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Disclaimer

1. While every effort has been made to ensure the accuracy of the information
contained in this design guide, the Building and Construction Authority (BCA) makes
no representations or warranties regarding its completeness or accuracy. The
information is provided with the understanding that users will exercise their own
independent judgment to determine its suitability for their specific purposes. Users
are responsible for reviewing and, if necessary, modifying the content before
applying it to any project or application. All risks arising from the use of this guide
rest solely with the user. The information is provided “as is,” without any warranties
or accompanying services or support of any kind.

2. Nothing in this design guide should be construed as a recommendation,
endorsement, or requirement to use any specific policy, material, product, process,
system, or application. BCA expressly disclaims all express and implied warranties,
including but not limited to warranties of accuracy, completeness, timeliness,
merchantability, fitness for a particular purpose, or conformance to any particular
standards or descriptions. No implied warranties shall arise from any course of
performance, course of dealing, or usage of trade. BCA does not warrant that the
guide will meet the user’s needs, be error-free, or conform to any required format
or specification.

3. Under no circumstances shall BCA be liable for any damages resulting from the use
of or reliance on the information contained in this design guide or any related
policies, materials, products, systems, or applications. This includes, but is not
limited to, direct, indirect, incidental, consequential, special, or punitive damages,
or loss of profits, even if BCA has been advised of the possibility of such damages.
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1 Introduction

This guidebook presents five worked examples that provide a step-by-step procedure for
determining the design resistance of Concrete-Filled Steel Tubular (CFST), Concrete-Encased
Steel (CES), and Prefabricated Steel-Reinforced Concrete (PSRC) columns, in accordance with
the requirements of BC4: 2025 — Design Guide for Steel-Concrete Composite Columns with
High-Strength Materials.

e Example 1 demonstrates the calculation of the axial buckling resistance of a circular
CFST column under pure compression.

e Example 2 evaluates a circular CFST column with an encased UC section and
reinforcement, subjected to combined compression and uniaxial bending.

e Example 3 covers the design of a rectangular CFST column under combined
compression and biaxial bending.

e Example 4 examines a square CES column with an encased UC section and
reinforcement, under combined compression and uniaxial bending.

e Example 5 illustrates the design of a Prefabricated Steel-Reinforced Concrete (PSRC)
column.

For Examples 1 to 4, different combinations of steel and concrete strengths are explored to
evaluate the benefits of using high-strength concrete (HSC) and high-tensile steel (HTS). For
PSRC columns (Example 5), the use of materials is limited to concrete grades up to C50 and
steel grades up to S460, in line with current design provisions.
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1 Examplel
1.1 General

In Example 1, the axial buckling resistance of a concrete filled steel tubular (CFST) column
subject to pure compression is determined. The dimensions of the CFST column are shown in
Figure 1.

\ D=508mm

t==12.5mm

Figure 1: Cross-sectional dimensions of CFST column in Example 1

The column lengths and design loads are given as:

Column system length L=4000 mm

Effective length Le=4000 mm
Total design axial load Neg=11000 kN
Design axial load that is permanent N e4=4500 kN

To evaluate and compare their resistance, the following steel and concrete material grades
are used:

a) CHS 508x12.5 - S355 steel + C40/50 concrete
b) CHS 508x12.5 - S355 steel + C90/105 concrete
c) CHS 508x12.5 - S460 steel + C40/50 concrete
d) CHS 406x12 - S460 steel + C90/105 concrete

1.2 CHS 508x12.5 - S355 steel tube infilled with C40/50 concrete

o Material

Concrete C40/50, fu=40 N/mm?
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Steel tube Grade S355, fy,=355 N/mm?

o Design strengths and modulus of material

Refer to Table 2.1 and Table 2.3 of BC4 for the characteristic strength of concrete and

steel, and Table 1.1 of BC4 for the partial factors, the design strengths are determined as:

foa = 1,7, =355/1.0=355 N/mm’
E =210 GPa

fow = fu]7, =40/1.5=26.7 N/mm’
f. =f,+8=40+8 =48 N/mm’

E, =22(f.,/10)"" =22(48/10)"’ =35.2 GPa

o Cross sectional areas

A, =(7/4)| D* ~(D=2)" | = (2/4)| 508 ~(508-2x12.5)" | =19458 mm’
Ac

(7/4)(D-2t)" =(7/4)(508-2x12.5)" =183225 mm’

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

o Second moment of areas
1, =(7/64)| D' ~(D~2t)" | = (/64)| 508" - (508 -2x12.5) |x10™* = 59755 cm*
1, =(z/64)(D—-2t)" = (7/64)(508 —2x12.5)" x10™ = 267152 cm*
o Check for local buckling (refer to Table 3.1 of BC4)
DJt, =508/12.5=40.6 <90(235/ f,) = 90(235/355) = 59.6
Resistance against local buckling is adequate!

o Long-term effect

The long-term effect could be evaluated in accordance with EN 1992-1-1: 2004. Herein,
the simplified method given in guidebook by Liew and Xiong (2015) “Design Guide for
Concrete Filled Tubular Members with High Strength Materials — An Extension of Eurocode

4 Method to C90/105 Concrete and S550 Steel” is referred to.
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The age of concrete at the moment considered t is conservatively taken as infinity. For the
age of concrete on first loading by effects of creep, although EN 1994-1-1 (2004)
recommends t, =1 day, it is actually the judgement of designer to determine ¢, since it
makes quite a difference whether this age is assumed to be 1 day or 1 month. Herein, to
is assumed as 14 days, as said, it could be different. The relative humidity RH for infilled
concrete is taken as 50%.

Perimeter of concrete section: u=7z (D -2t, )=z (508-2x12.5)=1517 mm

Notional size of concrete section: &, = 2A_ /u=2x183225/1517.4 =241.5 mm

Coefficient: a,=(35/f,,)" =(35/48)"" =0.80

Coefficient: @,=(35/f,, )" =(35/48)"" =0.94
Coefficient: a,=(35/f,,)"" =(35/48)" =0.85

Factor: ¢, = 1+—1_RH/100a a —(1+—1_50/100
R 0.1m ) 0.13/241.5

Factor: 5(f,,)=16.8/\[f., =16.8/\/48 =2.42

Factor: f3(,) =1/(0.1+1?)=1/(0.1+14*) = 0.56

x 0.80) x0.94 =1.54

Factor: ¢, = @ S( f., ) B(1,) =1.54%2.42x0.56 =2.08

Factor: /3, = 1.5[1+(0.012RH)18]h0 +250a,

=1.5[1+(0.01250)"" |x241.5+250x0.85 = 576
0.3 0.3
Factor: 3. (t,1,) = LAl T (LMJ =1.0
B, +t—t, 576 +0—14

Creep coefficient: ¢, = ¢, 8. (1,1,) =2.08x1.0 =2.08

Elastic modulus of concrete considering long-term effect (refer to Eq.(3.14) of BC4)

Concrete is sensitive to long-term deformations due to creep and shrinkage. To allow for

this, the flexural stiffness of concrete section is reduced.

E 35.2
E. - en - ~19 GP
“T "1 (Nou /Neg )@, 1+(4300/11000)2.08 :
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Effective flexural stiffness of cross-section

(EI), =EI,+0.6E, I, :(210><103 x59755x10* +0.6x19x10° ><267152><10“)x10‘3

=1.56x10" KN-mm?

o Elastic critical Euler buckling resistance

v ED, 7 x1.56x10"

cr 2 2
L, 4000

=96209 kN

o Characteristic plastic resistance of cross-section

N = A S, + A S, = (19458x355+183225x40)x10™° =14250 kN

o Relative slenderness ratio

— [N
A= | LR — ,/14250 =0.385<0.5
N, 96209

o Confinement coefficients with load eccentricity e=0

Since the slenderness A 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.

My =10 = min[0.25(3 t 21),1.0} ~0.942

7. =1, = max[4.9 1857+ 177,0} — 0298

o Design plastic resistance of cross-section considering the confinement effect (refer to

Eqg.(3.2) of BC4)

t f
Nora = MAuS v+ At {1 +l. Bf_:kj

={0.942x 19458 x355+183225x% 26.7(1 + 0.298%%}} x107

=11727 kN
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It is worthwhile to note that the yield strength of steel is reduced (77, < 0) and strength of

. t . . . .
concrete increases (1+17, —i > () with the consideration of confinement effect.
ck

o Steel contribution ratio
o= Aafyd/Nle = (19458><10‘3 ><355)/1 1727=0.59<0.9

o Imperfection factor

Refer to Table 3.3 of BC4, the buckling curve is taken as “a”. Thus the imperfection factor

a is determined as 0.21 according to Table 3.2 of BC4.

0 Buckling reduction factor
= 0.5[1+a(,1—0.2)+,1 } =0.5[1+0.21x(0.385-0.2) +0.385" | = 0.593

1 1

Z = =
DD 1 0.593++/0.593 —0.385

o Buckling resistance

=0.957

According to Section 3.3.1 of BC4, the axial buckling resistance is checked as:

Ny = ;(Npl,Rd =0.957x11727=11223 kN > N, =10000 kN
Buckling resistance is adequate!

1.3 CHS 508x12.5 - S355 steel tube infilled with C90/105 concrete

In this section, the normal strength concrete (NSC) C40/50 is replaced by high strength
concrete (HSC) C90/105. The steel grade is not changed.

o Design strength

Refer to Table 2.2, Eq.(2.2) and Eq.(2.3) of BC4, the effective compressive strength and

modulus of elasticity of the HSC are calculated as:
fop =72 N/mm’

E,=41.1GPa
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fou = L)y, =72/1.5=48 N/mm’
fo = fp +8=72+8=80 N/mm?’
o Creep coefficient could be similarly determined as ¢, =1.29.

o Elastic modulus of concrete considering long-term effect

E, ! - 4.1 =26.9 GPa

E
14(Ng g /Nig )@, 1+(4500/11000)x1.29

c.eff =

o Effective flexural stiffness of cross-section

(EI), =E[I,+0.6E,_ ]I,

=(210><103 x59755x10* +0.6x26.9x10° ><267152><104)><10’3
=1.69x10" kN -mm?*

o Confinement effect and design plastic resistance of cross-section

v D, 7 x169x10"
L, 4000”

=104010 kN

Now = A, + 4.1, =(19458x355+183225x72)x10™ = 20112 kN

— N
A= 2R — 20112 _ 0.44<0.5
N, V104010

M, =, =min| 025(3+27),1.0|=0.970

7. =1, = max[4.9 1857+ 177,0} —0.052

t
Nyt =MaAsfya + 4o (1 e Bf_cykj

={0.970>< 19458 x355+183225x% 48(1 + 0.052%%)} x107°=15562 kN

o Steel contribution ratio

8= 4,1,y /N, rs = (19458x107x355) /15562 = 0.444 < 0.9

EXAMPLE CALCULATIONS — TO THE REQUIREMENTS OF BC4: 2025 BC4:2025




o Buckling resistance

Buckling curve="a", a=0.21
=05 1+a(2-02)+7 |=05[1+021x(0.44-0.2)+0.44 ]=0.622

1 1

Z = =
OO -7 0.622++/0.6222 —0.44°

=0.942

Thus, the axial buckling resistance is:

Ny = 2Ny pg = 0.942x15562 = 14659 kN

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

14659 -11223
11223

x100%=30.6%

By replacing C40/50 normal strength concrete with C90/105 high strength concrete, the

axial buckling resistance of the CFST column is improved by 31%.

1.4 CHS 508x12.5 - S460 steel tube infilled with C40/50 concrete

In this section, the mild steel S355 is replaced by S460, the concrete grade is not changed.

o Confinement effect and design plastic resistance of cross-section

N w = Af,+4.f, =(19458x460+183225x40)x107 =16297 kN

- IN
A= 2R — 16297 _ 0.412<0.5
N, 96209

7, =1, =min| 0.25(3+22),1.0| =096

=1, = max[4.9—18.51+1712,0} ~0.166

t f
Nora = MeAuS v + A fea (1 +. Bf_;j

= 0.956><19458><355+183225x26.7(1+0.16612—'53£J x107
508 40

=13687 kN

EXAMPLE CALCULATIONS — TO THE REQUIREMENTS OF BC4: 2025 BC4:2025




o Steel contribution ratio

5= A,f,1 [N, 5, =(19458x107 x460) /13687 =0.655

0 Buckling resistance

Buckling curve="a", a=0.21
=05/ 1+a(Z-02)+7" |=0.5[1+021x(0.412-02)+0412 ]=0.607

1 1

l = =
Do 7> 0.607++0.607° —0.412°

Nyra = ZNyrg = 0.95x13687 =13003 kN

=0.95

Compared with that with the mild steel S355, the axial buckling resistance by using S460

is increased by:

1300311223
11223

x100%=15.9%

By use of steel S460 replacing S355, the axial buckling resistance of the CFST column is

improved by 15.9%.

1.5 CHS 406x12 - S460 steel tube infilled C90/105 concrete

In this section, the normal strength materials are replaced by higher strength steel S460
and concrete C90/105. The compatibility between steel grade and concrete class should
be evaluated in accordance with Table 2.7 of BC4. The purpose of using higher strength
materials is to reduce the cross-sectional size of the original CFST column but the axial

buckling resistance remains the same.

