S355 S460 S500 S550 S620 S690

d

t

max

235
90

y

d
t f

77 60 46 42 38 34 30

h

t

max

235
52

y

h
t f

48 42 37 35 34 32 30

 

effective width

Figure 3.2 . Prevention of local buckling of outer tube of CFST columns using plate stiffeners
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3.3. Resistance of Cross Section

3.3.1. Resistance to Compression

The plastic design resistance to compression of a CFST column cross-section Npl,Rd

is calculated by adding the plastic resistances of its components:

Npl,Rd = Aafyd + Acfcd + Asfsd + Aefed (3.3)

where
Aa, Ac, As, Ae are the cross-sectional area of steel tube, concrete, reinforce-

ments and encased steel section respectively

fyd, fcd, fsd, fed are the design strength of steel tube, concrete, reinforcements
and encased steel section respectively

For circular CFST columns, the increase of concrete strength due to confinement
effect may be allowed provided that the relative slenderness λ of the member
does not exceed 0.5 and e/D < 0.1, where e is the eccentricity of loading given
by MEd/NEd and D is the external dimension of the column section. The plastic
resistance to axial compression considering the confinement effect may then be
calculated as:

Npl,Rd = ηaAafyd + Acfcd

(

1 + ηc
t

d

fy

fck

)

+ Asfsd + Aefed (3.4)

where
fy, fck = the characteristic strength of steel tube and concrete, respectively

t = the thickness of the steel tube

ηa = ηa0 + (1 − ηa0) (10e/D) for e/D ≤ 0.1

1.0 for e/D > 0.1

ηa0 = 0.25
(

3 + 2λ
)

but ≤ 1.0

ηc = ηc0 (1 − 10e/d) for e/D ≤ 0.1

0 for e/D > 0.1

ηc0 = 4.9 − 18.5λ + 17λ
2

but ≥ 0

For high strength concrete (f ck > 50 N/mm2), the compressive strength f ck or
fcd should be reduced by the reduction factor of η given in Eqn. (2.3).
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3.3.2. Resistance to Shear Forces

The shear forces Va,Ed, Ve,Ed, Vc,Ed acting on the outer steel tube, internal steel
section and concrete section, respectively, can be calculated as:

Va,Ed = VEd

Mpl,a,Rd

Mpl,Rd
(3.5)

Ve,Ed = VEd

Mpl,e,Rd

Mpl,Rd
(3.6)

Vc,Ed = VEd − Va,Ed − Ve,Ed (3.7)

where
Mpl,a,Rd is the plastic moment resistance of the steel tube

Mpl,e,Rd is the plastic moment resistance of the inner steel section

VEd is the design shear force

For simplification, VEd may be assumed to act on the steel tube and inner steel
section only. Thus, the shear forces Va,Ed, Ve,Ed can be calculated as:

Va,Ed = VEd

Mpl,a,Rd

Mpl,a,Rd + Mpl,e,Rd
(3.8)

Ve,Ed = VEd

Mpl,e,Rd

Mpl,a,Rd + Mpl,e,Rd
(3.9)

In case where the shear force Va,Ed on the steel section exceeds 50% of its design
shear resistance Vpl,a,Rd of the steel tube, or the shear force on the inner steel section
Ve,Ed exceeds 50% of its design shear resistance, Vpl,e,Rd, the influence of transverse
shear forces on the resistance to bending and normal force should be considered
when determining the interaction curve. The consideration should be taken into
account by a reduced design steel strength (1 − ρ) fyd for the steel tube or (1 − ρ) fed

for the encased steel section in their shear areas. Alternatively, the consideration
can be taken into account by a reduced web thickness of the shear area as shown
in Figure 3.3.
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(1 )tw

VEd

(1 )t

(1 )tw

VEd

(1 )t

Figure 3.3 . Reduced web thickness of shear area

The reduction factor ρ can be calculated as:

For the outer steel tube ρ =

(

2Va,Ed

Vpl,a,Ed
− 1

)2

(3.10)

For the internal steel section ρ =

(

2Ve,Ed

Vpl,e,Ed
− 1

)2

(3.11)

The design shear resistance Vpl,a,Rd and Vpl,e,Rd can be calculated as:

For the outer steel tube Vpl,a,Rd =
fydAV,a√

3
(3.12)

For the internal steel section Vpl,e,Rd =
fedAV,e√

3
(3.13)

where
AV,a, AV,e are the shear areas of the steel tube and the internal steel section

which are determined in accordance with EN 1993-1-1 (2005)

3.3.3. Resistance to Combined Compression and Bending

The resistance of a cross-section to combined compression and moments may
be calculated based on interaction curve assuming rectangular stress blocks as
shown in Figure 3.4, taking account of the design shear force in accordance with
Section 3.3.2. The tensile strength of the concrete may be neglected.

As a simplification, the interaction curve is a polygonal diagram as shown in
Figure 3.5. The plastic stress distributions of a CFST cross section for the points A,
B, C and D are also show in Figure 3.5.
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The design formulae for the section analysis of circular and rectangular CFST
columns can be determined from Table 3.3 and Table 3.4 respectively.

NEd

Npl,Rd

Mpl,Rd

N

M

Mpl,N,Rd
VEd

f yd

f ed
f sd

(1 )f yd

(1 )f ed

NEd

Mpl,N,Rd= dMpl,Rd

f cd

Figure 3.4 . Interaction curve for combined compression and bending

Npm,Rd

Npl,Rd

Mpl,Rd Mmax,Rd

N

M

A

C

D

B

Npl,Rd

hn
hn

Npm,Rd
hn

hn

Mmax,Rd

M pl,Rd

M pl,Rd

Npm,Rd

Npm,Rd

A

B

C

D

f cd f yd f ed f sd

f cd f yd f ed f sd

f cd f yd f ed f sd

f cd f yd f ed f sd

Figure 3.5 . Simplified interaction curve and corresponding stress distributions
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Table 3.3 . Section analysis of circular CFST column

Point Defining equations

d

t

z

y

A Npl,Rd = ηaAafyd + Acfcd

(

1 + ηc
t
d

fy
fck

)

B hn =
Acfcd

2dfcd+4t(2fyd−fcd)

Wpc =
(d−2t)3

6

Wpc,n = (d − 2t) h2
n

Wpa = d3

6 − Wpc

Wpa,n = dh2
n − Wpc,n

Mpl,Rd =
(

Wpa − Wpa,n
)

fyd + 0.5
(

Wpc − Wpc,n
)

fcd

C Npm,Rd = Acfcd

(

1 + ηc
t
d

fy
fck

)

D Mpl,Rd = Wpafyd + 0.5Wpcfcd

Note:
For high strength concrete (f ck > 50N/mm2), the compressive strength f ck or f cd should be
reduced by the reduction factor of η given in Eqn. (2.3).
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Table 3.4 . Section analysis of rectangular CFST column

Point Defining equations

b

h

t

z

y

r

A Npl,Rd = Aafyd + Acfcd

B hn =
Acfcd

2bfcd+4t(2fyd−fcd)

Wpc = (b−2t)(h−2t)2

4 − 2
3 r3 − r2 (4 − π)

(

h
2 − t − r

)

Wpc,n = (b − 2t) h2
n

Wpa = bh2

4 − 2
3 (r + t)3 − (r + t)2 (4 − π)

(

h
2 − t − r

)

− Wpc

Wpa,n = bh2
n − Wpc,n

Mpl,Rd =
(

Wpa − Wpa,n
)

fyd + 0.5
(

Wpc − Wpc,n
)

fcd

C Npm,Rd = Acfcd

D Mpl,Rd = Wpafyd + 0.5Wpcfcd

Note:
For high strength concrete (f ck> 50N/mm2), the compressive strength f ck or f cd should be reduced
by the reduction factor of η given in Eqn.(2.3).
For bending about the weak axis, the dimensions b and h are to be exchanged.
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3.4. Resistance of Members

3.4.1. Resistance to Compression

For a member subject only to axial compression, Clause 6.7.3.5(2) in EN 1994-
1-1 enables buckling curves to be used. This is a useful simplification because
these curves allow for member initial imperfections. The design effect due to axial
compression NEd in a member should satisfy:

NEd

χNpl,Rd
≤ 1 (3.14)

For axial compression in members the value of χ for the appropriate non-
dimensional slenderness λ should be determined from the relevant buckling curve
according to:

χ =
1

Φ +

√

Φ2 − λ
2

but χ ≤ 1 (3.15)

where

Φ = 0.5
[

1 + α
(

λ − 0.2
)

+ λ
2
]

α = the imperfection factor

λ = the relative slenderness for the plane of bending and equal to
√

Npl,Rk

Ncr

Npl,Rk = the characteristic value of the plastic resistance to compression

Npl,Rd in which the material characteristic strengths rather than the

design strength should be used.

Ncr = the elastic critical normal force for the relevant

buckling mode

The imperfection factor α corresponding to an appropriate buckling curve should
be obtained from Table 3.5.

The buckling curves and member imperfections for CFST composite columns
can be determined from Table 3.6.

Table 3.5 . Imperfect factors for buckling curves

Buckling curve a0 a b c d

Imperfection factor 0.13 0.21 0.34 0.49 0.76
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Table 3.6 . Buckling curves and member imperfections for CFST composite columns

Cross section Limits Axis of buckling Buckling curve Member imperfection

ρs ≤ 3% any a L/300

ρs ≤ 3% any b L/200

-

any b L/200

- any b L/200

Note:
ρs is the area ratio of reinforcements relative to the concrete area.

The elastic critical normal force Ncr for the relevant buckling mode is deter-
mined by:

Ncr =
π2 (EI)eff

L2
eff

(3.16)

Leff is the buckling length of a composite column for the relevant buckling mode.
In the absence of Eurocode guidance, buckling lengths given in BS 5950: Part 1
(2000) are therefore recommended as shown in Table 3.7, where L is the system
length of composite column.

The boundary conditions and corresponding buckling lengths are illustrated in
Figure 3.6.

The effective flexural stiffness of a CFST column (EI)eff may be calculated as:

(EI)eff = EaIa + EsIs + EeIe + 0.6EcmIc (3.17)
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Table 3.7 . Buckling lengths for composite columns

Non-sway mode

End restraint in the plane under consideration by other parts of the structure Leff

Effectively held in position at
both ends

1) Effectively restrained in direction at both ends 0.7L

2) Partially restrained in direction at both ends 0.85L
3) Restrained in direction at one end 0.85L
4) Not restrained in direction at either end 1.0

Sway mode

One end Other end Leff

Effectively held in position and
restrained in direction

Not held in position 5) Effectively restrained indirection 1.2L

6) Partially restrained indirection 1.5L
7) Not restrained in direction 2.0L

Figure 3.6 . Buckling lengths for composite columns

where

Ia, Ic, Is, Ie are the second moments of area of the steel tube, the un-cracked
concrete, the
reinforcements and the encased steel section for the bending
plane being considered

Ea, Ecm, Es, Ee are the modulus of elasticity of the steel tube, the un-cracked
concrete, the reinforcements and the encased steel section.

The influence of long-term effects on the effective flexural stiffness (EI)eff should
be accounted for. The modulus of elasticity of concrete Ecm should be reduced to
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the value Ec,eff in accordance with the following equation:

Ec,eff = Ecm
1

1 +
(

NG,Ed/NEd

)

ϕt
(3.18)

where

NG,Ed is the part of the normal force that is permanent
ϕt is the creep coefficient

It should be noted that for high strength concrete (f ck > 50 N/mm2), a reduced Ecm

value should be used in accordance with Table 2.10.
BC2 (2008) allows for reduced creep effects with increasing concrete strength.

Thus, the creep coefficient ϕt is conservatively taken as that for normal strength
concrete when high strength concrete is used. The creep coefficient ϕt may be
calculated from (EN 1992-1-1, 2004):

ϕt = ϕ0β
(t,t0)
c (3.19)

where

ϕ0 = ϕRHβ(fcm)β(t0)

ϕRH = 1 + 1−RH/100

0.1 3
√

h0
for fcm ≤ 35 MPa

[

1 + 1−RH/100

0.1 3
√

h0
α1

]

α2 for fcm > 35 MPa

RH = the relative humidity of the ambient environmental in %

β(fcm) = 16.8√
fcm

fcm = the mean compressive strength of concrete at the age of 28 days
and equal to (fck + 8)N/mm2

β(t0) = 1
0.1+t0.2

0

h0 = 2Ac
u

Ac = the cross-sectional area of concrete

u = the perimeter of the concrete section
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β
(t,t0)
c =

(

t−t0
βH+t−t0

)0.3

= 1.0 when t → ∞

t = the age of concrete in days at the moment considered

t0 = the age of concrete in days at first loading in days

βH = 1.5
[

1 + (0.012RH)18
]

h0 + 250 ≤ 1500 for fcm ≤ 35 MPa

1.5
[

1 + (0.012RH)18
]

h0 + 250α3 ≤ 1500α3 for fcm > 35 MPa

α1 =
[

35
fcm

]0.7

α2 =
[

35
fcm

]0.2

α3 =
[

35
fcm

]0.5

In practice, the age of concrete at the moment considered t can be conserva-
tively taken as infinity. For the age of concrete on first loading by effects of creep,
although EN 1994-1-1 (2004) recommends t0 = 1 day, it is actually the judgement
of designer to determine t0 since it makes quite a difference whether this age is
assumed to be 1 day or 1 month. When t0 > 100, its effect on creep coefficient is
not significant and it is sufficiently accurate to assume t0 = 100.

For concrete infilled in steel tubes, the relative humidity RH can be assumed to
be 50% conforming to EN 1992-1-1 (2004) regarding condition of concrete inside
the steel tube.

3.4.2. Resistance to Combined Compression and Uniaxial Bending

The following expression based on the interaction curve determined according to
Section 3.3.3 should be satisfied:

MEd

Mpl,N,Rd
=

MEd

µdMpl,Rd
≤ αM (3.20)
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where

MEd is the greatest of the end moments and the maximum bending moment
within the column length, including imperfections and second order
effects

Mpl,N,Rd is the plastic bending resistance taking into account the normal force
NEd, given by µdMpl,Rd

Mpl,Rd is the plastic bending resistance given by Point B in Section 3.3.3

αM = 0.9 for S235, S275, S355

0.8 for other steel grades

Within the column length, second-order effects may be allowed for by multiplying
the greatest first-order design bending moment by a factor k given by:

k =
β

1 − NEd/Ncr,eff
(3.21)

Second-order effect should be considered for both moments from initial member
imperfection and from first-order analysis, as illustrated in Figure 3.7 (Johnson and
Anderson, 2004).
Thus, the design moment, considering second-order effect, is calculated as:

MEd = k0NEde0 + k1MEd,1 ≥ MEd,1 (3.22)

where

MEd,1 is the maximum first-order design moment in column length

e0 is the member imperfection, given by Table 3.6

The equivalent moment factor β can be determined as given in Table 3.8.
Ncr,eff is the critical normal force for the relevant axis and corresponding to the

effective flexural stiffness with the effective length taken as the column length. It
can be calculated as:

Ncr,eff =
π2 (EI)eff ,II

L2
(3.23)

The design value of effective flexural stiffness (EI)eff ,II should be determined from
the following expression:

(EI)eff ,II = 0.9
(

EaIa + EsIs + EeIe + 0.5Ec,eff Ic

)

(3.24)
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(a) moment from first order analysis (b) moment from imperfection

MEd,1,top

MEd,1,bot

MEd,1

k1MEd,1

MEd,1,top

MEd,1,bot

r=

MEd,1=max(MEd,1,top , MEd,1,top)

N
E
d
e
0

k0NEde0

Figure 3.7 . Amplifications for moments from first-order analysis and member imperfection

Table 3.8 . Equivalent moment factor β

Moment distribution Moment factors β Comment

M

M

Ed

Ed

First-order bending
moment from member
imperfection or lateral
load: β = 1.0

MEd is the maximum
bending moment within
the column length ignor-
ing second-order effects

1 r 1

rMEd

MEd
End moments: β =

max (0.44, 0.66 + 0.44r)

MEd and rMEd are the
end moments from first-
order or second-order
global effects
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3.4.3. Resistance to Combined Compression and Biaxial Bending

For combined compression and biaxial bending, the following conditions should
be satisfied for the stability check within the column length and for the check at
the column ends:

My,Ed

µdyMpl,y,Rd
≤ αM,y (3.25)

Mz,Ed

µdzMpl,z,Rd
≤ αM,z (3.26)

My,Ed

µdyMpl,y,Rd
+

Mz,Ed

µdzMpl,z,Rd
≤ 1 (3.27)

My,Ed, Mz,Ed = the design bending moments around y − y or z − z axis

including second-order effects and imperfects

Mpl,y,Rd, Mpl, z,Rd = the plastic bending resistances around y − y or z − z axis

αM,y, αM,z = 0.9 for S235, S275, S355

0.8 for other steel grades

The value µd = µdy or µdz as shown Figure 3.8 in refers to the design plastic
resistance moment Mpl, Rd for the plane of bending being considered. Values µd

greater than 1.0 should only be used where the bending moment MEd depends
directly on the compression force NEd, for example where the moment MEd results
from an eccentricity of the normal force NEd.

For composite columns and compression members with biaxial bend-
ing the values µdy and µdz as shown in Figure 3.8 may be calculated
separately for each axis. Imperfections should be considered only in the
plane in which failure is expected to occur. If it is not evident which
plane is the more critical, checks should be made for both planes. Irre-
spective of axis, the value µd can be interpolated according to Figure 3.8.

