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Abstract. The methodology designs of the uniform compression member
with open cross-section, according to EN 1993-1-1/2006. Eurocode 3: Design of
steel structures, is briefly presented.

The influence of the open cross-section shape on the compression member
buckling resistance for six constructive cross-section shapes is also numerically
analysed.
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1. Introduction

The imperfections have an important influence on the phenomenon of
buckling, the behaviour of real steel structures being dependent of

a) geometrical imperfections, due to defects causing lack of straight-
ness, unparallel flanges, asymmetry of cross-section, etc;

b) material imperfections, due to residual stresses (caused by the rolling
or fabrication process) or material inelasticity;

c) deviation of applied load from idealized position due to imperfect
connections, erection tolerances or lack of verticality of the member.
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European buckling curves include a generalized imperfection factor.

For hot-rolled steel members, with the type of cross-sections commonly
used for compression members, the relevant buckling mode is generally flexural
buckling; however, in some cases, torsional or flexural-torsional modes may
govern and they must be investigated for all sections with small torsional
resistance.

Concentrically loaded columns can buckle by flexure around one of the
principal axes (classical buckling), twisting about the shear centre (torsional
buckling) or a combination of both flexure and twisting (flexural-torsional
buckling).

Torsional buckling can only occur if the shear centre and centroid
coincide and the cross-section can rotate; this leads to a twisting of the member.
Z-sections and I-sections with broad flanges can be subject to torsional
buckling.

Symmetrical sections with axial load not in the plane of symmetry, and
non-symmetrical sections such as C-sections, hats, equal-leg angles, T-sections
and singly symmetrical I-sections, i.e. sections where the shear centre and the
centroid do not coincide, must be checked for flexural-torsional buckling.

The analysis of torsional bucking is quite complex; the critical stress
depends on the boundary conditions and it is very important to evaluate
precisely the possibilities of rotation at the ends. The critical stress also depends
on the torsional stiffness of the member and on the resistance to warping
deformations provided by the member itself and by the restraints at its ends.

Where a Class 4 cross-section is subjected to an axial force, the
buckling resistance evaluation of the compression member according to EC3
takes into account the effective cross-section area. In a more accurate
calculation the additional bending moment determined by the possible shift of
the centroid of the effective area relative to the centre of gravity of the gross
section is also taken into consideration (SR EN 1993-1-1/2006; SR EN 1993-1-
5/2006; ESDEP, 1994).

2. Buckling Resistance of Member

The design buckling resistance of a compression member should be
taken as

X Af, )
,for Class 1, 2 and 3 cross-sections;

Vw1
N, oy = 1
b.Rd ZAeﬁ fy ( )

Y mt

, for Class 4 cross-sections.
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For uniform members in compression, the value of the reduction factor,

x , for the appropriate non-dimensional slenderness, A should be determined
from the relevant buckling curve according to relation

1
z=

=————; y<1, 2
RN

where: ¢ = 0.5[1+ a (Z - 0.2) + Zz} ; a —is an imperfection factor;

/Af
N Y. for Class1, 2 and 3 cross-section:;
I _ cr (3)
A‘eﬁ fy .
N for Class 4 cross-sections.

In the Tables 1,...,3, the buckling mode and the buckling forces
function of the open cross-section shape are presented.

Table 1
Double-Symmetrical Cross-Section

Double-
symmetrical
cross-section

Buckling mode Critical buckling force
2
. 7 El 7T2E|Z
Flexural buckling N, = m|n|:Ncr.y BE =N, , = 2
cry cr.z

A 72El
Torsional buckling N,r=N :_(Glt-i-—wJ
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Table 2
Mono-Symmetrical Cross-Section
Ze(5y)
Mono- H—
symmetrical < o
cross-section - (fl C(s)
J:
Blrjglgé?g Critical buckling force
2
) 7°El 2E|
Flexural N, =min| N, == N, ="
bUCkllng Lcr.y LCI’.Z
Torsional A ”zElw
buckling Ncr.T = Nw :T(Glt + 12
0 cr.T
Flexural— | T
tOfSiOﬂa' NchF = 2(|:_|)|:(Ncr . T Ncr.T) _\/(Ncr.z + Ncr.T )2 -4 . | : Ncr.z Ncr.T :|
buckling v ’
Table 3
Non-Symmetrical Cross-Section
Non-
simmetrical
cross-section /H
Buckling mode Critical buckling force
Flexural— F(N)=i (N=Ng ) (N=Ng,)(N=N,)-N?2Z( N-N, )-
torsional ' ' '
buckling _Nzyt:2 ( N - Ncr.z ) = O’ Where Ncr = mln[Nl' NZ' N3]

3. Numerical Analysis

The influence of the open cross-section shape on the values of the
critical buckling force and of the buckling resistance of a compression member
is analysed (Moga et al., 2011).
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The following constructive solutions are discussed:

Case 1: Non-symmetrical cross-section, with the flanges in opposite
position regarding the web.