0 CHS 406x12 with S460 steel is tried
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| D=406.4mm

t=12mm

Figure 2: Reduced cross-sectional size
o Section properties
4,=(7/4)| D*~(D-21)" | = (x/4)] 406.4° ~(406.4~2x12)" | =14900 mm’
A, =(7/4)(D~2t)" =(7/4)(406.4-2x12)" =114800 mm’
1, =(%/64)| D' ~(D~21)" | = (/64)[ 406.4° ~(406.4~2x12)" |x10™ = 28940 em"
1, =(7/64)(D-2t)" = (7/64)(406.4—2x12)" x10™* =104961 cm*

o Effective flexural stiffness of cross-section

Creep coefficient is similarly determined as ¢, =1.32

E 411
E. = an - ~26.7 GP
“0 15 (Ngp /Ny )@, 1+(4500/11000)x1.32 :

(EI), =EI,+0.6E, I,
= (210><103 x28940x10* +0.6x26.7x10° x104961><104)><10*3

=7.76x10" kN - mm?

o Confinement effect and design plastic resistance of cross-section

v JF B, 2x7.76x10°

cr 2 2
L, 4000

=47849 kN

N = A, + 4 £, =(14900x460+114800x 72)x 10 =15121 kN
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- IN
A= |[—LLRE 15121 =0.562>0.5
N, 47849

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

into account, thus

N

plRd

= A, [,y +A.f., =(14900x 460 +114800x 48)x10~=12365 kN
o Steel contribution ratio
8= A, 0N, s =(14900x107 x460) 12365 = 0.554 < 0.9

0 Buckling resistance

a_n

Buckling curve “a” is used, imperfection factor a=0.21
=05 1+a(Z-02)+ 7 |=05[1+0.21x(0.562-0.2)+0.562' ] = 0.69

1 1

Z = =
DD’ 7> 0.696++0.696” —0.562°

The axial buckling resistance is:

=0.904

Nyro = 2N, ng =0.904x12365 =11178 kN

Thus, the buckling resistance is almost the same as the CHS 508x12.5 - S355 steel with

C40/50 concrete infilled as calculated in Section 1.2.
o Reductions of sectional and surface area

The column section area is thus reduced by

A, 7[4x(508° ~406.4’ )

; =36%
4, /4x508
The surface area of the column is reduced by
AA 7 x(508—-406.4
L= ( ) =20%

4 7 x508

S

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
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addition, welding work and labour cost will be reduced as the less construction materials

are needed for smaller column size.

1.6 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 the

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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2 Example 2
2.1 General

In Example 2, the design resistance of a circular concrete filled steel tubular member with
encased reinforcements and UC steel section is checked against combined compression and
uniaxial bending moment about the major axis. The dimensions of the CFST column are shown

in Figure 3.
\ D=508mm
UC 254X254X107
ta=12.5mm =258.8m =
| g
) ‘ \ ] ol
YY [ —_— : S
| = I
| NS tw=12/8mm *
O
[o\]
° ! 'L
I,
1 ‘ UC 254X254X107
[} [}1:
N\

Figure 3: Cross-sectional dimensions of CFST column in Example 2

The column lengths and design loads are given as:

Column system length L=4000 mm

Effective length Lerr=4000 mm

Total design axial load Neg=10000 kN

Design axial load that is permanent Ng,e4=4000 kN
My

Mb,y
Design moment at bottom around y-y axis Mp,y=700 kN.m
Design moment at top around y-y axis My,y=-500 kN.m
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To evaluate the resistance, the following steel, concrete and reinforcing steel are used:

a) CHS 508x12.5 and UC 254x254x107 - S355 steel sections with C50/60 concrete and
G460 reinforcements

b) CHS 508x12.5 and UC 254x254x107 - S355 steel sections with C90/105 concrete and
G460 reinforcements

c) CHS 508x12.5 and UC 254x254x107 - S500 steel sections with C50/60 concrete and
G460 reinforcements

2.2 CHS508x12.5 and UC 254x254x107 - S355 steel sections with C50/60 concrete and G460
reinforcements

o Material
Concrete C50/60, fu=50 N/mm?
Steel tube Grade S355, f,=355 N/mm?
Embedded steel section Grade S355, fek=355 N/mm?
Reinforcements Grade 460, f=460 N/mm?

o Design strength and modulus of material

Unless otherwise stated, the subscript “e” stands for the encased steel section, and the

oa_n
S

stands for the reinforcing steel.

foa=1,]7.=355/1.0=355 N/mm’

S =fu]7, =460/1.15=400 N/mm’

fos = fou |7, =355/1.0=355 N/mm’

fos = fu /7. =50/1.5=33.3 N/mm’

£ =f, +8=50+8=58 N/mm’

E =E =E,=210GPa

E, =22(f.,/10)" =22(58/10)"" =37.3 GPa
o Cross sectional areas

A=(z/4)D* =(7/4)x508” =202683 mm’

4, =(7/4)| D ~(D-21,)" | = (7/4)| 508" ~(508-2x12.5)" | =19458 mm’
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A,=bh—(b-t,)(h-2t,)
=258.8x266.7—(258.8—12.8)(266.7 - 2% 20.5)=13500 mm’

A =12(x/4)d* =12x(7/4)x20% =3770 mm’

A, =A-A4,—A4,— A =202683-19458-13500—3770 =165955 mm’

o 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, as shown in Figure 4.

Equivalent tube

Figure 4: Equivalent tube section for reinforcing steel

4 3770 =2.94 mm

t = =
) 72'(D—20) 7r><(508—2><50)

D.=D-2c+t, =508—2x50+2.94=410.9 mm

[ =(7/64)D* = (x/64)x508* x10™* = 326907 cm’*

1, =(x/64) D' ~(D-21,)"

= (7/64)| 508 ~ (508 -2x12.5)" |x10™* = 59755 cm*

1, = (/o) D! ~(D,~21)']

= (7/64) 410.9" - (410.9-2x2.94)" |x10™* = 7840 cm"

1

1, = b = (b=1,)(h-21,) |

12

= %[258.& 266.7° —(258.8—12.8)(266.7—2><20.5)3}<10’4 =17343 cm*
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ez

1
I :E[%fb} +(h —2tf)tfv]

:%[2x20.5x258.83 +(266.7-2x20.5)x12.8" |x10™* =5926 cm'

1, =1-1,-1 -1, =326907—59755—7840-17343 = 241969 cm*
I =1-1,—1 —1I_=326907—-59755—7840-5926 = 253386 cm’
o Plastic modulus

W =D*/6=508/6x10" = 21850 cm’

W, = D' ~(D-21,)" | f6=[ 508 ~(508-2x12.5)' | [6x107 =3070 cm’

W, =Dl =(D,~21,)' | [6=]410.9" ~(410.9-2x2.94)' | [6x107 = 489 cm’

W, = | b =(b-1.)(h-20,) |

=l[258.8><266.72 ~(258.8-12.8)(266.7-2x20.5)" [ <107 = 1469 om’
4

W, =%[2tfb2 +(h—2tf)tﬂ

= %[2x20.5x258.82 +(266.7-2x20.5)x12.8* |x10* = 696 cm"

W,=W-W,-W,-W, =21850-3070-489—-1469 =16821 cm*

W_=W-W,-W,-W,_ =21850-3070-489—696 =17594 cm*
o Check for local buckling

Dft, =508/12.5=40.6 <90(235/ f, ) = 90(235/355) = 59.6

Resistance against local buckling is adequate!

o Long-term effect

Age of concrete at loading in days: 7, =30
Age of concrete at moment considered in days: 1=

Relative humidity of ambient environment: RH=50%
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Perimeter of concrete section: u=7z (D -2t, )=z (508-2x12.5)=1517 mm

Notional size of concrete section: &, = 2A_/u=2x165955/1517 =219 mm

Coefficient: &,=(35/1.,)"" =(35/58)" =0.70

Coefficient: &,=(35/1,,)"" =(35/58)" = 0.90

Coefficient: a,=(35/f,,) =(35/58)" =0.78

1- RH /100 ] _(1 1-50/100 0.70)x0.90=1.43

Factor: ¢RH=(1+ 0 1\/_ 0 1\/?
Factor: A(f,,)=16.8/\[f,, =16.8/\/58 =2.21

Factor: (1, 1/ (0.1+7)=1/(0.1+30°*)=0.48
Factor: ¢, = @ B( £ ) B(2,) =1.43x2.21x0.48 =1.52

Factor: 3, =1.5[ 1+(0.012RH )" |, +250a,

=1.5%| 1+(0.012x50)" |x219+250x0.78 = 522

t—1, )" 14 "
Factor: B, (t,t,)=| ——>—| = (L) =1.0
B, 41, 52210014
Creep coefficient: ¢, = @, B, (1,1,) =1.52x1.0=1.52

o Elastic modulus of concrete considering long-term effect

1 37.3
N E g _ ~232 GP
( ) ceff cm 1+(NG,Ed/NEd)¢t 1+(4000/10000)X152 y

o Effective flexural stiffness of cross-section

(£l), =E1, +EI +EI, +06E I,

=[210x(59755+7840+17343)+0.6x 23.2x 241969 |x10*
=2.12x10" kN -mm”

(EI) =EI,+EI +E,I,_+0.6E,I_
=[210><(59755+7840+5926)+0.6x23.2x253386]x104

=1.90x10" kN -mm?
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o Elastic critical Euler buckling resistance

72'2 EI 2 11
v FEDy, Ax212x10" o

cr, 2 2
L, 4000

7 (El),,, 7*x1.90x10"

oo = 116984 kN

N =

cr,z 2
L,

o Characteristic plastic resistance of cross-section

Npl,Rk = Aaf;/ + Asf;k + Ae]pek + Ac-fck

=[(19458+13500)x 355 +3770x 460 +165955x 50 | x 10~ = 21475 kN

o Relative slenderness ratio
— N
A = | LR~ /21475 =0.408<0.5
’ Ncr,y 130793
— N
A = |2 - ,/ 21475 _ ) 431<0.5
N, 116984

o 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 a = 0.34.

7 =max(4,,2.)=0431

©=0.51+a(1-02)+ 7" | =05[1+0.34x(0.431-0.2) +0.431° | = 0.632

) 1 ) 1
¥ =min| ———=,1.0 |=min ,1.0}20.914
(@ NS j [0.632 ++/0.6322 —0.4312
o Load eccentricity

b

_max(|Mt,y Mb,y|) 700
ey, =

y N, ~ 10000

x10° =70 mm > 0.1D = 50.8 mm

Since the eccentricity en,y is larger than 0.1D, the confinement effect is not taken into

account.
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Simplified Interaction Curve

Npm,Rd

Npm,Rd B

Figure 5: Simplified interaction curve for circular CFST column with encased steel section

1) Point A (0, Npird):

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)x355+3770x 400 +165955x33.3|x 10"

=18753 kN
2) Point B (Mpird, 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 (h,, < 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 2h, are approximated as rectangles, and based on the force
equilibrium between the tensile capacity of steel sections within the height of 2h,, is equal
to the compression resistance of concrete in the compression zone. Unless otherwise

stated, the tensile resistance of concrete in the tension zone is conservatively ignored.
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h — Acfcd
" ADf, 44, (21— fa)F 4 (20— L)+ 2, (2F0 - f)

_ 165955x33.3
2x508x33.3+4x12.5%(2x355-33.3)+4x2.94x(2x400-33.3)+2x12.8x(2x355-33.3)

=58.8 mm
h, =588mm< h/2 — tr = 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

2h,,, bending about centreline of the cross-section are calculated as:

W,, =2t =2x12.5x58.8°x10” =86.4 cm’
W,, =2t =2x2.94x58.8>x107 =20.3 cm’

W, =t h =12.8x58.8"x10"° =44.3 cm’

ey,n

W,,=(D-2t,—2t —t )h=(508-2x12.5-2x2.94-12.8)x58.8* x10~ =1605 cm’

cy,n

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

determined from:

Mooy =(W, =W, ) g+ (W= W) £y + (W =W, ) £+ 05 (W, =W, ) £
=[(3070-86.4)x 355 +(489-20.3)x 400+ (1469 - 44.3)x 355+ 0.5 (16821-1605)x33.3 | x 10~
=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.
3) Point C (Mpi,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 2h,,. It is mentioned above
that the compression capacity of steel sections within the height of 2h,, is equal to the

compression capacity of concrete in the compression zone and out of the height of 2h,,.
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Thus, the axial force is actually the full cross-sectional compression capacity of concrete

and determined from:

N

mra = A [, =165955%33.3x107 =5526 kN
4) Point D (Mmax,Rd, Npm,Rd/z):
The maximum plastic moment resistance Mmaxrd is calculated when the h,, is equal to 0.

Mmax,Rd = Wafyd + stsd + Weyfed +0.5/, fcd
=[3070%355+489x400+1469x355+0.5x16821x33.3]x10~ = 2087 kN-m

o Steel contribution ratio

A fyd +4 f / pl.Rd
= (19458 +13500)x355x 10 /18753 = 0.625 < 0.9

o Check for resistance of column in axial compression

Ny 10000 10000

- = =0.583<1.0
ZN,xs  0.914x18753 17140

Thus, the buckling resistance under axial compression is adequate!

o Effective flexural stiffness considering long-term effect

(E1)

c,m” ¢y

yn =K(EJ,+EI+E[I, +K,,E, I

=0.9x[ 210x(59755+ 7840 +17343)+0.5x 23.2x 241969 |x10*
=1.86x10" kN -mm?
o Critical normal force about y-y axis

The effective length is taken as the system length of column.