NEd ≤ Npm,Rd/2 : µd = 1 +
2NEd

Npm,Rd

(

Mmax,Rd

Mpl,Rd
− 1

)

(3.28)

Npm,Rd/2 < NEd ≤ Npm,Rd :

µd = 1 +
2
(

Npm,Rd − NEd

)

Npm,Rd

(

Mmax,Rd

Mpl,Rd
− 1

)

(3.29)

NEd > Npm,Rd : µd =
Npl,Rd − NEd

Npl,Rd − Npm,Rd
(3.30)



December 23, 2014 4:17 RPS

40 Design Guide for Concrete Filled Tubular Members with High Strength Materials to Eurocode 4

Npl,Rd

1.0

1.0

C

D

B

My,Ed

Mpl,y,Rd

NEd

dy

Npl,Rd

1.0

1.0

C

D

B

NEd

dz

Mz,Ed

Mpl,z,Rd

A A

Figure 3.8 . Interaction curves for design of combined compression and biaxial bending

3.5. Longitudinal Shear

The longitudinal shear at the interface between concrete and steel should be
checked if it is caused by transverse loads and/or end moments. The design
shear strength τRd depends on surface characteristics of the steel sections, tensile
strength and confinement of the concrete. For high strength concrete, the design
shear strength is deemed to be higher than that of normal strength concrete
owing to higher tensile strength (Radhika and Baskar, 2012; Roseline and Tensing,
2013). Provided that the surface of the steel section in contact with the concrete
is unpainted and free from oil, grease and loose scale or rust, the design shear
strength at interface of steel and concrete can be taken as the values in Table 3.9.

The values of design shear strength given in Table 3.9 is for a minimum concrete
cover of 40mm. For greater concrete cover, higher values of τRd may be used with
an amplification factor βc given by:

βc = min

[

1 + 0.02cz

(

1 − 40

cz

)

, 2.5

]

(3.31)

where
cz is the nominal value of concrete cover in mm

Table 3.9 . Design shear strength at the interface between concrete and steel

Type of cross section τRd (MPa)

Encased steel sections 0.30
Circular hollow sections 0.55
Rectangular hollow sections 0.40
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3.6. Load Introduction

Shear studs should be provided in the load introduction area if the design shear
strength is exceeded at the interface between concrete and steel tube. In the absence
of more accurate method, the introduction length should not exceed 2d or L/3 as
shown in Figure 3.9, where d is the minimum transverse dimension of the CFST
column and L is the system length of the column. The design shear strength of
stud is given in Section 2.4.

Introduction length

<2d or L/3

Figure 3.9 . Load introduction area

Weld beads

or Welded reinforcements

Figure 3.10 . Load introduction to concrete filled steel tubes by weld beads or welded reinforce-
ments
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Alternatively, the shear studs can be replaced by welded reinforcements or
weld beads as shown in Figure 3.10 and Figure 3.11 (Miyao et al., 1997; Takaki
et al., 1997; Takaki et al., 1999). The design shear resistance is calculated as:

PRw = βwNwAwfcN (3.32)

where

βw = 1.54 − 0.0143D/tc, for D/tc > 55, βw = 0.7535
D = the column diameter
tc = the thickness of column tube
Nw = the number of welded reinforcements or weld beads, ≤ 3
Aw = the projected cross-sectional area of welded reinforcement or weld

bead
fcN = the bearing strength of concrete, = min (Ac/Aw, 5) fcd

fcd = the design strength of concrete
Ac = the cross-sectional area of concrete

Figure 3.11 . Practical use of weld beads as load introduction to concrete filled steel tubes
(Courtesy of JFE Corporation)
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3.7. Differential Shortening

During construction, differential shortening will occur between columns and core
walls due to different material strengths, stress levels, and long-term creep and
shrinkage of concrete. The differential shortening may be insignificant and gener-
ally ignored for multi-storey buildings. However for high-rise buildings,it should
be taken into account since the cumulative shortening may result in cracks of
cladding, uneven floor finishes, plumbing lines and roof waterproof systems. It
may also disable the operation of lifts owing to inclined lift shafts. The differential
shortening is mainly induced by long-term creep and shrinkage. It depends on
axial stress level, age at first loading, and their evolutions in time. Generally there
are three ways to reduce the effects of creep and shrinkage in terms of material
preparation, design and construction considerations.

Aggregates play an important role in both creep and shrinkage. Increase of
fraction, size and modulus of aggregates would cause a decrease of creep as
well as shrinkage. In addition, high strength concrete exhibits less creep than
normal strength concrete. In situation of large differential column shortening, high
strength concrete is recommended.

More accurate analysis may be used to determine the differential shortening
between columns and walls, taking into account for the time dependent creep and
shrinkage strains. The time dependent creep and shrinkage strains of concrete can
be calculated in accordance with EN 1992-1-1. Generally, sequential construction in
the said analyses should be considered since construction rate and method affect
the magnitudes of creep and shrinkage strain. When the differential shortening is
significant according to the analyses, it can be reduced by adjusting column size,
concrete strength and steel contribution ratio, etc. Alternatively, the column length
can be corrected based on the calculated differential shortening. The correction
may not necessarily be done for each storey since the differential shortening is
generally small per floor. In practice, correction for differential shortening is done
only after the construction of several storeys.

In terms of construction consideration, the central core walls are generally con-
structed several storeys before the construction of perimeter columns. As a result,
the early stage creep and shrinkage are eliminated when the perimeter columns
are connected with the core walls by floor beams or outriggers. Simple connections
allowing for vertical slip can be used for the floor beams and outriggers to relief
the internal forces induced by the differential shortening. In case where rigid
connections are adopted, the connections can be made simple in the construction
stage and become rigid after the creep and shrinkage have sufficiently developed.
This means that the internal forces at supports are redistributed into other locations
which should be strengthened accordingly.
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3.8. Summary

Based on calibration with 2033 test data, the current EC4 method can be safely
extended to the design of concrete filled steel tubular (CFST) columns with steel
strength up to 550N/mm2 and concrete compressive cylinder strength up to
90N/mm2, with the following modifications:

– Class 4 steel section should not be allowed
– Matching grades of steel and concrete materials must be observed. Table 2.15 or

Eqn. (2.7) may be used as a guide to select the grade of steel and class of concrete
for the design of CFST columns to avoid the crushing of the core concrete before
yielding of steel

– Strength reduction factor, η, (refer to Eqn. 2.3) should be applied for high
strength concrete with cylinder compressive strength greater than 50N/mm2.
Accordingly, the secant modulus of concrete should be modified based on
Eqn. (2.4)

Although this design guide may be applied to CFST columns with ultra-high
strength concrete with compressive cylinder strength higher than 90N/mm2, more
tests are needed to justify the use of the present method. A conservative approach
to design the CFST columns with the ultra-high strength concrete is to adopt the
concrete strength reduction factor η equal to 0.8 and further ignore the concrete
confinement effect by the steel tube.

Steel with grades higher than 550N/mm2 may also be used, provided a more
accurate assessment on the concrete strain at peak stress, considering the tri-axial
confinement effect from the steel tube, is carried out.

A design flow chart is given in Appendix A for the design of concrete filled
tubular members with an extension of Eurocode 4 Method to C90/105 Concrete
and S550 Steel.
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Chapter Four

Connection Design

4.1. General

In traditional design the joints are classified as either rigid or simple, whereas in
EN 1993-1-8 (2005), the joints may be classified into nominally pinned, semi-rigid
and rigid. Semi-rigid and rigid connections may be designed to resist moment.
Joint behaviour should be considered in structural analysis based on each type of
joint. Thus for semi-rigid joints, the design moment-rotation characteristics should
be used in structural analysis.

It is noted as recommended in EN 1993-1-12 (2007) that the rules for semi-rigid
joints are not applicable for steels with grades greater than S460 up to S700. The
joint should be either rigid or pinned, and the resistance of the joint should be
determined based on elastic distribution of forces over the components of the joint
rather than full plasticity can be achieved in the design of joints with steel grades
not greater than S460.

The partial factors γM for joint design in accordance with EN 1993-1-8 (2005)
are given in Table 4.1, regardless of the steel grade.

4.2. Column Splices

4.2.1. Bolted Splice Joint

For structural columns with open sections such as UB or UC sections, a non-
bearing column splice joint may be used where the forces are transferred through

Table 4.1 . Partial factors for design using EC4

Applications γM Values

Resistance of cross-sections γM0 1.0

Resistance of members to instability assessed by member checks γM1 1.0

Resistance of cross-sections in tension to fracture γM2 1.25

Resistance of boltsResistance of weldsResistance of plates in bearing γM2 1.25

Slip resistance
- at ultimate limit state γM3 1.25

- at serviceability limit state γM3,ser 1.1

Preload of high strength bolts γM7 1.1

Design Guide for Concrete Filled Tubular Members with High Strength Materials to Eurocode 4.
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the cover plates and bolts and not through direct bearing between the ends of the
column as shown in Figure 4.1.

However for concrete filled tube columns with close sections, it is not recom-
mended to use bolted splices since it is difficult to install the bolts and to prevent
the leaking of concrete when casting. Where the bolted splices should be used,
self-locking bolts may be used, or bolted end plates as shown in Figure 4.2 may be

Figure 4.1 . Bolted splice for steel column with open section

Figure 4.2 . CFST columns with bolted splices
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adopted. The splice connections with bolted end plate may have limited moment
resistance and, thus, they should be placed near to the contra-flexural point of
moment of the column.

4.2.2. Welded Splice Joint

For CFST columns, welded splice joints with either full penetration or partial
penetration butt welds are generally adopted as shown in Figure 4.3. Peripheral
welds and on-site welds are normally required.

For splice joints with full penetration butt welds, it is not necessary to check
the joint resistance against the design loads, unless an under matched electrode is
used for the welds. In such cases, the welded joint resistance should be determined
by using strength of electrode rather than that of the steel column section.

For splices with partial penetration butt welds, the splice joint resistance should
be calculated on the basis of method for fillet welds with an effective throat
thickness equal to the penetration depth, a, as shown in Figure 4.3.

Due to the limitation of transportation, CFST columns are practically delivered
to site in lengths of about 12 m and then welded at site to form a continuous
column. The splices should be located as close as possible to the contraflextural
point of the column to avoid large moment, and they are practically located at
1.2 m to 1.5 m above the floor level to facilitate on-site positioning and welding.

When the column splice is at the junction with the change of steel section
thickness, as shown in Figure 4.4, a gradual change of plate thickness is preferred
to avoid stress concentration at the welded joint.

(a) Partial penetration (b) Full penetration

a

t t

Inside
Inside

a M

g

g

Figure 4.3 . Typical partial and full penetration butt welds for CFST column splices
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Figure 4.4 . Splicing details for change of plate thickness in CFST columns

Figure 4.5 shows the typical splice joint details with the change of column cross
sections located at the beam to column joints. The slope for the change of section
is practically less than 1:6 to provide a smoother flow of stress in the column.

For boxed column fabricated by four steel plates welded at the corners, full
penetration weld with backing plate is generally required as show in Figure 4.6.

Figure 4.5 . Splicing details for change of cross-sectional sizes of CFST
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M M

Figure 4.6 . Full penetration welds for welded sections

4.3. Beam to Column Joints

4.3.1. Simple Joints

4.3.1.1 Fin Plate Connection

The fin plate connection consists of a length of plate welded in the workshop to
the CFST column, to which the supporting beam web is bolted on site to form a
simple connection as shown in Figure 4.7. The flanges of beam are not connected
to column.

The fin plate connections should have sufficient rotational capacity which may
be developed from:

– Hole distortions in the fin plate and/or the beam web
– Shear deformation of the bolts

Practical recommendations are given below in order to ensure that the beam is
properly restrained and possesses sufficient rotational capacity:

– The fin plate is positioned as close as possible to the top flange of beam in order
to provide positional restraint to the beam

– The fin plate depth is at least 0.6 times the supported beam depth in order to
provide the beam with sufficient torsional restraint

– For robustness design, all bolt end and edge distances on the fin plate and the
beam web should be at least 2 times the diameter of bolt hole. Full strength fillet
welds are recommended for the fin plate

– At least 2 No. M20 Class 8.8 bolts and the fin plate thickness of at least 6mm
should be used in order to achieve minimum tie force for structural integrity.
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Figure 4.7 . Steel beam bolt connected to CFST column by fin plate

The supporting beam and column should be checked for shear and bearing. The
design procedure can be referred to SCI Publication P358 (2011) and Access Steel
(2005). With a single vertical line of bolts, the connection shear resistance will be
in the range of 25% to 50% of the beam shear resistance. Using two vertical lines
of bolts increases the resistance, but as the eccentricity of the load also increases,
the benefit does not double and the best that can be achieved is around 75% of the
beam shear resistance.

4.3.1.2 Through Fin Plate

The fin plate may be inserted through the steel tube and welded in the workshop
on the steel tube to which the supporting beam web is bolted on site to form a
simple connection as shown in Figure 4.8. Opening should be cut on the steel
tube for the passage of the fin plate and all-round fillet welds may be used to
connect it to the steel tube. The design procedure is similar to that of the welded
fin plate except it is not necessary to check the column tube against local shear and
punching shear. However, the local bearing capacity of concrete under the fin plate
in the column should be checked in accordance with EN 1994-1-1, Clause 6.7.4 (6).

4.3.1.3 Beam Supporting Bracket

Steel bracket (or steel corbel) is sometimes used in the beam-column simple
connections as shown in Figure 4.9. The design procedure requires a check for the
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corbel subjected to combined shear and bending moment. In addition, the beam
web at the end should be checked for local bearing in accordance with EN 1993-
1-1 (2005). Vertical stiffeners may be necessary to prevent the local bearing failure.

Figure 4.8 . Steel beam bolt connected to CFST column by fin plate

Figure 4.9 . Steel beam supported by steel bracket which is bolt connected to CFST column
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Full strength welds are also recommended for the corbel connected to the column
tube. High strength bolts may be used to connect the steel beam to the steel bracket.

4.3.2. Moment Connection

4.3.2.1 External Diaphragm

Typical steel beam to CFST column connection with external diaphragm plate is
shown in Figure 4.10. The external diaphragm plates are connected with flanges of
floor beam to transfer moment, whereas the webs are generally joined by bolts to
transfer shear force.

The external diaphragm plates are pre-welded to the CFST column tube at the
factory. Floor beams are then bolt connection to the diaphragm plates and column
at the site. The dimension of external diaphragm plates generally depends on the
size of the floor beams.

Fabrication of the external diaphragm plates is easy since it can be done in the
workshop by using common shielded metal arc welding or flux core arc welding.
In addition, the diaphragm plate connection is strong and ductile and the failure
will normally occur at the beam to diaphragm connection, which is out of the joint
area. The disadvantages are higher cost of providing external diaphragm plates as
compared with other types of connection.

Figure 4.10 . Beam to CFST column connection by external diaphragm plates
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The followings should be observed when external diaphragm plates are used
for beam to column connection:

– Matched or overmatched electrodes are used for all welds
– The diaphragm plates should have a minimum yield strength higher than or

equivalent to that of floor beams
– The thickness of diaphragm plate should be at least 6 mm to 10 mm higher than

that of connected beam flange in case of misalignment during installation
– The minimum width of the diaphragm plate cmin, as shown in Figure 4.11,

should be at least
√

2/2bf, where bf is the width of floor beam flange

When external diaphragm plate is used for edge or corner column, the detailing as
shown in Figure 4.12 may be adopted.

4.3.2.2 Internal Diaphragm

Typical steel beam to CFST column connection with internal diaphragm plate
is shown in Figure 4.13. Internal diaphragm plates may be used to transfer the
moment from the beam to the column and they are aligned with beam flanges.
Internal diaphragm is preferred by architects since it has less impact on aesthetic.
However, more attention should be paid to the casting of concrete since the internal
diaphragm plate may obstruct the flowing of concrete. Air voids may form beneath
the diaphragm plate if the concrete is infilled from top of the column or formed
above the diaphragm plate if the concrete is pumped from bottom of the column.

30o
bf

cmin 2/2bf cmin 2/2bf

Figure 4.11 . Details of external diaphragm plates
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Figure 4.12 . Detailing for edge and corner columns with external diaphragm plates

Access holes should be provided on the internal diaphragm plates to allow the
ease of flowing of concrete.

Since the internal diaphragm plates are generally welded at the same level
of the floor beam flanges, the column tube is subjected to welding heat at both
the inner surface and outer surface at the level of the diaphragm plate. Thus, the
welding should be carefully carried out to prevent distortion and micro-cracking
at this area.

Figure 4.13 . Steel beam to CFST column connection by internal diaphragm plates
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Welding of internal diaphragm plates for rectangular CFST columns can be
done by electroslag/electrogas welding. Alternatively, when the tube size is large
enough, welding can be carried out inside the tube to weld by using common
shielded metal arc welding. However for circular CFST column with small diame-
ter it is difficult to conduct electroslag/electrogas welding or inside welding. Thus,
the use of internal diaphragm plate should be avoided.

Design of internal diaphragm is not necessary when the above mentioned
requirements for external diaphragm are satisfied, except that the thickness of
internal diaphragm plate is typically 3 mm to 5 mm higher than that of flange of the
floor beam to avoid misalignment. The width of internal diaphragm plate should
be at least equal to bf/2 as shown in Figure 4.14.

Venting

cmin bf

g hole

f /2

D 100mm

Opening for

A 15% Ac

r casting

Figure 4.14 . Details of internal diaphragm plate

Opening area should be prepared for casting of concrete as show in Figure 4.14.
The opening could be either rectangular or circular. The side length or diameter of
the opening should be at least 100 mm and the area of opening should be greater
than 15% the cross-sectional area of core concrete. In addition, four venting holes
should be provided with hole diameter of 30 mm but not less than the thickness of
the diaphragm plate.

4.3.2.3 Other Types of Moment Connections

Through-plate connection as shown in Figure 4.15 is a combination of those with
external and internal diaphragm plates. The column tubes are discontinuously
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Figure 4.15 . Steel beam to CFST column connection with through-plate

welded to the through plates practically by butt welds. Since the butt welds could
be subjected to large tensile force due to the moment from the beam, the through-
plate should be checked for through-thickness tearing failure in accordance with
EN 1993-1-10 (2005) for mild steels and EN1993-1-12 (2007) for high tensile steels.
In practice, the thickness of through-plate is 6 mm ∼ 10 mm larger than that
of flange of floor beam. Opening and venting holes should be provided on the
through-plate for concrete casting.

Figure 4.16 . Through beam to CFST column connection
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Figure 4.16 shows the detailing of through-beam connection where the whole
beam section penetrates the column tube. In order to enhance the bond resistance
between the embedded flanges and core concrete, shear studs may be welded on
the flanges.