Case 2: Non-symmetrical U shape open cross-section.

Case 3: Mono-symmetrical U shape open cross-section.

Case 4: Mono-symmetrical double T shape cross-section.

Case 5: Double-symmetrical double T shape cross-section.

Case 6: Cross shape mono-symmetrical cross-section.

In all cases the cross-section area has the same value and also the
dimensions of the web are preserved, respectively

A=140cm?; A, =500x10 mm? =50 cm?,

The following design data are presumed as being known:
a) member cross-section;

b) material: Steel S 355: f =355 N/mm?; & =0.81;
c) buckling lengths:
L=800m; u,=1; u,=p,=05;L, =pL=80m;

cry

Lcr.z = Lcr.(o = luz (lu(o)L = 40 m.

3.1. Case 1: Non-Symmetrical Cross-Section, with the Flanges in Opposite Position
Regarding the Web

The cross-section and the corresponding characteristics are presented in

Fig. 1.
:'_E Characteristics
il 5 f' 00220 A=140cm%;
X a
S 1,-7.833x10° cm’*;
R % I, =6,518 cm?;
" . ..lFF a A
JG e Ia=4552x%10% cm®;
’ \\\y .
E I, =119 cm™;
," 500x 10 i,=23.7cm;
"" i, =6.8cm;

=54cm;
z 200 x 15 Yz em
* 2, =10.1cm.

Fig. 1 — Non-symmetrical cross-section, with the flanges in
opposite position regarding the web.
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a) Critical buckling force

2E| 2 6 4
N, = 7 Sy 7°2.1x10 ><Z.833><10 10° = 25 341 kN:
Ly 800
2 2 6
N, = ﬁLzEIZ _7 2-1X41(§)0j 6,518 02 _g 435 kN:
theor. __ cr.z
Mo = 1(7°El,
Nw = |_2 |_2 + GII =
0 cr.o
1 722.1x10° x4.552x10° 6 5
= 737.23[ 200° +0.807x10 ><119j><10 =9,293 kN,

where:

L L+l +A(Y: +20) (7.833+0.6518)x10° +140(5.4° +10.1°)

_ 2
Iy = A = 140 =737.23cm".

For non-symmetrical cross-section, N is obtained from eq.

F(N)=iZ (N=N,,)(N=N,)(N=N,)-N2*(N-N,, )~

(4)
_Nzysz( N _Ncr.z)zo'

Using numerical values it results

737(N - 25,341) (N - 8,435) (N — 9,293) — N210.12(N - 25,341) —
— N25.42(N - 8,435) = 0

and consequently
N, =min[N,; N,; N,]=min[6,407; 13,619; 27,695]=6,407 kN..
b) Effective cross-section
TOP FLANGE EFFECTIVE AREA

Outstand flanges are subjected to uniform compression (Fig. 2 a)

%:14.5>14g:11.34:CIass4; o,=0, =y =22 =41,
O3

The buckling coefficient for the flange is k_ =0.43;



Bul. Inst. Polit. Iasi, t. LIX (LX), f. 1, 2013

87

— b /t
o=t 20720 46,0748,
28.4¢\k,  28.4x0.81x+/0.43
It results
_Ap 01884,
Ap
F-ﬁﬂ—ﬁ _ﬁﬂ
& I g 1111
D i%rzzo > =15
A bp=290 ! bp:l90 _1-
a b

Fig. 2 — Compression in outstand flanges.

The flange effective width is

b = pb, =0.84x290 =244 mm.