72 (EI) 2 1
N, = (Lz)ewl:” Xi(')%%jlo — 114601 kN

o Second-order effect (refer to Clause 3.3.2 (2) of BC4)

The second-order effect should be considered for both moments from first-order analysis

and moment from imperfection as shown in Figure 6.
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MEd,l,topl\_
BMEd1< > — — — — |- — — — — koNeaeo
| GOJ - - T ~
| i - ~
~ | =
_ Med,1,bot ~ \
MeEd,1,top ~JMEd,1,bot
Med,1=max(Med,1,top, MEed,1,t0p)
(a) Moment from first-order analysis (b) Moment from imperfection

Figure 6: Consideration for second order effect

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

¢, = L/200=4000/200 = 20 mm

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

M, =N,e,, =10000x20/1000 =200 kN-m

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

B, _ 1.0 =1
1-Ny /N, 1-10000/114601

096

0

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 B1 for determination of moment to second-order effect is determined:
B = max(0.66 +0.44r, 0.44) =max (0.66 +0.44 x (—0.714),0.44) =0.44

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

k= b _ 044 —0.482
1=N,, /N, . 1-10000/114601
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Thus, the design moment, considering second-order effect, is calculated as:

M, )]

), Max (|-500

M,,

),Max(|Mt’y

9 9

M, = Max| kM, +kMax(|M,,
700

9 9

= Max[1.096x 200 +0.482 x 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.

o Check for resistance of column in combined compression and uniaxial bending

For Ngg > Npmra = 5526 kN, the value for determining the plastic bending resistance

M,,; N ra taking into account the normal force N is calculated from:

Nyira =Ngs  18753-10000

P

Nopi=Nora 187535526

P

=0.662 (refer to Eq.(3.24) of BC4)

H; =

M, M, 700
M, nre MM, g, 0.662x2006

=0.527<a,, =0.9

Thus, the resistance for combined axial compression and uniaxial bending is adequate.
The external design force and bending moment, and the design M-N interaction curve are
plotted in Figure 7.

M-N interaction curve: bending about y-y axis

20000
__ 16000
3
=
o 12000
L
L
T 8000 (700, 10000)
.&_‘

4000 r

0 1 1 1 J
0 500 1000 1500 2000 2500
Moment (kN.m)

Figure 7: Design M-N interaction curve of circular CFST column
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2.3 CHS 508x12.5 and UC 254x254x107 - S355 steel sections with C90/105 concrete and
G460 reinforcements

In this section, the normal strength concrete (NSC) C40/50 is replaced by high strength
concrete (HSC) C90/105. The steel grade is not changed.

o Design strength

Effective compressive strength and modulus of elasticity of the HSC are taken from Table

2.2, Eq.(2.2) and Eq.(2.3) of BCA4.
f, =72 N/mm®; E, =41.1GPa
[y =1y, =72/1.5=48 N/mm’
f.=f, +8=72+8=80 N/mm’
o Effective flexural stiffness of cross-section

Creep coefficient could be similarly determined as ¢, =1.12

Loy = 41 =28.3 GPa

E = -
“U 14Ny /N )@, 1+(4000/10000)x1.12

(EI),  =EI,+E] +EI,+06E,,I,

=[210x(59755+7840+17343)+0.6x 28.3x 241969 | x10°*
=2.19x10" kN-mm’

(£1),,=E[, +EI +EI,+06E,,I.
=[210x(59755+7840+5926)+0.6x 28.3x 253386 | x 10"
=1.97x10" kKN -mm’

o Characteristic plastic resistance of cross-section

2 (EI 2 11
N, = ( _ Jor _7 *219x10 _ 135397 kN
y C, 4000

7 (EI),,, _7*x197x10"

oo = 121805 kN
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Npl,Rk = Aafy + Asf;k + Aef(‘ek + Acf;k
=[ (19458 +13500)x 355 +3770x460+165955x90 |x10* = 25395 kN

o Relative slenderness ratio, buckling curves and buckling reduction factors

— [N — N
ﬂ _ pl,Rk _ 25395 _ 0433 < 05 : ﬂz — pl,Rk — 25395 _ 0457 < 05
"IN, V135397 N, V121805

For buckling curves about both axis “b”, the imperfection factoris @ = 0.34

7 =max(4,,4,)=0.457

®=0.51+a(1-02)+ 2" [=0.5[1+0.34x(0.457-0.2)+0.457* | = 0.648

1 . 1
x =min| ————,1.0 |=min ,1.0]:0.903
(cp D+ 12 J [0.648 ++/0.6482 —0.457

The confinement effect is also ignored since the eccentricity is larger than 0.1D.
o M-N interaction curve

Point A (0, Npi,rd):

Npl,Rd = Aafyd + Asfsd + Aefed + Acfcd
=[(19458+13500)x355+3770x 400 +165955x 48 |x10* = 21187 kN

Buckling resistance: N, z, =0.903x21187=19132 kN

Point B (Mpird, 0):

h — Acf;:d
! 2chd +4ta (2fyd _fcd)"'4ts (2fsd _fcd)"'ztw (2fed _fcd)
_ 165955x 48
2% 508x48+4x12.5%(2x355—48) +4x 2.94% (2x400—48) +2x12.8x(2x355—-48)

=73.7 mm
hy, =73.7mm < h/2 —t; = 266.7/2 — 20.5 = 112.85 mm, thus, the neutral axial also

lies in the web of the encased section.
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W, =2th:=2x12.5x73.7x10" =135.8 cm’

W, =2th’=2x294x73.7x107 =31.9 cm’
W, =t h =12.8x73.7"x10" =69.5 cm’

ey,n

W,,=(D-2t,—2t —t,)h; =(508—-2x12.5-2x2.94—12.8)x73.7° x10~* = 2522 cm’

cy,n

Mled (W W )-f;/d (VVS_VVs,n)f (W I/Veyn)f‘ +05(W Vchn)fcd
=[(3070-135.8)x355+(489 - 31.9)x 400+ (1469 — 65.9) x 355+ 0.5 x (16821 - 2522) x 33.3] x 10"

=2065 kN-m

Point C (Mpi,rd, Npm,rd):

N

e = A, =165955x48x107 =7964 kN
Point D (Mmax,rd, Npm,rd/2):
MmaX,Rd = VVaf;»d + Vst:vd + VVeyf;zd + OSW;yf;d

= [3070><355+489x400+1469><355 +0.5><16821><48]><1073

=2211kN-m
o Steel contribution ratio

A fyd +4 f / pl,Rd
= (19458+13500)x355x10-3/21 187=0.552<0.9

2.4 CHS508x12.5 and UC 254x254x107 - S500 steel sections with C50/60 concrete and G460
reinforcements

In this section, the mild steel S355 is replaced by the high tensile steel (HTS) S500, the

concrete grade is not changed.

o Characteristic plastic resistance of cross-section

Npl,Rk = Aafy + Asf;k + Aef(‘ek + Acf;k

=[ (19458 +13500)x 500 +3770x 460 +165955x 50 |x 10~ = 26530 kN

o Relative slenderness ratio, buckling curves and buckling reduction factors

— [N
PR v 20930 _ 4 450<0.5
N,, V130793
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— N
A = | 2R~ /26530 =0.476 < 0.5
N,, V116984

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

1 =max(2,,2,)=0.476

®=0.5[1+a(1-02)+ 27| =0.5[1+0.34x(0.476-0.2)+0.476" | = 0.660

. 1 . 1
x=min| ———— 1.0 |=min ,1.0J=O.895
(cp D+ 12 J [0.660+\/0.6602 —0.476°

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

o M-N interaction curve
Point A (0, Npi,rd):

Npl,Rd = Aafyd + Asfsd + Aefed + Acfcd

=[(19458+13500)x 500 +3770x 400 +165955x33.3]x 107 = 23538 kN

Buckling resistance: N, ,, =0.895x23538 = 21067 kN

Point B (Mpird, 0):
h — Acf;d
' 2chd +4, (zfyd _fcd)"'4ts(2fsd _fcd)+2tw (2fed _fcd)

. 165955333
2><508><33.3+4><12.5><(2><500—33.3)+4><2.94><(2><400—33.3)+2><12.8><(2><500—33.3)

=47.3 mm
The neutral axial also lies in the web of the encased section.

W,, =2th =2x12.5x47.3’x10" =55.9 cm’
W, = 2t.h! =2%x2.94x47.3*x107° =13.2 cm’
W,.,=th, =12.8x47.3*x107° =28.6 cm’

ey,n

W, ,=(D—2t,~2t,—1,) > =(508 —2x12.5-2x2.94-12.8)x47.3* 10~ =1039 cm’
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Mpl,Rd =(Wa _Wa,n)fyd +(Ws _Ws,n)fsd +(Wey _Wey,n)fed +0’5(ch -W, )fcd

cy,n

=[(3070-55.9)x 500+ (489 —13.2) x 400 + (1469 — 28.6) x 500+ 0.5 x (16821-1039) x 33.3] x10”
=2681kN-m

Point C (Mpi,rd, Npm,rd):

N g = A f4=165955x33.3x10°™ = 5530 kN

D
Point D (Mmax,rd, Nom,rd/2):
Mmax,Rd = Wafyd + stsd + Weyfed +O-5chfcd
= [3070><500+489><400+1469><500+().5><16821><33.3]><1073
=2746 kN-m

o Steel contribution ratio:

0= (Aafyd + 4, fu )/Npl,Rd

(19458 +13500)x 500x10~ /23538 = 0.701 < 0.9

2.5 Comparison and summary

The design resistances are compared for the aforementioned three composite sections.
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 the comparison.

It can been seen in, the axial buckling resistance (xNpi,rd) of the CFST column is improved
by 11.6 % by use of high strength concrete C90/105 replacing normal strength concrete
C50/60. However the increase of moment resistances (Mpi,rd and Mmax,rd) are smaller
(less than 6%).

By use of steel S500 replacing S355, the axial buckling resistance is improved by 22.9%,

and the increase of moment resistance is higher than 30%.
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Table 1: Comparisons between circular CFST columns with various material strengths

Material grades Steel Design resistances
contribution

(Steel+ Concrete+

Rebars) ratios XNoigd  Npmrd  Mpird  Mmaxrd
S$355+C50/60+G460 0.625 0 0 0 0
$355+C90/105+G460 0.552 11.6% 44.0% 2.9% 5.9%
S500+C50/60+G460 0.701 22.9% 0 33.6% 31.5%

Bending about y-y axis

25000
—e—S500+C50/60+G460
20000 —4—S5355+C90/105+G460
3 $355+C50/60+G460
=3
g 15000
S
£ 10000
<
5000
0 L 1 1 i | |

0 500 1000 1500 2000 2500 3000
Moment (kN.m)

Figure 8: Design M-N interaction curves for CFST columns with various material grades
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3 Example 3

3.1 General

In Example 3, the design resistance of a rectangular concrete filled steel tubular column are
checked against combined axial compression and bi-axial bending moments. The dimensions
of the rectangular CFST column are shown in Figure 9.

B=400mm

t=20mm

H=600mm

Figure 9: Cross-sectional dimensions of CFST column in Example 3

The column lengths and design loads are given as:

Column system length L=6000 mm

Effective length Lef=6000 mm

Total design axial load Neq=12000 kN

Design axial load that is permanent Ng,e4=5000 kN

Design moment at bottom around y-y axis Mp,y=900 kN.m

Design moment at top around y-y axis My,y=-550 kN.m
M.y M.

/o

Mb,y Mb,z
Design moment at bottom around y-y axis My ,=-600 kN.m
Design moment at top around y-y axis M ;=350 kN.m
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To evaluate and compare their resistance, the following steel and concrete material grades
are taken into account:

a) RHS 400x600x20 - S355 steel with C50/60 concrete

b) RHS 400x600x20 - S355 steel with C90/105 concrete

c) RHS 400x600x20 - S500 steel with C50/60 concrete

d) RHS 400x600x20 - S500 steel with C90/105 concrete

3.2  RHS 400x600x20 - S355 steel tube infilled with C50/60 concrete

o Material
Concrete C50/60, fu=50 N/mm?
Steel tube Grade S355, f,=355 N/mm?

o Design strengths and modulus of material
foa=1,]7.=355/1.0=355 N/mm’
fog = fu /7. =50/1.5=33.3 N/mm’
£ = f +8=50+8=58 N/mm’
E, =210 GPa
E, =22(f.,/10)" =22(58/10)"" =37.3 GPa
o Cross sectional areas
A=BH =400x600x107 = 2400 cm”
A, =[ BH—(B-2t,)(H-2t,)]=[400x600—(400-2x20)(600—2x20)]x107 =384 cm’
A, = A— A4, =240000-38400x10 = 2016 cm”
o Second moment of areas

I, = BH’/12=400x600°/12x10™* = 720000 cm*
I. = HB*/12 = 600x400°/12x10™* = 320000 cm*

1, = BH ~(B-21,)(H~21,)" | /12=[ 400x 600 ~ (400 2 20) (600~2x20)" | /12x10"

=193152 ¢cm*
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@)

@)

@)

1, =[ HB ~(H~2t,)(B-21,)' | 12=[ 600x 400" ~ (600~ 2x20) (400~ 2x20)' | 12x10"

=102272 ¢cm*
Icy = Iy —Iay =720000—193152 = 526848 cm*

I, =1 -1, =320000-193152=217728 cm*

Plastic modulus

W, =BH"[4=400x600°/4x10" =36000 cm’

W. = HB”/4 = 600x400%/4x10~ = 24000 cm’

W, =[ BH? =(B-21,)(H ~21,)" | [4=] 400x 600" - (400~ 2x20)(600~2x20)" | /4x10”
=7776 cm’

W, =[ HB® ~(H -21,)(B~21,) | /4=[ 600x 400" - (600 ~2x20)(400~2x20)" | [4x10"
=5856 cm’

W, =W,—W, =36000-7776 = 28224 cm’

W_=W.-W,_ =24000-5856=18144 cm’

Check for local buckling
H/t,=600/20 =30 <52(235/f,) =52(235/355) = 42.3

Resistance against local buckling is adequate!

