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Behaviour and Design Resistance of Bar Members

* General

 Compression members

* Buckling strength of bending members

* Buckling of members in bending and axial compression
 Beams restrained by sheeting

* Design of beams at serviceability limit states
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Behaviour and Design Resistance of Bar Members

General
Load Theoretical mode Theoretical mode
N 1 2
Ncr A \

Maximum
erosion
_ L

Coupling point \

I<

Real mode

The erosion factor y was introduced as a measure of erosion of
critical load. Gioncu (1994) has classified the interaction types by means of
this erosion factor, as follows:

class I: weak interaction (W), ¢ <0.1;

class II: moderate interaction (M), 0.1 < w<0.3;
class I1I: strong interaction (S), 0.3 < ¢ <0.5;
class IV: very strong interaction (VS), > 0.5.
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Behaviour and Design Resistance of Bar Members
Compression members

* Theoretical background — Theoretical background

N A
Ner
>
¢ >
Imperfect bar member in compression load — deflection path

d’y

M) =EISL 4+ N.y=0
) dx”
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Behaviour and Design Resistance of Bar Members
Compression members

* Theoretical background — Theoretical background

Model of ideal pinned bar member under pure
compression (Euler’s column)

N A
L N('I'
'
y(x) [
t
Y. y(x)
i 0
The critical load 1s obtained from:
kL=nmr = k° =11”ir” = N

r El
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Behaviour and Design Resistance of Bar Members
Compression members

* Theoretical background — Theoretical background

| | |

r __ L]
L
0.7 L 2L

! ! ! !

Buckling length L., as a function of the real length L of the column

O-'r 2 2
TOAL, A

where, A=L_ /i is the slenderness coefficient



Behaviour and Design Resistance of Bar Members
Compression members

* Theoretical background — Theoretical background

Na
o=—
A
o=/

»

E L

= — A='i'

AT i

o — A relationship of a compressed ideal member
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Behaviour and Design Resistance of Bar Members
Compression members

* Theoretical background — Theoretical background

flexural buckling torsional buckling flexural-torsional buckling

cr,

N
cr,T \2 o, T
Ty g
) ﬁN

-‘.



Behaviour and Design Resistance of Bar Members
Compression members

* Theoretical background — Imperfect member

vielding

1.0

1.0



Behaviour and Design Resistance of Bar Members
Compression members

* Theoretical background — Imperfect member
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Behaviour and Design Resistance of Bar Members
Compression members

* Theoretical background — Imperfect member

Defining y=N/N = N yields:

A
Z+ z — e{) =l
(I_Z A ) W
Ayrton-Perry equation
—2 A
- (1- i )= o Ly =
A=2\1-x W A=N0X

Magquoi & Rondal, 1978

n=a(i-0.2)
the imperfection factor @ depends on the shape of the cross section,

(l-;( /_12)(1—,1')=172'=a'z(z—0.2) (l—ﬁ)(l—ﬁ /_12)=aﬁ(/_1—0.2)
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Behaviour and Design Resistance of Bar Members
Compression members

* Theoretical background — Imperfect member

I N Imperfection factors for buckling curves
Buckling curve ag a b C d

Imperfection factor ¢  0.13 0.21 0.34 0.49 0.76




Behaviour and Design Resistance of Bar Members
Compression members

* Theoretical background — Imperfect member

11

1.0

NN

0.9 \\ ~3o
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0,1
00
0,0 0,2 04 06 08 1,0 1,2 1.4 1,6 18 20 22 24 26 28 3,0

Non-dimensional slenderness A

European design buckling curves
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Compression members

* Theoretical background — Class 4 sections: local-global interactive
buckling

N= A‘_ﬂ, j‘

A«:l'f = QA

N=4,f=04f,

Ayrton-Perry formula Interactive Buckling

—) —

(O-N)Y1-4 N)=a(A-02)N

E Atftl'./ \ _ i
A= =7 Jo

cr




Behaviour and Design Resistance of Bar Members
Compression members

* Theoretical background — Class 4 sections: local-global interactive
buckling — Direct Strength Method  Schafer & Pekéz (1998)

The nominal axial strength, P,., for flexural, torsional, or flexural-
torsional buckling is:

J.c <1.5 P =(0. 658" )P
A.>1.5 {0877J
where
A = P /P,
P, =A4f,

P.. = minimum of the critical elastic column buckling load for
flexural, torsional or flexural-torsional buckling.



Behaviour and Design Resistance of Bar Members
Compression members

* Theoretical background — Class 4 sections: local-global interactive
buckling — Direct Strength Method  Schafer & Pekéz (1998)

The nominal axial strength, P, for local buckling is:

4,<0.776  P,=P

ne

P 04 P 04
A >0.776 P, =|1-0.15 =~ <L | P,
B B

A, =P, IP

crl

where

P, = critical elastic local buckling load



Behaviour and Design Resistance of Bar Members
Compression members

* Theoretical background — Class 4 sections: local-global interactive
buckling — Direct Strength Method  Schafer & Pekéz (1998)

The nominal axial strength, P,,, for distortional buckling is:

A,<0.561 p,=P,

0.6 0.6
2,>0561  p, =|1-025| Lo | [ L) p
n R R )

’1d = R /P,
P=Af,

P4 = critical elastic distortional buckling load.

where



Behaviour and Design Resistance of Bar Members
Compression members

* Theoretical background — Class 4 sections: local-global interactive

buckling — ECBL approach (Dubina, 2001)
N
1
Local instability mode
_ Maximum erosion
Q Ni =Q | Emax =l//Q
T \ Bar instability mode (Euler)
[ N P
- Coupling point
dc=1/ I\ — — = Q- f,
Ve | Wow=N(AQW) A=y

0 02 04 06 08 10 12 14 16 18 2.0 22
The interactive buckling model based on the ECBL theory
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Behaviour and Design Resistance of Bar Members
Compression members

* Theoretical background — Class 4 sections: local-global interactive
buckling — ECBL approach (Dubina, 2001)

NG=la)= %[2+ 08a-(2+0.82)2 —4]=1-y

.

az—
0.8(1— )
l+a(2-02)+04"

ﬁ P— — —
27

_ﬁ [1 +a(1—0.2)+Q§2T ~407" =(1-y)0

which leads to
v o
-y 1-0.2,0

a:




Behaviour and Design Resistance of Bar Members
Compression members

* Theoretical background — Class 4 sections: local-global interactive
buckling — ECBL approach (Dubina, 2001)

o
6T
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Behaviour and Design Resistance of Bar Members
Compression members

* Buckling resistance of uniform members in compression.
Design according to EN1993-1-3

N, <1

Nb.Rd

where
Neg is the design value of the compression force;
Nyra 18 the design buckling resistance of the compression member.

The design buckling resistance of a compression member with Class 4
cross section should be taken as:
_ XAy,

Nh.Rd
yM]

(4.46)

where y is the reduction factor for the relevant buckling mode.

EN1993-1-1  + §86.2.1 of EN1993-1-3
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Behaviour and Design Resistance of Bar Members
Compression members

* Buckling resistance of uniform members in compression.
Design according to EN1993-1-3

N, <1

Nb.Rd

where
Neg is the design value of the compression force;
Nyra 18 the design buckling resistance of the compression member.

The design buckling resistance of a compression member with Class 4
cross section should be taken a 1

x= — but <1
O+\o -1 (4.46)

Vani
¢=0.5[1 +a(§—0.2)+22} |

where y is the reduction factor

Ay 1,

ar

A=

for class 4 cross sections.
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Behaviour and Design Resistance of Bar Members

Compression members

* Buckling resistance of uniform members in compression.
Design according to EN1993-1-3

Flexural buckling

eff

I — Atfﬂ'f.‘\' — Lc‘r A
N, i 4

Type of cross section Buck]mg Buckling
about axis curve
zZ;
if £, isused any b
¥ ¥
L/\_J if £, isused any c
2
I ﬂ n
y=y a
RN || S A | B v
| - -z b
Z
=Z'ﬂ
b
-y any
o R
2 any c
or other
cross section

" The average yield strength £, should not be used unless 4,5 = 4,




Behaviour and Design Resistance of Bar Members
Compression members

* Buckling resistance of uniform members in compression.
Design according to EN1993-1-3
Torsional and Flexural-Torsional buckling

TV T Yol ———-X. .- e Y Y ._T_._._)_
i i
| I
i i
i i
\——— =||=D
z zi
n Z — | Z
| [
i :
| -
Column to be considered Y o Y ¥ Y

Connections capable of giving partial ! : )
torsional and warping restraint

Z

Mono-symmetric cross sections susceptible to torsional-flexural
buckling
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Behaviour and Design Resistance of Bar Members
Compression members

* Buckling resistance of uniform members in compression.
Design according to EN1993-1-3
Torsional and Flexural-Torsional buckling

Hollow scctions— _\/L [ 7] _\j\- [ Web

or sections with
bolts passing
through two
webs per

U dh o

Column to be considered

Connections capable of giving
significant torsional and warping restraint

Z

Mono-symmetric cross sections susceptible to torsional-flexural
buckling
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Behaviour and Design Resistance of Bar Members

Compression members
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 Example — Design of an internal wall stud in compression

Basic Data

Height of column H =3.00m
Span of floor L=6.00m
Spacing between floor joists §S=0.6m
Distributed loads applied to the floor:
- dead load — lightweight slab: 1.5 kN/ m’
gc =1.5%0.6=0.9kN/m
- imposed load: 3.00kN/m’

9o = 3.00%0.6 =1.80 kN/m
Ultimate Limit State concentrated load
0 =7.0kN

Stant

v

‘Overall dmensions

of the member | Calkulate the internal
Load combinafion forces for ULS

for ULS
ry
552.3.1 Choose the cross- Cross-section
section of the member data
Steel grade

§5383
eqn. (3.81)
Flowchart33

Compute the
Flowcharts 3.1 and 3.2 .
properties of effective
Examples 3.1and 32 cross son in
compression for ULS

v

Calculate the design
resistance of the

Flowchart 3.4

§83.8.3
eqn. (3.80)

.22
agn. (4.46)

cross-section in
compression — Negs

I Calculate the design
buckling resistance of

§22
eqn. (4.45)

the member in

compression — N, gy

Yes

G0
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Compression members

 Example — Design of an internal wall stud in compression

Basic Data sur
Total height h =150 mm — .
Total width of flange b=40mm / L:'%ri:f?“ T 4@
Total width of edge fold ¢=15mm L z“mm— —
Internal radius r=3mm = | 9“':'?3"“’"
Nominal thickness t,,=1.2mm —— e
Steel core thickness (§§2.4.2.3) ¢=1.16 mm @— o e A
Steel grade S350GD+Z T ——
Basic yield strength /., =350 N/mm’ e w%’s;“?e?i f v /
Modulus of elasticity E =210000 N/mm’ ‘
Poisson’s ratio v=03 jf}ﬂ‘ @ —O
Shear modulus G =81000 N/mm’ - lﬁﬁr
Partial factors Varo =10 =
Y1 =1.0 -
¥e =1.35 w*@