Figure 4.17 . CFST column connected with beam with unequal depths using oblique plate

Figure 4.18 . CFST column connected with unequal beams by using additional plate



December 23, 2014 4:17 RPS

58 Design Guide for Concrete Filled Tubular Members with High Strength Materials to Eurocode 4

4.3.2.4 Detailing for Connections with Unequal Beams

When the connected beams have unequal heights, they may share the external or
internal diaphragm plates with an oblique plate as shown in Figure 4.17. The slope
should be made so that the force at the bottom flange can be smoothly transferred
into column. In practice, the slope should be at least 1:3 ratio.

When the difference of heights of the unequal beams is so large that it is difficult
to use the oblique plate, an additional external or internal diaphragm plate should
be welded as shown in Figure 4.18.

4.4. Concrete Beam to Column Connection

4.4.1. Simple Connection

Figure 4.19 shows the use of corbel for the simple connection between concrete
beam and CFST column. In which case more than one corbel is used, the top plates
of the corbels can be continuous around the column tube to reduce the local stress
concentration and distortions caused by force transmitted by the corbels.

In case where the head room is not enough, the steel corbels can be embedded
in the concrete beams as shown in Figure 4.20(a). When the reaction forces from
beams are large, the corbels can be continuous and penetrates the column tube as
shown in Figure 4.20(b).

Figure 4.19 . Concrete beam to CFST column simple connection with supporting corbel
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(a) (b)

Figure 4.20 . Concrete beam to CFST column simple connection with embedded corbel

4.4.2. Moment Connection

4.4.2.1 Through Reinforcements

To transfer the moment of concrete beam to the CFST column, the longitudi-
nal reinforcements may go continuously through the column tube as shown in
Figure 4.21.

Figure 4.21 . Concrete beam to CFST column connection with through reinforcements
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Holes or slot holes may be cut for individual reinforcement or bundle of
reinforcements. Since the column tube is impaired by the cut holes, strengthening
of column tube will be necessary which can be achieved by welding a casing plate
as shown in Figure 4.21. The casing plates can be welded on either outer surface
or inner surface of the column tube. The thickness of the casing plate should be
determined so that the impaired column tube can be counterbalanced by the casing
plates.

4.4.2.2 Ring Corbel with Welded Reinforcements

In case where it is not practical to cut holes for through reinforcements, ring
corbel which is similar to the external diaphragm, may be used. The longitudinal
reinforcements are anchored to the ring corbel by groove welds as shown in
Figure 4.22. The effective throat thickness and length of the groove welds should
be determined based on the tensile forces transmitted from the longitudinal rein-
forcements.

The weldability of reinforcements should be checked with BS EN 10080 (2005).
All welding work should be carried out conforming to BS EN ISO 17660-1 (2006).

Figure 4.22 . Concrete beam to CFST column moment connection with ring corbel
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4.5. Pinned Column Base Connection

4.5.1. Typical Connection

CFST column bases with simple connections to the foundation may be used for
portal frames with bracing members or multi/high-rise buildings with multi-
storey basement. Typical column base with simple connection is shown in Fig-
ure 4.23. Design for column base with pinned connection could be referred to SCI
Publication P358 (2011).

4.5.2. Base Plate

The CFST column tubes are practically connected to the base plate by single V-butt
welds with backing plates. Base plates are usually flame cut or sawn from steel
plates with the same strength to the column tubes. In practice, the base plate is set
to be at least 100 mm larger all round than the column tube, with a thickness equal
to or greater than that of column tube.

4.5.3. Bedding Grout

The bedding grout shall be of non-shrinkage and at least equal in strength to that
of foundation concrete. The bedding grout is normally used for the purposes of
base plate levelling and corrosion prevention of holding-down bolts. A bedding
spacing of 25 mm to 50 mm is generally adopted, which gives reasonable access
for thoroughly filling the space under the base plate.

Figure 4.23 . Typical CFST column base with simple connection to the foundation
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50 mm diameter holes should be provided to release the trapped air and also
for inspection. The hole should be provided near the centre of base plate to ensure
the grout reaches to centre. In case where the holes are used for casting of the grout,
the diameter of the holes should be increased to 100 mm.

The bedding grout may be fine concrete with a maximum aggregate of 10 mm.
The usual mix is 1:1.25:2 with a water-cement ratio of between 0.4 and 0.45
(Davison and Owen, 2012).

4.5.4. Holding-Down Bolts

The holding-down bolts must be sufficiently robust to withstand loads experi-
enced during erection resulting from wind loads, lack of vertically and asymmetric
loading. The use of holding down bolts can be referred to BS 7419 which covers
bolts with square head and neck, and bolts with hexagon head and round neck.
The embedded length of the bolt in the concrete is usually in the range of 16 to
18 bolt diameters. The length for threads should be at least 100 mm plus the bolt
diameter. The threaded portion of the bolts should be protected during the concrete
casting. In practice, Class 8.8 bolts are mostly used. M24 bolts are recommended
for base plates with thickness up to 50 mm; whereas increasing to M36 for plates
over 50 mm thick.Generally, minimum four holding-down bolts are used and
positioned at the four corners of the base plate.

Clearance holes in the base plate should be 6 mm greater than the bolt diameter
to allow for adjustment. For base plates thicker than 60 mm, the clearance holes
may be increased accordingly. The use of washers may be referred to BS EN ISO
7091 (2000). Alternatively, the washers may be cut from plates.

4.5.5. Column Base with Stiffeners

In case where the axial load is large and it is not practical to use a very thick base
plate to develop a uniformly distributed pressure under the base plate, stiffener
plates may be necessary to increase the bearing area as shown in Figure 4.24.

4.5.6. Column Base with Shear Stub

In case where the transfer of high shear force to the column base is needed, a shear
stub (shear key) welded to the underside of the base plate may be necessary as
shown in Figure 4.25.
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Figure 4.24 . Column base with stiffeners

Figure 4.25 . Column base plate with welded shear stub

4.6. Moment-Resisting Column Base Connection

4.6.1. Exposed Column Base

Typical exposed column bases are shown in Figure 4.26. When necessary, double
base plates may be used to reduce the force acting on the plate stiffeners, and to
reduce the number of stiffeners required.

The exposed column base can be designed based on small eccentricity, moder-
ate eccentricity and large eccentricity of the axial load as shown in Figure 4.27. Elas-
tic distribution of bearing pressure under base plate is conservatively assumed.
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For the calculations, the dimensions of base plate should be firstly assumed and
then justified so that the compression resistance of foundation concrete, tensile
resistance of bolts and the yield strength of base plate and stiffeners are not
exceeded.

Figure 4.26 . Typical exposed column bases
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Figure 4.27 . Stress distributions under column base
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4.6.2. Embedded Column Base Connection

Typical embedded column base is shown in Figure 4.28. Holding-down bolts are
required for installation and positioning. In practice, the embedded height of the
column base, H, should not be less than 3 times the column section height, D.

The design axial load is directly transferred into foundation concrete by the
base plate. The design moment and shear force are resisted by the foundation
concrete in bearing. In practice, shear studs are welded on the column tube to
improve the flexural stiffness and energy dissipation. The weld collars of shear
studs should comply with the requirements of BS EN ISO 13918 (2008). The overall
height of a stud should not be less than 3d. The centre to centre spacing of studs in
the direction of the shear force should not be less than 5d; whereas the spacing
in the direction transverse to the shear force should not be less than 2.5d. The
diameter of a welded stud should be not greater than 2.5 times the thickness of
column tube.

In practice, a steel diaphragm plate, as shown in Figure 4.28, is welded inside
column tube at the level of foundation in case the inside concrete is crushed due to
large shear force. Opening is provided on the plate for casting of concrete.

4.6.3. Concrete Encased Column Base Connection

The concrete encased column bases can be used for shallow foundations or splices
between concrete columns and CFST columns. Typical concrete encased column
base is shown in Figure 4.29. The encased length should be at least 3 times the
column cross-sectional height. In case of local crushing of concrete at top of the
encased length, the top shear reinforcements should be strengthened, for example,
the spacing of top 3 shear reinforcements is set to be 30 mm ∼ 50 mm.

The design bending moment is resisted by the longitudinal reinforcements at
each side of the encasing concrete. Design for the longitudinal reinforcements may
be referred to that for reinforced concrete columns as provided in EN 1992-1-1
(2004). The design shear force is resisted by the shear reinforcements which can
also be designed in accordance with EN 1992-1-1.

Alternatively, the columns at the basement level could be fully encased with
concrete to resist high axial compression force. The fully encased tubular column
is further enhanced to resist accident loads such as car collision (with car park at
the basement level), and protect the steel tube against severe fire. The disadvantage
of providing full concrete encasement to the entire length of the tubular member
is that the column dimension becomes very larger reducing the usable space at the
basement level.
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Figure 4.28 . Typical embedded column base
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Figure 4.29 . Typical concrete encased column base
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Figure 4.30 . Concrete encased CFST column at basement
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Chapter Five

Fire Resistance of Concrete Filled Tubes

5.1. General

Fire resistance reflects the duration for which a structural member can withstand
a standard fire exposure. In structural design for fire, the fire resistance is often
evaluated to achieve a certain fire rating which, in Singapore, is given in the SCDF
fire code (2013) for various occupancy. To determine the fire resistance of a CFST
column, the empirical and prescriptive method as given in Section 5.2 could be
followed. Alternatively, the advanced fire engineering approach as covered in
Section 5.3 may be used, which practically resorts to finite element analysis of fire
resistance of the structural members.

The outer surface of the concrete filled steel tubular member may be exposed
directly to fire and thus susceptible to strength and stiffness degradation under fire
conditions. This weakness can be overcome either by applying on the steel tube
with a suitable thickness of fire retardant material, or providing reinforcement in
the core concrete so that when the steel tube is sacrificed under fire, the reinforced
concrete column can resist the loads in a fire scenario.

5.2. Fire Protection Design

For a CFST column with normal strength concrete and mild steel, a complete
thermal-stress analysis as covered in Section 5.3.2 may not be necessary if the
temperature of the outer steel section does not exceed 350◦C as recommended by
EN 1994-1-2 (2005).

For a CFST column with high strength concrete (fck > 50 N/mm2) and high
tensile steel (fy > 460 N/mm2), the fire resistance is deemed to be satisfied
provided the temperature of outer steel section is less than 300◦C and the load
level ηfi < 0.65. This is because the mechanical properties of high tensile steel and
HSC are not affected by fire when the temperature is below 300◦C as shown in
Figure 5.3 and Figure 5.4 (Xiong, 2013).

In case where the aforementioned minimum temperature is exceeded, passive
fire protection materials may be necessary. Their performance should be assessed
in accordance with BS EN 13381-2 (2002) for vertical screens and BS EN 13381-6
(2012) for coating and sprayed materials. The thickness of fire protection materials
could be determined in accordance with the supplier’s guidance or calculated by
the fire engineering approach described in Section 5.3. Alternatively, reinforcing
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steel bars may be provided in the core concrete. The minimum reinforcement
ratios and concrete cover for CFST columns with normal strength concrete and
mild steel are shown in Figure 5.1 and Table 5.1. For CFST columns with high
strength concrete and high tensile steel, the fire engineering approach may be used
to determine the fire resistance.

5.3. Fire Resistant Design

A fire engineering approach may be used to evaluate the fire resistance of
CFST members. If the fire resistance is adequate, fire protection is not required.

d
us

t
b

h

t us

d/t 25 b/t 25

Figure 5.1 . Illustration for dimensions used in Table 5.1

Table 5.1 . Minimum cross-sectional dimensions, minimum reinforcement ratios and minimum
axis distance of the reinforcing bars of composite columns made of concrete filled hollow sections

Standard Fire Rating

Load Level Minimum Values R30 R60 R90 R120 R180

ηfi ≤ 0.28 Minimum h, b or d in (mm) 160 200 220 260 400
Minimum ratio As / (Ac + As) in (%) 0 1.5 3.0 6.0 6.0

Minimum usin (mm) - 30 40 50 60

ηfi ≤ 0.47 Minimum h, b or d in (mm) 260 260 400 450 500
Minimum ratio As / (Ac + As) in (%) 0 3.0 6.0 6.0 6.0

Minimum usin (mm) - 30 40 50 60

ηfi ≤ 0.66 Minimum h, b or d in (mm) 260 450 550 - -
Minimum ratio As / (Ac + As) in (%) 3.0 6.0 6.0 - -

Minimum usin (mm) 25 30 40 - -

Note: As, Ac are the sectional area of reinforcements and concrete respectively.
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The approach generally comprises two parts: heat transfer analysis and thermal-
stress analysis. The temperature profiles in the structural member are determined
by heat transfer analysis, whereas the fire resistance of the member can be cal-
culated from mechanical thermal-stress analysis based on external loads and the
determined temperature profiles (Wang, 2002).

5.3.1. Heat Transfer Analysis

In heat transfer analysis, the structural member is exposed to the standard ISO-834
fire according to EN 1991-1-2 (2002). The temperature-time curve of ISO-834 fire is
given by:

Θg = 20 + 345 log
(8t+1)
10 (◦C) (5.1)

where

t is the time in minute
Θg is the gas temperature in the fire compartment

Alternatively, in terms of performance-based fire resistant design, the temperature
profiles may be determined on the basis of parametric temperature-time curves.
The parametric temperature can be determined according to compartment dimen-
sions, opening area and fire load density. The fire load density is related with
the classification of occupancy, calorific values of combustible materials inside the
compartment, and the fire detection and suppression systems. The standard ISO-
834 and typical parametric temperature-time curves are compared in Figure 5.2.
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Figure 5.2 . Comparison between standard ISO and typical parametric fire temperatures
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The parametric fire temperature is lower than the ISO fire temperature in most
situations. In addition, there is decay stage for parametric fire temperature which
is resulted from the gradual consumption of the combustible materials or oxygen
with time. Hence, the fire resistant design based on the parametric fire temperature
would in general lead to some saving in fire protection materials, even in some
cases, it may not necessary to apply fire protection if the fire resistance is adequate.

Parameters involved in the heat transfer analysis are temperature dependant
thermal properties, such as density, specific heat and thermal conductivity. For
normal strength and high strength concretes, these parameters may be referred to
EN 1992-1-2 (2004). High tensile steel is generally heat treated from mild steel, and
thus the thermal properties for mild steels as given in EN 1993-1-2 (2005) could be
used in the fire analysis of high tensile steel. Eurocode does not cover any methods
for determining the temperature profiles of a CFST column under fire. Instead,
advanced finite element or finite difference analysis are often required.

5.3.2. Thermal Stress Analysis

For fire resistant design, the following requirement shall be satisfied:

Efi,d,t ≤ Rfi,d,t (5.2)

where

Efi,d,t is the design effect of actions for the fire situation, including the effects of
thermal expansions and deformations

Rfi,d,t is the corresponding design resistance in the fire situation

The design effect of actions in fire situations Efi,d,t may be obtained from:

Efi,d,t = ηfiEd (5.3)

where

Ed is the design value of the corresponding force or moment for normal
temperature design

ηfi is a reduction factor which is taken as
Gk+ϕfiQk,1

γGGk+γQ,1Qk,1

Gk is the characteristic value of a permanent action
Qk,1 is the characteristic value of the leading variable action 1
γG is the partial factor for permanent action, = 1.35
γQ,1 is the partial factor for variable action 1, = 1.50
ϕfi is the combination factor for fire situation given either by Ψ1.1 (frequent

value) or Ψ2.1 (quasi-permanent value). The use of Ψ2.1 is recommended
by EN 1991-1-1 (2002)and EN 1991-1-2 (2002) which is given in Table 5.2
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The reduction factor ηfi reflects load level in fire situations. It changes with the
load ratio Qk,1/Gk. As a simplification the recommended value of ηfi = 0.65 may
be used, except for imposed loads according to load category E as introduced
in Table 5.2, where the recommended value is 0.7. To determine the design fire
resistance Rfi,d,t, the temperature dependant parameters, such as elastic modulus,
strength, peak strain, and ultimate strain, are needed. EN 1992-1-2 (2004) intro-
duces these high temperature mechanical properties for normal strength and high
strength concretes. The reduction factors for compressive strength are compared
in Figure 5.3.

Table 5.2 . Recommended values of Ψ1.1 and Ψ2.1

Imposed loads in buildings Ψ1.1 Ψ2.1

Category A: domestic, residential areas 0.5 0.3
Category B: office areas 0.5 0.3
Category C: congregation areas 0.7 0.6
Category D: shopping areas 0.7 0.6
Category E: storage areas 0.9 0.8
Category F: traffic areas, vehicle weight ≤ 30 kN 0.7 0.6
Category G: traffic areas, vehicle weight ≤ 160 kN 0.5 0.3
Category H: roofs 0 0
Wind loads on buildings 0.2 0
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Figure 5.3 . Reduction factors of compressive strength for normal and high strength concrete
provided in EN 1992-1-2
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EN 1993-1-2 (2005) provides the temperature dependant mechanical properties
for mild steels. However, it does not cover these for high tensile steels. Figure 5.4
shows a comparison between reduction factors of mild steel and high tensile steel.

The high tensile steel was studied by the authors at the structural engineer-
ing laboratory in the National University of Singapore (Xiong, 2013). It is a QT
(quenched and tempered) steel with a nominal yield strength of 690N/mm2.
The reduction factors for high tensile steel were obtained from transient-heat test
method which reflects the realistic loading condition of a structural member in fire
situation. Generally, the strength of high tensile steel is reduced faster than that of
mild steel under fire. For more information regarding the temperature dependant
properties of high tensile steel, readers are referred to the recent publications by
Young et al. (2006), Bijlaard et al. (2012), Chiew et al. (2014) and Xiong and Liew
(2014).

To determine the fire resistance Rfi,d,t in the thermal-stress analysis, Eurocodes
recommend simple calculation models and advanced calculation models. Simple
calculation models are only applicable to individual members, and the calculation
procedure is similar to that for ambient temperature design, except the tempera-
ture dependant mechanical properties should be taken into account.

The simple calculation method is only applicable for CFST columns subjected
to pure compression. For a CFST column subjected to combined compression and
moments in fire situation, the method using M-N curve are proposed which has
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Figure 5.4 . Reduction factors of effective yield strength for normal and high tensile steel (Xiong
and Liew, 2014)
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been validated by the authors by comparison with test data. The M-N curve at each
time step should be determined, and generally decreases with the fire exposure
time whereas the external loads increases owing to second-order effects. As a
result, the fire resistance can be determined when the external loads meet the M-N
curve, as shown in Figure 5.5.