Long-term effect

Assuming age of concrete at loading in days: #, = 30

Age of concrete at moment considered in days: =

Relative humidity of ambient environment: RH=50%

Perimeter of concrete section: u=2(B-2t,)+2(H -2t,)
=2(400-2x20)+2(600-2x20)=1840 mm

Notional size of concrete section: /1, = 2A_ /u=2x201600/1840 =219 mm
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Coefficient: &,=(35/f,,)" =(35/58)"" =0.70

Coefficient: a,= ( 35 / £ )0‘2

(35/58)"" =0.90

Coefficient: &,=(35/1,,)" =(35/58)"" =0.78

1— RH/100 J _(HI—SO/IOO

Factor: e —_—
Prar™ [ 0.13/h, 0.13/219
Factor: #( f,,)=16.8/[f,, =16.8/3/58 =2.21

Factor: (1, _1/01+z°2 =1/(0.1+30°)=0.48

X O.70j x0.90=1.43

Factor: @) = @ (. ) B(1,) =1.43%x2.21x0.48 =1.52

Factor: 3, =1.5| 1+(0.012RH)" |, +250a,

=1.5x[ 1+(0.012x50)" [x219+250x0.78 = 523

i1, )" 14 )"
Factor: B (t,t,)=| —*—| = (Lj =1.0
By +t—t, 522 +00—14
Creep coefficient: ¢, = ¢ 8. (¢,4,) =1.52x1.0 =1.52

o Elastic modulus of concrete considering long-term effect

1 37.3
E —-E — =22.8 GP
ceff cm 1+(NG,Ed/NEd)¢t 1+(5000/12000)><1.52 :

o Effective flexural stiffness of cross-section
(EI), =E1, +0.6E, ;I

ceff T ey

=[210x193152+0.6x22.8x526848]x10* =4.78x10"" kN - mm’
(EI),,=E[,+0.6E, ;I
=[210x102272+0.6x22.8x217728]x10* =2.45x10"" kN -mm’

o Elastic critical Euler buckling resistance

(El)jy,y 7*x4.78x10"
6000°

N =130977 kN

cr,y = L2
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v 7 (ED),, n*x2.45x10"

crz 2 2
z, 6000

=67053 kN

o Characteristic plastic resistance of cross-section
Ny = Aafy +Af, = [384><355+2016><50]><10‘1 =23712 kN

o Relative slenderness ratio

— [N

A= = /23712 =0.425
N, V130977

— N /

A= |2 2712 _ ) 505
N,, V67053

o Buckling curves and buckling reduction factors

The buckling curves about both axis are “a”. Thus, the imperfection factoris a = 0.21.

7 = max(4,, 4, ) = max 0.425,0.595) = 0.595

®=0.5[1+a(Z-0.2)+ 2| =0.5[1+021x(0.595-02)+0.595" | =0.718

1 1
X =min| —————=,1.0 [=min ,1.0] =0.892
[(D+\/CD2—22 ] [O.718+\/O.7182—O.5952

o Simplified Interaction Curves

Bending about y-y axis Bending about z-z axis

Mpl,y,Rd Mmax, ,Rd
(Mpl,Z,Rd) (Mm ,,,,, Rd)
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Figure 10: Simplified interaction curve for rectangular CFST columns

1) Point A (O, Npi,ra):

Confinement effect is not taken into account for rectangular CFST column, thus
Nyira = A foq + A Sy =[384%355+2016x33.3]x107" =20352 kN

Buckling resistance: ¥ N, z, =0.892x20352 =18154 kN

2) POint B (Mplly,Rd, 0) & (Mpl,Z,Rd, O):

The position of neutral axis are determined from

A1, 201600x33.3
= - = =83.2 mm
" 2Bf, +41,(2f,, - f,) 2x400x33.3+4x20x(2x355-33.3)

A.fy 201600x33.3 14 mm

h, = =
U 2Hf, +41,(2f,,— f,,) 2x600x33.3+4x20x(2x355-33.3)

The plastic modulus of steel tube and concrete in the height of 2h,,, bending about

centreline of the cross-section are calculated as:

W, =2th =2x20x832"x10" =276.9 cm’

ay,n

W, =2th =2x20x71.4*x107 =204 cm’

az,n

W, ., =(B-2t,)h; =(400-2x20)x83.2>x10" = 2492 cm’

cy,n ny =

cz,n nz

W, =(H-2t,)h. =(600-2x20)x71.4>x10~ = 2855 cm’

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

determined from:

Mpl,y,Rd = (Way _VVay,n)]pyd +05(Vch _Vch,n)f;’d
=[(7776-276.9)x355+0.5x (28224 - 2492) x 33.3]x10”
=3091 kN -m
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Mplsz (W I/Kzzn)f +05(W I/I/::zn)f‘
=[(5856-204)x355+0.5 (18144 -2855)x33.3]x10°
=2261kN-m

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

N, o =Af,=201600x33.3x10° = 6720 kN

pm,
4) Point D (Mmax,y,Rd, Npm,Rd/Z) & (Mmax,z,Rd, Npm,Rd/z):

Mmax,y,Rd = VVayf;/d + O 5W ﬂd
= [7776x355+0.5% 28224x33.3]x10°

=3231kN-m

Mmax,z,Rd = VVazf;/d +05n/czf;d
—[5856x355+0.5x18144x33.3]x10”
=2381 kN -m

o Steel contribution ratio

S=A,f,) [N,z =384x355x10"/20352
=0.67<0.9

o Check for resistance of column in axial compression

N, 12000
ZN e 0.892x20352

=0.661<1.0

Thus, the buckling resistance under axial compression is adequate!
o 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:

(ED),, ,, =Ko(E 1, + K, 4E, .1, )=0.9x[210x193152+0.5x 22.8x 526848] x10*
=4.19x10"" kN -mm’
(£1),,, =K o(E . +K, ,E, 1.)=09x[210x102272+0.5x22.8x217728]x10*

=2.16x10" kN-mm’
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Thus, the critical normal forces with effective length taken as the system length of column

are determined from:

7 (ED), ., 7*x4.19x10"

Noany == = gopqr = 14913 KN
2 (EI 2 1
Ny, = ( Lz)eff e X 626:)?):10 =59122 kN

The second-order effect should be considered for both moments from first-order analysis

o n

and moment from imperfection, as shown in Figure 6. According to the buckling curve “a

and refer to Table 3.3 of BC4, the initial imperfections about y-y axis and z-z axis are:

¢, = L/300=6000/300 = 20 mm
¢, = L/300 = 6000/300 = 20 mm

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

M,, = N,e,, =12000x20/1000 = 240 kN-m
M,, = N,,e,,=12000x20/1000 = 240 kN-m

According to the moment diagram by the initial imperfection, the factor Bo for
determination of moment to second-order effect is equal to 1.0. Thus, the amplification

factors for the moments by the imperfection are calculated from:

K, =—Po - L0 ~1.117
" T1-N,, /N, 1-12000/114913

cr,effly

k,, = 2t = 1.0 =1.255
“ 1-N, /N, 1-12000/59122

r,eff,z

According to the first-order design moment diagram, the ratio of end moments is

calculated as:

r,=M,, |M, =-550/900=-0.611
r.=M,,[M,, =350/(-600)=-0.583

Thus, the factors for determination of moment to second-order effect are determined:
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B, =max (0.66+0.447,,0.44) = max (0.6 +0.44x (-0.611),0.44) = 0.44

B, = max (0.6 +0.447,,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:

k. = P = 044 =0.491
M1=Ng /N, ., 1-12000/114913

P B, _ 0.44 0552
Y 1-Ng/N, ., 1-12000/59122

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

m,,)]

M, = Max[ko’yMo,y +k, Max(|M,

Mb

)’Max(|Mt,y

b b

Y

= Max[1.117x240+0.491x Max (|-550|,[900]), Max (|-550][900])] = 900 kN -m
M, = Max[ko’zMO’z +k, Max(|M, |.|M, |).Max(|M,_|.|M,_ )]
= Max|1.255% 240+ 0.552 x Max (|350],|-600] ), Max (|350|,|-600|)] = 632 kN -m

For Ngq = 12000 kN > Ny rq = 6720 kN, the values for determining the plastic
bending resistances M, y 5 ra and My v , ra taking into account the normal force Ng, are
calculated from:

N,ra—Ng  20352-12000

Hay = Mo = = =0.613
O TN =N owa 2035226720
M M
wr o _Pom o 0 475<q,, =09
Mpl,N,y,Rd ﬂdyMpl,y,Rd 0.613X 3091
M M
z,Ed — z,Ed _ 632 _ 0.456 < aM,Z _ 0.9
Mpl,N,z,Rd /udszl,z,Rd 0613 X 2261
M M
P 200 032 _0932<1.0

= +
HaM vg MM e 0.613x3091  0.613x2261

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 in
Figure 11, Figure 12 and Figure 13.
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Figure 11: Design M-N curve for bending about y-y axis

25000

Bending about z-z axis
20000

15000
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Figure 12: Design M-N curve for bending about z-z axis
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Figure 13: Check for bi-axial bending
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3.3  RHS 400x600x20 - S355 steel tube infilled with C90/105 concrete

In this section, the high strength concrete C50/60 is replaced by higher strength concrete
C90/105. The steel grade is not changed.

o Design strength

Effective compressive strength and modulus of elasticity are taken from to Table 2.2,

Eqg.(2.2) and Eq.(2.3) of BC4.

f =72 N/mm*; E, =41.1GPa

fo=f.]y.=7215=48 N/mm’; = f, +8=72+8=80 N/mm’
o Elastic modulus of concrete considering long-term effect

Creep coefficient could be similarly determined as ¢, =1.12

E, B 41.1 18 GPa

E = =
14+ (Ngpa /Ny ), 1+(5000/12000)x1.12

o Effective flexural stiffness of cross-section

(EI) =E,[I, +0.6E, I, =[210x193152+0.6x28x526848]x10* = 4.94x10'' kKN -mm”
eff,y aay c.eff ~ ey

(EI),,=E1,.+0.6E, I =[210x102272+0.6x28x217728]x10* =2.51x10" kN-mm’

c
o Characteristic plastic resistance of cross-section

7[2 E] , 2 11
N (E)yy, _ 7’x4.94x10 = 135431 kN

o’ Lf,ff 6000’

’ (El)eff,z _ 72 x2.51x10"

Ncr z = 2 P = 68893 I{N
’ L, 6000
Npl,Rk = Aaf;z +Ac~fck = [384)(355"‘2016)(90])(10_1 = 28147 kN

o Relative slenderness ratio, buckling curves and buckling reduction factors

T | Now _ [28147 oo (Mo _ [28147 o
N, V343 7T N, Vessos
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®=0.5|1+a(1-02)+ 2| =0.5[1+021x(0.639-02)+0.639* | =0.75

1 1

¥ =min —_,I.Oj :min[
[(D +D* =17 0.75++/0.75* = 0.639°

N

plRd

,1.0] =0.875

=A,f,y+A.f, =[384x355+2016x41.1]x10™ = 23309 kN
Buckling resistance: YN, 5, =0.875x23309 =20395 kN

o Steel contribution ratio
0= Aafyd/sz,Rd =384x355x107'/23309 = 0.585 < 0.9

o M-N interaction curve

Af, 201600x41.1

b, = = =105.9 mm
" 2Bf, +41, (21, f) 2x400x41.1+4x20x(2x355-41.1)

Af, 201600x41.1

= = =87.5 mm
2Hf, +4t,(2f,,— f.) 2x600x41.1+4x20x(2x355-41.1)

W =2t h* =2%x20x105.9°x10"° =448.6 cm®

ay,n a’“ny

W, ,=2th, =2x20x87.5*x107° =306.3 cm’

W, =(B=2t,)h; =(400-2x20)x105.9°x10~" =4037.3 cm’

cy,n

W, ., =(H=-2t,)h: =(600—2x20)x87.5> x10™ = 4287.5 cm’

cz,n

Mpl,y,Rd = (VVay - I/Vay,n )f;/d + OS(Vch - Vch,n )f;d

=[(7776 - 448.6)x 355+0.5x (28224~ 4037.3)x 41.1]x107 =3182 kN-m

Mpl,z,Rd=<VVaz_W )f;/d+0'5(Vch_W )fcd

az,n cz,n

=[(5856-306.3)x355+0.5x (18144 —4287.5)x41.1|x10™ = 2303 kN-m

N

pm,Rd

=A4.f,=201600x41.1x10"* =9677 kN
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M =W, [ +t05W, f,

max,y,Rd

= [7776x355+0.5x28224x41.1]x10” = 3438 kN-m

M = VVaLfyd +05n/czf;d

max,z,Rd

=[5856%355+0.5x18144x41.1]x10° =2514 kN-m

3.4 RHS 400x600x20 - S500 steel tube infilled with C50/60 concrete

In this section, the mild steel S355 is replaced by the high tensile steel (HTS) S500, the

concrete grade is not changed.

o Plastic resistance of cross-section

N = A, + A f,, =[384x500+2016x50]x10™" = 29280 kN

p

T N, _ 29280 — 04737 = N v _ 29280 — 0661
"N, Vizo977  E N,, V67053

7 =max(4,,4.)=0.661

© =05 1+a(1-02)+2 | =05[1+021x(0.661-0.2)+0.661" | = 0.767

. 1 . 1
¥ =min —_,1.0]:mm( ,1.0J=0.865
(CD+\/CDZ -7 0.767 +~/0.767* ~0.661
Nyra = Aufra + A Sy =[384x500+2016x33.3]x10™" = 25920 kN
Buckling resistance: ¥ N, ,, = 0.865x25920 = 22421 kN

o Steel contribution ratio

S=4,f,y /N,y =384x500x107/22421=0.741<0.9

o M-N interaction curve

4.1 201600x33.3
w = o = = 64.6 mm
" 2Bf,+41,(2f,,— ) 2x400x33.3+4x20x(2x500-33.3)

A.S 201600x33.3 73

h, = =
Y 2Hf, +4,(2f,,— f,) 2x600x33.3+4x20x(2x500-33.3)
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W, =2th’ =2x20x64.6>x107° =170 cm’

ay,n a"’ny

W, =2t h: =2x20x57.3*x107° =131.3 cm’

az,n a "nz

W, ,=(B—=2t,)h, =(400-2x20)x64.6* x10~ =1502.3 cm’