¥, =1.50 -



St

Behaviour and Design Resistance of Bar Members
Compression members

Example — Design of an internal wall stud in compression

Basic Data

Ny = (Vo4 +7odo) L2+ Q=16.79N = / ﬁ

NEd

nﬁﬂz. Chocse the cross-

section of the member
Compute the
Flowcharts 3.1 and 3.2
properties of effective
Examples 3.1and 32 cross-section in
I r C compression for ULS

.g:‘('x" Calculate the design

]
——/ ]
F 33 resistance of the M
Flowch cross-section in
= h Dk compression — Neas

§§3.83
5 @
——
Yes
I o e P
. Calculate the design
§§4.22 ‘ )
b! . (440 g st o  Nns [
\_/\ compression — N, g4

§p22
;“ﬂl**@

Yes
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Compression members
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 Example — Design of an internal wall stud in compression

Properties of the gross cross section
A=592 mm’
i_.- =57.2mm;

Area of gross cross section:

Radii of gyration: i, =18 mm

Second moment of area about y-y: I, =1.936x 10° mm*

Second moment of area about z-z: 1, =19.13x10* mm"*
I =4.931x10° mm*
I =266 mm’

Warping constant:
Torsion constant:
Effective section properties of the cross section

Effective area of the cross section when subjected
to compression only:

A, =322 mm”

Stan

=

‘Overall dmensions
of the member
Load combinafion
for ULS
r Y

Calculate the internal
forces for ULS

§§383
eqn. (3.81)
33

.
v

=0 o

Choose the cross-
section of the member

x

Compute the
Flowcharts 3.1 and 3.2
properties of effective
Examples 3.1and 32 cross-section in
compression for ULS

v

Calculate the design
resistance of the

Fblld'll‘l 34

§§3.83
eqn. (3.80)

§§4.22
.(4.46)

cross-section in
compression — Neag

I Calculate the design
buckling resistance of

the member in
compression — N, gy

Yes

§p22 @ ( )
eqn. (4.45) No.
— ‘
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Behaviour and Design Resistance of Bar Members

Compression members
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 Example — Design of an internal wall stud in compression

Resistance check of the cross section
The following criterion should be met

where

N, ra = qﬂ'./ r\h / Yo

The cross section is doubly symmetric and so the shift of
the centroidal y-y axis is e, =0

Stan

=

‘Overall dmensions
of the member
Load combinafion
for ULS
r Y

Calculate the internal

==

forces for ULS

[

§§23.1
Flowchart 2.1

§§3.83
eqn. (3.81)
33

<+
:

Choose the cross-
section of the membe:

r

Cross-section

Steel grade

x

Compute the
Flowcharts 3.1 and 3.2
properties of effective
Examples 3.1and 32 cross ion in
compression for ULS

%

Calculate the design
resistance of the

Flowchart 3.4

§§3.83
eqn. (3.80)

22
egn. (4.46)

cross-section in
compression — Neas

§p22

eqn. (4.45)

the member in
compression — N, gy

I Calculate the design
buckling resistance of

Yes

o
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Behaviour and Design Resistance of Bar Members

Compression members
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 Example — Design of an internal wall stud in compression

Resistance check of the cross section
The following criterion should be met

where

N, ra = qﬂ'-/ ;h / Yo
The cross section is doubly symmetric and so the shift of
the centroidal y-y axis is e, =0
The resistance check is:

16.79x10°

=0.149<1-OK
322%350/1.0

Stan

=

‘Overall dmensions
of the member
Load combinafion
for ULS
r Y

Calculate the internal
forces for ULS

==

§§23.1
Flowchart 2.1

Flowcharts 3.1 and 3.2
Examples 3.1and 32

<+
:

Choose the cross-
section of the member

x

Compute the
properties of effective
cross-section in
compression for ULS

+

§§3.83 -
Calculate the design
P San (M;)s resistance of the
Flowchart 34 cross-section in
compression — Neas
&
§§3.83
eqgn. (3.80) Nea/Neras 1
T
Yes
I Calculate the design
.:?‘(-‘2-:) buckling resistance of
T the member in
\_/\ compression — N, g4
§§22
eqn. (4.45)

Yes

o
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Behaviour and Design Resistance of Bar Members
Compression members

 Example — Design of an internal wall stud in compression

Buckling resistance check s
Members which are subjected to axial compression should satisfy = *
/ of the member /é H Calculate the internal E
Load combination forces for ULS
N § krELS
Nb.Rd 552.3.1 Choose the cross- N Cms;-;gclim
( ) ) section of he member Stesl grade
J
XA4 1, . . [
N, oy = Z—L=2 where y is the reduction factor e comuem
Vi - S T e A
* for the relevant buckling mode. ™
l 55383 Caioulant des
- < ConBE res'mameeuf::;gn
N LU el o e e e A
o+9 : |
§53.83
-~ — .(3.80) NeaNegas 1 —No
¢=0.5[1+a(/1—0.2)+/13] G <> ~©
i i s422 ki ostancn o R
a — imperfection factor = _pemeno L/_’_/N
— A,ﬂ‘ ) §22
N v
or es



g TR o
Behaviour and Design Resistance of Bar Members

Compression members
Example — Design of an internal wall stud in compression

[ J
Buckling resistance check [ son )
Members which are subjected to axial compression should satisfy —v—
§84221 ! A
e 640 e o/ Ti1
NEd \:’j_r_)\ nexurba;&uck_lirg for AR
— S l axis
Nb’R d §§4.221 Deterrntle non-
eqn. (4.48) dimensiona =
eqn. (4.14) slendemess for 4@
XA,q 1, : . Q=N  rmionalbucking
N, oy = Z—L=2 where y is the reduction factor
Y for the relevant buckling mode.
N x=1.0

1

x= —= but  y<L0 Tivetouonn ] 3

O+ -4 ol e

— _— §§4-22 Determine reduction
o= 0.5[1 +a(1-02) +,12] o e
v
a — imperfection factor / ‘““'"‘1’”"’” /
§§4.2.2 Determine the

,Acff g R s 4*

N

A 4
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Behaviour and Design Resistance of Bar Members

Compression members
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Buckling resistance check
Determination of the reduction factors %, ., 1r

Flexural buckling
7= [Aato Lo o df/ A
' NC,
The bucklmg length.
, =L, .=H=3000mm

. , ’210000 7695
\f)

Bucklmg about y—y axis

Ay /4 _3000 322/592 _ ..

57 2 76.95

t,. A
a, =021

Example — Design of an internal wall stud in compression

Start

=

Determine

torsional/ flexurak

This verification has to be
done for both flexural and | -~
torsional buckling

m’z‘;) non-dimensional -
eqn @.7) slendemess for A4,
flexural buckling for L
__— both axis
§§4.221 Determine non-
eqn. (4.48) dimensiona =
eqn. (4.14) slendemess for 4@
eqn. (4.15) torsional and flexural-
\/—\ torsional buckling
N =10

Yes

03?:427) Determine reduction
factor z, 2 r
\,/—\
/ Zivin =My, 2z, 27) /
§§4.2.2 Determine the
eqn (4.46) #{ design bucking m
resistance — Mo
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Behaviour and Design Resistance of Bar Members

Compression members

Buckling resistance check
Determination of the reduction factors %, ., 1r

Flexural buckling
7= [Aato Lo o df/ A
' NC,
The buckling length.

T — I _u — 2NN e
0,=05|1+a, (4, -02)+A%|=
=0.5%[ 1+0.21x(0.503-0.2) + 0.503" | =0.658
: : =0.924

Ay = 2 —o= 2 2
" g 40— 0.658++0.658° 05031

L 4. /4

Lo g/ _ 3000 J322/592 0503
Y A =572 7695

a, =021

Example — Design of an internal wall stud in compression

§.221

=

Determine
non-dimensional
slendemess for

eqn @7)

§84221

flexural buckling for

both axis

Determine non-
dimensional

v
ine n:
imensi =
slendemess for 4@
torsional and flexural-

This verification has t

torsional/ flexurak
torsional buckling

§54.22

0 be
done for both flexural and | -~

torsional buckling

Yes

eqn (4.47)

Determine reduction
factor z, 2 r

/ ,“: 7

A 4

Determine the
design bucking m
resistance — Mo




A5
§ 5%

L)

TR ]
-
N —
———
- -

. L ( . -
Useeerute { .
de Litge >

Behaviour and Design Resistance of Bar Members

Compression members
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Buckling resistance check
Determination of the reduction factors %, ¥, 1r

Buckling about z—z axis

1[4 /4 J22/592
A, = a4 _3000 322592 _, oo,

i A 18 7695

-

o, =0.34
6. =051+ (4 -02)+2 |=
=0.5x| 1+0.34x(1.597-0.2) +1.597* | =2.013

: : =0.309

Zz - 2 72 - ) 2
6, +0.-27  2.013++2.013° —1.597°

Example — Design of an internal wall stud in compression

Start

§§4.221

=

non-dimensional

ean @7)

This verification has to be
done for both flexural and | -~
torsional/ flexurak

§84221

flexural buckling for

Determine

slendemess for

both axis

torsional buckling

§54.22

Determine non-
dimensional
slendemess for
torsional and flexural-
torsional buckling

Yes

Determine reduction

eqn (4.47)

factor z, 2 r

Determine the
design bucking

A 4

/ ,“: 7

resistance — N
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Behaviour and Design Resistance of Bar Members
Compression members
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Buckling resistance check

Determination of the reduction factors %, ., 1r

Torsional buckling

=.1—,(GI, +
j 2

(]

N i

cr,T

where
1

o

Y, =2,=0

)

. 2 . 2 . 2 2
=l.\- +l: +yo +zo

EI,

2

i’=57.2"+18" +0+0=3594 mm’

I, = H =3000 mm

The elastic critical force for torsional buckling is:

N"T=LX 81000266 +
T 3594

=37.59x10° N

The elastic critical force will be:

* x210000%4.931x10°

3000°

J=

N, =N, ,=37.59kN

Example — Design of an internal wall stud in compression

Start

This verification has to be
done for both flexural and | -~
torsional/ flexurak

torsional buckling |

§54.22

-
Determine
m’z‘;) non-dimensional R
eqn (47.) slendemess for » AA
) flexural buckling for L
__— both axis
§§4.221 Determine non-
eqn. (4.48) dimensional =
eqn. (4.14) slendemess for 4@
eqn. (4.15) torsional and flexural
\/\ torsional buckling

Yes

eqn (4.47)

Determine reduction
factor z, 2 r

/ b: 7

A 4

Determine the
design bucking m
resistance — Mo
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Behaviour and Design Resistance of Bar Members

Compression members

Example — Design of an internal wall stud in compression

Start

=

Buckling resistance check
Determination of the reduction factors %, ., 1r - ——
. . 2.1 A )
Torsional buckling paiiin) endermess for o/ 71
. . . flexural l:‘uck!irxg for L _
The non-dimensional slenderness is: — ==
§§4.2i21 Dgtgrm%_e n;n—
Ry 2
37 59)(103 = 4. \/—\ torsional buckling
Cr
. §4.22
o, =0.34 — buckling curve b :‘ | e
6, =0.5[1+a, (% -02)+ 7 |- S
torsional buckling | .
L
2 _ A4
=0.5x[1+0.34x(1.731-02) +1.731* | =2.258 [z Se——
. . . — |
The reduction factor for torsional buckling is: .
1 1 / Zivin=Min(zy, 7z, 1) /
=0.270 .