Advanced calculation models are not only applicable to individual members,
but also for subassemblies and entire structures. Compared with the simple calcu-
lation models, the advanced calculation models give an improved approximation
of the actual structural performance under fire situations, with presenting vivid
developments of deformations, stresses and failure modes. The advanced calcula-
tion models may be accomplished in some commercial finite element software,
such as ABAQUS, ANASYS, etc. Figure 5.6 introduces a typical finite element
analysis for a multi-storey building exposed to fire. Progressive collapse can be
ascertained if it is triggered by the local failure under fire.
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Figure 5.5 . Typical M-N curves of a CFST column subjected to combined compression and
moments in standard ISO-834 fire
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Figure 5.6 . Advanced finite element analysis for a multi-story building in fire
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Chapter Six

Special Considerations for High Strength Materials

6.1. High Tensile Steel (fy > 460 N/mm2)

6.1.1. Hot Forming

For high tensile steel in the quenched and tempered condition produced in
according with EN 10025-6 (2004) and steel in the thermo-mechanically controlled
condition in accordance with EN 10149-2 (1996), the hot forming is only permitted
up to the stress relief annealing temperature. If higher temperatures are used, an
additional quenching and tempering operation shall be required in which case the
manufacturer shall be consulted.

6.1.2. Cold Forming

For high tensile steel in the quenched and tempered condition in accordance with
EN 10025-6 (2004), the minimum inside bend radii for cold forming without cracks
induced should be conformed to the values in Table 6.1.

For high tensile steel in the thermo-mechanically controlled condition in accor-
dance with EN 10149-2 (1996), the minimum inside bend radii for cold forming is
given in Table 6.2.

Table 6.1 . Minimum bend radii for cold forming of quenched and tempered steels

Steel class Minimum inside bend radii ( mm)

Axis of bend in transverse direction Axis of bend in longitud inal direction

S500Q/QL/QL1 3t 4t

S550Q/QL/QL1 3t 4t

S620Q/QL/QL1 3t 4t

S690Q/QL/QL1 3t 4t

Note: The values are applicable for bend angles ≤ 90◦ and plate thickness t ≤ 16mm.

Design Guide for Concrete Filled Tubular Members with High Strength Materials to Eurocode 4.
Copyright © 2015 J.Y. Richard Liew. Published by Research Publishing Services. All rights reserved.
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Table 6.2 . Minimum bend radii for cold forming of thermo-mechanically controlled
steels

Minimum inside bend radii for nominal thickness in mm

Steel class t ≤ 3 3 < t ≤ 6 t > 6

S500MC 1.0t 1.5t 2.0t

S550MC 1.0t 1.5t 2.0t

S600MC 1.0t 1.5t 2.0t

S650MC 1.5t 2.0t 2.5t

S700MC 1.5t 2.0t 2.5t

Note: The values are applicable for bend angles ≤ 90◦.

6.1.3. Cutting

High tensile steel plates can be cold sheared. The maximum thickness of shearing
will depend on the power available in the shear machine and the material used
in the shear blades. The maximum thickness of shearing is generally smaller by
30% ∼ 40% relative to mild steels, which indicates slower shearing rate. The
quality of the sheared edge are influenced by the machine setup and therefore the
cutting blades should be well maintained.

The high tensile steels can also be cut by oxy-fuel gas flame, abrasive water jet,
and plasma techniques. Water jet and plasma cutting result in less or almost no
heat around the cut edges relative to flame cutting. However, care should be taken
as cutting underwater could result in a high hardness edge owing to the quenching
effect.

Hardness of free cut edges should be checked after cutting. For high tensile
steels as concerned by EN 10025-6 (2004) and EN 10149-2 (1994), the permitted
maximum hardness (HV 10) at the free cut edge is 450 (EN 1090-2, 2008). Hardness
testing with a load of HV10 shall be performed in accordance with EN 1043-1
(2011) or EN ISO 6507-1 (2005). The hardness testing is carried out on prepared
four samples of steel, and four hardness tests should be done for each sample.
Preheating of material may be necessary in order to achieve the required hardness
of free cut edges.

The cut edges should be free from any sharp notches. If necessary, the free edge
surfaces shall be smoothed by grinding or machining in which case the minimum
depth of grinding or machining shall be 0.5 mm.
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6.1.4. Bolt Holes

The execution of bolt holes for high tensile steels may be done by process such as
drilling, punching, laser, plasma or other thermal cutting. The local hardness and
quality of cut edges around a finished hole should fulfill the requirements as for
cutting.

6.1.5. Welding

With increasing product thickness and increasing strength level, cold cracking
(hydrogen cracking) can occur. The cold cracking is caused by following factors
in combination:

– Amount of diffusible hydrogen in the weld metal
– Brittle structure of the heat affected zone (HAZ)
– Significant tensile stress concentrations in the welded joint

Welding procedures for avoiding the hydrogen induced cold cracking may be
determined in accordance with Method A and Method B in EN 1011-2 (2001),
Japanese code JIS B 8285 (2010) or U.S code AWS D1.1 (2010). The most effective
way of avoiding the cold cracking is to reduce the hydrogen input from the
welding consumables to the weld metal. Thus, low hydrogen consumable shall
be selected. In addition, it is also important to slow down the cooling rate at the
heat affect zone, by control of weld run dimensions in relation to metal thickness,
or by applying preheat and controlling interpass temperature, or if necessary, by
post-heat on completion of welding which typically a maintenance of the preheat
temperature. Stress concentrations can be reduced when the cooling rate is slowed
down.

Preheat can be used not only for high tensile steels but also for thicker mild
steels. The necessity and requirements for preheat during welding should be
consulted with steel manufacturers. In case where it is absent, Method B of EN
1011-2 (2001) may be referred to. Method B is based on extensive experience and
data which is mainly, but not exclusively, for low alloy high tensile steels. However,
it applies only to normal fabrication restrain conditions. Higher restraint situations
such as cruciform welding of tubular joints may need higher preheat temperature
or other precautions to prevent hydrogen cracking. In addition, it only refers to
welding of parent metal at temperatures above 0◦C.

Preheat should be extended to a zone of width of at least 4 times the thickness
of the plate per side on both sides of the weld seam. For thickness greater than
25 mm, 100 mm adjacent to the seam on both sides is adequate.

Single layer fillet welds generally have a lower internal stress than butt welds.
The preheat temperatures determined for single layer fillet welds therefore can be
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approximately 60◦C lower than butt welds. Multi-layer fillet welds and butt welds
have similar stress conditions. Therefore, the same preheat temperature shall be
used to avoid cold cracks.

In cases where adequate preheat is impracticable, it is advisable to use
austenitic or Ni-based welding consumables. It is then possible to avoid the use
of preheat because of the comparatively low internal stress level of the welded
joints and the better solubility of the hydrogen in austenitic weld metal.

Post-heat may be necessary when there is an increased risk of cold cracking,
such as submerged arc weld for high tensile steels and a thickness greater than
30 mm. The post-heat can be implemented by means of soaking, such as 2 h/250◦C,
immediately after the welding.

6.1.6. Hot-Dip Galvanization

Hot-dip galvanization is a coating process where steel elements are submerged in
a bath of molten zinc or zinc alloy at a temperature of approximately 450◦C, and
withdrawn when the metallurgical reaction developing the coating is complete.
Before galvanization, the steel elements should be in general pickled in either
hydrochloric or sulphuric acid to remove impurities, such as oil/grease, paint, rust
or mill scales.

During pickling, hydrogen ions are released and penetrate the grain bound-
aries of steel. Hydrogen ions are unstable and combine in voids of steel matrix to
form stable hydrogen molecules on the grain boundaries. The hydrogen molecules
create pressure from inside voids. As a result, microscope surface cracks are
formed and the steel elements may experience premature failure when subjected
to tensile loads. The hydrogen induced cracking is called hydrogen embrittlement.

Mild steels are generally not embrittled by the absorption of hydrogen during
pickling, owing to better ductility. However, if steels with yield strength greater
than 650N/mm2 (including high strength bolts of Grade 10.9) or harder than
approximately 340 HV, care should be taken to minimize the effect of hydrogen
embrittlement.

The likelihood of hydrogen embrittlement is increased by excessive pickling
temperature, prolonged pickling time, and poor inhibition of the pickling acid. In
order to remove the potential for hydrogen embrittlement, heating to 150◦C after
pickling and before galvanizing will result in expulsion of hydrogen from the grain
boundaries of steel.

Another way is to use mechanical cleaning, such as shot or sand blasting,
to remove the impurities instead of pickling. The abrasive blast cleaning does
not generate hydrogen while it is removing the impurities. Nevertheless, a flash
pickling after abrasive blast cleaning is needed to remove any final traces of blast
media before hot-dip galvanization.
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Test for the likelihood of hydrogen embrittlement for galvanized high tensile
steels can be referred to ASTM A 143/A 143M (2003).

6.1.7. Inspection of Welds

The inspection and testing procedures for welds on high tensile steels are similar
to that on mild steels, except special attention should be paid on the hydro-
gen induced cracks as mentioned in Section 6.1.5. Visual examination and non-
destructive testing (NDT) methods, such as radiographic or ultrasonic inspection,
may be adopted. The visual examination is used to detect surface cracks whereas
the NDT testing is employed to detect both surface and internal discontinuities.
Personnel performing the visual examination and NDT testing shall have docu-
mented training and qualifications according to EN ISO 9712 (2012).

Due to the risk of delayed cracking of high tensile steel welds, a period of at
least 48 hours is generally required before the inspection. The period shall be stated
in the inspection records. For welds with heat-treatment to reduce the hydrogen
content, the inspection may be carried out immediately after the heat-treatment.

For direct visual examination, the access shall be sufficient to place the eye
within 600 mm of the examined weld at an angle not less than 30◦ relative to
background plane. An additional light source may be necessary to increase the
contrast and relief between imperfections and the background. The visual exami-
nation shall be done in accordance with EN ISO 17637 (2011).

In case where the radiographic inspection is chosen, Class B techniques, being
more sensitive to cracks compared with Class A, should be used for high tensile
steel welds. The technical requirements for Class B inspection are given in EN ISO
17636 (Part 1 and Part 2, 2013).

When the ultrasonic inspection is adopted, special attention should be paid
for high tensile steel plates made from thermo-mechanically controlled process
(TMCP) as discussed in DNV-OS-F101 (2012). General requirements for ultrasonic
inspection shall conform to EN ISO 17640 (2010).

6.2. High Strength Concrete (fck > 50 N/mm2)

6.2.1. Cement

High strength concrete can be produced with conventional Portland cement com-
bined with fly ash and ground granulated blast furnace, silica fume slag. However,
high early strength cements should be generally avoided so that the cracks induced
by rapid rise in hydration temperature can be prevented. In order to obtain
higher strength mixtures while maintaining good workability, it is necessary to
study carefully the cement composition and finenesses and its compatibility with
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the chemical admixtures. Experience has shown that low-C3A cements generally
produce concrete with improved rheology.

6.2.2. Coarse Aggregate

Aggregate plays an important role on the strength of concrete. The low water to
cement ratio used in high strength concrete causes densification in both the matrix
and interfacial transition zone, and the aggregate may become the weak link in the
development of the mechanical strength. Extreme care is necessary, therefore, in
the selection of aggregate to be used in the high strength concrete. The higher the
targeted compressive strength, the smaller the maximum size of coarse aggregate
should be adopted. Up to 70N/mm2, compressive strength can be produced with a
good coarse aggregate of a maximum size ranging from 20 to 28 mm. Crushed rock
aggregates which are not too angular and elongated should preferably be used.

6.2.3. Fine Aggregate

The particle size distribution of fine aggregate that meets the Eurocode specifica-
tions (EN 932, EN 933, EN 1097, EN 1744, etc.) is adequate for the high strength
concrete mixtures. Fine sands should not be used, particularly those with high
absorption.

6.2.4. Supplementary Cementitious Materials

Using supplementary cementitious materials, such as blast furnaceslag, fly ash
and natural pozzolans, not only reduces the production cost of concrete, but also
addresses the slump loss problem. Generally, silica fume is necessary to produce
the high strength concrete.

6.2.5. Superplasticizer

Superplasticizer should be used to achieve maximum water reduction. The com-
patibility between cement and chemical admixtures and the optimum dosage of
an admixture or combination of admixtures should be determined by laboratory
experiments.

6.2.6. Mix Proportion Design

The basic proportioning of high strength concrete mixture follows the same
method as for normal strength concrete, with the objective of producing a cohesive
mix with minimum voids. This can be done by theoretical calculations or subjective
laboratory trials.
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The basic strength to water/cement ratio relationships used for producing
normal strength concrete are equally valid when applied to high strength concrete,
except that the target water/cement ratio can be in the range 0.18-0.3 or even lower.

6.2.7. Quality Control

When superplasticizer is used, concrete tends to lose workability rapidly. High
strength concrete containing such materials must therefore be transported, placed
and finished before they lose their workability. Many modern superplasticizers
can retain reasonable workability for a period of about 100 minutes, but care is
still needed, particularly on projects where ready-mixed concrete delivery trucks
have long journey times. Often, in order to avoid drastic decreases in slump and
resultant difficulty in placing, superplasticizer are only partly mixed on batching,
the balance being added on site prior to pouring.

The same production and quality control techniques for normal strength con-
crete should also be applied to high strength concrete. In fact, the importance of
strict control over material quality as well as over the production and execution
processes cannot be over-emphasized for high strength concrete. In general, pro-
duction control should include not only correct batching and mixing of ingre-
dients, but also regular inspection and checking of the production equipment,
e.g. the weighing and gauging equipment, mixers and control apparatus. With
ready-mixed concrete supply, this control should extend to transport and delivery
conditions as well.

The main activities for controlling quality on site are placing, compaction,
curing and surface finishing. Site experience indicates that more compaction is
normally needed for high strength concrete with high workability than for normal
strength concrete of similar slump. As the loss in workability is more rapid, prompt
finishing also becomes essential. To avoid plastic shrinkage, the finished concrete
surface needs to be covered rapidly with water-retaining curing agents.

6.2.8. Spalling at High Temperature

It is well known that high strength concrete is prone to spall under high tempera-
tures. Typical spalling is shown in Figure 6.1. The spalling is generally caused by
thermal stress due to temperature gradient during heating, and the splitting force
by release of vapour water around 100◦C.

For concrete grades C55/67 to C80/95, the spalling is unlikely to occur when
the moisture content is less than 3.0% and the maximum content of silica fume is
less than 6% by weight of cement. Above the limitations, a more accurate assess-
ment of moisture content, silica fume content, type of aggregate, permeability of
concrete and heating rate should be taken into account. The assessment could be
based on laboratory trial or specialist advices.
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Figure 6.1 . Typical spalling behaviour of high strength concrete at high temperature

For concrete grades higher than C80/95, spalling can occur in any situation for
exposure directly to the fire. Thus at least one of the following methods should be
provided:

– Include in the concrete mix more than 2 kg/m3 of monofilament propylene fibres
so that the vapour pressure can be released through the voids left by melted
propylene fibres at approximately 170◦C (Xiong, 2013).

– A type of concrete for which it has been demonstrated by local experience or by
testing that no spalling occurs under fire exposure.

It should be noted that the addition of propylene fibres may affect the workability
of concrete. Hence, in case where the high strength concrete is pumped in CFST
columns, specialist advice should be consulted, regarding the pumping height,
pumping rate, etc. Furthermore, for the release of vapour from CFST columns,
the hollow steel section shall contain holes with a diameter of not less than 20 mm
located at least one at the top and one at the bottom of the column in every storey.
The spacing of these holes should not exceed 5m along the column length.
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Appendix A: Design Flowchart

A.1 Design for CFST Column Subject to Axial Force Only
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A.2 Design for CFST Column Subject to Combined Axial Force
and Bending Moments
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Appendix B: Worked Examples

Example B.1

Determine the axial buckling resistance of concrete filled steel tubes subject To
pure compression with an effective length of 4 m. The following steel and concrete
materials are used:

a) CHS 508 × 12.5 S355 steel with C40/50 concrete
b) CHS 508 × 12.5 S355 steel with C90/105 concrete
c) CHS 508 × 12.5 S460 steel with C40/50 concrete
d) CHS 406 × 12 S460 steel with C90/105 concrete

D=508mm

ta=12.5mm

y-y

z-
z

a) CHS 508×12.5 S355 steel tube infilled with C40/50 concrete

◦ Design parameters

Concrete C40/50, f ck = 40 N/mm2

Steel tube Grade S355, f y = 355 N/mm2

Column system length L = 4000 mm

Effective length Leff = 4000 mm

Total design axial load NEd = 11000 kN

Design axial load that is permanent NG,Ed = 4500 kN

Design Guide for Concrete Filled Tubular Members with High Strength Materials to Eurocode 4.
Copyright © 2015 J.Y. Richard Liew. Published by Research Publishing Services. All rights reserved.
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◦ Design strengths and modulus

Refer to Table 2.1 and Table 2.3 for the characteristic strength of concrete and steel,
and Table 3.1 for the partial factors, the design strengths are determined as:

fyd = fy/γa = 355/1.0 = 355 N/mm2

Ea = 210 GPa

fcd = fck/γc = 40/1.5 = 26.7 N/mm2

fcm = fck + 8 = 40 + 8 = 48 N/mm2

Ecm = 22 (fcm/10)0.3 = 22 (48/10)0.3 = 35.2 GPa

◦ Cross sectional areas

Aa = (π/4)
[

D2 − (D − 2t)2
]

= (π/4)
[

5082 − (508 − 2 × 12.5)2
]

= 19458 mm2

Ac = (π/4) (D − 2t)2 = (π/4) (508 − 2 × 12.5)2 = 183225 mm2

Unless other stated, the subscript “a” stands for steel section, and “c” for concrete
section.

◦ Second moment of areas

Ia = (π/64)
[

D4 − (D − 2t)4
]

= (π/64)
[

5084 − (508 − 2 × 12.5)4
]

× 10−4 = 59755 cm4

Ic = (π/64) (D − 2t)4 = (π/64) (508 − 2 × 12.5)4 × 10−4

= 267152 cm4

◦ Check for local buckling (refer to Table 3.2)

D/ta = 508/12.5 = 40.6 < 90
(

235/fy
)

= 90 (235/355) = 59.6

Resistance against local buckling is adequate!
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◦ Long-term effect (refer to Eqn. (3.19))

The age of concrete at the moment considered t is conservatively taken as infinity.
For the age of concrete on first loading, t0 is assumed as 14 days, but could be
different. The relative humidity RH for infilled concrete is taken as 50%.