BOTTOM FLANGE

Outstand flanges are subjected to uniform compression (Fig. 2 b)

%:12.67>14g:11.34:CIass4; G,=0, >y =22 =11,

0
The buckling coefficient for the flange is k_ =0.43;
- b, /t
p=—2 = 190/15 =0.84>0.748.
28.4¢\k,  28.4x0.81x+/0.43
It results
_4» 0188 __2'188 =0.92.
Ap

The flange effective width is

b, = pb, =0.92x190=175 mm.
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WEB EFFECTIVE AREA

The web is a doubly supported element under uniform compression
(Fig. 3)

o

%=5O>428:C|ass4; o,=0, >y =22=11; k_=4:

1
hefi Hefro
GZ “:/\\;" (71[
—t=10
J1p=>500 ot
Fig. 3 — The web.
— b /t
P 500/10 =1.09>0.673.

"T284c k. 28.4x0.81x/4

For y =1 it results

= “:—2022 =0.73; het = 0.73 x 500 = 365 mm; hETﬁzlsz mm.
Ao

In Fig. 4 the effective cross-section of the member is presented.

300 .
254 46

120

10 Ap=115 cm?

151
15 185
]:200 —

Fig. 4 — Effective cross-section.
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Fig. 5.

theor. __
Ncr

c) Buckling resistance of member
The non-dimensional slenderness coefficient is

- - f
Py P o A = LU
N,  \6,407x10

The reduction coefficient: the appropriate buckling curveisd =y = 0.58.
The buckling resistance will be

f
N, ro =er“ ! =0.58115§31550 107 = 2,153 kN.
M1

3.2. Case 2: Non-Symmetrical U-Shape Open Cross-Section

The cross-section and the corresponding characteristics are presented in

—T 1 Characteristics

; A=140em?;

wpod :’r L,=6.783x10% cm*;
’s 1;=0,933cm*;

17y "’;‘r 1= 3461x108 cm®;

I I, =118 cm*;

i,=220cm;

i;=8.4cm;

20015 Yy =17.9¢cm;
1 Zg=47cm.

Zr Zpy

Fig. 5 — Non-symmetrical U-shape cross-section.

a) Critical buckling force

I i )
T y 1°2.1x10°%6.783x10 10—2 221'944 kN1

=T T 8007
2 6
NchzﬂzEl T 21><102><9933 107 =12.854 kN:
T 400

Cr.z

N, == (” El, Ll J

1
2
O

1 (ﬂ 2.1x10° x3.461x10°

898 400?

+0.807 x10° ><119J10_2 =6,057 kN,

where:
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L Lrlt //i(ys2 +2;) _(6.783+0.9933) 1(1)‘;3140 (17.9° +4.7%) _gos e’

N¢r is obtained from the eq.
f(N):I;( N _Ncr.y)( N _Ncr.z)( N _Nw)_szsz( N _Ncr.y)_
_Nzysz( N_Ncr.z)zo'

e

Introducing numerical values it results

898(N — 21,944) (N — 12,854) (N — 6,057) — N24.72(N — 21,944) —
— N217.92(N - 12,854) = 0.

It follows that
N, =min[N;; N,; N,]=min[5,348; 13,155 39,254] = 5,348 kN.

In Fig. 6 the effective cross-section of the member is presented.

300
254 46

Az=115cm?

500

115
185 15
— 200:::j:j
Fig. 6 — Effective cross-section

b) Buckling resistance of member
The non-dimensional slenderness coefficient is

_ f
py P LA A 115X3'55? —0.874.
N,  \5,348x10
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The reduction coefficient: the appropriate buckling curve is d =y = 0.53.
The buckling resistance will be

f
N, o = g2ty 0 5g118%3550, 0 g gg7 iy,
‘ M1 11

3.3. Case 3: Mono-Symmetrical U-Shape Open Cross-Section

Characteristics
200135 A =140 Emz;
L,=7.011x10% em®;

Iy =1.351x10% cm*;

I - Iy —6.35x10° cm®;
215
5 I, =84.17 cm*¥;
i, =22 4cm;
i:=98cm;
—— Yo =21.6cm;

Ze=0.0cm.