W, =(H-2t,)h =(600—2x20)x57.3>x10~ =1838.6 cm’

pl y,Rd

~ W, ) o +05(W, =W, ) £

=(%,
=[(7776-170)x 500+ 0.5% (28224 ~1502.3)x33.3]x 10> = 4250 kN-m
= (7.
=L

W) foa +05(W. =W, ) o

5856-131. 3 x500+0. 5><(18144 18386 x33. 3]><10_3—3134 kN-m

plsz

N e = 4. f.4=201600x33.3x107 = 6720 kN

Mmax,y,Rd = W;zyf:vd + OSVchf;d

=[7776x500+0.5x 2822433 3]x 107 = 4358 kN-m

Mmax,z,Rd = I/Vazfya' + OSI/chf;:d

=[5856x500+0.5x18144x33.3]x10” =3230 kN-m

3.5 RHS 400x600x20 - S500 steel tube infilled with C90/105 concrete

In this section, the mild steel S355 is replaced by the high tensile steel (HTS) S500, and the
normal strength concrete C50/60 is replaced by high strength concrete C90/105.

o Plastic resistance of cross-section

Now =4S, +A.f,, =[384x500+2016x90]x10™ =33715 kN

i,

ﬂ_: Npl,Rk: 33715 =0499'ﬂ_= ]Vpl,mc= 33715:
AN, V135431 7" N, V68893

A = max (l_y,l_z) =0.7

©=05[1+a(1-02)+2|=05[1+021x(0.7-0.2)+0.7° |=0.797
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1 1

¥ =min| ———=,1.0 |=min
(CI)+\/(I)2—22 ] (0.797+\/0.7972—0.72

= A f,,+ 4, [, =[384x500+2016x41.1]x 10" =28877 kN

,I.OJ =0.848

Npl,Rd
Buckling resistance: ¥ N, ,, = 0.848x28877 = 24488 kN
o Steel contribution ratio

5= 4,1,y [N, r =384x500x107/24488 = 0.665 < 0.9

o M-N interaction curve

A S, 201600x41.1
ny = = =84.5 mm
2Bf, +41,(2f,,— f;) 2x400x41.1+4x20x(2x500—41.1)
AS 201600x41.1 93

h, = =
Y 2Hf, 44, (2, — f,) 2x600x41.1+4x20x(2x500-41.1)

W,  =2th’, =2x20x84.5x107° =285.6 cm’

ay,n a"*ny

W, =2th> =2x20x72.3>x107 =209.1 cm’

az,n a"’nz

W, =(B-2t,)h, =(400-2x20)x84.5>x107 =2570.5 cm’

cy,n

W, =(H=2t,)h2 =(600-2x20)x72.3* x10 = 2927.3 cm’

cz,n

Mpl,y,Rd = (Way - Way,n )fyd + O-S(ch - ch,n )fcd

=[(7776 - 285.6)x 500+0.5x (28224 - 2570.5) x 41.1]x 10~ = 4361 kN -m

Mpl,z,Rd = (W;z _VVaz,n)f;/d +05(W;z _Vch,n)f;a’
=[(5856—209.1)x 500+ 0.5x (18144 -2927.3)x41.1]x10"* =3188 kN-m
N pra = 4. f.4=201600x 41.1x107 =9677 kN

Mmax,y,Rd = VVayf;/d + OSVchf;d

= [7776x500+0.5x 28224 41.1]x107 = 4565 kN -m
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M = VVazf;/d +05VVLZf;‘d

max,z,Rd

= [5856x500+0.5x18144x41.1]x10™ =3363 kN -m

3.6 Comparison and summary

The design resistances are compared for the aforementioned four rectangular composite
sections as shown in Table 2, Figure 14 and Figure 15. The composite section with steel

tube of S355 and concrete of C50/60 is referred to for comparison.

By using high strength concrete C90/105 replacing normal strength concrete C50/60, the
axial buckling resistance (xNpi,rd) of the CFST column is improved by 12.3%, and the
increase of moment resistances (Mpi,y,rd , Mpl,zRd , Mmaxy,Rd , Mmaxz,rd) are smaller (less

than 7%).

Table 2: Comparison between rectangular CFST columns with various material strengths

Sections Steel Design resistances
contribution
ratios XNpI,Rd Mpl,y,Rd Mpl,z,Rd Mmax,y,Rd Mmax,z,Rd
$355+C50/60 0.670 0 0 0 0 0
$355+C90/105 0.585 12.3% 2.9% 1.8% 6.4% 5.6%
S$500+C50/60 0.741 235% 37.5% 38.6% 34.9% 35.6%
S500+C90/105 0.665 349% 41.1% 41.0% 41.3% 41.2%

By using high strength steel S500 to replace S355 steel, the axial buckling resistance is
improved by 23.5%, and the increase of moment resistances are larger (higher than
34.9%). By using high strength concrete C90/105 to replace normal strength concrete
C50/60 and use of S500 steel to replace S355 steel, the axial buckling resistance is further

improved to 34.9%, and the increase of moment resistances are more than 40%.
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Figure 14: Design M-N interaction curves about y-y axis
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Figure 15: Design M-N interaction curves about z-z axis
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4 Example 4
4.1 General

Concrete encased steel member subject to axial compression and bending about the major
axis. The following steel, concrete and reinforcing materials are used:

a) UC 254x254x107 S355 sections with C50/60 concrete and G5000 reinforcements
b) UC 254x254x107 S355 sections with C90/105 concrete and G500 reinforcements
c) UC 254x254x107 S500 sections with C50/60 concrete and G500 reinforcements

| be=400 l
' [0 o o o @ - b=2588
[ ] [ ]
® ° ol tw=12.8
o e~ -
o \O
il °® ® S S
'.a Il Il
= 2
° ™
[ ] [ ]
e o o o o 1
o] es=30 H13

4.2 UC 254x254x107 S355 sections with C50/60 concrete and G500 reinforcements

o Design parameters

Concrete C50/60, fu=50 N/mm?
Embedded steel section Grade S355, fek=355 N/mm?
Reinforcements Grade 500, fs=500 N/mm?
Column system length L=4000 mm

Effective length Ler=4000 mm

Total design axial load Neg=6000 kN

Design axial load that is permanent NG e4=4000 kN
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Mt,y

Mb,y
Design moment at bottom around y-y axis Mp,y=400 kN.m
Design moment at top around y-y axis My,y=-200 kN.m

o Design strength and modulus

fou=Fful7,=500/1.15=435N/mm’
fou = fo]7. =355/1.0 =355 N/mm’
for=Ffu)7.=50/1.5=333N/mm’
for = f +8=50+8=58N/mm’

E . =E,=210GPa

E, =22(f, /10)° =22(58/10)"” =37.3GPa

o Cross sectional areas
A=b_h, =400x 400 =160000 mm*
A, =bh—(b—1,\h-2t,)
=258.8x266.7 —(258.8 —12.8)(266.7 — 2 x 20.5) = 13500 mm*
A =16(r/4)d*> =16x (r/4)x13* =2120 mm’

A =A— A4, — A =160000—13500—2120 = 144380 mm’

o Second moment of areas

For simplicity, the reinforcements are equivalently converted to a square tube based on

the same cross-sectional area and position of centreline.

BC4:2025
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i{sz Lk | 16H13
gz:z:::::*::::.ﬁ::::lq J_
o r il
Sk

5 |t | i

o e
S
i . I !

= ::::#{:j:::::‘ 1
} Equivalent tube
Z-Z

t,, =5(m/4)d* /(b —2cs) =5(r /4)x13? /(400 —2x30) =2 mm
t. =5(x/4)d? /(h, —2cs)=5(/4)x13% /(400 — 2 x 30) =2 mm
hy =(h, —2cs)+t, =342 mm

b, = (b, —2cs)+1,_ =342 mm

1
1, =E[bshs3 (b, 2t )(h, ~2t,)']=5115cm"

= %[hsbf —(hy =21,)(b, — 21, ]= 5115 cm*

€

I, = é[b}f —(b—t,)h=2t,)]= é[258.8 x266.7° —(258.8—12.8)(266.7—2x20.5)’ | = 17343 cm*

I, = %[2:1,193 +(h=2t )t ]: %[2 x20.5%258.8° +(266.7 —2x20.5) x 12.83]= 5926 cm*

I,=I-1,—-1I,=213333-5115-17343=190876 cm*

I.=1-1_-1,=213333-5115-5926=202292cm"
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o Plastic modulus

W, =b.h} [4=400"/4=16000 cm’

c

W. =h.b’ [4=400° /4 =16000 cm®

1 1
W, =Z[bshf —(b, -2t )h, —2tsy)2]=z[3423 —(342-2x2)'|=338em’
1 2 2] 1 3 3 3
W :Z[hsbs —(h,—2t,))(b, ~2t.) ]21[342 —(342-2x2)’]=338cm
1 1
W, =Z[bh2 —(b—tw)(h—2tf)2]=Z[258.8><266.72 —(258.8—12.8)(266.7—2x20.5)" | = 1469 cm’

W, =i[2sz2 +(h—2tf)tfv]=%[2><2O.5x258.82 +(266.7-2x20.5)x12.8" |= 696 cm’

W, =W, W, ~W, =16000 3381469 =14192 cm’

W._ =W.-W_—W, =16000-338—696 =14966 cm’

o Long-term effect
Age of concrete at loading in day: #)= 30
Age of concrete at the moment considered in days: =00
Relative humidity of ambient environment: RH=80%

Perimeter of concrete section: u =25, +2h, =1600 mm

Notional size of concrete section: A, =24, /u =2x144400/1600 =180 mm
Coefficient: @, =(35/1.,)"" =(35/58)"" =0.70
Coefficient: @, =(35/f,,)"* =(35/58)"% =0.90

Coefficient: o, = (35/f,,)" =(35/58)" =0.78

1— RH/100 1-80/100

Factor: =|l+———F—0a, |o, =| 1+ —F—
P ( 0.1/, ‘J ’ ( 0.14/180.5

0.70j><0.90 =1.13

Factor: A(f,,)=16.8/1[f., =16.8//58 =2.21

Factor: (t,)=1/(0.1+£0%)=1/(0.1+30"%)=0.48
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Factor: @, = @, B(f., )B(t,) =1.13x2.21x0.48 =1.20

By, =1.5[1+(0.012RH)"™ |1, +250c,
Factor:

— 1.5[1+(0.012x80)"* |x 180+ 250x 0.78 = 595

0.3
r—t
Factor: tt)=| —2—| =1
ﬁc( 0) (ﬂHﬁ-t—toJ

Creep coefficient: ¢, = ¢, S.(1,1,) =1.20x1=1.20

o Elastic modulus of concrete considering long-term effect

(2) E,,, =E,, ! = 373 =20.7GPa
’ 14 (Ng s /Np)p,  1+(4000/6000)x1.20

o Effective flexural stiffness of cross-section

(D, =EI, +EI,+0.6E, ,

I,
=[210%(5115+17343) +0.6x20.7x190876]x10*

=7.09x10"" kKN - mm?*

(El),.=EJ +E,1I_+0.6E, I

ceff " ez

=[210x(5115+5926) +0.6x 20.7 x 202292 ]x 10*
=4.83x10" kN-mm*

o Elastic critical Euler buckling resistance

m* (EI) 72 x7.09%10"

_ eff .y _ . _

ey ST ~= 20007 =43721kN
efff

_7(EDy . 7°x4.83x10"
, 4000’

=29807kN

cr,z

o Characteristic plastic resistance of cross-section
Npl,Rk =Afu+ A4, 4 +0854. 1,

=2120x500+13500%355+0.85x144400x 50 =11990 kN
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o Relative slenderness ratio
— N
A, = |~ = 990 _ 0522
Ncr’y 43721
= N _ (11990 _ ) oar
N, . 29807

o Buckling curves and buckling reduction factors

o

For a fully encased steel column, the buckling curve about major axis is “b”, and about

“w_n

minor axis is “c”. Thus, the imperfection factoris @ = 0.34 and a = 0.49, respectively.

®,=05+a, (7, -02)+4, |=0.5[1+034x(0.522-02)+0.522*]= 0.691

X, =min ! J.0 = min( ! | .OJ =0.874

2 _2 2 2
O, +\ 02 - 22 0.691++/0.691% —0.522

®, =050 +a, (4 -02)+ 1, J= 0.5[1+0.49 % (0.632 - 0.2) + 0.6327 ] = 0.806

. =min ! —,1.0 |= min( ! J,OJ =0.766

O+ D> -2 0.806++/0.806 —0.632>
x=min(y,, 7. )=min(0.874,0.766) = 0.766

o Simplified Interaction Curve
1) Point A (0, Npira):

Full cross-section is under uniform compression. No bending moment is resultant from

the compressive stresses on the cross-section.

Npl,Rd = Asfsd + Aefed + 0'85Acf;d

=2120%x435+13500x355+0.85x144400%33.3=9806 kN
2) Point B (Mpi,rg, 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 (h,, < h/2 — tr), the height of neutral axis

is calculated where the areas of the equivalent tube for reinforcements, and concrete in
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the height of 2h,, are approximated as rectangles, and based on the force equilibrium
between the tensile capacity of steel sections within the height of 2h,, is equal to the
compression resistance of concrete in the compression zone. Unless other stated, the

tensile resistance of concrete in the tension zone is conservatively ignored.

. 0.854_ 1.,
" 2x0.85( b, +4t_(2f, —0.85f,)+2t (2f., —0.85f,)

B 0.85x144400x33.3
2%x0.85%x33.3x400+4x2x(2x400—-0.85x33.3)+2x12.8x(2x355-0.85x33.3)

=88.7mm

h, =88.7mm < h/2 —t; = 266.7/2 — 20.5 = 112.85 mm, thus, the neutral axial lies

in the web of the encased section.