Perimeter of concrete section : u = π (D − 2ta) = π (508 − 2 × 12.5) = 1517 mm

Notional size of concrete section : h0 = 2Ac/u = 2 × 183225/1517.4 = 241.5 mm

Coefficient : α1 = (35/fcm)0.7 = (35/48)0.7 = 0.80

Coefficient : α2 = (35/fcm)0.2 = (35/48)0.2 = 0.94

Coefficient : α3 = (35/fcm)0.5 = (35/48)0.5 = 0.85

Factor : ϕRH=

(

1+
1 − RH/100

0.1 3
√

h0

α1

)

α2 =

(

1+
1 − 50/100

0.1 3
√

241.5
× 0.80

)

× 0.94 = 1.54

Factor : β (fcm) = 16.8/
√

fcm = 16.8/
√

48 = 2.42

Factor : β (t0) = 1/
(

0.1 + t0.2
0

)

= 1/
(

0.1 + 140.2
)

= 0.56

Factor : ϕ0 = ϕRHβ (fcm) β (t0) = 1.54 × 2.42 × 0.56 = 2.08

Factor : βH = 1.5
[

1 + (0.012RH)18
]

h0 + 250α3

= 1.5
[

1 + (0.012 × 50)18
]

× 241.5 + 250 × 0.85 = 576

Factor : βc (t, t0) =

(

t − t0

βH + t − t0

)0.3

=

(

∞ − 14

576 + ∞ − 14

)0.3

= 1.0

Creep coefficient : ϕt = ϕ0βc (t, t0)=2.08 × 1.0 = 2.08

◦ Elastic modulus of concrete considering long-term effect (refer to Eqn. (3.18))

Concrete is sensitive to long-term deformations due to creep and shrinkage. To
allow for this, the flexural stiffness of concrete section is reduced.

Ec,eff =
Ecm

1 +
(

NG,Ed/NEd

)

ϕt
=

35.2

1 + (4500/11000) × 2.08
=19 GPa
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◦ Effective flexural stiffness of cross-section

(EI)eff = EaIa + 0.6Ec,eff Ic

=
(

210 × 103 × 59755 × 104 + 0.6 × 19 × 103 × 267152 × 104
)

× 10−3

= 1.56 × 1011 kN · mm2

◦ Elastic critical Euler buckling resistance

Ncr =
π2 (EI)eff

L2
eff

=
π2 × 1.56 × 1011

40002
= 96209 kN

◦ Characteristic plastic resistance of cross-section

Npl,Rk = Aafy + Acfck = (19458 × 355 + 183225 × 40) × 10−3

= 14250 kN

◦ Relative slenderness ratio

λ =

√

Npl,Rk

Ncr
=

√

14250

96209
= 0.385 < 0.5

◦ Confinement coefficients with load eccentricity e=0

Since the λ is less than 0.5 and the load eccentricity is equal to 0 (axially loaded
column), the confinement effect may be considered for the circular CFST column.

ηa = ηa0 = min
[

0.25
(

3 + 2λ
)

, 1.0
]

= 0.942

ηc = ηc0 = max
[

4.9 − 18.5λ + 17λ
2
, 0
]

= 0.298

◦ Design plastic resistance of cross-section (refer to Section 3.3.1)

Npl,Rd = ηaAafyd + Acfcd

(

1 + ηc
t

D

fy

fck

)

=

[

0.942 × 19458 × 355 + 183225 × 26.7

(

1 + 0.298
12.5

508

355

40

)]

× 10−3

= 11727 kN

It is noticed that the yield strength of steel is reduced (ηa < 0) and strength of

concrete increases (1 + ηc
t
D

fy
fck

> 1) with the consideration of confinement effect.
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◦ Steel contribution ratio

δ = Aafyd/Npl,Rd =
(

19458 × 10−3 × 355
)

/11727 = 0.59 < 0.9

◦ Imperfection factor

Refer to Table 3.6, the buckling curve is taken as “a”. Thus the imperfection factor
α is determined as 0.21 according to Table 3.5.

◦ Buckling reduction factor

Φ = 0.5
[

1 + α
(

λ − 0.2
)

+ λ
2
]

= 0.5
[

1 + 0.21 × (0.385 − 0.2) + 0.3852
]

= 0.593

χ =
1

Φ +

√

Φ2 − λ
2

=
1

0.593 +
√

0.5932 − 0.3852
= 0.957

◦ Buckling resistance

According to Section 3.4.1, the axial buckling resistance is checked as:

Nb,Rd = χNpl,Rd = 0.957 × 11727 = 11223 kN > NEd = 10000 kN

Buckling resistance is adequate!

◦ CHS 508 × 12.5 S355 steel tube with C90/105 concrete

Refer to Table 2.9 and Table 2.10, the effective compressive strength and modulus
of elasticity are taken as:

fck = 72 N/mm2

Ecm = 41.1 GPa

fcd = fck/γc = 72/1.5 = 48 N/mm2

fcm = fck + 8 = 72 + 8 = 80 N/mm2
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Creep coefficient could be similarly determined: ϕt = 1.29

Ec,eff = Ecm
1

1 +
(

NG,Ed/NEd

)

ϕt
=

41.1

1 + (4500/11000) × 1.29
= 26.9 GPa

(EI)eff = EaIa + 0.6Ec,eff Ic

=
(

210 × 103 × 59755 × 104 + 0.6 × 26.9 × 103 × 267152 × 104
)

× 10−3

= 1.69 × 1011 kN · mm2

Ncr =
π2 (EI)eff

L2
eff

=
π2 × 1.69 × 1011

40002
= 104010 kN

Npl,Rk = Aafy + Acfck = (19458 × 355 + 183225 × 72) × 10−3 = 20112 kN

λ =

√

Npl,Rk

Ncr
=

√

20112

104010
= 0.44 < 0.5

ηa = ηa0 = min
[

0.25
(

3 + 2λ
)

, 1.0
]

= 0.970

ηc = ηc0 = max
[

4.9 − 18.5λ + 17λ
2
, 0
]

= 0.052

Npl,Rd = ηaAafyd + Acfcd

(

1 + ηc
t

D

fy

fck

)

= [0.970 × 19458 × 355 + 183225

×48

(

1 + 0.052
12.5

508

355

72

)]

× 10−3=15562 kN

δ = Aafyd/Npl,Rd =
(

19458 × 10−3 × 355
)

/15562 = 0.444

Buckling curve = ”a”, α = 0.21

Φ = 0.5
[

1 + α
(

λ − 0.2
)

+ λ
2
]

= 0.5
[

1 + 0.21 × (0.44 − 0.2) + 0.442
]

= 0.622

χ =
1

Φ +

√

Φ2 − λ
2

=
1

0.622 +
√

0.6222 − 0.442
= 0.942
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Thus, the axial buckling resistance is:

Nb,Rd = χNpl,Rd = 0.942 × 15562 = 14659 kN

Compared with that with NSC C40/50, the buckling resistance is increased by:

14659 − 11223

11223
× 100% = 30.6%

By replacing C40/50 normal strength concrete with C90/105 high strength con-
crete, the axial buckling resistance of the CFST column is improved by 31%.

c) CHS 508 × 12.5 S460 steel tube with C40/50 concrete

Npl,Rk = Aafy + Acfck = (19458 × 460 + 183225 × 40) × 10−3 = 16297 kN

λ =

√

Npl,Rk

Ncr
=

√

16297

96209
= 0.412 < 0.5

ηa = ηa0 = min
[

0.25
(

3 + 2λ
)

, 1.0
]

= 0.956

ηc = ηc0 = max
[

4.9 − 18.5λ + 17λ
2
, 0
]

= 0.166

Npl,Rd = ηaAafyd + Acfcd

(

1 + ηc
t

D

fy

fck

)

= [0.956 × 19458 × 355 + 183225 × 26.7
(

1 + 0.166
12.5

508

355

40

)]

× 10−3

= 13687 kN

δ = Aafyd/Npl,Rd =
(

19458 × 10−3 × 460
)

/13687=0.655

Buckling curve = ”a”, α= 0.21

Φ = 0.5
[

1 + α
(

λ − 0.2
)

+ λ
2
]

= 0.5
[

1 + 0.21 × (0.412 − 0.2) + 0.4122
]

= 0.607

χ =
1

Φ +

√

Φ2 − λ
2

=
1

0.607 +
√

0.6072 − 0.4122
= 0.95

Nb,Rd = χNpl,Rd = 0.95 × 13687 = 13003 kN
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Compared with that with mild steel S355, the axial buckling resistance is increased
by:

13003 − 11223

11223
× 100% = 15.9%

By use of steel S460 replacing S355, the axial buckling resistance of the CFST
column is improved by 15.9%.

d) Concrete filled tube with high strength materials involving CHS 406x12 S460

steel and C90/105 concrete

Since high strength steel and concrete materials are used, the column size can be
reduced to CHS 406x12 S460 section.

D=406.4mm

ta=12mm

y-y

z-
z

Aa = (π/4)
[

D2 − (D − 2t)2
]

= (π/4)
[

406.42 − (406.4 − 2 × 12)2
]

= 14900 mm2

Ac = (π/4) (D − 2t)2 = (π/4) (406.4 − 2 × 12)2 = 114800 mm2

Ia = (π/64)
[

D4 − (D − 2t)4
]

= (π/64)
[

406.44 − (406.4 − 2 × 12)4
]

× 10−4 = 28940 cm4

Ic = (π/64) (D − 2t)4 = (π/64) (406.4 − 2 × 12)4 × 10−4

= 104961 cm4

Creep coefficient is determined: ϕt = 1.32

Ec,eff =
Ecm

1 +
(

NG,Ed/NEd

)

ϕt
=

41.1

1 + (4500/11000) × 1.32
= 26.7 GPa
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(EI)eff = EaIa + 0.6Ec,eff Ic

=
(

210 × 103 × 28940 × 104 + 0.6 × 26.7 × 103 × 104961 × 104
)

× 10−3

= 7.76 × 1010 kN · mm2

Ncr =
π2 (EI)eff

L2
eff

=
π2 × 7.76 × 1010

40002
= 47849 kN

Npl,Rk = Aafy + Acfck = (14900 × 460 + 114800 × 72) × 10−3

= 15121 kN

λ =

√

Npl,Rk

Ncr
=

√

15121

47849

= 0.562 > 0.5

Since the relative slenderness ratio is higher than 0.5, the confinement effect is not
taken into account, thus

Npl,Rd = Aafyd + Acfcd

= (14900 × 460 + 114800 × 48) × 10−3 = 12365 kN

δ = Aafyd/Npl,Rd =
(

14900 × 10−3 × 460
)

/12365 = 0.554

Buckling curve “a” is used, α = 0.21

Φ = 0.5
[

1 + α
(

λ − 0.2
)

+ λ
2
]

= 0.5
[

1 + 0.21 × (0.562 − 0.2) + 0.5622
]

= 0.696

χ =
1

Φ +

√

Φ2 − λ
2

=
1

0.696 +
√

0.6962 − 0.5622
= 0.904

The axial buckling resistance is:

Nb,Rd = χNpl,Rd = 0.904 × 12365 = 11178 kN

Thus, the buckling resistance is almost the same as CHS 508 × 12.5 S355 steel with
C40/50 concrete infilled.
The column section area is reduced by

∆Af

Af
=

π/4 ×
(

5082 − 406.42
)

π/4 × 5082
= 36%
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The surface area of the column is reduced by

∆As

As
=

π × (508 − 406.4)

π × 508
= 20%

With the reduced surface area, the cost of fire protection material may be reduced
since the labour cost for applying the fire protection material is based on the
surface area. In addition, welding work and labour cost will be reduced since less
construction materials are needed for smaller column size.

Summary

For CFST columns subject to axial compression force only (mainly used in braced
frames with simple construction), the use of high strength concrete will benefit
more than use of higher grade steels, compared with the increase of cost.
With the use of high strength materials, the column size is reduced. As a result, the
fabrication cost of column and labour cost for applying fire protection are reduced,
and the usable floor area is increased.
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Example B.2

Circular concrete filled steel tubular member with reinforcements and UC steel sec-
tionsubject to axial compression and bending about the major axis. The following
steel, concrete and reinforcing materials are used:

a) CHS 508 × 12.5 and UC 254x254x107 S355 sections with C50/60 concrete and
G460 reinforcements

b) CHS 508 × 12.5 and UC 254x254x107 S355 sections with C90/105 concrete and
G460 reinforcements

c) CHS 508 × 12.5 and UC 254x254x107 S550 sections with C50/60 concrete and
G460 reinforcements

D=508mm

ta=12.5mm

12T20

y-y

z-
zc=

5
0
m

m

UC 254X254X107

h
=

2
6

6
.7

m
m

b=258.8mm

tf
=

2
0
.5

m
m

tw=12.8mm

UC 254X254X107

a) CHS 508× 2.5 and UC 254× 254× 107 S355 sections with C50/60 concrete and

G460 reinforcements

◦ Design parameters

Concrete C50/60, f ck = 50 N/mm2

Steel tube Grade S355, f y = 355 N/mm2

Embedded steel section Grade S355,f ek = 355 N/mm2

Reinforcements Grade 460, f sk = 460 N/mm2

Column system length L = 4000 mm

Effective length Leff = 4000 mm
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Total design axial load NEd = 10000 kN
Design axial load that is permanent NG,Ed = 4000 kN

Mb,y

Mt,y

Design moment at bottom around y-y
axis

Mb,y = 700 kN.m

Design moment at top around y-y axis Mt,y = -500 kN.m

◦ Design strength and modulus

fyd = fy/γa = 355/1.0 = 355 N/mm2

fsd = fsk/γs = 460/1.15 = 400 N/mm2

fed = fek/γa = 355/1.0 = 355 N/mm2

fcd = fck/γc = 50/1.5 = 33.3 N/mm2

fcm = fck + 8 = 50 + 8 = 58 N/mm2

Ea = Es = Ee = 210 GPa

Ecm = 22 (fcm/10)0.3 = 22 (58/10)0.3 = 37.3 GPa

◦ Cross sectional areas

A = (π/4) D2 = (π/4) × 5082 = 202683 mm2

Aa = (π/4)
[

D2 − (D − 2ta)
2
]

= (π/4)
[

5082 − (508 − 2 × 12.5)2
]

=19458 mm2

Ae = bh − (b − tw)
(

h − 2tf

)

= 258.8 × 266.7 − (258.8 − 12.8) (266.7 − 2 × 20.5) = 13500 mm2

As = 12 (π/4) d2 = 12 × (π/4) × 202 = 3770 mm2

Ac = A − Aa − Ae − As = 202683 − 19458 − 13500 − 3770 = 165955 mm2
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◦ Second moment of areas

For simplicity, the reinforcements are equivalently converted to a circular tube
based on the same cross-sectional area and position of centreline.

c=
5

0
m

m

Equivalent tube

Ds

ts

12T20

ts =
As

π (D − 2c)
=

3770

π × (508 − 2 × 50)
= 2.94 mm

Ds = D − 2c + ts = 508 − 2 × 50 + 2.94 = 410.9 mm

I = (π/64) D4 = (π/64) × 5084 × 10−4 = 326907 cm4

Ia = (π/64)
[

D4 − (D − 2ta)
4
]

= (π/64)
[

5084 − (508 − 2 × 12.5)4
]

× 10−4 = 59755 cm4

Is = (π/64)
[

D4
s − (Ds − 2ts)

4
]

= (π/64)
[

410.94 − (410.9 − 2 × 2.94)4
]

× 10−4 = 7840 cm4

Iey =
1

12

[

bh3 − (b − tw)
(

h − 2tf

)3
]

=
1

12

[

258.8 × 266.73 − (258.8 − 12.8) (266.7 − 2 × 20.5)3
]

×10−4 = 17343 cm4



December 23, 2014 4:17 RPS

106 Design Guide for Concrete Filled Tubular Members with High Strength Materials to Eurocode 4

Iez =
1

12

[

2tf b
3 +

(

h − 2tf

)

t3
w

]

=
1

12

[

2 × 20.5 × 258.83 + (266.7 − 2 × 20.5) × 12.83
]

×10−4 = 5926 cm4

Icy = I − Ia − Is − Iey = 326907 − 59755 − 7840 − 17343 = 241969 cm4

Icz = I − Ia − Is − Iez = 326907 − 59755 − 7840 − 5926 = 253386 cm4

◦ Plastic modulus

W = D3/6 = 5083/6 × 10−3 = 21850 cm3

Wa =
[

D3 − (D − 2ta)
3
]

/6

=
[

5083 − (508 − 2 × 12.5)3
]

/6 × 10−3 = 3070 cm3

Ws =
[

D3
s − (Ds − 2ts)

3
]

/6

=
[

410.93 − (410.9 − 2 × 2.94)3
]

/6 × 10−3 = 489 cm3

Wey =
1

4

[

bh2 − (b − tw)
(

h − 2tf

)2
]

=
1

4

[

258.8 × 266.72 − (258.8 − 12.8) (266.7 − 2 × 20.5)2
]

× 10−3 = 1469 cm3

Wez =
1

4

[

2tf b
2 +

(

h − 2tf

)

t2
w

]

=
1

4

[

2 × 20.5 × 258.82 + (266.7 − 2 × 20.5) × 12.82
]

× 10−4 = 696 cm4

Wcy = W − Wa − Ws − Wey

= 21850 − 3070 − 489 − 1469 = 16821 cm4

Wcz = W − Wa − Ws − Wez

= 21850 − 3070 − 489 − 696 = 17594 cm4
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◦ Check for local buckling

D/ta = 508/12.5 = 40.6 < 90
(

235/fy
)

= 90 (235/355)=59.6

Resistance against local buckling is adequate!