Xr= — =
' @, +\/¢T2 —27 2258 ++/2.258° —1.731°
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Behaviour and Design Resistance of Bar Members

Compression members

Buckling resistance check
Determination of the reduction factors %, ., 1r

z=min(y,,7., 7 )=min(0.924,0.309,0.270) = 0.270

Example — Design of an internal wall stud in compression

§§4.221
eqn (4.48)

=

eqn (4.7)

O

§84221
eqn. (4.48)

Determine
non-dimensional

slendemess for
flexural buckling for
both axis

Determine non-
dimensional
slendemess for

eqn. (4.14)
eqn. (4.15)

"

torsional and flexural-

torsional buckling

g

=h

This verification has to be |
done for both ﬂexural and

=10

torsional / fi

torsional buckllng_J

§54.22

1
Yes
4

eqn (4.47)

4
Determine reduction
factor z, 2 r

-

Zvin =Ny, 72, 77) /

.

A 4

Determine the
design bucking m
resistance — Mo
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Behaviour and Design Resistance of Bar Members

Compression members
* Example — Design of an internal wall stud in compression

=

Buckling resistance check
Determination of the reduction factors %, ., 1r - ——
7=min(,, 7., % )=min(0.924,0.309,0.270) = 0.270 |5 ,,e':”";“ y 7l
A. o B - 221 Determine non-
Ny = 2o ly 20N _ 31090 -30.420kn (Bl [ | 7
| Y 1.00 Ty
w L

This verification has to be |
done for both ﬂexural and

torsional / fi
torsional buckling

4
Mn Determine reduction
factor , = zr

*

Zvin =Ny, 72, 77)

1
Yes
4

i
Y

§§4.2.2 Determine the

eqn (4.46) design bucding m
resistance — Mo
- |
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Compression members
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 Example — Design of an internal wall stud in compression
Buckling resistance check

Determination of the reduction factors %, ., 1r
x=min(y,,x., %) =min(0.924,0.309,0.270) = 0.270

Stan

=

‘Overall dmensions
of the member
Load combinafion
for ULS

/

Calculate the internal
forces for ULS

==

.
v

552.3.1 Cross-section
ZA,f,  0.270%322x350 O commem e
Npgg =22 = = 30429 N = 30.429kN ol
J/‘”| l .00 *
Compute the
e B R R
N ) 16“79 compression for ULS
E_ = =(0.552<1 - OK C
N, w 30.429 ey o hedosn
Flowchart 3.4 cross-section in 4-m
compression — Neag
[ ]
.‘;53(;-;3) Nea/Negas 1 —N04'®
<
Calculate the d n
i) el
— compression — N, ay
=
oo (443 Mt D> o1

1
Yes
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Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

* Theoretical background

Clamp atroot

Unloaded
\\ ‘p/osmon
LY
Buckled ‘\‘\
osition MR
p ‘\‘ \‘ \‘
\\\ ‘\ ®,
Vertical RS \\
load

- bending about minor axis, z—z

EI: d2v(x) +(0(x)M -0

- torsion around x—x axis

d3
8 ¢(3x) ~Gl, ‘.
dx dx T dx
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Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

* Theoretical background

|~
E: Plan :] Fork support
dv(x)
dx X, u
PR W v(r)
X
L
¢ WV

d*o(x) dp(x) M} . 7Ix n\EI.GI, 7 El
E] _G] 3 - - x)=0 (0=(0 s — M‘_rz - 1+ 2 -
" "a’  EL o () L L G,



Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

* Theoretical background




Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

* Theoretical background

Restraint conditions Effective length
At root At tip Top flange loading | All other cases
1 1.4L 0.8L
1 <O %
/]
y E Z 4 1.4L 0.7L
A _j:j
B 1.6L 0.6L
I 2.5L 1.0L
(| 1 25L 0.9L
= L x
1.5L 0.8L
T 7.5L 3.0L
( ( { 1 7.5L 27L
=~ _
B 45L 2.4L

[dealised restraint conditions and effective length factors
for cantilevers (Galambos, 1998)
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Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

* Theoretical background

Restraint conditions Loading conditions
At support At tip Normal Top flange
(destabilizing)
(a) Continuous, with|(1) Free 3.0L 7.5L
lateral restraint to top|(2) Lateral restraint to 2.7L 7.5L
flange top flange
(3) Torsional restraint 2.4L 4.5L
(4) Lateral and 2.1L 3.6L
torsional restraint
L
(b) Continuous,  with|(1) Free 2.0L 5.0L
partial torsional restraint  |(2) Lateral restraint to 1.8L 5.0L
top flange
(3) Torsional restraint 1.6L 3.0L
(4) Lateral and 1.4L 24L
torsional restraint

Examples of practical details and corresponding effective lengths
for cantilever beams without intermediate restraints



Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

* Theoretical background

Restraint conditions Loading conditions
At support At tip Normal Top flange
(destabilizing)

(¢) Continuous, with|(1) Free 1.0L 2.5L
lateral and  torsional|(2) Lateral restraint to 0.9L 2.5L
restraint top flange

(3) Torsional restraint 0.8L 1.5L

(4) Lateral and 0.7L 1.2L

torsional restraint

(d) Restrained laterally,|(1) Free 0.8L 1.4L
torsionally and against|(2) Lateral restraint to 0.7L 1.4L
rotation on plan top flange
(3) Torsional restraint 0.6L 0.6L
(4) Lateral and 0.5L 0.5L

torsional restraint

Examples of practical details and corresponding effective lengths
for cantilever beams without intermediate restraints



Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

* Theoretical background

Tip restraint conditions
(1) Free (2) Lateral restraint to| (3) Torsional (4) Lateral and
top flange restraint torsional restraint

=

0 L

(not braced on plan) (braced on planinat | (notbraced on |(braced on plan in at
least one bay) plan) least one bay)

Examples of practical details and corresponding effective lengths
for cantilever beams without intermediate restraints



Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

* Theoretical background

Mera=Mer

Influence of the location of load application point



Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

* Theoretical background

M i =M
M, =M, = ch\
1 perfect beam
~
RN N / actual beam
: N
Influence ofpl.a ue- N elastic buckling curve
elastic interaction Mo — 1
iR f/ Mur ==
Influence of imperfections N ¥ At
s ~
~
~
~
~ ~ N
ALt
0 f |
0 0.4 1.0 2.0 3.0

Lateral-torsional buckling curve of an unrestrained beam



Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

* Theoretical background

I
B G siortion !
Bl ocal
C—Jother

0
10’
half-wavelength 650 1300 1700




Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

* Design according to EN1993-1-3
Lateral-torsional buckling of members subject to bending

A laterally unrestrained member subject to major axis bending should
be verified against lateral-torsional buckling as follows:

M

—EH <1.0 (A &&\

b.Rd
where

Mg,  is the design value of the moment;
M, s 1s the design buckling resistance moment.

The design buckling resistance moment of a laterally unrestrained
beam should be taken as:

M, =ZLTW_rfy o
where
W, is the appropriate section modulus as follows:
W,=We, 1s for class 3 cross section;
W, =Wy is for class 4 cross section;



Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

* Design according to EN1993-1-3

Lateral-torsional buckling of members subject to bending
In determining W,, holes for fasteners at the beam ends need not to be
taken into account.
JLT is the reduction factor for lateral-torsional buckling,

1
Xir = T but y,, <1

—3

é,, +(¢>“.2 —/11,-)

with: ¢, =0.5[1 + 0ty (Aur -0.2)+1i1} ;

o, 1s the imperfection factor corresponding to buckling curve b,
a,; =034,
Air = — .

M

cr
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Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

* Design according to EN1993-1-3
Simplified assessment methods for beams with restraints in building

secondary beams

anti-sag bars for Z-purlins and Z-purlins for roof beams

‘Members with discrete lateral restraint



Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

 Example — Design of an cold-formed steel beam in bending

Basic Data
Span of beam L=45m / T /L. c;z.,:m;“
Spacing between beams S=3.0m = w:-. 4@
Distributed loads applied to the joist: O i
self-weight of the beam ¢, ~=0.14kN/m @ “";m:fxfss
weight of the floor and 0.6 kN/m’ - I — —
Q6w =0.55%3.0=1.65kN/m S | i [ e /
total dead load 46 =96 peam + 96 5» =1.79 KN/m iy e S
imposed load 1.50 kN/m’ N
g, =1.50%3.0=4.50 kN/m EA ;i??.?}f:?’f*ﬁ:: T




Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

 Example — Design of an cold-formed steel beam in bending

-
Basic Data
b Overall dimensions. Calculate e internal
of the member
Load combination forces and moments
for ULS oruts
| 3 K

§§23.1 -secti
Flowchart 2.1 Choose the cross- Cros:.;ah on
q secfon of member
| | | | | | | | | | | | | Ed Steel grade
Flowcharts 3.1and 32 Compute he eflective cross-
Z: : AN Example 3.1 » section ies for "
prmmr— bending for ULS
| 3.84 v
--l C 5§ Calculate the design Design
eqn. (3.83) P resi e of the aross- resistance of
Flowchart 3.6 iy !
b ' secfion in bending -M, 54 cross-sectio!