The plastic modulus of the equivalent tube of reinforcements, encased section, and

concrete in the height of 2h,,, bending about centreline of the cross-section are calculated

as:

W =2t h*=2x2x88.7>x10" =31.5¢cm’

sy,n sz''n

W, =t h>=12.8x88.7>x107 =100.7 cm’

ey,n
W,,=(b,—2t, —t)h; =(400-2x2-12.8)x88.7° x10~ =3015 cm’

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

determined from:
Mpl,Rd = (VVsy - VVsy,n )f;‘d + (VVey - I/Vey,n )fled + OS(Vch - Vch,n ).fcd
= [(338 = 31.5) x 400 + (1469 —100.7) x 355 + 0.5 x (14192 — 3015) x 33.3]x 10~

=767kN-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 (MpI,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 2h,,. It is mentioned above
that the compression capacity of steel sections within the height of 2h,, is equal to the
compression capacity of concrete in the compression zone and out of the height of 2h,,.
Thus, the axial force is actually the full cross-sectional compression capacity of concrete

and determined from:
N,z =0.854, 1., =0.85x144400x33.3x10™* = 4091kN

4) Point D (Mmaxrd, Npm,rd/2):
The maximum plastic moment resistance Mmaxrd is calculated when the h,, is equal to 0.

M a =W,y Loy ¥ W, fog +0.5%0.85W, 1,

max,Rd

= [338><435+1469><355 +0.5% 0.85><14192><33.3]><10’3
=870kN-m

Steel contribution ratio
o= (Aefed )/Npl,Rd
=(13500x355)x107 /9733 =0.492 < 0.9

Check for resistance of column in axial compression

Ny 6000
AN, 0.766%x9806

=0.805<1.0

Thus, the buckling resistance under axial compression is adequate!
Check for resistance of column in combined compression and uniaxial bending

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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(ED)yy=K(EI,+EI, +K, ,E,IL,)

sTsy cm™ cy
=0.9%[210x (5115 +17343) +0.5x 20.7 x190876] x 10*
=6.02x10" kKN - mm?*

Thus, the critical normal force about y-y axis with effective length taken as the system

length of column is determined from:

_m(EDyy 7t x6.02x10"
el I’ 4000°

=37154kN

The second-order effect should be considered for both moments from first-order analysis

and moment from imperfection as following:

kiMed,1

MEd,l,top

I\
BMEd,1| R koNeaeo
| GO) —_— T
\
~
_ MeEd,1,b0t > \
MeEd,1,top ~JMEd,1,bot

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

(a) Moment from first-order analysis (b) Moment from imperfection
According to buckling curve “b”, the initial imperfection about y-y axial is:

¢, = L/200 = 4000/200 = 20 mm

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

M, =N,e,, =6000x20/1000 =120 KN -m

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

k=P 10 g5
=N, /N,., 1-6000/37154
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According to the first-order design moment diagram, the ratio of end moments i

calculated as:

r=M,, /M, =-200/400=-0.5

Thus, the factor B1 for determination of moment to second-order effect is determined:
B, = max(0.66 + 0.44r,0.44) = max(0.66 + 0.44 x (=0.5), 0.44) = 0.44
Thus, the amplification factor for the moment by the imperfection is calculated from:

P B, _ 0.44 o
' 1-Ng/N,., 1-6000/37154

525

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

M,, = maxlkOM0 +k, max(‘Mt’y Mb’y ‘)J

),max(|— 200

M,,

), max(‘M iy

9 2

= max[].193x120 + 0.525 x max(|— 200}, [400 400))]= 400 kN -m

3 3

In this case, the second-order effect is not significant and the maximum end moment is
taken as the design moment. For Ngg > Ny, gq = 4091 kN, the value for determining
the plastic bending resistance M, yrq taking into account the normal force Ng, is
calculated from:

Nz =Ng  9806-6000
Nore=Nopra  9806—4091

p

i, = 0.662

Mg, Mg, 400
M, yre M, g 0.662x767

=0.788<a,, =0.9

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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4.3 UC 254x254x107 S355 sections with C90/105 concrete and G500 reinforcements

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

Table 2.10

£, =72 N/mm*; E, =41.1GPa
£, =f.]7,=72/1.5=48 N/mm’
f =f +8=72+8=80 N/mm’

Creep coefficient could be similarly determined: ¢, =1.20

1 41.1
Eeors =E = 22.83GPa

M1+ (Ngga/Ne)®e 1+ (4000/6000) x 1.20

(El)eff’y = ESISy + Eeley + 0.6Ec,efflcy
=[210 x (5115 + 17343) + 0.6 x 22.83 x 190876] X 104
= 7.33 X 101°%kN.mm?

(El)eff,z =FEJ, + E.l,, + 0'6Ec,effICZ
=[210 x (5115 + 5926) + 0.6 x 22.83 x 202292] x 104
= 5.09 x 101°kN.mm?

_ m?(EDegyy  m? % 7.33 x10™°

- = 45215kN
cry 2 2
L2, 4000
m?(EI m? x 5.09 x 1010
oy = ( Z)Eff'z = g = 31398kN
L2, 4000
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Npl,Rk = Asfsk + Aefek + 0-85Acfck

=2120x500+13500% 355+ 0.85x144400x 72 =14690 kN

_ ,N LRI 14690
1, = 2= = = 0.570
y Nery 45215

—_ [ Motric _ (14690
2= |I'N,, 31398

= 0.684

.

For a fully encased steel column, the buckling curve about major axis is “b”, and about

“w_n

minor axis is “c”. Thus, the imperfection factoris @ = 0.34 and a = 0.49, respectively.

®, =05 [1 +ay (2, —02) + Zz] = 0.5[1 + 0.34 x (0.570 — 0.2) + 0.5702] = 0.725

1
10)
0.725 4+ v0.7252 — 0.5702

Xy = min ,1.0 | = min(

= 0.852

1

@, + /cpyz ~-22
— —2

b, = 0.5[1+a,(T, —02) + 7, | = 0.5[1 + 049 x (0.684 — 0.2) + 0.684?] = 0.853

1
Xz = min 1.0 | = min(

@, + /qbZZ—E

x = min(xy, x,) = min(0.852,0.734) = 0.734

1
10)
0.853 + v0.8532 — 0.6842

=0.734

Point A (0, Npi,rd):
Npl,Rd = Asfsd + Aefed + 0-85Acfcd
=2120%x435+13500%x355+0.85%x144400x48 =11606 kN

Buckling resistance: yNp; rq = 0.734 X 11606 = 8519 kN
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Point B (Mpi,rg, 0):

L 0.854_f,
" 2x0.85f,b, +4t_(2f., —0.85f.)+2t,(2f, —0.85f,)

B 0.85%x144400x 48
2x0.85x48x400+4x2x(2x400—-0.85x48)+2x12.8x(2x355-0.85x48)

=105.8 mm

h, = 1058 mm < h/2 — ty = 266.7/2 — 20.5 = 112.85 mm, thus, the neutral axial

also lies in the web of the encased section.

W,,=2t.h =2x2x105.8*x10~ =44.8 cm’
W,,=th =12.8x105.8*x10~ =143.3 cm’
W,,=(b,—2t, —1)h =(400-2x2-12.8)x105.8” x10~° = 4289 cm’

Mpl,Rd = (W;y - W;y,n )f‘sd + (W;y - I/I/vey,n )f;d + OS(W;y - ch,n )f‘cd

= [(338—44.8)x 400 + (1469 —143.3)x 355 + 0.5x (14192 — 4289) x 48]x 10"
=791kN-m

Point C (Myi,rd, Npm,rd):

N,z =0.854 f,, =0.85x144400 x 48 x 107 =5891kN

Point D (Mmaxrd, Npm,rd/2):
M ra = Wsyfsd + Weyfed +0.5x 0-85chfcd

= [338><435 +1469x 355 +0.5><O.85><14192><48]><1073
=958kN-m

Steel contribution ratio:

o= (Aefed )/Npl,Rd

= (13500x355)x107° /11606 = 0.416 < 0.9
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4.4 UC 254x254x107 S500 sections with C50/60 concrete and G500 reinforcements
Npl,Rk = Asfsk + Aefek + 0-85Acfck

=2120x500+13500x 500 + 0.85 x 144400 x 33.3 =13948 kN
_ ’Nzﬁ,m,c ~ ,13948 ~
1, = N, = 45215 - 0.555
— ,NPLR,{ ~ ,13948 B
2, = N, = 31398 0.666

For a fully encased steel column, the buckling curve about major axis is “b”, and about

“w_n

minor axis is “c”. Thus, the imperfection factoris @ = 0.34 and a = 0.49, respectively.

®, = 05[1+a,(@,—02) +7, | = 05[1+ 034 x (0.555 — 0.2) + 0.555?] = 0.714

1
0.714 +v0.7142 — 0.5552

Xy = min

,1.0 | = min( 1.0) = 0.860

1
?, + /cbyz -1

—_ —2
®, = 0.5 [1 +a,(A, —02)+ 1, ] = 0.5[1 + 0.49 x (0.666 — 0.2) + 0.666%] = 0.836

1

,1.0) = 0.746
0.836 + v0.8362 — 0.6662

Xz = min

1
,1.0 =min<
@, + /qbZZ—E

x = min(x,, x,) = min(0.860,0.746) = 0.746

Point A (0, Npird):
Npl,Rd = Asfsd + Aefed + 0-85Acfcd

=2120x435+13500x500+0.85x144400x33.3=11764 kN

Buckling resistance: YNy rq = 0.746 X 11764 = 8776kN
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Point B (Mpi,rg, 0):

L 0.854.1,,
" 2%0.85f,b,+4t_(2f,—0.85f,)+2t (2f., —0.85f.)

0.85%x144400x33.3

- 2x0.85%33.3x400+4x2x(2x435-0.85%33.3)+2x12.8x(2x500—-0.85x%x33.3)
=76.4 mm

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

W, =2t hl=2x2x76.4*x10" =23.3cm’

sy,n

W, =th =128x76.4%x10" =74.7cm’

ey,n
W, =(b,~2t, —1,)h} = (400 -2x2-12.8)x 76.4* x10 = 2237 cm’

Mpl,Rd = (VVsy - VVsy,n )f:vd + (VVey - Wey,n )-fed + OS(Vch - I/ch,n ).fcd

= [(338-23.3)x 435+ (1469 — 74.7) x 500 + 0.5 x (14192 — 2237) x33.3]x 10>
=1006 kN -m

Point C (Myi,rd, Npm,rd):

N, za =0.854.1,,=0.85x144400x 33.3x 107 =4091kN
Point D (Mmax,rd, Npm,rd/2):

M ira =Wy S g ¥ W, fou +0.5x0.85W, 1,

= [338x435+1469x 500+ 0.5 0.85x14192x33.3]x10~
=1083kN-m

Steel contribution ratio:

o= (Aefed )/Npl,Rd

= (13500x 500)x 107 /11764 = 0.577 < 0.9
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4.5 Comparison and summary

The design resistances are compared for the aforementioned three composite sections.
The composite section with encased steel section of S355, concrete of C50/60, and

reinforcing steel of G500 is referred to for comparison.

By use of high strength concrete C90/105 replacing normal strength concrete C50/60, the
axial buckling resistance (xNpi,rd) of the CES column is improved by 15.7%, and the increase

of moment resistances (Mpi,rd and Mmaxrd) are 3.1% and 10.3%, respectively.

By use of steel S500 replacing S355, the axial buckling resistance is improved by 15.4%,

and the increase of moment resistance is as high as 29.5% and 24.8%.

Material grades steel Design resistances
(Steel+ Concrete+ | contribution
Rebars) ratios XNpI,Rd Npm,Rd MpI,Rd Mmax,rd
$355+C50/60+G500 0.492 0 0 0 0
$355+C90/105+G500 0.416 15.7% | 44.0% | 3.1% 10.3%
S500+C50/60+G500 0.577 15.4% 0 29.5% | 24.8%
14000 p
M-N interaction curve: bending about y-y axis
12000 k
—e—S5500+C50/60+G500
10000 k $355+C90/105+G500
< —A—5355+C50/60+G500
o 8000
o
L
= 6000 |
%
<
4000 }
2000 }
0
0 200 400 600 800 1000 1200

Moment (kN.m)
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Through this study, it could be concluded that for CES columns with small eccentricities (large
axial load and small bending moments), it is beneficial to use high strength concrete; whereas
for CES columns with smaller axial load and higher bending moments, the use of high strength

steel is beneficial.
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5 Example 5

5.1 General

In Example 5, the buckling resistance of a Pre-fabricated Steel Reinforced Concrete (PSRC)
column subject to axial compression and biaxial bending is determined. This example
illustrates a manual calculation approach. A more detailed analysis can also be performed
using structural analysis software if needed.

The PSRC column consists of battened truss built with equal angle sections of encased in
concrete. The dimensions of the PSRC column are shown in Figure 16. The dimensions of the
built-up steel member of the PSRC column are show in Figure 17.