◦ Long-term effect

Age of concrete at loading in days : t0 = 30

Age of concrete at moment considered in days : t = ∞

Relative humidity of ambient environment : RH = 50%

Perimeter of concrete section : u = π (D − 2ta)

= π (508 − 2 × 12.5) = 1517 mm

Notional size of concrete section : h0 = 2Ac/u

= 2 × 165955/1517 = 219 mm

Coefficient : α1 = (35/fcm)0.7 = (35/58)0.7 = 0.70

Coefficient : α2 = (35/fcm)0.2 = (35/58)0.2 = 0.90

Coefficient : α3 = (35/fcm)0.5 = (35/58)0.5 = 0.78

Factor : ϕRH =

(

1+
1 − RH/100

0.1 3
√

h0

α1

)

α2

=

(

1+
1 − 50/100

0.1 3
√

219
× 0.70

)

× 0.90 = 1.43

Factor : β (fcm) = 16.8/
√

fcm = 16.8/
√

58 = 2.21

Factor : β (t0) = 1/
(

0.1 + t0.2
0

)

= 1/
(

0.1 + 300.2
)

= 0.48

Factor : ϕ0 = ϕRHβ (fcm) β (t0) = 1.43 × 2.21 × 0.48 = 1.52
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Factor : βH = 1.5
[

1 + (0.012RH)18
]

h0 + 250α3

= 1.5 ×
[

1 + (0.012 × 50)18
]

× 219 + 250 × 0.78 = 522

Factor : βc (t, t0) =

(

t − t0

βH + t − t0

)0.3

=

(

∞ − 14

522 + ∞ − 14

)0.3

= 1.0

Creep coefficient : ϕt = ϕ0βc (t, t0) = 1.52 × 1.0 = 1.52

◦ Elastic modulus of concrete considering long-term effect

Ec,eff = Ecm
1

1 +
(

NG,Ed/NEd

)

ϕt
=

37.3

1 + (4000/10000) × 1.52
= 23.2 GPa

◦ Effective flexural stiffness of cross-section

(EI)eff ,y = EaIa + EsIs + EeIey + 0.6Ec,eff Icy

= [210 × (59755 + 7840 + 17343) + 0.6 × 23.2 × 241969]× 104

= 2.12 × 1011 kN · mm2

(EI)eff ,z = EaIa + EsIs + EeIez + 0.6Ec,eff Icz

= [210 × (59755 + 7840 + 5926) + 0.6 × 23.2 × 253386]× 104

= 1.90 × 1011 kN · mm2

◦ Elastic critical Euler buckling resistance

Ncr,y =
π2 (EI)eff ,y

L2
eff

=
π2 × 2.12 × 1011

40002
= 130793 kN

Ncr,z =
π2 (EI)eff ,z

L2
eff

=
π2 × 1.90 × 1011

40002
= 116984 kN
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◦ Characteristic plastic resistance of cross-section

Npl,Rk = Aafy + Asfsk + Aefek + Acfck

= [(19458 + 13500) × 355 + 3770 × 460 + 165955 × 50] × 10−3 =21475 kN

◦ Relative slenderness ratio

λy =

√

Npl,Rk

Ncr,y
=

√

21475

130793
= 0.408 < 0.5

λz =

√

Npl,Rk

Ncr,z
=

√

21475

116984
= 0.431 < 0.5

◦ Buckling curves and buckling reduction factors

Since a steel section is embedded in the CFST column, the buckling curves about
both axis are “b”. Thus, the imperfection factor is α = 0.34.

λ̄ = max
(

λy, λz

)

= 0.431

Φ = 0.5
[

1 + α
(

λ̄ − 0.2
)

+ λ̄2
]

= 0.5
[

1 + 0.34 × (0.431 − 0.2) + 0.4312
]

= 0.632

χ = min

(

1

Φ +
√

Φ2 − λ̄2
, 1.0

)

= min

(

1

0.632 +
√

0.6322 − 0.4312
, 1.0

)

= 0.914

◦ Load eccentricity

eN,y =
max

(∣

∣Mt,y

∣

∣ ,
∣

∣Mb,y

∣

∣

)

NEd

=
700

10000
× 103 = 70 mm > 0.1D = 50.8 mm

Since the eccentricity eN,y is larger than 0.1D, the confinement effect is not consid-
ered.



December 23, 2014 4:17 RPS

110 Design Guide for Concrete Filled Tubular Members with High Strength Materials to Eurocode 4

◦ Simplified Interaction Curve

Npm,Rd

Npl,Rd

Mpl,Rd Mmax,Rd

N

M

A

C

D

B

Npl,Rd

Npm,Rd

Mmax,Rd

M pl,Rd

M pl,Rd

Npm,Rd

Npm,Rd

A

B

C

D

(1) Point A (0, Npl,Rd):

Full cross-section is under uniform compression. No bending moment is resultant
from the compressive stresses on the cross-section.

Npl,Rd = Aafyd + Asfsd + Aefed + Acfcd

= [(19458 + 13500)× 355 + 3770 × 400 + 165955 × 33.3] × 10−3 = 18753 kN

◦ Point B (Mpl,Rd, 0):

The cross-section is under partial compression and no axial force is formed.
Assuming the neutral axis lies in the web of encased section (hn ≤ h/2 −
tf ), the height of neutral axis is calculated where the areas of steel tube,
equivalent tube for reinforcements, and concrete in the height of 2hn are
approximated as rectangles, and based on the force equilibrium between the
tensile capacity of steel sections within the height of 2hn is equal to the
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compression resistance of concrete in the compression zone. Unless other stated,
the tensile resistance of concrete in the tension zone is conservatively ignored.

hn =
Acfcd

2Dfcd + 4ta

(

2fyd − fcd

)

+ 4ts (2fsd − fcd) + 2tw (2fed − fcd)

=
165955 × 33.3

2 × 508 × 33.3 + 4 × 12.5 × (2 × 355 − 33.3)

+4 × 2.94 × (2 × 400 − 33.3) + 2 × 12.8 × (2 × 355 − 33.3)

= 58.8 mm

hn = 58.8 mm < h/2 − tf = 266.7/2 − 20.5 = 112.85 mm, thus, the neutral axial
lies in the web of the encased section.

The plastic modulus of steel tube, equivalent tube of reinforcements, encased
section, and concrete in the height of 2hn, bending about centreline of the cross-
section are calculated as:

Wa,n = 2tah2
n = 2 × 12.5 × 58.82 × 10−3 = 86.4 cm3

Ws,n = 2tsh
2
n = 2 × 2.94 × 58.82 × 10−3 = 20.3 cm3

Wey,n = twh2
n = 12.8 × 58.82 × 10−3 = 44.3 cm3

Wcy,n = (D − 2ta − 2ts − tw) h2
n = (508 − 2 × 12.5 − 2 × 2.94 − 12.8)× 58.82 × 10−3

= 1605 cm3

Taking moment about the centreline of the cross-section, the plastic bending
resistance is determined from:

Mpl,Rd = (Wa − Wa,n) fyd + (Ws − Ws,n) fsd +
(

Wey − Wey,n

)

fed + 0.5
(

Wcy − Wcy,n

)

fcd

= [(3070 − 86.4) × 355 + (489 − 20.3) × 400 + (1469 − 44.3)

×355 + 0.5 × (16821 − 1605) × 33.3]× 10−3

= 2006 kN · m

It should be noted that the plastic bending resistance can be calculated by
taking moment about either line on the cross-section parallel to the y-y axis, as long
as the aforementioned plastic modulus are determined according to the referred
line.
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(3) Point C (Mpl,Rd, Npm,Rd):

The cross-section is under partial compression but axial force is resultant from
the compressive stresses. The axial force is equal to the compression capacities of
concrete in the compression zone and steel sections within the height of 2hn. It is
mentioned above that the compression capacity of steel sections within the height
of 2hn is equal to the compression capacity of concrete in the compression zone
and out of the height of 2hn. Thus, the axial force is actually the full cross-sectional
compression capacity of concrete and determined from:

Npm,Rd = Acfcd = 165955 × 33.3 × 10−3 = 5526 kN

(1) Point D (Mmax ,Rd, Npm,Rd/2):

The maximum plastic moment resistance Mmax,Rd is calculated when the hn is equal
to 0.

Mmax,Rd = Wafyd + Wsfsd + Weyfed + 0.5Wcyfcd

= [3070 × 355 + 489 × 400 + 1469 × 355 + 0.5 × 16821 × 33.3]

× 10−3 = 2087 kN · m

◦ Steel contribution ratio

δ =
(

Aafyd + Aefed

)

/Npl,Rd

= (19458 + 13500) × 355 × 10−3/18753 = 0.625 < 0.9

◦ Check for resistance of column in axial compression

NEd

χNpl,Rd
=

10000

0.914 × 18753
=

10000

17140
= 0.583 < 1.0

Thus, the buckling resistance under axial compression is adequate!

◦ Check for resistance of column in combined compression and uniaxial bend-

ing

For the determination of the internal forces considering second-order effect, the
design value of effective flexural stiffness should be calculated as following with
long-term effect included.
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(EI)eff ,II = K0

(

EaIa + EsIs + EeIey + Ke,IIEc,mIcy

)

= 0.9 × [210 × (59755 + 7840 + 17343) + 0.5 × 23.2 × 241969]× 104

= 1.86 × 1011 kN · mm2

Thus, the critical normal force about y-y axis with effective length taken as the
system length of column is determined from:

Ncr,eff =
π2 (EI)eff ,II

L2
=

π2 × 1.86 × 1011

40002
= 114601 kN

The second-order effect should be considered for both moments from first-order
analysis and moment from imperfection as following:

(a) moment from first order analysis (b) moment from imperfection

MEd,1,top

MEd,1,bot

MEd,1

k1MEd,1

MEd,1,top

MEd,1,bot

r=

MEd,1=max(MEd,1,top , MEd,1,top)

N
E
d
e
0

k0NEde0

According to buckling curve “b”, the initial imperfection about y-y axial is:

e0,y = L/200 = 4000/200 = 20 mm

Accordingly, the bending moment by the initial imperfection is determined as:

M0 = NEde0,y = 10000 × 20/1000 = 200 kN · m

According to the moment diagram by the initial imperfection, the factor β0 for
determination of moment to second-order effect is equal to 1.0. Thus, the amplifi-
cation factor for the moment by the imperfection is calculated from:

k0 =
β0

1 − NEd/Ncr,eff
=

1.0

1 − 10000/114601
= 1.096
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According to the first-order design moment diagram, the ratio of end moments
is calculated as:

r = Mt,y/Mb,y = −500/700 = −0.714

Thus, the factor β1 for determination of moment to second-order effect is deter-
mined:

β1 = max (0.66 + 0.44r, 0.44)

= max (0.66 + 0.44 × (−0.714) , 0.44) = 0.44

Thus, the amplification factor for the moment by the imperfection is calculated
from:

k1 =
β1

1 − NEd/Ncr,eff
=

0.44

1 − 10000/114601
= 0.482

Thus, the design moment, considering second-order effect, is calculated as:

MEd = Max
[

k0M0 + k1Max
(
∣

∣Mt,y

∣

∣ ,
∣

∣Mb,y

∣

∣

)

, Max
(
∣

∣Mt,y

∣

∣ ,
∣

∣Mb,y

∣

∣

)]

= Max [1.096 × 200 + 0.482 × Max (|−500| ,

|700|) , Max (|−500| , |700|)] = 700 kN · m

In this case, the second-order effect is not significant and the maximum end
moment is taken as the design moment. For NEd > Npm,Rd = 5526 kN, the value for
determining the plastic bending resistance Mpl,N,Rd taking into account the normal
force NEd is calculated from:

µd =
Npl,Rd − NEd

Npl,Rd − Npm,Rd
=

18753 − 10000

18753 − 5526
= 0.662

MEd

Mpl,N,Rd
=

MEd

µdMpl,Rd
=

700

0.662 × 2006
= 0.527 < αM = 0.9
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Thus, the resistance for combined axial compression and uniaxial bending is
adequate. The external design force and bending moment, and M-N interaction
curve are plotted:
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M N interaction curve: bending about y y axis

b)CHS 508 × 12.5 and UC 254 × 254 × 107 S355 sections with C90/105 concrete

and G460 reinforcements

Effective compressive strength and modulus of elasticity are taken from Table 2.9
and Table 2.10.

fck = 72 N/mm2; Ecm = 41.1 GPa

fcd = fck/γc = 72/1.5 = 48 N/mm2

fcm = fck + 8 = 72 + 8 = 80 N/mm2

Creep coefficient could be similarly determined: ϕt = 1.12

Ec,eff =
Ecm

1 +
(

NG,Ed/NEd

)

ϕt
=

41.1

1 + (4000/10000) × 1.12
= 28.3 GPa

(EI)eff ,y = EaIa + EsIs + EeIey + 0.6Ec,eff Icy

= [210 × (59755 + 7840 + 17343) + 0.6 × 28.3 × 241969]× 104

= 2.19 × 1011 kN · mm2
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(EI)eff ,z = EaIa + EsIs + EeIez + 0.6Ec,eff Icz

= [210 × (59755 + 7840 + 5926) + 0.6 × 28.3 × 253386]× 104

= 1.97 × 1011 kN · mm2

Ncr,y =
π2 (EI)eff ,y

L2
eff

=
π2 × 2.19 × 1011

40002
= 135397 kN

Ncr,z =
π2 (EI)eff ,z

L2
eff

=
π2 × 1.97 × 1011

40002
= 121805 kN

Npl,Rk = Aafy + Asfsk + Aefek + Acfck

= [(19458 + 13500)× 355 + 3770 × 460 + 165955 × 90] × 10−3 = 25395 kN

λy =

√

Npl,Rk

Ncr,y
=

√

25395

135397
= 0.433 < 0.5;

λz =

√

Npl,Rk

Ncr,z
=

√

25395

121805
= 0.457 < 0.5

For buckling curves about both axis “b”, the imperfection factor is α = 0.34

λ̄ = max
(

λy, λz

)

= 0.457

Φ = 0.5
[

1 + α
(

λ̄ − 0.2
)

+ λ̄2
]

= 0.5
[

1 + 0.34 × (0.457 − 0.2) + 0.4572
]

= 0.648

χ = min

(

1

Φ +
√

Φ2 + λ̄2
, 1.0

)

= min

(

1

0.648 +
√

0.6482 − 0.4572
, 1.0

)

= 0.903

The confinement effect is also ignored since the eccentricity is larger than 0.1D.

Point A (0, Npl,Rd):

Npl,Rd = Aafyd + Asfsd + Aefed + Acfcd

= [(19458 + 13500) × 355 + 3770 × 400 + 165955 × 48] × 10−3 = 21187 kN

Buckling resistance: χNpl,Rd = 0.903 × 21187 = 19132 kN
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Point B (Mpl,Rd, 0):

hn =
Acfcd

2Dfcd + 4ta

(

2fyd − fcd

)

+ 4ts (2fsd − fcd) + 2tw (2fed − fcd)

=
165955 × 48

2 × 508 × 48 + 4 × 12.5 × (2 × 355 − 48)

+4 × 2.94 × (2 × 400 − 48) + 2 × 12.8 × (2 × 355 − 48)

= 73.7 mm

hn = 73.7 mm < h/2 − tf = 266.7/2 − 20.5 = 112.85 mm, thus, the neutral axial
also lies in the web of the encased section.

Wa,n = 2tah2
n = 2 × 12.5 × 73.72 × 10−3 = 135.8 cm3

Ws,n = 2tsh
2
n = 2 × 2.94 × 73.72 × 10−3 = 31.9 cm3

Wey,n = twh2
n = 12.8 × 73.72 × 10−3 = 69.5 cm3

Wcy,n = (D − 2ta − 2ts − tw) h2
n

= (508 − 2 × 12.5 − 2 × 2.94 − 12.8) × 73.72 × 10−3 = 2522 cm3

Mpl,Rd = (Wa − Wa,n) fyd + (Ws − Ws,n) fsd +
(

Wey − Wey,n

)

fed

+ 0.5
(

Wcy − Wcy,n

)

fcd

= [(3070 − 135.8) × 355 + (489 − 31.9) × 400

+ (1469 − 65.9) × 355 + 0.5

× (16821 − 2522) × 33.3] × 10−3

= 2065 kN · m

Point C (Mpl,Rd, Npm,Rd):

Npm,Rd = Acfcd = 165955 × 48 × 10−3 = 7964 kN

Point D (Mmax,Rd, Npm,Rd/2):

Mmax,Rd = Wafyd + Wsfsd + Weyfed + 0.5Wcyfcd

= [3070 × 355 + 489 × 400 + 1469 × 355 + 0.5 × 16821 × 48] × 10−3

= 2211 kN · m
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Steel contribution ratio:

δ =
(

Aafyd + Aefed

)

/Npl,Rd

= (19458 + 13500)× 355 × 10−3/21187 = 0.552 < 0.9

c) CHS 508 × 12.5 and UC 254 × 254 × 107 S550 sections with C50/60 concrete

and G460 reinforcements

Npl,Rk = Aafy + Asfsk + Aefek + Acfck

= [(19458 + 13500) × 550 + 3770 × 460 + 165955 × 50]

× 10−3 = 28180 kN

λy =

√

Npl,Rk

Ncr,y
=

√

28180

130793
= 0.464 < 0.5

λz =

√

Npl,Rk

Ncr,z
=

√

28180

116984
= 0.491 < 0.5

For buckling curves about both axis “b”, the imperfection factor is α = 0.34

λ̄ = max
(

λy, λz

)

= 0.491

Φ = 0.5
[

1 + α
(

λ̄ − 0.2
)

+ λ̄2
]

= 0.5
[

1 + 0.34 × (0.491 − 0.2) + 0.4912
]

= 0.670

χ = min

(

1

Φ +
√

Φ2 + λ̄2
, 1.0

)

= min

(

1

0.670 +
√

0.6702 − 0.4912
, 1.0

)

= 0.888

The confinement effect is also ignored since the eccentricity is larger than 0.1D.

Point A (0, Npl,Rd):

Npl,Rd = Aafyd + Asfsd + Aefed + Acfcd

= [(19458 + 13500)× 550 + 3770 × 400 + 165955 × 33.3] × 10−3

= 25188 kN

Buckling resistance: χNpl,Rd = 0.888 × 25188 = 22367 kN
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Point B (Mpl,Rd, 0):

hn =
Acfcd

2Dfcd + 4ta

(

2fyd − fcd

)

+ 4ts (2fsd − fcd) + 2tw (2fed − fcd)

=
165955 × 33.3

2 × 508 × 33.3 + 4 × 12.5 × (2 × 550 − 33.3)

+4 × 2.94 × (2 × 400 − 33.3) + 2 × 12.8 × (2 × 550 − 33.3)

= 44.3 mm

The neutral axial also lies in the web of the encased section.