§§5384
eqn. (3.82)
Flowchart 36

Yi
§84.321 Calculate the design Design buckling
eqn. {4.56) buckling resé ofthe resistance of
member in bending - M, 5 member
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Behaviour and Design Resistance of Bar Members

Buckling strength of bending m

embers

The dimensions of the cross section and

the material properties are:

Total height h=250mm
Total width of flanges b =70 mm
Total width of edge fold c=25mm
Internal radius r=3mm
Nominal thickness =3.0mm

nom

Steel core thickness (§§2.4.2.3) 1 =2.96 mm

Steel grade S350GD+Z

Basic yield strength f,, =350 N/mm’
Modulus of elasticity E =210000 N/mm’
Poisson’s ratio v=03

Partial factors 7,,, =1.0

Vin =10
¥e =1.35

¥, =1.50

Example — Design of an cold-formed steel beam in bending

Start

i

Caiculate the inlernal
#| forces and moments
for ULS

‘Overall dimensions
of the member
Load combination
for ULS

/

ke
¥

Choose the cross-
secfion of member

v

Compute the effective cross-
» section perties for
bending for ULS

v

Calculate the design
resistance of the cross-
secfion in bending -M. 5,

Checkif

eqn. (3.82) cross-sectional
Flowchart 3.6 resistance is
adequate
Yes
¥
§§4.321 Caloual the design Design buckling
eqn. (4.56) ofthe resistance of
mmber in bending - M, 5 member
Check if buckling
No—b@

§54.3.2 resistance of member is
eqn. (4.55) > adequate
M, <10 -
M, ., Yes
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Behaviour and Design Resistance of Bar Members

Buckling strength of bending members

) e e Cd

 Example — Design of an cold-formed steel beam in bending

Properties of the gross cross section

Start

i

Second moment of area about y-y: [ =2302.15X 10* mm"* / oaimees /| [cacsmenemu
Second moment of area about z—z: I, =244.24x10* mm* —
Radii of gyration: i, =95.3mm; i, =31 mm owneizy | ()| Sz
Warping constant: I, =17692.78x10° mm° Cmm;m c‘,mmf,mfm_
Torsion constant: I, =7400 mm* e

P resistance ofthe cross-

v

Calculate the design

secfion in bending -M. 5,

Checkif
cross-sectional
resistance is
adequate




Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

 Example — Design of an cold-formed steel beam in bending

Start

Effective section properties at the ultimate limit state
}

Second moment of area of cold-formed lipped channel | [
section subjected to bending about its major axis: / g 4@

Load combination for ULS

'
. 2

4
Ly, =22688890 mm .,,,,ss S loN Ce—
Position of the neutral axis: _ —
. . Flowcharts 3.1and 32 Compute he :ﬁective cross-
- from the flange in compression:  z_=124.6 mm ‘ e sactonroperis y /
- from the flange in tension: z, =122.4mm o — —
- - mﬁ’s » res;snr}cc:]of::asgs- res'stmz% of /
Effective section modulus: C et benna M Lo
- with respect to the flange in compression: 322 o reens ®
I, 22688890 s
pl/('lf Ve = = = = 182094 mm3 §§4.321 Caloualethed ian Design buckiin.
vy Zc 124.6 bﬁ\ rr:m.vbe:nb;-\m?f]n;he m%::wg
- with respect to the flange in tension:
s Check if buckling . :
I, ., 22688890 AR [
eff .y 3 My =
”/(.’” -.\'J = ” . = = 185367 ]mn '"!-k..' =10 Yes
z, 122.4 -
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Behaviour and Design Resistance of Bar Members
Buckling strength of bending members
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 Example — Design of an cold-formed steel beam in bending

Effective section properties at the ultimate limit state

Second moment of area of cold-formed lipped channel
section subjected to bending about its major axis:

Start

i

| forces and moments

Caiculate the inlernal

for ULS

'
. 2

§§2.3.1 Cross-section
s Qe P o
Steel grade

= T
1 24 Flowcharts 3.1 and 32 Compute he effective cross-
— Example 3.1 section for »* Wy
z, .6 mm v o 015
122.4 mm # '
zl - S if‘;';a Calculate the design Design
F:wd!-w’ﬂ P resistance ofthe cross- resistance of
secfion in bending -M. 5, cross-section

I, =22688890 mm*

Position of the neutral axis:

- from the flange in compression:

- from the flange in tension:

Effective section modulus:

§8384 Checkif

- with respect to the flange in compression: an 322 o —(®)
e 7 e 3 Yes
Wy, =min(W,, W, )=182094mm’ s = p— e
- z, 124.0 @\ iy et ey
- with respect to the flange in tension:
s Check if buckling . :
l,, 22688890 PR B
ey.y 3 ‘Hu < -
W,y =—LE= =185367 mm T .
z, 122.4



Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

 Example — Design of an cold-formed steel beam in bending

Applied loading on the beam at ULS st
i

Gy =Yoo +7odp =1.35%1.79+1.50x4.5=9.17kN/m / e 7~

forces and moments
for ULS

Maximum applied bending moment about the major axis y-y: .
M,, =q,’ [8=9.17x4.5"/8=23.21kNm O e o

<
. 2

Flowcharts 3.1 and 32 Compute he effective cross-
Example 3.1 section properties for
bending for ULS
)

v

qﬁ?;;';, Calculate the design Design
Flowchart 36 P resistance ofthe cross- resistance of
secfion in bending -M. 5, cross-section
§8384 Checkif
eqn. (3.82) cross-sectional
Flowchart 36 resistance is
adequate
Yes
¥

§§4.321 Calculate the design Design buckling
eqn. (4.56) buckling res: @ of the resistance of
member in bending — M, 5y member

Check if buckling

:| resistance of member is No—'@
§54.3.2 adequate
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Behaviour and Design Resistance of Bar Members
Buckling strength of bending members
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 Example — Design of an cold-formed steel beam in bending

Applied loading on the beam at ULS
4s =Y +Vodp =135x1.79+1.50x4.5 =9.17kN/m

Maximum applied bending moment about the major axis y-y:
M,, =q,’ [8=9.17x4.5"/8=23.21kNm

Check of bending resistance at ULS
Design moment resistance of the cross section for bending

M,y =W [ [Vieo =182094x107 x350x10° /1.0 =
=63.73 kNm

Start

i

Overal dimensions
of the member

/

Load combination

for ULS
T

Caiculate the inlernal
forces and moments
for ULS

gszs 1 :
[

'
. 2

Flowcharts 3.1 and 32
Example 3.1

§5384 |
eqn. (3.83)
Flowchart 3.6

§§384
qn. (3.82)
Flowchart 36

Choose the cross- Cros:-asecl-on
secfion of member =
Steel grade
T
ol
A &
Compute the effective cross-
section perties for
bending for ULS
T
N
Calculate the design Design
resistance of the cross- resistance of
secfion in bending -M. 5, 55

Caloual the dasag
of the

§84.32.1
eqn. (4.56)

mamber in benchg M, 5y

Check if buckling
resistance of member is
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Buckling strength of bending members
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 Example — Design of an cold-formed steel beam in bending

Applied loading on the beam at ULS
9, =Ye46 + 79 =1.35%1.79+1.50x4.5=9.17kN/m
Maximum applied bending moment about the major axis y-y:
M,, =q,’ [8=9.17x4.5"/8=23.21kNm
Check of bending resistance at ULS
Design moment resistance of the cross section for bending

M,y =W [ [Vieo =182094x107 x350x10° /1.0 =
=63.73 kNm

Verification of bending resistance

M, 2321
M_,, 63.73

=0.364 <1 - OK

/

Overal dimensions
of the member

Load combination

for ULS
T

gszs 1 :
[

Flowcharts 3.1 and 32
Example 3.1

Choose the cross- Cros:-asecl-on
secfion of member =
Steel grade
T
ol
A &
Compute the effective cross-
section properties for
bending for ULS
T
L
Calculate the design Design
resistance of the cross- resistance of
secfion in bending -M. 5, cross-sectio
T

§5384 |
eqn. (3.83) ,I

Flowchart 3.6
L

§§384
qn. (3.82)
Flowchart 36

Calculate the design
buckling @ of the

§84.32.1
eqn. (4.56)

member in bending — M, 5y

Check if buckling
resistance of member is
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Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

 Example — Design of an cold-formed steel beam in bending

Determination of the reduction factor y;r
Lateral-torsional buckling

Yo L bw <10

v

. A2
¢LT +\/¢LT —’1Lr i imensi
321 Determine non-dimensional
iR > slenderness for lateral "
torsional buckling

&, = 0.5[1 + ot (A —02)+ Eﬁ]

o, , =0.34 —buckling curve b

Yes

§§:-;2517) Determine reduction
\j‘jl/-_\ " factor 7

v

\_/-—-\ resistance — Mprg

§84.3.21 Determine the
eqn. (4.56) p  design buckling —@
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Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

 Example — Design of an cold-formed steel beam in bending

Determination of the reduction factor y;r
Lateral-torsional buckling

2 : but 7, <1.0

*

r - 2 3 2
¢Lr +\/¢LT _/ILT - ——
§§4.32.1 Determine non-dimensional —
e slenderness for lateral » A
torsional buckling -

& = 0.5[1 + ety (A —02)+ /T”z]

a,; =0.34 —buckling curve b

The non-dimensional slenderness 1s

v
§§4.3.21 Determine reduction
W f eqn. (4.57) > factor 7
P -

. M '
or
§84.3.21 Determine the
eqn. (4.56) - design buckling —@
\_/—\ resistance — Myra

Mcr =Cl

7El \/1 - I’GI

C, =1.127 for a simply supported beam under uniform loading
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Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

 Example — Design of an cold-formed steel beam in bending

Determination of the reduction factor y;r
7 x210000% 244.24 x10* o

M, =1.127x o

*

6 2 i -dimensional
y \/17692.78x1? 4 4500° x81000x7400 C§§4_32_1 s
24424x10°  7°x210000x244.24x10 : |

M_ =27.66 kNm

xar=10
- W mnty  [182094%350
A= — — = —=1.518 "
M, 27.66x10 :
3%32517) > Deter’;:i;zrr:f:ction 4@
\__/—\
v
§84.3.21 Determine the
eqn. (4.56) p  design buckling —@
- resistance — Mpra
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Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

 Example — Design of an cold-formed steel beam in bending

Determination of the reduction factor y;r
> %x210000% 244, 24><104

Mo = 1127 4500°

*

o : i -dimensional
. \/ 17692.78x1 9 T ’45 00 x 81000 x 7400 . ’ 554321 Deéf%:égznggbmﬁ;ml "
24424 %10 -%x210000%x244.24x10 ’ .