Fig. 7 — Mono-symmetrical U-shape open cross-section.

a) Critical buckling force

’El 2 6 4
N, = Via =y n°2.1x10 ><Z.011><10 10°2 = 22682 kN:

Lory 800

2 2 6 2
N = ﬂLzEIZ T 2.1><1040>;£.351><10 102 =17, 483 KN:

theor. __ cr.z
o 1( 7%,
Na] :|_2 2 +GI'( =
0 cr.o
2 6 6

=1 364[77 21“30226'35”0 +0.807 x10° ><84.17J102 —8,361kN,

where

oLl Ay?  (7.011+1.351)10° +140x 21.67 _1 064 cm?
o A B 140 - '
For mono-symmetrical cross-section (symmetry about y-y axis) N is

obtained from the eq.
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0

IO 2 Iy + IZ
NcrATF :m Ncr.y + Ncr.T - (Ncr.y + Ncr.T) _4|—NCI’.YNCI’.T =

~ 14.896 8362 )

——2Xg,gez{(22-682+8,361)—\/(22.682+8,361) 415 a05 22,682x8361} -
=6,988 kN,

where N, =N, =8,626kN; I, =ifA=14.896x10"cm".

Taking into account the obtained data it results that the relevant
buckling mode is flexural-torsional buckling, where N, = N_ ;- = 6,988 kN .

b) Effective cross-section
The flanges are cantilevers subjected to uniform compression

%:19.33>14g =1134=Class 4; o, =0, =y =92 -4,
01

The buckling coefficient for the flange is k, = 0.43

b, /'t 290/15

= =1.28>0.748.
28.4¢,k, 28.4x0.81x//0.43

sz

300 )
204 96

1

I

Aey=97.6cm?

Fig. 8 — Effective cross-section.

It results

pzwzo,m,

2
p

The flanges effective width will be by = pb, =0.67x290=194 mm .
In Fig. 8 the effective cross-section of the member is presented.
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c) Buckling resistance of member
The non-dimensional slenderness coefficient is

- Aqf,  [97.6x3,550
A =Aer = = ~0.70 .
o N, 6,988 x10°

The reduction coefficient: the appropriate buckling curve is d = y = 0.64.
The buckling resistance will be

97.6x3550) 52 _ 5 016 kN.

'%ff fy _
=0.64 11

Npre =X

M1

3.4. Case 4: Mono-Symmetrical Double T-Shape Cross-Section

Characteristics

300 x 20 A =140 cm?:

S 1,=6.646%10% cm¥;
'{ I Iz =5504cm?;
& Y Ia=2192x10% cm®;
L =119cm*;
500 % 10 )
,=21.8cm;
i;=63cm;
200 x 15 ~ .
— Yy =00¢cm;
z Zz=1089cm.

Fig. 9 — Mono-symmetrical double T-shape cross-section.

a) Critical buckling force

’El 2 6 4
N, ZTEL 211066460 2 o1 g0
2, 800
2 2 6
N, = ”LzE'z _Z 2'1X41§02X 550402 _ 7 123kN:
theor. __ cr.z
A 1( 7%El,
a] =i—2 2 +G|t =
0 cr.w
2 6 6
= 6;[” 2'1”04;0%'192“0 +0.807 x10° x119J102 5,998 kN,

where:
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| +1 +Az? (6.646+0.5504)10° +140x10.9°
B A . _(6646+ 1)40 A — 633cm>.

For mono-symmetrical cross-section (symmetry about z-z axis), N is
obtained from the eq.

| 2 I, +1,
Ncr.TF ZTZ_IZ)[NCLZ + Ncr.T _\/(Ncr.z + Ncr.T) —4-= | Ncr.chr.T ]:

0

——2X7_20{71123+5,998—\/(7,123+5,998) —4m7,123><5,998}—4,520 kN,
where: N, =N_=5998kN; I, =i?A=8.862x10%cm*.

Taking into account the obtained data it results that the relevant
buckling mode is flexural-torsional, where N = N_ ;- =4,520 kN .
In Fig. 10 the effective cross-section of the member is presented.

300

| T20

182

A=1264 cm?