Wa,n = 2tah2
n = 2 × 12.5 × 44.32 × 10−3 = 49.1 cm3

Ws,n = 2tsh
2
n = 2 × 2.94 × 44.32 × 10−3 = 11.5 cm3

Wey,n = twh2
n = 12.8 × 44.32 × 10−3 = 25.1 cm3

Wcy,n = (D − 2ta − 2ts − tw) h2
n

= (508 − 2 × 12.5 − 2 × 2.94 − 12.8) × 44.32 × 10−3 = 911 cm3

Mpl,Rd = (Wa − Wa,n) fyd + (Ws − Ws,n) fsd

+
(

Wey − Wey,n

)

fed + 0.5
(

Wcy − Wcy,n

)

fcd

= [(3070 − 49.1) × 550 + (489 − 11.5)× 400

+ (1469 − 25.1)× 550 + 0.5 × (16821 − 911) × 33.3] × 10−3

= 2912 kN · m

Point C (Mpl,Rd, Npm,Rd):

Npm,Rd = Acfcd = 165955 × 33.3 × 10−3 = 5530 kN
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Point D (Mmax,Rd, Npm,Rd/2):

Mmax,Rd = Wafyd + Wsfsd + Weyfed + 0.5Wcyfcd

= [3070 × 550 + 489 × 400 + 1469 × 550

+0.5 × 16821 × 33.3] × 10−3

= 2973 kN · m

Steel contribution ratio:

δ =
(

Aafyd + Aefed

)

/Npl,Rd

= (19458 + 13500) × 550 × 10−3/25188

= 0.721 < 0.9

◦ Comparison between M-N interaction curves of CFST with different grades

of materials

The design resistances are compared for the aforementioned three composite sec-
tions. The composite section with steel tube of S355, encased steel section of S355,
concrete of C50/60, and reinforcing steel of G460 is referred to for comparison.

By use of high strength concrete C90/105 replacing normal strength concrete
C50/60, the axial buckling resistance (χ Npl,Rd) of the CFST column is improved
by 11.6%, and the increase of moment resistances (Mpl,Rd and Mmax,Rd) are smaller
(less than 6%).

By use of steel S550 replacing S355, the axial buckling resistance is improved
by 30.5%, and the increase of moment resistance is higher than 40%.

Design resistances

Material grades Steel contribution χNpl,Rd Npm,Rd Mpl,Rd Mmax,Rd

(Steel + Concrete + ratios

Rebars)

S355+C50/60+G460 0.625 0 0 0 0

S355+C90/105+G460 0.552 11.6% 44.0% 2.9% 5.9%

S550+C50/60+G460 0.721 30.5% 0 45.1% 42.4%
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Through this study, it could be concluded that for CFST columns with small
eccentricities (large axial load and small bending moments), it is beneficial to use
high strength concrete; whereas for CFST columns with smaller axial load and
higher bending moments, the use of high strength steel is beneficial.
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Example B.3

Rectangular concrete filled steel tubular column subject to axial compression and
moments about major and minor axes. The following steel and concrete materials
are used:

a) RHS 400 × 600 × 20 S355 steel with C50/60 concrete
b) RHS 400 × 600 × 20 S355 steel with C90/105 concrete
c) RHS 400 × 600 × 20 S550 steel with C50/60 concrete
d) RHS 400 × 600 × 20 S550 steel with C90/105 concrete

B=400mm

y-y

z-
z

H
=

6
0

0
m

m

t=20mm

a) RHS 400 × 600 × 20 S355 steel with C50/60 concrete

◦ Design parameters

Concrete C50/60, fck = 50 N/mm2

Steel tube Grade S355, fy = 355 N/mm2

Column system length L = 6000 mm

Effective length Leff = 6000 mm

Total design axial load NEd = 12000 kN

Design axial load that is permanent NG,Ed = 5000 kN
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Design moment at bottom around y-y axis Mb,y = 900 kN.m

Design moment at top around y-y axis Mt,y = −550 kN.m

Mb,y

Mt,y

Mb,z

Mt,z

Design moment at bottom around y-y axis Mb,z = −600 kN.m

Design moment at top around y-y axis Mt,z = 350 kN.m

◦ Design strength and modulus

fyd = fy/γa = 355/1.0 = 355 N/mm2

fcd = fck/γc = 50/1.5 = 33.3 N/mm2

fcm = fck + 8 = 50 + 8 = 58 N/mm2

Ea = 210 GPa

Ecm = 22 (fcm/10)0.3 = 22 (58/10)0.3 = 37.3 GPa

◦ Cross sectional areas

A = BH = 400 × 600 × 10−2 = 2400 cm2

Aa = [BH − (B − 2ta) (H − 2ta)]

= [400 × 600 − (400 − 2 × 20) (600 − 2 × 20)] × 10−2

= 384 cm2

Ac = A − Aa = 240000 − 38400 × 10−2 = 2016 cm2
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◦ Second moment of areas

Iy = BH3/12 = 400 × 6003/12 × 10−4 = 720000 cm4

Iz = HB3/12 = 600 × 4003/12 × 10−4 = 320000 cm4

Iay =
[

BH3 − (B − 2ta) (H − 2ta)
3
]

/12

=
[

400 × 6003 − (400 − 2 × 20) (600 − 2 × 20)3
]

/12×10−4

= 193152 cm4

Iaz =
[

HB3 − (H − 2ta) (B − 2ta)
3
]

/12

=
[

600 × 4003 − (600 − 2 × 20) (400 − 2 × 20)3
]

/12×10−4

= 102272 cm4

Icy = Iy − Iay = 720000 − 193152 = 526848 cm4

Icz = Iz − Iaz = 320000 − 193152 = 217728 cm4

◦ Plastic modulus

Wy = BH2/4 = 400 × 6002/4 × 10−3 = 36000 cm3

Wz = HB2/4 = 600 × 4002/4 × 10−3 = 24000 cm3

Way =
[

BH2 − (B − 2ta) (H − 2ta)
2
]

/4

=
[

400 × 6002 − (400 − 2 × 20) (600 − 2 × 20)2
]

/4 × 10−3

= 7776 cm3

Waz =
[

HB2 − (H − 2ta) (B − 2ta)
2
]

/4

=
[

600 × 4002 − (600 − 2 × 20) (400 − 2 × 20)2
]

/4 × 10−3

= 5856 cm3

Wcy = Wy − Way = 36000 − 7776 = 28224 cm3

Wcz = Wz − Waz = 24000 − 5856 = 18144 cm3
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◦ Check for local buckling

H/ta = 600/20 = 30 < 52
(

235/fy
)

= 52 (235/355) = 42.3

Resistance against local buckling is adequate!

◦ Long-term effect

Assuming age of concrete at loading in days : t0 = 30

Age of concrete at moment considered in days : t = ∞

Relative humidity of ambient environment : RH = 50%

Perimeter of concrete section : u = 2 (B − 2ta) + 2 (H − 2ta)

= 2 (400 − 2 × 20) + 2 (600 − 2 × 20) = 1840 mm

Notional size of concrete section : h0 = 2Ac/u

= 2 × 201600/1840 = 219 mm

Coefficient : α1 = (35/58)0.7 = 0.70

Coefficient : α2 = (35/fcm)0.2 = (35/58)0.2 = 0.90

Coefficient : α3 = (35/58)0.5 = 0.78

Factor : ϕRH =

(

1+
1 − RH/100

0.1 3
√

219
× 0.70

)

× 0.90 = 1.43

Factor : β (fcm) = 16.8/
√

58 = 2.21

Factor : β (t0) = 1/
(

0.1 + 300.2
)

= 0.48

Factor : ϕ0 = ϕRHβ (fcm) β (t0) = 1.43 × 2.21 × 0.48 = 1.52

Factor : βH = 1.5
[

1 + (0.012RH)18
]

h0 + 250α3

= 1.5 ×
[

1 + (0.012 × 50)18
]

× 219 + 250 × 0.78 = 523

Factor : βc (t, t0) =

(

t − t0

βH + t − t0

)0.3

=

(

∞ − 14

522 + ∞ − 14

)0.3

= 1.0

Creep coefficient : ϕt = ϕ0βc (t, t0) = 1.52 × 1.0 = 1.52
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◦ Elastic modulus of concrete considering long-term effect

Ec,eff = Ecm
1

1 +
(

NG,Ed/NEd

)

ϕt

=
37.3

1 + (5000/12000) × 1.52
= 22.8 GPa

◦ Effective flexural stiffness of cross-section

(EI)eff ,y = EaIay + 0.6Ec,eff Icy

= [210 × 193152 + 0.6 × 22.8 × 526848]× 104

= 4.78 × 1011 kN · mm2

(EI)eff ,z = EaIaz + 0.6Ec,eff Icz

= [210 × 102272 + 0.6 × 22.8 × 217728]× 104

= 2.45 × 1011 kN · mm2

◦ Elastic critical Euler buckling resistance

Ncr,y =
π2 (EI)eff ,y

L2
eff

=
π2 × 4.78 × 1011

60002
= 130977 kN

Ncr,z =
π2 (EI)eff ,z

L2
eff

=
π2 × 2.45 × 1011

60002
= 67053 kN

◦ Characteristic plastic resistance of cross-section

Npl,Rk = Aafy + Acfck

= [384 × 355 + 2016 × 50] × 10−1 = 23712 kN

◦ Relative slenderness ratio

λy =

√

Npl,Rk

Ncr,y
=

√

23712

130977
= 0.425

λz =

√

Npl,Rk

Ncr,z
=

√

23712

67053
= 0.595



December 23, 2014 4:17 RPS

Appendix B: Worked Examples 127

◦ Buckling curves and buckling reduction factors

Refer to Table 3.6, the buckling curves about both axis are “a”. Thus, the imperfec-
tion factor is α = 0.21.

λ̄ = max
(

λy, λz

)

= max (0.425, 0.595) = 0.595

Φ = 0.5
[

1 + α
(

λ̄ − 0.2
)

+ λ̄2
]

= 0.5
[

1 + 0.21 × (0.595 − 0.2) + 0.5952
]

= 0.718

χ = min

(

1

Φ +
√

Φ2 − λ̄2
, 1.0

)

= min

(

1

0.718 +
√

0.7182 − 0.5952
, 1.0

)

= 0.892

◦ Simplified Interaction Curves

Bending about y y axis Bending about z z axis

Npm,Rd

Npl,Rd

Mpl,y,Rd Mmax,z,Rd

N

M

A

C

D

B

Npl,Rd

Npm,Rd

Mmax,y,Rd

M pl,y,Rd

M pl,y,Rd

Npm,Rd

Npm,Rd

A

B

C

D

Npl,Rd

Npm,Rd

Mmax,z,Rd

M pl,z,Rd

M pl,z,Rd

Npm,Rd

(M )pl,z,Rd (M )max,z,Rd

1) Point A (0, Npl,Rd):

Confinement effect is not taken into account for rectangular CFST column, thus

Npl,Rd = Aafyd + Acfcd

= [384 × 355 + 2016 × 33.3]× 10−1 = 20352 kN

Buckling resistance: χNpl,Rd = 0.892 × 20352 = 18154 kN
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2) Point B (Mpl,y,Rd, 0)& (Mpl,z,Rd, 0):

Refer to Table 3.4, the position of neutral axis are determined from

hny =
Acfcd

2Bfcd + 4ta

(

2fyd − fcd

)

=
201600 × 33.3

2 × 400 × 33.3 + 4 × 20 × (2 × 355 − 33.3)
= 83.2 mm

hnz =
Acfcd

2Hfcd + 4ta

(

2fyd − fcd

)

=
201600 × 33.3

2 × 600 × 33.3 + 4 × 20 × (2 × 355 − 33.3)
= 71.4 mm

The plastic modulus of steel tube and concrete in the height of 2hn, bending about
centreline of the cross-section are calculated as:

Way,n = 2tah2
ny = 2 × 20 × 83.22 × 10−3 = 276.9 cm3

Waz,n = 2tah2
nz = 2 × 20 × 71.42 × 10−3 = 204 cm3

Wcy,n = (B − 2ta) h2
ny = (400 − 2 × 20) × 83.22 × 10−3 = 2492 cm3

Wcz,n = (H − 2ta) h2
nz = (600 − 2 × 20) × 71.42 × 10−3 = 2855 cm3

Taking moment about the centreline of the cross-section, the plastic bending
resistance is determined from:

Mpl,y,Rd =
(

Way − Way,n

)

fyd + 0.5
(

Wcy − Wcy,n

)

fcd

= [(7776 − 276.9) × 355 + 0.5 × (28224 − 2492) × 33.3] × 10−3

= 3091 kN · m

Mpl,z,Rd = (Waz − Waz,n) fyd + 0.5 (Wcz − Wcz,n) fcd

= [(5856 − 204) × 355 + 0.5 × (18144 − 2855) × 33.3] × 10−3

= 2261 kN · m

3) Point C (Mpl,y,Rd, Npm,Rd) & (Mpl,z,Rd, Npm,Rd):

Npm,Rd = Acfcd = 201600 × 33.3 × 10−3 = 6720 kN
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4) Point D (Mmax,y,Rd, Npm,Rd/2) & (Mmax,z,Rd, Npm,Rd/2):

Mmax,y,Rd = Wayfyd + 0.5Wcyfcd

= [7776 × 355 + 0.5 × 28224 × 33.3] × 10−3

= 3231 kN · m

Mmax,z,Rd = Wazfyd + 0.5Wczfcd

= [5856 × 355 + 0.5 × 18144 × 33.3] × 10−3

= 2381 kN · m

◦ Steel contribution ratio

δ = Aafyd/Npl,Rd = 384 × 355 × 10−1/20352

= 0.67 < 0.9

◦ Check for resistance of column in axial compression

NEd

χNpl,Rd
=

12000

0.892 × 20352
= 0.661 < 1.0

Thus, the buckling resistance under axial compression is adequate!

◦ Check for resistance of column in combined compression and biaxial bending

moments

The design value of effective flexural stiffness with long-term effect is calculated
from:

(EI)eff ,II,y = K0

(

EaIay + Ke,IIEc,mIcy

)

= 0.9 × [210 × 193152 + 0.5 × 22.8 × 526848]× 104

= 4.19 × 1011 kN · mm2

(EI)eff ,II,z = K0 (EaIaz + Ke,IIEc,mIcz)

= 0.9 × [210 × 102272 + 0.5 × 22.8 × 217728]× 104

= 2.16 × 1011 kN · mm2
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Thus, the critical normal forces with effective length taken as the system length of
column are determined from:

Ncr,eff ,y =
π2 (EI)eff ,II,y

L2
=

π2 × 4.19 × 1011

60002
= 114913 kN

Ncr,eff ,z =
π2 (EI)eff ,II,z

L2
=

π2 × 2.16 × 1011

60002
= 59122 kN

The second-order effect should be considered for both moments from first-order
analysis and moment from imperfection as following:

(a) moment from first order analysis (b) moment from imperfection

MEd,1,top

MEd,1,bot

MEd,1

k1MEd,1

MEd,1,top

MEd,1,bot

r=

MEd,1=max(MEd,1,top , MEd,1,top)

N
E
d
e
0

k0NEde0

According to buckling curve “a” and referring to Table 3.6, the initial imperfections
about y-y axis and z-z axis are:

e0,y = L/300 = 6000/300 = 20 mm

e0,z = L/300 = 6000/300 = 20 mm

Accordingly, the bending moments by the initial imperfections are determined as:

M0,y = NEde0,y = 12000 × 20/1000 = 240 kN · m

M0,z = NEde0,z = 12000 × 20/1000 = 240 kN · m

According to the moment diagram by the initial imperfection, the factor β0 for
determination of moment to second-order effect is equal to 1.0. Thus, the amplifi-
cation factors for the moments by the imperfection are calculated from:

k0,y =
β0

1 − NEd/Ncr,eff ,y
=

1.0

1 − 12000/114913
= 1.117

k0,z =
β0

1 − NEd/Ncr,eff ,z
=

1.0

1 − 12000/59122
= 1.255
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According to the first-order design moment diagram, the ratio of end moments is
calculated as:

ry = Mt,y/Mb,y = −550/900 = −0.611

rz = Mt,z/Mb,z = 350/ (−600) = −0.583

Thus, the factors for determination of moment to second-order effect are deter-
mined:

β1,y = max
(

0.66 + 0.44ry, 0.44
)

= max (0.66 + 0.44 × (−0.611) , 0.44) = 0.44

β1,z = max (0.66 + 0.44rz, 0.44)

= max (0.66 + 0.44 × (−0.583) , 0.44) = 0.44

Thus, the amplification factors for the moment by the imperfection are calculated
from:

k1,y =
β1,y

1 − NEd/Ncr,eff ,y
=

0.44

1 − 12000/114913
= 0.491

k1,z =
β1,z

1 − NEd/Ncr,eff ,z
=

0.44

1 − 12000/59122
= 0.552

Thus, the design moments, considering second-order effect, are calculated as:

My,Ed = Max
[

k0,yM0,y + k1,yMax
(
∣

∣Mt,y

∣

∣ ,
∣

∣Mb,y

∣

∣

)

,

Max
(∣

∣Mt,y

∣

∣ ,
∣

∣Mb,y

∣

∣

)]

= Max [1.117 × 240 + 0.491 × Max (|−550| , |900|) ,

Max (|−550| , |900|)] = 900 kN · m

Mz,Ed = Max
[

k0,zM0,z + k1,zMax
(

|Mt,z| ,
∣

∣Mb,z

∣

∣

)

,

Max
(

|Mt,z| ,
∣

∣Mb,z

∣

∣

)]

= Max [1.255 × 240 + 0.552 × Max (|350| , |−600|) ,

Max (|350| , |−600|)] = 632 kN · m
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For NEd = 12000 kN > Npm,Rd = 6720 kN, the values for determining the plastic
bending resistances Mpl, N,y,Rd and Mpl, N,z,Rd taking into account the normal force
NEd are calculated from:

µdy = µdz =
Npl,Rd − NEd

Npl,Rd − Npm,Rd
=

20352 − 12000

20352 − 6720
= 0.613

My,Ed

Mpl,N,y,Rd
=

My,Ed

µdyMpl,y,Rd
=

900

0.613 × 3091
= 0.475 < αM,y = 0.9

Mz,Ed

Mpl,N,z,Rd
=

Mz,Ed

µdzMpl,z,Rd
=

632

0.613 × 2261
= 0.456 < αM,z = 0.9

My,Ed

µdyMpl,y,Rd
+

Mz,Ed

µdzMpl,z,Rd
=

900

0.613 × 3091
+

632

0.613 × 2261
= 0.932 < 1.0

Thus, the resistance for combined axial compression and biaxial bending is
adequate. The external design force and bending moment, and M-N interaction
curves are plotted:
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(b) RHS 400 × 600 × 20 S355 steel with C90/105 concrete

Effective compressive strength and modulus of elasticity are taken from Table 2.9
and Table 2.10.

fck = 72 N/mm2; Ecm = 41.1 GPa

fcd = fck/1.5 = 48 N/mm2; fcm = fck + 8 = 72 + 8 = 80 N/mm2
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Creep coefficient could be similarly determined: ϕt = 1.12

Ec,eff =
Ecm

1 +
(

NG,Ed/NEd

)

ϕt
=

41.1

1 + (5000/12000) × 1.12
= 28 GPa

(EI)eff ,y = EaIay + 0.6Ec,eff Icy

= [210 × 193152 + 0.6 × 28 × 526848]× 104 = 4.94 × 1011 kN · mm2

(EI)eff ,z = EaIaz + 0.6Ec,eff Icz

= [210 × 102272 + 0.6 × 28 × 217728]× 104 = 2.51 × 1011 kN · mm2

Ncr,y =
π2 (EI)eff ,y

L2
eff

=
π2 × 4.94 × 1011

60002
= 135431 kN

Ncr,z =
π2 (EI)eff ,z

L2
eff

=
π2 × 2.51 × 1011

60002
= 68893 kN

Npl,Rk = Aafy + Acfck = [384 × 355 + 2016 × 90] × 10−1 = 28147 kN

λy =

√

Npl,Rk

Ncr,y
=

√

28147

135431
= 0.456; λz =

√

Npl,Rk

Ncr,z
=

√

28147

68893
= 0.639

λ̄ = max
(

λy, λz

)

= 0.639

Φ = 0.5
[

1 + α
(

λ̄ − 0.2
)

+ λ̄2
]

= 0.5
[

1 + 0.21 × (0.639 − 0.2) + 0.6392
]

= 0.75

χ = min

(

1

Φ +
√

Φ2 − λ̄2
, 1.0

)

= min

(

1

0.75 +
√

0.752 − 0.6392
, 1.0

)

= 0.875

Npl,Rd = Aafyd + Acfcd = [384 × 355 + 2016 × 41.1]× 10−1 = 23309 kN
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Buckling resistance: χNpl,Rd = 0.875 × 23309 = 20395 kN

Steel contribution ratio: δ = Aafyd/Npl,Rd = 384 × 355 × 10−1/23309 = 0.585 < 0.9

hny =
Acfcd

2Bfcd + 4ta

(

2fyd − fcd

)

=
201600 × 41.1

2 × 400 × 41.1 + 4 × 20 × (2 × 355 − 41.1)

= 105.9 mm

hnz =
Acfcd

2Hfcd + 4ta

(

2fyd − fcd

)

=
201600 × 41.1

2 × 600 × 41.1 + 4 × 20 × (2 × 355 − 41.1)

= 87.5 mm

Way,n = 2tah2
ny = 2 × 20 × 105.92 × 10−3 = 448.6 cm3

Waz,n = 2tah2
nz = 2 × 20 × 87.52 × 10−3 = 306.3 cm3

Wcy,n = (B − 2ta) h2
ny

= (400 − 2 × 20) × 105.92 × 10−3 = 4037.3 cm3

Wcz,n = (H − 2ta) h2
nz

= (600 − 2 × 20) × 87.52 × 10−3 = 4287.5 cm3

Mpl,y,Rd =
(

Way − Way,n

)

fyd + 0.5
(

Wcy − Wcy,n

)

fcd

= [(7776 − 448.6)× 355 + 0.5

× (28224 − 4037.3) × 41.1] × 10−3 = 3182 kN · m

Mpl,z,Rd = (Waz − Waz,n) fyd + 0.5 (Wcz − Wcz,n) fcd

= [(5856 − 306.3)× 355 + 0.5

× (18144 − 4287.5)× 41.1]× 10−3 = 2303 kN · m
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Npm,Rd = Acfcd = 201600 × 41.1 × 10−3 = 9677 kN

Mmax,y,Rd = Wayfyd + 0.5Wcyfcd

= [7776 × 355 + 0.5 × 28224 × 41.1] × 10−3

= 3438 kN · m

Mmax,z,Rd = Wazfyd + 0.5Wczfcd

= [5856 × 355 + 0.5 × 18144 × 41.1] × 10−3

= 2514 kN · m

(c) RHS 400 × 600 × 20 S550 steel with C50/60 concrete

Npl,Rk = Aafy + Acfck = [384 × 550 + 2016 × 50] × 10−1 = 31200 kN

λy =

√

Npl,Rk

Ncr,y
=

√

31200

130977
= 0.488;

λz =

√

Npl,Rk

Ncr,z
=

√

31200

67053
= 0.682

λ̄ = max
(

λy, λz

)

= 0.682

Φ = 0.5
[

1 + α
(

λ̄ − 0.2
)

+ λ̄2
]

= 0.5
[

1 + 0.21 × (0.682 − 0.2) + 0.6822
]

= 0.783

χ = min

(

1

Φ +
√

Φ2 − λ̄2
, 1.0

)

= min

(

1

0.783 +
√

0.7832 − 0.6822
, 1.0

)

= 0.856

Npl,Rd = Aafyd + Acfcd

= [384 × 550 + 2016 × 33.3]× 10−1 = 27840 kN
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Buckling resistance: χNpl,Rd = 0.856 × 27840 = 23831 kN

Steel contribution ratio: δ = Aafyd/Npl,Rd = 384 × 550 × 10−1/23831 = 0.889 < 0.9

hny =
Acfcd

2Bfcd + 4ta

(

2fyd − fcd

)

=
201600 × 33.3

2 × 400 × 33.3 + 4 × 20 × (2 × 550 − 33.3)
= 60 mm

hnz =
Acfcd

2Hfcd + 4ta

(

2fyd − fcd

)

=
201600 × 33.3

2 × 600 × 33.3 + 4 × 20 × (2 × 550 − 33.3)
= 53.6 mm

Way,n = 2tah2
ny

= 2 × 20 × 602 × 10−3 = 144 cm3

Waz,n = 2tah2
nz

= 2 × 20 × 53.62 × 10−3 = 115 cm3

Wcy,n = (B − 2ta) h2
ny = (400 − 2 × 20) × 602 × 10−3

= 1296 cm3

Wcz,n = (H − 2ta) h2
nz = (600 − 2 × 20) × 53.62 × 10−3

= 1608.9 cm3

Mpl,y,Rd =
(

Way − Way,n

)

fyd + 0.5
(

Wcy − Wcy,n

)

fcd

= [(7776 − 144) × 550 + 0.5 × (28224 − 1296) × 33.3]

× 10−3 = 4646 kN · m

Mpl,z,Rd = (Waz − Waz,n) fyd + 0.5 (Wcz − Wcz,n) fcd

= [(5856 − 115) × 550 + 0.5 × (18144 − 1608.9) × 33.3]

×10−3 = 3433 kN · m
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Npm,Rd = Acfcd = 201600 × 33.3 × 10−3 = 6720 kN

Mmax,y,Rd = Wayfyd + 0.5Wcyfcd

= [7776 × 550 + 0.5 × 28224 × 33.3] × 10−3

= 4747 kN · m

Mmax,z,Rd = Wazfyd + 0.5Wczfcd

= [5856 × 550 + 0.5 × 18144 × 33.3] × 10−3

= 3523 kN · m

(d) RHS 400 × 600 × 20 S550 steel with C90/105 concrete

Npl,Rk = Aafy + Acfck = [384 × 550 + 2016 × 90] × 10−1 = 35635 kN

λy =

√

Npl,Rk

Ncr,y
=

√

35635

135431
= 0.513;

λz =

√

Npl,Rk

Ncr,z
=

√

35635

68893
= 0.719

λ̄ = max
(

λy, λz

)

= 0.719

Φ = 0.5
[

1 + α
(

λ̄ − 0.2
)

+ λ̄2
]

= 0.5
[

1 + 0.21 × (0.719 − 0.2) + 0.7192
]

= 0.813

χ = min

(

1

Φ +
√

Φ2 − λ̄2
, 1.0

)

= min

(

1

0.813 +
√

0.8132 − 0.7192
, 1.0

)

= 0.839

Npl,Rd = Aafyd + Acfcd = [384 × 550 + 2016 × 41.1]× 10−1

= 30797 kN
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Buckling resistance: χNpl,Rd = 0.839 × 30797 = 25839 kN

Steel contribution ratio: δ = Aafyd/Npl,Rd

= 384 × 550 × 10−1/30797 = 0.686 < 0.9

hny =
Acfcd

2Bfcd + 4ta

(

2fyd − fcd

)

=
201600 × 41.1

2 × 400 × 41.1 + 4 × 20 × (2 × 550 − 41.1)
= 79 mm

hnz =
Acfcd

2Hfcd + 4ta

(

2fyd − fcd

)

=
201600 × 41.1

2 × 600 × 41.1 + 4 × 20 × (2 × 550 − 41.1)
= 68.3 mm

Way,n = 2tah2
ny = 2 × 20 × 792 × 10−3 = 250 cm3

Waz,n = 2tah2
nz = 2 × 20 × 68.32 × 10−3 = 186.6 cm3

Wcy,n = (B − 2ta) h2
ny = (400 − 2 × 20) × 792 × 10−3 = 2246.8 cm3

Wcz,n = (H − 2ta) h2
nz = (600 − 2 × 20) × 68.32 × 10−3 = 2612.3 cm3

Mpl,y,Rd =
(

Way − Way,n

)

fyd + 0.5
(

Wcy − Wcy,n

)

fcd

= [(7776 − 250) × 550 + 0.5 × (28224 − 2246.8)

×41.1] × 10−3 = 4763 kN · m

Mpl,z,Rd = (Waz − Waz,n) fyd + 0.5 (Wcz − Wcz,n) fcd

= [(5856 − 186.6)× 550 + 0.5 × (18144 − 2612.3)

×41.1] × 10−3 = 3491 kN · m

Npm,Rd = Acfcd=201600 × 41.1 × 10−3 = 9677 kN

Mmax,y,Rd = Wayfyd + 0.5Wcyfcd

= [7776 × 550 + 0.5 × 28224 × 41.1] × 10−3

= 4954 kN · m



December 23, 2014 4:17 RPS

140 Design Guide for Concrete Filled Tubular Members with High Strength Materials to Eurocode 4

Mmax,z,Rd = Wazfyd + 0.5Wczfcd

= [5856 × 550 + 0.5 × 18144 × 41.1] × 10−3

= 3656 kN · m

◦ Comparison between M-N interaction curves

The design resistances and cost are compared for the aforementioned four rect-
angular composite sections. The composite section with steel tube of S355 and
concrete of C50/60is referred to for comparision.

By using high strength concrete C90/105 replacing normal strength concrete
C50/60, the axial buckling resistance (χNpl,Rd) of the CFST column is improved
by 12.3%, and the increase of moment resistances (Mpl,y,Rd, Mpl,z,Rd, Mmax,y,Rd,
Mmax,z,Rd) are smaller (less than 7%).

Sections Steel contribution Design resistances

ratios

χNpl,Rd Mpl,y,Rd Mpl,z,Rd Mmax,y,Rd Mmax,z,Rd

S355+C50/60 0.670 0 0 0 0 0

S355+C90/105 0.585 12.3% 2.9% 1.8% 6.4% 5.6%

S550+C50/60 0.889 31.3% 50.3% 51.8% 46.9% 48.0%

S550+C90/105 0.686 42.3% 54.1% 54.4% 53.3% 53.5%

By using high strength steel S550 to replace S355 steel, the axial buckling
resistance is improved by 31.3%, and the increase of moment resistances are larger
(higher than 45%). By using high strength concrete C90/105 to replace normal
strength concrete C50/60 and use of S550 steel to replace S355 steel, the axial
buckling resistance is further improved to 42.3%, and the increase of moment
resistances are more than 50%.
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The study on rectangular section also implies that for CFST columns with
small eccentricities (large axial load and small bending moments), the use of
high strength concrete will benefit more in term of resistance; whereas for CFST
columns with large eccentricities (small axial load and large bending moments),
the use of high tensile steels will be beneficial.
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Index

Additional plate 58
Advanced finite element

analysis 76
Amplifications 37
Applications 2

Base plate 62
Basement 68
Beam 49 52
Beam with unequal depths 57
Bedding grout 62
Bending 28
Biaxial bending 38, 39
Bolt connected 52
Bolt holes 79
Bolted splice 46
Bolted splice joint 46
Bolts 13
Buckling curves 31, 32
Buckling lengths 33
Buildings using high strength

steel 3

Cement 82
CFST 48
CFST column 52, 57, 58, 76
CFST column by fin plate 50, 51
CFST column connection 52, 55,
56, 57, 60
CFST column moment

connection 59, 61
CFST column splices 47
CFST columns 14, 25, 46
CFST composite columns 32
CFST members 17 19
Change 48
Characteristic strength 5
Characteristic values 13
Circular CFST column 29

Coarse aggregate 82
Cold forming 77, 78
Column base 63
Column base with shear stub 63
Column base with stiffeners 63
Column connection 58
Column joints 49
Column splices 46
Combined compression 28, 35,

38, 39, 76
Composite columns 33
Composite columns made 70
Compression 25 31
Compressive strength 74
Concrete 3, 7, 22
Concrete beam 58, 59, 60, 61
Concrete class 20
Concrete encased CFST

column 68
Concrete encased column base

connection 65
Concrete filled hollow

sections 70
Concrete filled steel

tubes 40 41
Concrete filled steel tubular

columns 1, 23
Concrete filled tubes 69
Concrete strength 14, 17
Connection design 45
Corresponding stress

distributions 29
Cross section 25
Cross-sectional sizes 48
Cutting 78

Design 23, 39
Design flowchart 89
Design shear strength 39
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Design using EC4 45
Detailing 54
Details 53 55
Differential shortening 42
Double symmetric CFST

sections 23
Ductility, elongation 10
Edge and corner columns 54
Effective compressive strengths
15
Effective yield strength 75
Embedded column base connec-
tion 64
Embedded corbel 59
EN 1992-1-2 74
Equivalent moment factor 37
Exposed column base 64
External diaphragm

plates 52, 53, 54

Failure 10
Fine aggregate 82
Fire protection design 69
Fire resistance 69
Fire resistant design 71
Full penetration welds 49
Heat transfer analysis 71
High strength concrete 8, 15, 16,

74, 82, 84
High strength materials 2, 77
High temperature 84
High tensile steel 9, 10, 11, 75, 77
Holding-down bolts 62
Hot forming 77
Hot-dip galvanization 80

Imperfect factors 31
Influence 14, 17, 18, 19
Inspection 81
Interaction curve 28, 39
internal diaphragm plate 55

Limitation 5, 10
Load Introduction 40, 41
Load introduction area 40
Local buckling 24, 25
Longitudinal shear 39

Material compatibility between
Steel grade 20
Materials 8, 23
Maximum permissible plate thick-
ness (mm) 10, 11
Maximum values 25
Member imperfection 32, 37
Members 31
Mild steel 9, 10
Minimum axis distance 70
Minimum bend radii 77, 78
Minimum cross-sectional dimen-
sions, minimum reinforcement

ratios 70
Mix proportion design 83
Modern design codes 5
Moment connection 51, 59
Moment-resisting column base
connection 64
Moments from first-order

analysis 37
Multi-story building in fire 76

Normal 74, 75
Normal strength concrete 8

Oblique plate 57
Open section 46
Outer tube 25

Partial factors 23 45
Peak stress 22
Pinned column base

connection 61
Plate stiffeners 25
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Plate thickness in CFST
columns 48

Practical use 41
Prevention 25

Quality control 83
Quenched 77

Recommended values 73
Rectangular CFST column 30
Reduced web thickness 27
Reduction factors 74 75
Reinforcing steel 11
Resistance 25, 26, 28, 31, 35, 38
Ring corbel 61

Secant modulus 16
Section analysis 29 30
shear area 27
Shear connector 12
Shear forces 26
Simple connection 58
Simple joints 49
Simplified interaction curve 29
Spalling 84
Special considerations 77
Splicing details 48
Standard ISO 71
Standard ISO-834 fire 76
Steel 8, 21, 39
Steel beam 52, 55, 56
Steel beam bolt connected 50, 51
Steel bracket 52
Steel column 46
Steel strength 18, 19, 20
Stiffeners 63
Strain 22
Strength class 12
Strength classes 8 9
Stress distributions under column

base 65

Superplasticizer 83
Supplementary cementitious
materials 83
Supporting corbel 59

Tempered steels 77
Test database 14
Test/EC4 prediction ratio 20
The foundation 61
The interface between

concrete 39
The reinforcing bars 70
Thermal stress analysis 72
Thermo-mechanically controlled

steels 78
Through beam 57
Through reinforcements 60
Through-plate 56
Types 23
Typical CFST column base with

simple connection 61
Typical concrete encased column

base 67
Typical connection 61
Typical embedded column

base 66
Typical exposed column

bases 64
Typical M-N curves 76
Typical parametric fire

temperatures 71
Typical partial and full

penetration butt welds 47
Typical spalling behaviour 84

Ultimate strain 10
Ultimate tensile strength 13
Unequal beams 58
Uniaxial bending 35
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Weld beads 40, 41
welded reinforcements 40
Welded sections 49
Welded shear stub 63
Welded splice joint 47

Welding 79
Welds 81
Worked examples 93

Yield strain 21
Yield strength 13
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