M =27.66 kNm
W .
I’LT — i.ﬂ'._\‘.mbr./_\‘b — Jl 82094 X 3560 - 1 5 1 8 Yes
M. 27.66%x10 :
gﬁ:'az;n > Deter;:i;z:eduction »  ar
O, r =0.5[l+a”(/1” —0.2)+/1LT']= h
§84.3.21 Determine the
=0.5x[14034x(1.437-0.2)+1.437 |=1.743  [Fe8 | il | v /
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 Example — Design of an cold-formed steel beam in bending

Determination of the reduction factor y;r

7> x210000 244. 24><104
4500°

M, =1.127x

*

9 \/17692.78x10"’ . 4500% x 81000 x 7400 C§§4_32_1
24424%10°  7*%210000%244.24%10*

M_ =27.66 kNm

7 = Pamio _ \/182094x350 ~ 1518
- M 27.66x10°

torsional buckling

Determine non-dimensional
slenderness for lateral "

Yes

cr
§§4.3.2.1
eqn. (4.57)

Determine reduction

O = 0.5|:l +a;; (,TLT _0_2)+ZLT2:|= S

factor xir

§54.3.2.1

v

Determine the

=0.5x|1+0.34x(1.437-0.2)+1.437* |=1.743 |42
1 1

/1/ — = —
g N8 -, 174341734 —1.437

=0.369

P design buckling
resistance — Myra
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Behaviour and Design Resistance of Bar Members
Buckling strength of bending members

 Example — Design of an cold-formed steel beam in bending

Check of buckling resistance at ULS
Design moment resistance of the cross section for bending

M, ri = XWey, ‘f\b/ym = -

%
-9 3 _'._
=0.369x182091x10~° x350%10°/1.0 = ij Determine o dimensionl -
slenderness for lateral
torsional buckling
=23.52 kNm ;
xr=10
Yes
§§4.3.21 . .
3}4_51)\ Deter;:gz:;f:chon o/ wr
|
¥
§§4.3.21 Determine the
eqn. (4.56) design buckling —@
\_/-—\ resistance — Myra
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 Example — Design of an cold-formed steel beam in bending

Check of buckling resistance at ULS
Design moment resistance of the cross section for bending

M i = XWeg o / Yir =
=0.369x182091x107° x350x10°/1.0 =
=23.52 kNm

Overall dimensions
of the member
Load combination
for ULS
T

Z Caiculate the inlernal
forces and moments
for ULS

§5231
Flowchart 2.1 @_,,

Choose the cross-
secton of member

i
. 4

section properties for

Flowcharts 3.1 and 32
Example 3.1

§§3.84
eqn. (3.83)
Flowchart 3.6

Compute the effective cross-

bending for ULS
L
1
Calculate the design
resistance of the cross-
secfion in bending -M. 5,
L
ols
Checkif
cross-sectional
resistance is
adequate
Yes

Calculate the design
buckling resistance of the

member in bending — M, 5y

Check if buckling
resistance of member is
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Buckling strength of bending members
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Example — Design of an cold-formed steel beam in bending

Check of buckling resistance at ULS
Design moment resistance of the cross section for bending

/

Overall dimensions
of the member
Load combination

/

M i = XWeg o / Yir =
=0.369x182091x107° x350x10°/1.0 =

=23.52 kNm
Verification of buckling resistance

M, 2321
M,, 2352

=0.987 <1 - OK

for ULS
T

Choose the cross-
secton of member

55231
Flowchart 2.1 @_,

i
. 4

Compute the effective cross-

section properties for
bending for ULS

Flowcharts 3.1 and 32
Example 3.1

..

Calculate the design

§5384 |
eqn. (3.83) 5
resistance of the cross-
Flowchart 3.8 secfion in bending -M. 5,
L
ols
§5384 Checkif
eqn. (3.82) cross-sectional
Flowchart 3.6 resistance is
adequate
)
Yes
e
Y
Calculate the design
resistance of

buckling resistance of the

member in bending — M, 5y

§84.32.1
eqn. (4.56)

¥

Check if buckling
resistance of member is
adequate

§54.3.2
eqn. (4.55)

M, <10 -
M, .,

Yes
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Behaviour and Design Resistance of Bar Members
Compression members

* Buckling of members in bending and axial compression
Theoretical background

Bending generally results from three sources.

1. Eccentric axial load. A typical case is the pinned connection of the
beam to the column when the connection is centred at the face of

column (e.g. on the flange);



Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

* Theoretical background
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Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

* Theoretical background

Loading 4

/
M, N (n/
/
@/
Ner M N
e J
//‘r / (3)
N Ve /’
L W
(6)
Lateral v JW{)]
restraints pri.rcd
;"/ M
/ (N.M)max ' N
P M
“N ' 7 (1,2.6) ====beam N=0
Column deflects in zx N (4) ——- column M=0
First yield (3,7) interaction

plane only beam-column

(5)

L
In-plane deflection w

In-plane behaviour of beam-columns



Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

e Design of beam-columns according to EN1993-1-1 and EN1993-1-3
Two different formats of the interaction formulae

Method 1 (Annex A of EN 1993—-1-1) contains a set of formulae that
favours transparency and provides a wide range of applicability together
with a high level of accuracy and consistency.

Method 2 (Annex B of EN 1993-1-1) is based on the concept of
global factors, in which simplicity prevails against transparency. This
approach appears to be the more straightforward in terms of a general
format.
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Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

e Design of beam-columns according to EN1993-1-1 and EN1993-1-3

Members which are subjected to combined bending and axial
compression should satisfy:

<1.0

NEJ + kn. M'\-.Ed +AM.\-.E¢I + k\.: M:.Ed + AM:.EJ
Z\'NRA' /yMl - /‘(LTM_\‘.RA' /yMl - M:.RA‘ /y,\ll

N,, ok M‘,_,EJ+AM_,..EL,+k M. ., +AM_,, <10

ANw! Vo 7 XMV T Moy Y

The interaction factors &,,, k-, k.,, k.- depend on the method which is
chosen, being derived from two alternative approaches: (1) Alternative
method 1 — see Tables 4.7 and 4.8 (Annex A of ENI1993-1-1) and (2)
Alternative method 2 — see Tables 4.9, 4.10 and 4.11 (Annex B of EN1993-
1-1).



Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

e Design of beam-columns according to EN1993-1-1 and EN1993-1-3

Interaction Elastic cross sectional properties — class 3, class 4
factors
u,
Cf"l'C" \
by P
Nn‘.j'
C..—
ky: - _N&I
N(f'.:
A,
C"fl'C” Y
i " mLT L N,
Nrr.,r
A
Cﬂl- Y
k.. e Ne
Nu‘..'
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Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

e Design of beam-columns according to EN1993-1-1 and EN1993-1-3

Auxiliary terms
1.6 W,
Cl'r =1+ (“"‘l. - 1)[(2 - Cmu /an - le /Imm ]" b ]2 £l)
. : w, w, W,
- ‘ M .
| Ny, with by =0.5a,, 40 — 2k
- N z[.TMpI v, Rd M;JI.:.RJ
#' _ o,y
y N - W
-2, < |c =14(w. -1 2—]4’-1(:""/1'"‘n n,—c, |206 [~z <=
N“_‘J_ yz ( z ) “"_. pl LT W"\. Wp.,'_.
1= Ne .
" M
U= No: \ith ¢, =10a,, Ao 2=
T -7 Ny 5+ /I CoZiM 1,
o C?2 ‘z:au W, W ,
W, C, =1+(w, ~1)|| 2-14=22" 0 ~d,, |20.6 | <L
w, = —<15 | - : W f w W,
J ’Vy[.)- ¥ 2 ply
W, A M M
w, = W’” <15 \ith d,, = 2a,, 4o LA 2.5
s 01 + j. »n zl T pl, v, Rd Cm:Mpl,:.Rd
n.,= Ne ~ : .\”- 1.6 ., = 16 =2 | ] W,
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Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

e Design of beam-columns according to EN1993-1-1 and EN1993-1-3

Auxiliary terms

A = non-dimensional slenderness for lateral-torsional buckling.

If

IO S 0.2JCT14 1— & l — NE;I - :C,,“- = Cnu 09Cm. = Cm O‘JleT 1.0
Ncr.: N(.r.T ’

[f

A £ a

/‘l() > 0'2JCT" [1 - h][l — NE‘I ] :le‘ = Cnn-,() + (l - C,,“.'()) ‘J_‘ = —
N"": Nw.T l . v 1+ 'JéTal.T

C =C_.:.C,. =C° a,r 1

mz mz 02~ mlLT my 2
l — N&.’ l — NF."I
Nu‘.: er.T

C,i0 See Table 4.8

A
e =—2E T forclass 3; £, = —_ for class 4;

v
N&I w:'l._r NEJ ”fc’ﬂ'.,r

V..., = elastic flexural buckling force about the y—y axis;

V... = elastic flexural buckling force about the z—z axis;

V__ ~= elastic torsional buckling force:

v.Ed
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Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

e Design of beam-columns according to EN1993-1-1 and EN1993-1-3

Table 4.8 — Equivalent uniform moment factors C,,; »

Moment diagram Coio

-1< LV <] or.i
T'El |5
Cmi.O = ] +

x _ l] NEd
NS AT
M, ., (t) is the maximum moment M, z; or M. g,

/] g M(x) [according to the first order analyses
\_/ |§r[ is the maximum member deflection along the

member (5: (due to M, g;) or 5.‘, (due to M. g4)
N

\/ C‘m'i!.'.)zl-o‘lgi

or,i

~_ C. . =1-0.03Nx
- N

or.g
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Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

e Design of beam-columns according to EN1993-1-1 and EN1993-1-3

Table 4.9 — Method 2 — Interaction factors k;; for members
not susceptible to torsional deformations

Interaction Tvpe of sections Elastic cross sectional properties
factors yP class 3, class 4
C, {l +0.67, — e ] <
k [-sections ‘ XNy ! Vanr
>y RHS-sections N
<C, | 1+0.6———
' XN ' Van
[-sections
oz RHS-sections ke
[-sections
ey RHS-sections 0.8k,
— N
C.. ( 1+ 0.64- +J <
[-sections XNg 'V




Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

e Design of beam-columns according to EN1993-1-1 and EN1993-1-3

Table 4.10 — Method 2 — Interaction factors k; for members
susceptible to torsional deformations

elastic cross sectional properties

Interaction factors
class 3, class 4

Ky k,, from Table 4.9

ky- k,. from Table 4.9

- 0.05A- N,,
(le.r _0°25) X:NRk /ym

>l 0.05 N,
(C —0'25) Z:NRk /Y,m

mlLT

k.. k.. from Table 4.9
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Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

e Design of beam-columns according to EN1993-1-1 and EN1993-1-3

Table 4.11 — Equivalent uniform moment factors C,,; in Tables 4.9 and 4.10
Cm_\‘s Cm: and CmLT
Moment diagram Range :
5 5 Umﬁ?rm Concentrated load
loading
M -1y <1 0.6+04y =04

wM

0<e, <1 |-1=y<1{02408x, 204 |02+08c, 204

0.1-0.8c, 20.4 —0.8a, 204
0.1(1-y)- 0.2(-y)-
-0.8¢, 20.4 0.8, 2 0.4

0<a, <1 |[-1<y<1| 0.95+0.05¢, 0.90+0.10¢,

M th
h | 0<y <l 0.95+0.05¢, 0.90+0.10e,
-1, <1

0.95+ 0.90+
o, =M, /M, 1Sy <0
+0.05¢, (1+2I//) +0.10¢, (1+21//)