Cy=800

[ ]

Cz=800

1 lﬂfn L-130x15

Figure 16 Cross-sectional dimensions of PSRC column in Example 5

_ — ] ||

L,=300

hy=580 N\ UKA-70x70x6 @ 300

L] [

UKA-130x130x15

Figure 17 Dimensions of steel built-up member of PSRC column in Example 5
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To evaluate the resistance, the following steel and concrete are used:

a) 4 x UKA 130x130x15 — S355 steel sections with C50/60 concrete under service loads

b) 4 x UKA 130x130x15 — S355 steel sections with UKA 70x70x6 S275 steel sections —300mm

c/c spg under construction loads

5.2 4 x UKA 130x130x15 — S355 steel sections with C50/60 concrete under service loads

o Design Parameters:

Concrete

Embedded steel angle section
Column system length
Effective length

Total design axial load

Design axial load that is permanent

Mt,y

/

Mby
Design moment at bottom around y-y axis
Design moment at top around y-y axis
Design moment at bottom around z-z axis

Design moment at top around z-z axis

C50/60, fu=50 N/mm?
Grade S355, fek=355 N/mm?
L=8000 mm

Less=8000 mm

Neq=6000 kN

Ne,£4=4000 kN

Mt,z

/

Mb,z

Mp,,=900 kN.m
M= - 300 kN.m
Moy,y= 700 kN.m

M= - 400 kN.m

Design shear force along y-y axis Vy=100 kN
Design shear force along z-z axis V=100 kN

o Material
Concrete C50/60, fu=50 N/mm?
Angle sections Grade S355, f,=355 N/mm?

EXAMPLE CALCULATIONS — TO THE REQUIREMENTS OF BC4: 2025
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o Design strength and modulus of material

fya = fy/¥a = 355/1.0 = 355 N/mm?

fea = fer/Ye = 50/1.5 = 33.3 N/mm?

fom = fer + 8 = 58 N/mm?

E; = 210 GPa

Ecm = 22(forn/10)%3 = 22(58/10)%3 = 37.3 GPa
o Cross sectional areas

A =C,C, =800 x 800 = 640000 mm?

Ag = 3675 X 4 = 14700 mm?

A, =A— A, = 640000 — 14700 = 625300 mm?

o Second moment of areas

I, = (5680000 + 3675 X 290.4?) X 4/10* = 126240 cm*

I, =1-1I, =3413333 — 126240 = 3287093 cm*

o Plastic modulus

W, = C,C7/4 = 800°/4 = 128000 cm?
Wiy = 2(15 x 328% — 15 X 198% + 115 x 328% — 115 x 313%) = 4263 cm?®

W,, = W, — W, = 128000 — 4263 = 123737 cm?

o Concrete cover check

According to EN-1994-1-1:2004 cl. 6.7.5.1(2), the concrete cover should be not less than
400mm, nor less than one-sixth of the breadth of the angle.

cover = 72mm > max(40,130/6) = 40 mm
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o Long-term effect

Age of concrete at loading in day: t, = 28

Age of concrete at the moment considered in days: t = o

Relative humidity of ambient environment: RH = 50%

Perimeter of concrete section: u = 2C,, + 2C, = 3200 mm

Notional size of concrete section: hy = 2A4,./u = 2 X 625300/3200 = 391 mm
Coefficient: a; = (35/f.m)%” = 0.70

Coefficient: @, = (35/f.m)%2 = 0.90

Coefficient: a3 = (35/f.;m)%° = 0.78

Temperature adjusted age of concrete: tor = exp(—(4000/[273 + T]) — 13.65) X t, =
27.9

a
Modified age of loading: ty = tor X (L + 1) = 24.1>0.5.

2+t}2

Factor: @py = (1 + %J/hio"“al) @, =(1+ %0.70) x 0.90 = 1.33

Factor: B(fom) = 16.8//fom = 16.8/4/58 = 2.21
Factor: f(t,) = 1/(0.1 + t0%) = 1/(0.1 + 24.1%2) = 0.50
Factor: 9o = @ruB(fem)B(ty) = 1.33 X 2.21 X 0.50 = 1.47

Factor: By = 1.5[1 + (0.012RH)8]hy + 250a; = 1.5[1 + (0.012 X 50)8] x 391 +
250 x 0.78 = 782

tt 03
Factor: ﬁc(tr to) = (BH‘ngtO) =1

Creep coefficient: @, = @oB.(t,ty) = 1.47 X 1 = 1.47

o Elastic modulus of concrete considering long-term effect

1 37.3

Ecerr = Ecm 1+(Ngga/Nea)pe  1+(4000/6000)x147 18.84 GPa
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o Effective flexural stiffness of cross-section

(EDess = Esls + 0.6Eop¢1, = [210 x 126240 + 0.6 X 18.75 X 3287093] x 10% =
63.48 x 1019 KN - mm?

o Steel contribution ratio

8 = (Asfya)/NpLra = (14700 x 355) x 1073/22935 = 0.228 < 0.9

o Elastic critical Euler buckling resistance

n?(EDesy  m?x63.48x101°
N, = Z, = 5000 = 97889 kN
e

o Characteristic plastic resistance of cross-section

N.

ik = Asfy + 0.85A,fuy = 14700 x 355 + 0.85 X 625300 x 50 = 31794 kN

o Relative slenderness ratio

Ner 97889

o Buckling curves and buckling reduction factors

For a fully encased steel column, the buckling curve about major axis is “b”. The
imperfection factor is a,, = 0.34.

— —2
®y = 0.5[1+a,(T, —02) +7,"]
= 0.5[1 + 0.34 x (0.570 — 0.2) + 0.570?]

= 0.725

1
0.725+v0.7252-0.5702’

Xy = min ,1.0 | = min( 1.0) = 0.852

1
, , 2
Dyt [Py—Ay

X =Xy = 0.852
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o Simplified Interaction Curve
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 = Asfyd + 0.854.fcq
= 14700 x 355 + 0.85 x 625300 x 33.3

= 22935kN

2) Point B (Mpl,Rdl 0)'

The cross-section is under partial compression and no axial force in formed. Assuming the
neutral axis lies in the web of angle (198 mm < h,, < 313 mm), the height of neutral axis
is calculated based on the force equilibrium between the tensile capacity of steel sections
within the height of 2h, is equal to the compression resistance of concrete in the
compression zone. Unless other stated, the tensile resistance of concrete in the tension
zone is conservatively ignored.

_ 0.85f.qA; — 0.85f,4 X 11880 + 2f,,4 X 11880
n 0.85f,4 X 1540 + 2f,4 X 60

_0.85x33.3 X 625300 — 0.85 X 33.3 X 11880 + 2 X 355 x 11880
- 0.85 x 33.3 X 1540 + 2 X 355 X 60

= 299.3 mm

h, = 299.3 mm is larger than 198 mm and smaller than 313 mm, thus, the neutral axial
lies in the web of the steel angle.

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

Wayn = 2(15h2 — 15 x 198%) x 1072 = 1511 cm®
Weyn = [(Cy, —30)hZ + 2 x 15 x 198?] x 1073 = 70153 cm?

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

Mpl,Rd = (I/Vsy - I/Vsy,n)]cyd + O-S(I/ch - I/ch,n)fcd
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= [(4260 — 1511) X 355 + 0.5 x (123737 — 70153) x 33.3] x 1073
= 1868 kN - m

It should be noted that the plastic bending resistance can be calculated by taking moment
about either line on cross-section parallel to the y-y axis, as long as the aforementioned
plastic modulus are determined according to the referred line.

3) Point C (Mpl,Rdr 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 2h,,. It is mentioned about
that the compression capacity of steel section within the height of 2h,, is equal to the
compression capacity of concrete in the compression zone and out of the height of 2h,,.
Thus, the axial force is actually the full cross-sectional compression capacity of concrete

and determine from:
Npmra = 0.85A.f.q = 0.85 x 625300 x 33.3 X 1073 = 17699 kN

4) PointD (Mmax,Rdr Npm,Rd/Z):

The maximum plastic moment resistance M, 4, rq is calculated when the h,, is equal to 0.
Mmax,Rd = I/Vsyfyd + 0.5 X 0-85V1/cyfcd
= [4260 x 355 + 0.5 x 0.85 X 123737 x 33.3] x 1073

=3263kN-m

o Check for resistance of column in axial compression

Nga/xNpra = 6000/(0.852 X 22935) = 0.307 < 1.0
Thus, the buckling resistance under axial compression is adequate!

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

For determination of the internal forces considering second-order effect, the design value
of effective flexural stiffness should be calculated with long-term effect included.
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(El)eff,ll = KO(EsIs + Ke,IIEc,effIc)
= 0.9 X [210 X 126240 + 0.5 x 18.84 x 3287093] x 104
= 63.48 x 10'° kN - mm?

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

w?(EDefr11 _ m2X63.48x101°

Nererr = —0 22— = 97889 kN

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

According to buckling curve “b”, the initial imperfection about y-y axis and z-z axis are:
eo = L/200 = 8000/200 = 40 mm

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

My = Ngze, = 6000 x 40/1000 = 240 KN - m

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

ko = Bo 1.0

= = = 1.065
1-Ngq/Nereff ~ 1-6000/97889

According to the first-order design moment diagram, the ratio of end moment is
calculated as:

1y = My, /M, = —300/900 = —0.33

r, = M,/M,, =—400/700 = —0.57

Thus, the factor 8, for determination of moment to second-order effect is determined:
1y = max(0.66 + 0.447,,0.44) = max(0.66 + 0.44 x (—0.33),0.44) = 0.51

f1, = max(0.66 + 0.441,,0.44) = max(0.66 + 0.44 x (—0.57),0.44) = 0.44

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

B1y 0.51
kiy = =

= = = 0.543
1-Ngg/Ncreff ~ 1-6000/97889
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0.44
kiz = 1-N B;:/ = 1-6000/97889 0.469
Ed/Ncreff

Thus, the design moment, considering second-order effect, is calculated as:
My pq = maX[kOMO +kiy max(|Mt,y|, |Mb,y|)'max(|Mt,y|' |Mb,y|)]
= max[1.065 X 240 + 0.543 X max(]—300/,|900|), max(|—300], |900])]

=900 kN - m

M, gq = max[kOMO + ki, max(|Mt,Z|, |Mbjz|),max(|Mt’Z|, |Mb’Z|)]

= max[1.065 X 240 + 0.469 X max(|—400[,|700|), max(|—400],|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 Ngg < Npmpq/2 = 8849.5kN , the value for
determining the plastic bending resistance My, .y rq and My  ; rq taking into account
the normal force Ng, is calculated from:

_ _ Ngq
Mpl,N,y,Rd - Mpl,N,Z,Rd - Mpl,Rd + (Mmax,Rd - Mpl,Rd)
Npm,Rd/2
= 1868 + (3263 — 1868) x 6000
B 8849.5

= 2814

My Ed 900
red 90 _ 390 <y, = 0.9
Mpl,N,y,Rd 2814 ,

M 700
2Ed _ — =0.249 < ap , = 0.9
Mpl,N,z,Rd 2814 ,

My Ed My gq 900 700
x 2 = + =0.569 < 1.0
Mpl,N,y,Rd Mpl,N,z,Rd 2814 2814

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 in
Figures 17 - 19:
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Figure 18 Design M-N interaction curve of PSRC about the y-y axis
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Figure 19 Design M-N interaction curve of PSRC about the z-z axis
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Figure 20 Design Biaxial Moment interaction curve of PSRC

5.3 4 x UKA 130x130x15 — S355 steel sections with UKA 70x70x6 S275 steel sections —
300mm c/c spg under construction loading

Properties with the subscript “ch” refer to that of the main chord: UKA 130x130x15 while
the properties of the batten member UKA 70x70x6 are denoted with the subscript “b”.

o Design Parameters:

Main angle sections Grade S355, f,k=355 N/mm?
Batten angle sections Grade 5275, f,k=275 N/mm?
Column system length L=8000 mm
Effective length Lerr=8000 mm
Total design axial load Neg=1000 kN

M.y

Mb,y
Design moment at top around y-y axis M;,y=80 kN.m
Design moment at bottom around y-y axis Mp,y=0 kN.m
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o Material

Angle sections Grade S355, f,=355 N/mm?

o Design strength and modulus of material
fya = fy/Ya = 355/1.0 = 355 N/mm?

E, = 210 GPa

o Sectional properties of the main chord angle: UKA 130x130x15

Torsion constant of the gross cross-section of angle I ., = 27.56 cm*

Warping constant of the gross cross-section of angle I, ., = 344.67 cm®

Elastic section modulus about u-u axis We;,, o, = 100.3 cm?

Elastic section modulus about v-v axis W, ;, o, = 44.3 cm?®

Gross area: A, = 3675 mm?2

Second moment of area about y-y axis I, ., = 580.5 cm*

Second moment of area about z-z axis I, ., = 580.5 cm*

Radius of gyration of the gross cross-section of angle about u-u axis i, ., = 49.76 mm
Radius of gyration of the gross cross-section of angle about v-v axis i, ., = 24.79 mm
Buckling length of the angle for torsional buckling Ly ., = L, = 300 mm

Shear center coordinates u, ., = 53.75 mm

Radius of gyration about the polar axis

locn = \/i; +i2 +ul o, + 2, = 49.76% + 24.792 + 53.752 + 0 = v59.81 cm?
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o Sectional properties of the batten angle: UKA 70x70x6

Torsion constant of the gross cross-section of angle I, , = 1.09 cm*

Elastic section modulus about u-u axis W, ,, , = 12.18 cm3

Elastic section modulus about v-v axis W, ,, = 5.501 ¢m?

Gross area: A, =804 mm2

Second moment of area about y-y axis I, , = 37.8 cm?