In the calculation of ¢, and ¢, , a hoggmg moment should be taken as negative

JPRRRE (R, SR I B . R R S

z
-
<
=<
=
L
A
Q :
A
o
IA
<
IA

o, =M,/M, -1fy <0
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Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

e Design of beam-columns according to EN1993-1-1 and EN1993-1-3

As an alternative, the interaction formula may be used

0.8 0.8
( NEd +( MEd g 10
Nh.Rd Mb.Rd
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Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

e Design of beam-columns according to EN1993-1-1 and EN1993-1-3
General method for lateral and lateral-torsional buckling of structural
components

o In-plane analysis of the structural component. The objective is to
determine the design effects in the structural component under the
design loading and then to assess the magnitude of the effects in
relation to the characteristic resistance at the most critical cross
section, considering only the in-plane behaviour. The ratio between
characteristic resistance and design effects is expressed as the load
amplifier, ¢ i

e Qut-of-plane buckling analysis of the structural component. The
objective is to determine the magnitude of the loading, as a multiple of
the design loading, at which the structural component fails by out-of-
plane elastic buckling. The magnitude is expressed as the amplifier

. ops



Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

e Design of beam-columns according to EN1993-1-1 and EN1993-1-3
General method for lateral and lateral-torsional buckling of structural
components
o Check of the overall resistance of the structural component. The
objective 1s to verify the adequacy of the structural component,
considering the interaction between the in-plane behaviour of the
structural component and the out-of-plane behaviour.



Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

e Design of beam-columns according to EN1993-1-1 and EN1993-1-3
General method for lateral and lateral-torsional buckling of structural
components

The overall resistance to out-of-plane buckling for any structural
component conforming to the scope presented above can be verified by

ensuring that:

(Vo
Zop ult & > 10

y.lll

where
Q18 the minimum load amplifier of the design loads to reach the

characteristic resistance of the most critical cross section of
the structural component considering its in-plane behaviour

without taking lateral or lateral-torsional buckling into
account however accounting for all effects due to in plane
geometrical deformation and imperfections, global and local,
where relevant;

Kop 1s the reduction factor for the non-dimensional slenderness
/—1,,,, , to take account of lateral and lateral-torsional buckling;



Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

e Design of beam-columns according to EN1993-1-1 and EN1993-1-3
General method for lateral and lateral-torsional buckling of structural

components B
The global non-dimensional slenderness A, for the structural

component should be determined from:

cr.op

where

Orop 18 the minimum amplifier for the in-plane design loads to
reach the elastic critical load of the structural component with
regards to lateral or lateral-torsional buckling without
accounting for in plane flexural buckling. In determining ¢,
and &, Finite Element analysis may be used.



Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

e Design of beam-columns according to EN1993-1-1 and EN1993-1-3
General method for lateral and lateral-torsional buckling of structural
components

The reduction factor y,, may be determined from either of the
following methods:

a) the minimum value of
pa for lateral buckling according to §§4.2.2;
Lt for lateral torsional-buckling according to §§4.3.2;
each calculated for the global non-dimensional slenderness Zn,, .
b) a value interpolated between the values y. and y, , as determined in a)

by using the formula for ¢, , corresponding to the critical cross section.

]' a I.K op
a’"h‘k — M Zt)l) ult K — Z f > l -0 N M >
NEd + v.Ed y Ml N, M v.Ed & + - < /%,op

Nl‘-d + NRI.‘ / yM[ M_\-.Rk / yMl
Rk

Rk v, Rk

v.Rk
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Behaviour and Design Resistance of Bar Members
Buckling of members in bending and axial compression

e Design of beam-columns according to EN1993-1-1 and EN1993-1-3
General method for lateral and lateral-torsional buckling of structural
components

[NEJ + M.\'-Ed J

N, M .,

Z’p _ Rk v.Rk . >1.0
‘NI:‘d M.v.i:‘d
Z:NRI.' ZLTM_\'.RA- )

(
NEJ + M.\'.Ed
Zopam't.k _ \ NR’\' M.\'.RI«' |

(N, M., M,
yMl [ N[-_d + v.Ed J },M] ( N[-_d + v.Ed )
AN XM, Npe M, g

NEJ + M.\-.Ed S 1
Z: NRI: /yMI xLTM_r.Rk /y,l-ll

=1.0
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* General. Constructional detailing and static system

91 sheeting , _sheeting . _sheeting
) Z section ) Z section
Stiffened angle Diagonal bracket
bracket
Z purlin rafter rafter
a) b)
, sheeting
Z section _
- Channel bracket
weld
0 o P rafter
Va (1) individual lengths of

B profiled sheet

(3) parallel
member (rafter)
Va 2) perpendicular
b member (purlin)

(5) seam fasteners | ——
. R — 3

(4) sheet/perpendicular

member fasteners T



®

Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* General. Constructional detailing and static system

TR YRR YY YY)
: 4. Y
Purlin directly fastened onto the top of primary beam (Lindab A e
Systemline) ]‘: L l L J

) Support and overlap arrangements for purlin:



Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* General. Constructional detailing and static system

" < 2 <8

9 vy
f ) rod for the suspension & lateral
suspension rod supporting the free flange
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

 Modeling of beam-sheeting interaction

The restraining effect of sheeting has to be considered for an effective
design of purlin-sheeting systems. It is generally assumed that the sheeting
can provide the necessary in-plane stiffness and capacity to carry the

component of the load in the plane of the sheeting
the purlin resists to normal component. In fact, the sheeting may provide not

only lateral restraint but can also partially restrain the twisting of purlins,
taking account of the flexural stiffness of the sheeting if substantial (e.g. as
for trapezoidal sheeting) and properly connected to the purlin.

According to EN1993-1-3. the purlin is laterally restrained

§> 70
5 A n
where
S is the portion of the shear stiffness provided by the sheeting

for the examined member connected to the sheeting at each

rib. If the sheeting is connected to a purlin every second rib
onlv then S chonld he renlaced hv () 20 §-
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

 Modeling of beam-sheeting interaction
straining effect of sheeting, in EN1993-1-3 the free

ﬂan,QL be - adat H;-T'.TT-H
i T
E i L

|

The equivalent lateral spring stiffness for the strength and stability

check is obtained by a combination of:
1. Rotational stiffness of the connection between the sheeting and the

purlin Cp,
2. Distortion of the cross section of the purlin, Kj,

3. Bending stiffness of the sheeting, Cp ¢, perpendicular to the span of
the purlin (see Figure 4.49).
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

 Modeling of beam-sheeting interaction

C
0 114111
(o =

—

The composed distortion-torsion-bending effect

111ttt $11111
r r
= +

B —

In-plane bending Torsion and lateral
bending




Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

 Modeling of beam-sheeting interaction

According to EN1993-1-3, the partial torsional restraint may be
represented by a rotational spring with a spring stiffness Cp, which can be
calculated based on the stiffness of the sheeting and the connection between
the sheeting and the purlin, as follows,

where
Cpa is the rotational stiffness of the connection between the
sheeting and the purlin;
Cpc 1s the rotational stiffness corresponding to the flexural
stiffness of the sheeting.

Both Cp 4 and Cp are specified in Section 10.1.5 of EN1993-1-3.
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Behaviour and Design Resistance of Bar Members

Beams restrained by sheeting

 Modeling of beam-sheeting interaction

Alternatively, the Cp 4 stiffness and Cp ¢ stiffness values can be obtained
experimentally applying the recommendation in Annex A5 of EN1993-1-3.

~

~

Model adopted for sandwich panel — purlin interaction (Davies, 2001)



Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

 Modeling of beam-sheeting interaction

The restraints of the sheeting to the purlin have important influence on
the buckling behaviour of the purlin.

1.5

1

5 - 1 LI II. L} T T T
- —— No restraint ! !
D 4.5H === Translational restraint : ! .
5 - = Rotational restraint 1
] | --== Full restraints A I i
- 4 — I ‘ . =
3 2 y A !
> 35 i A ] !
< y /
6 .
o 25
£ \
Z 2
3
©
L
=
o
S
L
©
@

0.5

OIIIII 1 1 P N B B A | 1 1 | ]

102 103

Half-wavelength, mm
Buckling curves of a simply supported zed section beam with different
restraint applied at the junction between web and compression flange subjected to
pure bending (A=202 mm, »=75 mm, ¢=20 mm, ¢ =2.3mm) (Martin & Purkiss, 2008)




Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

 Modeling of beam-sheeting interaction

The restraints of the sheeting to the purlin have important influence on
the buckling behaviour of the purlin.

Y — .
—— No restraint
4.5 H="= Translational restraint
=== Rotational restraint
aH Full restraints
3.5

3

Ratio of critical buckling strass to vield strength

Ll 1 1 b aaal 1 1 L1

10% 10°

Halt-wavelength, mm ) )
Buckling curves of a simply supported zed section beam with different

restraint applied at the junction between web and tension flange subjected to pure
bending (A=202 mm, /=75 mm, ¢=20 mm, ¢ =2.3mm) (Martin & Purkiss, 2008)
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Design criteria
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Design criteria
For gravity loading, the purlin should satisfy the following criteria:

- at internal supports, the resistance to combined support reaction and
moment;

- near supports, the resistance to combined shear force and bending
moment;

- in the spans, the criteria for cross section resistance;

- if the purlin is subject to axial compression, the criteria for stability of
the free flange.
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Design criteria
For uplift loading, the purlin should satisfy the following criteria:

- at internal supports, the resistance to combined support reaction and
moment, taking into account the fact that the support reaction is a
tensile force in this case;

- near supports, the resistance to combined shear force and bending
moment;

- in the spans, the criteria for stability of the free flange;

- if the purlin is subjected to axial compression, the criteria for stability
of the free flange.

The serviceability criteria relevant to purlins should also be satisfied.