Second moment of area about z-z axis I, = 37.8 cm*

Radius of gyration of the gross cross-section of angle about u-u axis i,, , = 27.38mm
Radius of gyration of the gross cross-section of angle about v-v axis i},;, = 13.81 mm
Buckling length of the angle for torsional buckling L1, = hy = 580 mm

o Elastic critical Euler buckling resistance of built-up member

e Second moment of inertia of built-up section

ho\2
I, =4 (?) A + 41

2
=4 (_5820 '8) (3675) x 10™* + 4(580.5) = 126290 cm*

e Euler buckling load of built-up column

|k [r2e20x 10t
= 144, T | ax3e75 o0 mMm

As A =27.3 <75, efficiency factor u = 1.0

ho\*
Ieff = 4(7) Ach + 4‘ﬂlch

580.8\° ~
= 4 (T) (3675) x 10~* + 4(1.0)(580.5) = 126290 cm*

_ anIeff _ 2 X 210000 X 126290 x 10*

-3 _—
Ner = —3 20007 x 1073 = 40899 kN
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Characteristic plastic resistance of built-up member

Npl,Rd = 4'Achfyd == 4(3675)(355) X 10_3 == 52185 kN
Mpira = 2Aenfyahe = 2(3675)(355)(580.8) X 1076 = 1513.4 kN-m

o Relative slenderness ratio

_ ,N /5218.5
_ plL,LRd — —
A= N, 40898 0.35

o Buckling curves and buckling reduction factors

For a bolted battened truss, the buckling curves about both axes are “c”. Thus, the

imperfection factor is @ = 0.49.

®=051+a(l-02)+ EZ] = 0.5[1 + 0.49 x (0.350 — 0.2) + 0.350%] = 0.598

= 0.923

1
X= min( — ,1.0)
® + /D2 — 12
Ny ra = xfya(4Acn) = 4817 kN

o Buckling interaction factor

%—80—

Cmy = min(0.6 + 0.41), 0.4) = 0.4

As 1 = 0.35 < 1.0 and the built-up member is not susceptible to lateral torsional bucklin
g, the interaction factor k,,, is given by:

- Ngq4 1000
kyy =Chpy| 1+ 0.64 = 0.4 (1 + 0.6 X 0.35—) =0.417
b,Rd 4817

o Flexural buckling of built-up member under compression and uniaxial bending

Nea o Mpa 1000 001789 _423<10
Npra Y Myga 4817 ° 71513 '
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o Design forces on chords and battens

. Bo )
I |
lNch,Ed lNch,Ed
—_— —_— o
Ved/2 Ved/2
L2
V
ealv/ho N
VEdI’b/4 I v
l Ved/4  t
Veda/2 Vol/h
Ed 0
L,/2
V.2 V.2
«—— «—— . A
T Nchﬁd T Nch,Ed

Figure 21 Bending moment diagram of the end span of a single batten panel

e First order bending moment around y-y axis at mid height

(80 + 0.0)

Edyc = > = 40 kNm

e Shear stiffness of the built-up column

There is one layer of battens for each panel of main angle chords: n = 1.0

24E,(21,0)  2m2E (21, .)

S, = min

@ly,cn) hol’ L3
12 [1 2Cly, —°] b
b1+ n(2lyp) Lp
) 24 x 210 x (2 x 580.5) ) 2xm?x210x 1136 )
= min 302 x [1 | 2X(2x5805) 580.8] ’ 302 x 10
2x37.8 300

= min(10753 kN, 534735 kN) = 10753 kN
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e Moment at column mid height

Bow imperfection is given in cl. EN1993-1-1 6.4.1(1) by e = L/500

=——=16
€o =00 mm
Nggceo + Mggqy. 1000 X 16 X 1073 4+ 40
My2yEa = 1— Ned _ Ned = — 1000 _ 1000 =63.5kN-m
Ner S, 40899 10753

e Design cross-sectional bending moment
Mgg = max(|My |, |[My/2y| |Mey|) = max(0,63.5,80) = 80 kN-m
The cross section at the top governs the design

e Design cross-sectional shear force

The shear force at any section along the built up column is given by

AdMgg dw(x)
Vea = g T Neae T
where
aw(x) 1 (n ( x) N dwl)
dx (1 Xea _Nea) LN T
Ner Sy
and

dw(x) is  theslope of the column deflection at a length x away from the

x top of the column

dw, is the slope deflection of the column under first order forces at
dx a length x away from the top of the column

For the given scenario, the first order slope of deflection at the top of the column is
given by

dw, My L 80 x 8
dx  6EI  6x210x 126290 x 102

=4.02x 107*
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The slope of the column deflection at the top of the column is given by

dw(x) 1 T dw,
= —ey+——
dx (1_M_M)<L 0 dx)
Ner Sy
_ 1 16 e .
" 1000)<n8000 +4.02x107*) = 7575 x 10
40899 10753

Hence, the shear force at the top of the column is given by

M, — M,, 4 dw(x)
L Ede gy

Vea =

80
=~ + 1000 X (7.575 x 10~%) = 17.58 kN

e Design axial force in a single main vertical chord

MEdhOAch

NCh,Ed S OZSNEd + 05 21 i
e

—025><1000+OS80X580X73'50X10_7—3177kN
o ' 2 x 125899 x 10-8 '

e Bending moment in main vertical chord at top panel

VeaLy 17.58 x 300 x 1073
Manpa = 0.5 X === 0.5 . = 0.659 kN - m

e Shear force in main vertical chord at top panel

Vea 17.58
Vch,Ed = 057 = OST = 4.394 kN

e Bending moment in horizontal batten angle at top panel

Vealy _ o, 1758 % 300 x 1073

Mpgq = 0.5 X > = 1.318 kN - m
e Shear force in horizontal batten angle at top panel
v _OSXVEdLb_05X17.58x300x10‘3_454kN
bEd = = hy 580.8x 103
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o Main vertical chord capacity check

e Section classification

¢ =(130—-15) =115 mm

115
c/t ZEZ 7.7 < 10e = 8.1

Section is class 2 under compression

e Elastic critical force for torsional-flexural buckling
Lycn = 225.9 cm*

TL'ZEIV‘Ch m? %X 210 X 225.9
cr,ch = L% = 302

X 104 = 52024 kN

1 7T2EIW
Ncr,T,ch = E Gl + T

2 x 210 X 344.67

X <79.3 X 27.56 + ) x 102 = 4982 kN

= 59.81 302
U ch 2 53.752x1072
p=1- (ﬁ) =1-="——=0517
2
Ncra Nch Nch (370)2 Nch
N = — 11+ — — 1-— - +4|(— -
crrheh = 2B Nerq Ner,q io/ Nera
_ 52024 1+ 4982 (1 4982 )2 53.752 x 102 y 4982
T 2x0.517 52024 52024 59.81 52024

= 4750 kN

n2El,c, w2 % 210 X (36.75 X 4.982)

Nyyon = x 102 = 209553 kN
cr,u,c L% 302

e Non-dimensional slenderness

i Acrfy _ 36.75x355x 107t 0524
™ |min[Ngr,Ngre] ~ | min[4982,4750] ~
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®=051+a(l—02)+1; |

= 0.5 % [1+ 0.34 X (0.524 — 0.2) + 0.5242] = 0.69

-1
X = <CD + /cbz — /TT2> = (0.69 + v0.69% — 0.5152)_1 = 0.87

Ny pa = XAerfya = 0.87 X 36.75 x 355 x 107! = 1139 kN

e Flexural Torsional Buckling Resistance utilisation

N, 317.7
chEd =028 < 1.0
Ny ra 1145
e Shear utilisation
Vea 4.394 x 103

=0.0110< 0.5

Vpira  355/v3 x (130 x 15)
Section is not under high shear

e Bending moment check

Bending moments about angle sections should be decomposed into the u-u and v-v
components

Mch,u,Ed = MCh,Ed sin45° = 0.466 kN - m
Mcp v ga = Mcppq c0s 45° = 0.466 kKN - m

e Cross section compression and bending moment utilisation

Neq |, Mauga , Mappa _ 3177 0466x10° 0466 X 10°
A" fW,  f,W, 355x3675  355x100.3x 103 = 355 x 44.3 x 10°

= 0.244 + 0.013 + 0.031 = 0.286 < 1.0 [OK]

e Non-dimensional slenderness ratio:

The non-dimensional slenderness ratio of an equal-angle is calculated in accordance
with cl.BS5950-1-2000: B.2.9.2 due to lack of guidance in Eurocode 3.
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L 300
=2=""""=121
iy 24.79

Ay

For equal angles, Y, = 1

-0.5
o= ([ ED () ~osos

Py = —2NT — 271

A = 0.72v, ’];—y%a,, =0.137

As A;7 = 0.137 < 0.4, the main vertical chord is not susceptible to lateral torsional
buckling.

o Npira _ | 355 %3675 0.08
Y | New 4209890 x 103

As Noprp < Ngpr < Ny oy, buckling about the minor axis is governed by torsional-
flexural buckling.

G Npira _ |355 %X 3675 0514
T INgpp 4925 %x 103

e Buckling interaction factors
Yy =49, =0

Coe = Cop = 0.4

k,, = Conu|1+061 Nea —04<1+06><008 317.7 )—04
w T my T Nywra) ' 7355 %3675/

kyp = 0.8ky, = 0.32

- Ngg 317.7
kpy = Cp | 1+ 0.6A75 =04 (1 + 0.6 X 0.514—) = 0.434
b,FT,Rd 1145
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e Flexural torsional buckling about the minor axis under compression and biaxial

bending moments

NEd Mu Ed Mu Ed

+ kyy o+ Ky —

NFT,Rd w Mu,b,Rd v Mu,Rd
_ 317.7 0.466 x 10° 0.466 x 10°

=0.296 < 1.0

1145 +0.32 355 % 100.3 x 103 +0.434 355 x 44.3 x 103
o Horizontal batten angle

e Section classification

c=(70—-6) =64 mm

64
c/t=—=10.7 < 14 =129

6

Section is class 3 under compression

e Shear utilisation

Vb,Ed _ 4.54 x 103

= = 0.068 < 0.5
VbpLra  275/V3 % (70 X 6)

Section is not under high shear

e Cross-section bending moment utilisation

Bending moments about angle sections should be decomposed into the u-u and v-v

components
Mb,u,Ed = Mb,Ed sin45° = 0.932 kN - m
Mb,U,Ed = Mb,Ed cos45° = 0.932kN - m

Ma,u,Ed n Ma,v,Ed _ 0.932 x 10° + 0.932 x 10°
fFWu W,  275x12.18%x 103 275 x 5.501 x 103

=0.278 + 0.671 = 0.95 < 1.0 [OK]

BC4:2025
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e Non-dimensional slenderness for lateral torsional buckling

for equal angles, Y, =1

-0.5
Vo = ( 1+ (4?”‘2‘) + (4?”‘21)) =0.929

I
g= [1-=-=086
u
W,
b, = 229 _ 3553
JAlr

A = 0.72v, ’];—y%a,, = 0.306

As 1,7 = 0.306 < 0.4, the member is not susceptible to lateral torsional buckling.

e Bending moment utilisation of effective area at connection region

Suppose the batten angles are connected using a single row of two M16 bolts, shown
in Figure 22, the effective area of the angle is calculated in accordance with cl. EN1993-
1-8:2005 3.10.3(2), as shown in Figure 23.

py 60

d, =18 —=—=13.33
0 mm=>d0 18

For 2.5 < p,/d, < 5.0,

(p1/dy) — 2.5 3.33—-25
B2 = WOB +04 = mOB + 0.4 =0.50

Aper = Ay — dot = 804 — 18 X 6 = 696 mm*

BAne: ~0.5(696)

Qpeff =—F— —(a; —do—t) =

; 6 —(70-18—-6) =12 mm
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< 30 ><— 60 —

BATTEN ANGLE \
MAIN CHORD ——

™~ 2M16GR. 8.8

BOLTS

e
7

Figure 22 Horizontal batten — vertical chord bolted connection in Example 5

< deff =

az

Figure 23 Effective area of batten angle at connection in Example 5
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The elastic section modulus of the effective area about the y-y axis is given by:
Wel,eff = 5.477 Cn"l3

Mg g = 275 X 5.477 X 1073=1.51 kN-m

Mgq 1318
Mg gra 1.51

= 0.873

As the utilisation ratio Mgy /Mg, pqg = 0.873 < 1.0, the horizontal batten is adequate.

EXAMPLE CALCULATIONS — TO THE REQUIREMENTS OF BC4: 2025 BC4:2025




	1  Introduction
	1 Example 1
	1.1 General
	1.2 CHS 508x12.5 - S355 steel tube infilled with C40/50 concrete
	1.3 CHS 508x12.5 - S355 steel tube infilled with C90/105 concrete
	1.4 CHS 508x12.5 - S460 steel tube infilled with C40/50 concrete
	1.5 CHS 406x12 - S460 steel tube infilled C90/105 concrete
	1.6 Summary

	2 Example 2
	2.1 General
	2.2 CHS 508x12.5 and UC 254x254x107 - S355 steel sections with C50/60 concrete and G460 reinforcements
	2.3 CHS 508x12.5 and UC 254x254x107 - S355 steel sections with C90/105 concrete and G460 reinforcements
	2.4 CHS 508x12.5 and UC 254x254x107 - S500 steel sections with C50/60 concrete and G460 reinforcements
	2.5 Comparison and summary

	3 Example 3
	3.1 General
	3.2  RHS 400x600x20 - S355 steel tube infilled with C50/60 concrete
	3.3 RHS 400x600x20 - S355 steel tube infilled with C90/105 concrete
	3.4 RHS 400x600x20 - S500 steel tube infilled with C50/60 concrete
	3.5 RHS 400x600x20 - S500 steel tube infilled with C90/105 concrete
	3.6 Comparison and summary

	4 Example 4
	4.1 General
	4.2 UC 254x254x107 S355 sections with C50/60 concrete and G500 reinforcements
	4.3 UC 254x254x107 S355 sections with C90/105 concrete and G500 reinforcements
	4.4 UC 254x254x107 S500 sections with C50/60 concrete and G500 reinforcements
	4.5 Comparison and summary

	5 Example 5
	5.1 General
	5.2 4 x UKA 130x130x15 – S355 steel sections with C50/60 concrete under service loads
	5.3 4 x UKA 130x130x15 – S355 steel sections with UKA 70x70x6 S275 steel sections – 300mm c/c spg under construction loading

	Blank Page