®

Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Design resistance — resistance of cross-section

9Eq
I EEEEEEEEEEEEEXN! r.t., (==
e [ —— e : .?
— -.— h . ' j_‘IISh v 1/6h
................................................................... h 9Ed !
A A ._x_l T 2

i |
T = =1
I + — + ]
v— [y i — LY 1sh
| = l j_
7! e22|°| |<211
Myeq Neg Mizes _a

Weff.v A eff sz

The maximum stresses in the cross section should satisfy the
following:
M_\-.Ed + N[;‘d
w er.y Ac'.lf'

- restrained flange: &, 0 =

S f_\-/}’M

A A AT AL
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Design resistance — resistance of cross-section

The equivalent lateral load ¢,z; acting on the free flange, due to
torsion and lateral bending, should be obtained from:

g = ki G g
rr shear ml ‘
& centre >
\-‘j, _L <
4 e,
5
- .
_ ht(b*>+2cb-2c%b/ h) ] /. : 8
k,,= Ky =——
41, I, h
Simple symmetrical Z section Z, C or X sections
a) k,, factor for lateral load on free bottom flange ( k,, corresponds to loading at the shear
centre)
eq %q Teq r 4 ae
T
AT ¥ AN T
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Design resistance — Resistance of cross-section

The lateral bending moment Mz may be determined

Mg =Ky M

0.fz.Ed
where

M ps 1s the initial lateral bending moment in the free flange w
any spring support;
KR is a correction factor for the effective spring support.

The initial lateral bending moment in the free flange Mz gy

System Location My - ka K

]Y " 1-0.0225R
l 3 = \Vu.

—_ ) L - K, =-—

|.—U2T+L—)L/2——| m th.ful a R 1 +10]3R

9 o . _1-0.0141R
m Th. e ta R 1+0.416R

T x M
A e 128 .
l.*:a/aL ~|-7518L 1 . 1+ 0.0314R
€ == uil, K =
support 8

anti-sag bar or 14+0.396R




Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Design resistance — Resistance of cross-section

The validity of the Table is limited to the range R <40

KL
=— Bl (4.78)
where
I is the second moment of area of the gross cross section of the
free flange plus the contributing part of the web for bending
about the z—z axis (see Figure 4.55);
K is the lateral spring stiffness per unit length;
L, is the distance between anti-sag bars, or if none are present,

the span L of the purlin.
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Design resistance — Buckling resistance of free flange

If the free flange is in compression, its buckling resistance should be

verified using:
M N M,
1 [ v,Ed | Ed J + f2.kd < j;b /J/M]

Air ”/q(l'.y Aq.rf Wr-

in which J%,; is the reduction factor for lateral-torsional buckling (flexural
“--ckling of the free flange), using buckling curve b (¢, , =0.34; Airo =0.4

F=0.75 according to §§6.3.2.3 of ENI1993-1-1) for the relative
slenderness /_1,- :
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Design resistance — Buckling resistance of free flange

The relative slenderness A for flexural buckling of the free flange

should be determined from:
= l. /i,

A 7 (4.80)

0.5
with 4, =7 E/f |,
where
I is the buckling length for the free flange;

i is the radius of gyration of the gross cross section of the free
flange plus the contributing part of the web for bending about

the z—z axis.



Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Design resistance — Buckling resistance of free flange

For gravity loading, provided that 0 < R < 200, the buckling length of
the free flange for a variation of the compressive stress over the length L as
shown in Figure 4.57 may be obtained from:
L.=n,L(1+7,R")" 1, =0.7L,(1+13.1R¢

)—0.|25

where
L, is the distance between anti-sag bars or, if none are present,
the span L of the purlin:
R is as given by
- 4
R= fLu R, = fLO
T EIL, 7 El,

n, to n, are coefficients that depend on the number of anti-sag bars



Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Design resistance — Buckling resistance of free flange

Coefficients 7; for down load with 0, 1, 2, 3, 4 anti-sag bars

Situation Anti-sag bar m 7 75 N4
Number -
End span 0 0.414 1.72 1.11 -0.178
Intermediate span 0.657 8.17 2.22 -0.107
End span | 0.515 1.26 0.868  -0.242
Intermediate span 0.596 2.33 .15 -0.192
End and intermediate span 2 0.596 2.33 1.15 -0.192

End and intermediate span 3and 4 0.694 5.45 1.27 -0.168
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Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Design resistance — Buckling resistance of free flange

le—to=L o |: |_ )-||< |. >|

Coefficients #; for uplift load with 0, 1, 2, 3, 4 anti-sag bars

Situation Artﬁ:lssgelr)ar m 7 s M4
Simple span 0.694 545 1.27  -0.168
End span 0 0.515 1.26 0.868 -0.242
Intermediate span 0306 0232 0.742 -0.279
Simple and end spans 0.800 6.75 1.49  -0.155
Intermediate span : 0.515 1.26 0.868 -0.242
Simple span 0.902 8.55 2.18  -0.111
End and intermediate spans 2 0.800 6.75 1.49  -0.155
Simple and end spans 0.902 8.55 2.18  -0.111
3 and 4

Intermediate span 0.800 6.75 1.49  -0.155
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Design resistance — Rotational restraint given by the sheeting

The total lateral spring stiffness K per unit length should be
determined from:

| 1 1 l
- +—+
K K K, K.
where
K4 is the lateral stiffness corresponding to the rotational stiffness
of the joint between the sheeting and the purlin;
Ky 1s the lateral stiffness due to distortion of the cross section of
the purlin;
Ke is the lateral stiffness due to the flexural stiffness of the
sheeting.
1
k= 1 1
_+_



0.4l L@me  rurcor

Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Design resistance — Rotational restraint given by the sheeting

The value of (1/K,+1/K,) may be obtained either by testing or by

calculation.
The lateral spring stiffness K per unit length may be determined by

calculation using:

1 4(1=v? )i (b, +b,,,) p?

—= + 4.86
K Er’ C, (4.86)
in which th E‘i: >
- forc 1e purlin into
cont
ot
- forc e 1e purlin into

cont =2a+b

1od
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Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Design resistance — Rotational restraint given by the sheeting

The value of (1/K,+1/K,) may be obtained either by testing or by

calculation.
The test set-up to determine (1/K,+1/K,), the amount of torsional

restraint given by adequately fastened sheeting or by another member
perpendicular to the span of the beam
a) The lateral stiffness K per unit length corresponding to the rotational
stiffness of the connection between the sheeting and the beam;
b) The lateral stiffness K per unit length due to distortion of the cross
section of the purlin.

>2b > 450 mm




®

ST
g o
LTy N L
Useverute 0 4
de Litge - o

- Wt S

Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Design resistance — Rotational restraint given by the sheeting
The combined restraint per unit length may be determined from:

(I/K,+1/K,)=8/F

where
F is the load per unit length of the test specimen to produce
a lateral deflection of 4/10;
h is the overall depth of the specimen;
) is the lateral displacement of the top flange in the direction of

the load F.
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* Design of beams restrained by sheeting according to EN1993-1-3
Design resistance — Rotational restraint given by the sheeting
The rotational restraint given to the purlin by the sheeting should be
modelled as a rotational spring acting at the top flange of the purlin
Cp,= :
(1/Cp, +1/Cp )

where

Cps 1s the rotational stiffness of the connection between the
sheeting and the purlin;
Cpe 1s the rotational stiffness corresponding to the flexural

stiffness of the sheeting. k=2 m, 04 k=4
using: A
CD‘C = m/9 |( S )I

k= m,oN k=6

L T T



Behaviour and Design Resistance of Bar Members
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* Design of beams restrained by sheeting according to EN1993-1-3
Design resistance — Rotational restraint given by the sheeting
The rotational restraint given to the purlin by the sheeting should be
modelled as a rotational spring acting at the top flange of the purlin
Cp= :
(1/Cp, +1/Cp )

where

Cp,4 1s the rotational stiffness of the connection between the
sheeting and the purlin;
Cpe 1s the rotational stiffness corresponding to the flexural
stiffness of the sheeting.
Alternatively a conservative value of Cp ¢ may be obtained from:

— k E It_'ff

D.C

s
Ly is the effective second moment of area per unit width of
sheeting;
s is the spacing of the purlins.
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Design resistance — Rotational restraint given by the sheeting

Generally Cp,4 may be calculated provided that the sheet-to-purlin
fasteners are positioned centrally on the flange of the purlin.

Alternatively Cp 4 may be taken as equal to 130p [Nm/m/rad], where p
is the number of sheet-to-purlin fasteners per metre length of purlin (but not
more than one per rib of sheeting), provided that:

- the flange width b of the sheeting through which it is fastened does
not exceed 120 mm;

- the nominal thickness ¢ of the sheeting is at least 0.66 mm;

- the distance a or b - a between the centreline of the fastener and the
centre of rotation of the purlin (depending on the direction of
rotation), as shown in Figure 4.59, is at least 25 mm.
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* Design of beams restrained by sheeting according to EN1993-1-3
Design resistance — Rotational restraint given by the sheeting

Generally Cp,4 may be calculated provided that the sheet-to-purlin
fasteners are positioned centrally on the flange of the purlin.

Alternatively, values of Cp 4 may be obtained from a combination of
testing and calculation. If the value of (1/K, +1/K,) is obtained by testing
according to Annex A of EN1993-1-3 (in mm/N), the values of Cp 4 for
gravity loading and for uplift loading should be determined from:

h /1,

4.91
(I/K,+1/K,)—4(0-v*)h* (h, +b,,, )/ ECL, 20

—

D, s
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Simplified design of purlins
Purlins with C-, Z- and 2-cross sections with or without additional
stiffeners in web or flange may be designed as described in this clause if the
following conditions are fulfilled:
- the cross section dimensions are within the range of Table
- the purlins are horizontally restrained by trapezoidal sheeting where
the horizontal restraint fulfils the condition
- the purlins are
[E

conditions of T: §2
- the purlins have

70 eting and the
n



Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Simplified design of purlins

Purlins with C-, Z- and X2-cross sections with or without additional
stiffeners in web or flange may be designed as described in this clause if the

following conditions are fulfilled:
the cross section dimensions are within the range of Table_
" Limitat'ions' to be Hllfilled if .the éil'npli.ﬁed desi-g‘n ‘rne‘thocf‘l.is use& ©
Purlins { [mm] b/t hit hi/b c/t blc L/h

b
- (&

2125 <55 <160 <343 <20 <40 =15

=125 <55 <160 <343 <20 <40 =15
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

Design of beams restrained by sheeting according to EN1993-1-3

Simplified design of purlins

Purlins with C-, Z- and 2-cross sections with or without additional

stiffeners in web or flange may be designed as described in this clause if the
following conditions are fulfilled:

the cross section dimensions are within the range of Table

the purlins are horizontally restrained by trapezoidal sheeting where
the horizontal restraint fulfils the condition

the purlins are restrained rotationally by trapezoidal sheeting and the
conditions of Table

the purlins have equal spans and uniform loading.

This method should not be used:

for systems using anti-sag bars;
for sleeve or overlapping systems;
for purlins subjected to axial forces Ng;.
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Simplified design of purlins

The design value of the bending moment My, should satisfy:

where

and

eff .y

ALt

Ed S l
MLT.R‘I
/, J Z
M _ ~y W . LT
LT .Rd {y““ A ) kd

is the section modulus of the effective cross section with
regard to the y—y axis;
is the reduction factor for lateral-torsional buckling in terms of

Aur, where @, is substituted by @, , ;
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Simplified design of purlins

&, 1sthe imperfection factor;
7 W, is the section modulus of the gross cross section with regard
el.y -
1oy =07 — to the y—y axis;
ok, is a coefficient for consideration of the non-restrained part of

the purlin;

I\
kd=(al—a., 21

a,,a, coefficients defined in Tablc ..._,

L span of the purlin;
h overall depth of the purlir
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Simplified design of purlins

Coefficients a,, a>

System Z-purlins C-purlins 2-purlins
a as a a a a
single span beam 10 0 11 0.002 1.1 0.002
gravity load
single span beam 13 0 35 0.050 1.9 0.020
uplift load
continuous beam 10 0 1.6 0.020 1.6 0.020
gravity load
continuous beam | 4 0.010 27 0.040 1.0 0

uplift load
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Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Simplified design of purlins

2

M('l' 1
Cp2 E]. kg » Air =

where

M, is the elastic moment of the gross cross section with regard to
the major u-u axis (see Figure 4.62);

Mcl.u u’ J j

I is the moment of inertia of the gross cross section with regard
to the minor v-v axis

is a factor for considering the static system of the purlin
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* Design of beams restrained by sheeting according to EN1993-1-3
Simplified design of purlins

k, is a factor for considering the static system of the purlin
Static system Gravity load Uplift load
"SI ) AI - 0.210
S 0.07 0.029
pas e hs s 0.15 0.066

v | ¢ L v |
Fau oS aa A3, e

S S (T (A 0.10 0.053




Behaviour and Design Resistance of Bar Members
Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Simplified design of purlins

where

I, is the fictitious St. Venant torsion constant considering the
effective rotational restraint’

I, is the St. Venant torsion constant of the purlin;
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* Design of beams restrained by sheeting according to EN1993-1-3
Simplified design of purlins
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Beams restrained by sheeting

* Design of beams restrained by sheeting according to EN1993-1-3
Simplified design of purlins
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* Design of beams restrained by sheeting according to EN1993-1-3
Simplified design of purlins
1 1 1 1

= + +
Cl) CD. A CD.B Cl).C

where
C, .C, rotational stiffnesses
Chp rotational stiffness due to distortion of the cross section
of the purlin, Cp = K hz, where & = depth of the purlin
and Kz
k lateral torsional buckling coefficient
Lateral-torsional buckling coefficients 4 for purlins
restrained horizontally at the upper flange
Static system Gravity load Uplift load
VAN % oo 10.3
bt
iy A i 17.7 27.7
| v L ¢ ]

1M N



Behaviour and Design Resistance of Bar Members
Design of beams at serviceability limit states

* General

The rules for serviceability limit states given in Section 7 of EN1993-
1-1 should also be applied to cold-formed members and sheeting.

The properties of the effective cross section for serviceability limit
states should be used in all serviceability limit state calculations for cold-

formed members and sheeting.
The second moment of area may be calculated alternatively by

interpolation of gross cross section and effective cross section using the

expression
o,
l,, = 1,-—U,-1(0),) (4.103)
o
where
1, is second moment of area of the gross cross section;
Ogr 1Is maximum compressive bending stress in the serviceability
limit state, based on the gross cross section (positive In

formula);
I(o).; 1s the second moment of area of the effective cross section
with allowance for local buckling calculated for a maximum

T —~— N ssn svrlienlh 4l smnnvrismasssnn Absmnana an tlhhAa lhaa~cand
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Behaviour and Design Resistance of Bar Members
Design of beams at serviceability limit states

« Example — the SLS check of a cold-formed steel member in bending

This example continues the Example done for
ULS check for a cold-formed steel beam in
bending, with the serviceability limit state (SLS)
check. The beam has pinned end conditions and
is composed of two thin-walled cold-formed
steel back-to-back lipped channel sections, with
aspanL=4.5m.

for ULS and SLS

Overal dimensions of
the membex loads
and combinations

,_f

Chapter2
Flowchart 21

may be calcuated by
interpalation of gross cross
7| section and effective cross-

es
1
Compute the propedies of]
effectire cross-sectionin
bending for SLS

Determine maximum




Behaviour and Design Resistance of Bar Members
Design of beams at serviceability limit states

 Example — Design of an cold-formed steel beam in bending

Basic Data
Span of beam L=45m / Ot o /L. c;z.,:m;“
Spacing between beams S=30m T w;s 4@
Distributed loads applied to the joist: O i oo
self-weight of the beam ¢, ~=0.14kN/m @ w;m%:e:ss
weight of the floor and 0.6 kN/m’ _— S — —
G =0.55%3.0=1.65kN/m S | i i /
total dead load 46 =96 peam + 96 5» =1.79 KN/m iy = S
imposed load 1.50 kN/m’ ?i::
=1.50x3.0=4.50 kN/m e | [
T { i | e, |y TR

I 8 _CI Check if buckling
§§4.32 resistance of member is No—b@
eqn. (4.55) s Hequate
M, -="
<1.0
|||||||||||||||qlfd M,,,
h

[ — |
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Behaviour and Design Resistance of Bar Members
Design of beams at serviceability limit states
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Example — Design of an cold-formed steel beam in bending

Check of buckling resistance at ULS
Design moment resistance of the cross section for bending

/

Overall dimensions
of the member
Load combination

/

M i = XWeg o / Yir =
=0.369x182091x107° x350x10°/1.0 =

=23.52 kNm
Verification of buckling resistance

M, 2321
M,, 2352

=0.987 <1 - OK

for ULS
T

Choose the cross-
secton of member

55231
Flowchart 2.1 @_,

i
. 4

Compute the effective cross-

section properties for
bending for ULS

Flowcharts 3.1 and 32
Example 3.1

..

Calculate the design

§5384 |
eqn. (3.83) 5
resistance of the cross-
Flowchart 3.8 secfion in bending -M. 5,
L
ols
§5384 Checkif
eqn. (3.82) cross-sectional
Flowchart 3.6 resistance is
adequate
)
Yes
e
Y
Calculate the design
resistance of

buckling resistance of the

member in bending — M, 5y

§84.32.1
eqn. (4.56)

¥

Check if buckling
resistance of member is
adequate

§54.3.2
eqn. (4.55)

M, <10 -
M, .,

Yes
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Behaviour and Design Resistance of Bar Members
Design of beams at serviceability limit states

« Example — the SLS check of a cold-formed steel member in bending

Verification for Serviceability Limit State
Applied loading on the joist at SLS

Qiser =96 T =1.79+4.50=6.29 kN/m

The maximum applied bending moment:

My =Gyl [8=629%4.52/8 =15.92 kNm

Effective section properties at the serviceability limit state

Second moment of area for SLS (§§+

o. T
].ﬁv = ]gf == (Igr . I(O-)q‘f)
o
with:
I, =2302.15%10" mm*
0,, — maximum compressive bending stress in SLS

z, . =125 mm - distance from the centroidal axis
to the compressed flange
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Behaviour and Design Resistance of Bar Members
Design of beams at serviceability limit states

« Example — the SLS check of a cold-formed steel member in bending

Verification for Serviceability Limit State
Applied loading on the joist at SLS

Qiser =96 T =1.79+4.50=6.29 kN/m

The maximum applied bending moment:

My =Gyl [8=629%4.52/8 =15.92 kNm

Effective section properties at the serviceability limit state

Second moment of area for SLS

T T, O.S"Ir TI =\ \

o = MEd.n'r _ MEd.scr _ 15-92><106
S 4 I,/z., 2302.15x10%/125

ar

=86.45N/mm’

o=f,=350N/mm’ | |
o . ssive bending stress in SLS
/ (0')‘, L= I, =2268.89x 10* mm* entroidal axis

to the compressed flange
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Behaviour and Design Resistance of Bar Members
Design of beams at serviceability limit states

« Example — the SLS check of a cold-formed steel member in bending

Effective section properties at the serviceability limit state

Second moment of area for SLS

Iﬁc = ]gr - a;.r (1&"‘ - ](a)tff)

Chapter2 @_“ Chose crosseection Cross secten
Flowchart 21 of the member Steel grade

=2302.15%x10* —%X(BOZIS -2269.89)x10* =

1

fic

=2293.26x10* mm*
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Design of beams at serviceability limit states

« Example — the SLS check of a cold-formed steel member in bending

Effective section properties at the serviceability limit state

Second moment of area for SLS

o, ey (O e —y
Ipe=1y = og- (18’ —1(0')‘-{{) e :
S
s 96.45 . G
{, =2302.15x10" - —x(2302.15 - 2269.89)><10 = e
' 350 o
=2293.26x10* mm*
Deflection check @
Deflection at the centre of the joist:
L4 4
5 quel S 6.29%x 4500 — 536 mm [ |

= =——X
384 EI, 334 210000%2293.26x10°
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Design of beams at serviceability limit states

« Example — the SLS check of a cold-formed steel member in bending

Effective section properties at the serviceability limit state

Second moment of area for SLS

o, ey (O e —y
Ipe=1y = og- (18’ —1(0')‘-{{) e :
S
s 96.45 . G
{, =2302.15x10" - —x(2302.15 - 2269.89)><10 = ey
' 350 o
=2293.26x10* mm*
Deflection check @

Deflection at the centre of the joist:

A . j .
= S duser = ) X 529X 4500 -=5.36 mm
384 E]ﬁc 384 210000x2293.26x10

The deflection is L/840 — OK A
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Design of beams at serviceability limit states

« Example — the SLS check of a cold-formed steel member in bending

Effective section properties at the serviceability limit state

Second moment of area for SLS

o, ey (O e —y
Ipe=1y = og- (18’ —1(0')‘-{{) e :
S
s 96.45 . G
{, =2302.15x10" - —x(2302.15 - 2269.89)><10 = ey
' 350 o
=2293.26x10* mm*
Deflection check @

Deflection at the centre of the joist:

A . j .
= S duser = ) X 529X 4500 -=5.36 mm
384 E]ﬁc 384 210000x2293.26x10

The deflection is L/840 — OK A