10

500
136

182

115
b 200—1
Fig. 10 — Effective cross-section.

b) Buckling resistance of member
The non-dimensional slenderness coefficient is

_ - f
T=der = [Pnly 12643550 gq0
N, 4,520x10

The reduction coefficient: the appropriate buckling curve is ¢ (t <
<40 mm; axis z-z) = y =0.54.
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The buckling resistance will be

126.4x 3,550

2 _
11 10 =2,203kN..

f
N =ZA;“ L =0.54

b.Rd
M1

3.5. Case 5: Double-Symmetrical Double T Shape Cross-Section

l_:1_l

300 x15 Characteristics
A=140cm?;
L,=7.011x10% em*;
PSR | RS, —— = 4.
Gy L=6754cm™;
w010 Ia=4.473x10% cm¥;
I, =8417cm¥;
woxis i,=22.4cm;

L .
|_'_|' I=69cm.
z

Fig. 11 — Double-symmerical double T shape cross-section.

a) Critical buckling force

7r2E|y _ 7°2.1x10°%7.011x10*

N, =— . 107 = 22,682 kN;
YL 800
2 2 6
N, —ZEl_m2DA0x6 754,02 _g 740kn;
Ntheor. _ . LCT-Z 400
" 1( 2°El
Nw =37 2 “+ Glt =
I0 Lcr.w
2 6 6
_ L (72110 x4473x107 4 07, 10° «84.17 [107 =11, 780 kN,
549 400
where:

Lo 1+ (7.011+0.6754)10°
1. = =
0 A 140
Taking into account the obtained data it results that the relevant
buckling mode is flexural buckling about z-z axis, where N, = N_ , =8,740 kN.

=549 cm®.

b) Effective cross-section
Flanges: Class 3.
Web: Class 4.
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In Fig. 12 the effective cross-section of the member is presented.

300

115

182

A5=126.4 cm?

10

500
136

182

T15
300

Fig. 12 — Effective cross-section

c) Buckling resistance of member
The non-dimensional slenderness coefficient is

- f
T=der = [Ply 12643550 0
N, 8,740x10

The reduction coefficient: the appropriate buckling curveis ¢ (t <40 mm;
axis z-z) = y =0.71.
The buckling resistance will be
126.4x 3,550, ._

f
Anty =071 1072 = 2,896 kN.
yam 1.1

Nora =X

3.6. Case 6: Cross Shape Mono-Symmetrical Cross-Section

Characteristics
A=140em?;
Z,=1.043x10* cm*;
S00x10
I =2838x10% cm¥;
In=617T1cm%;
I, =8417cm%;
i,=86cm;
i =14.2cm;

i Y, =00cm;

= zy=0.0cm.

Fig. 13 — Cross shape mono-symmetrical cross-section.

300x15
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a) Critical buckling force

2E| 2 6 ) 4

Nc,y=ﬂ2 y _7°2.1x10 ><]2.043><10 102 = 3,374 KN

' Loy 800

2 2 6 4

N = T 2EIZ _z 2.1x10 x§.838><10 10 =3,673kN:

N theor. _ . LC’ z 400

Nw - ]; (ﬂ EI GI J
o crw
6
1 (7°2.1x10°%x 6,171 +0.807 x10° x84.17 |10 = 2,481 kN,
~ 277 400°

where

o 1,vl (L043+2838)10°
h =" = 140 = '

Taking into account the obtained data it results that the relevant
buckling mode is torsional: =N,; =N, =2,481kN..

b) Effective cross-section
Vertlcal wall The cantilevers of the vertical wall are subjected to
uniform compression (Fig. 14 a)

betf

beff

Oy

O,

G
Q

! ol ® ;Ul‘
‘ '%'z=10 % iﬁ't=15
L8°],=2425 A7 h, =300

b
Fig. 14 — Uniform compression.

a

¢ (500-15)/2

O 2
n 10 24.25>14¢ =11.34=Class 4, o,=0, >y 1 +
The buckling coefficient for the vertical cantilevers is k_ =0.43

- b, /t
Ty !t 2425/10 4690 0748,
28.4¢\k, 28.4x0.81x+/0.43
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It results

p:M:o_%_

-2

Ap
Effective width
b, = pb, =0.55x242.5=133 mm..

Horizontal wall The cantilevers of the horizontal wall are
subjected to uniform compression (Fig. 14 b)

¢ 300 o,
T 20>14¢=1134=Class 4, o,=0, =y , +

The buckling coefficient for the horizontal cantilevers is k, = 0.43

— b /t 20
28.4e,k,  28.4x0.81x~/0.43
It results
p:lp__—g'l%:o_%_
Ap

Effective width
b, = pb, =0.65x300=195 mm.

In Fig. 15 the effective cross-section of the member is presented.

500x10

S —
| 105 | 195 1off -

“+—300

A= 86.5cm?

*z

Fig. 15 — Effective cross-section
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c) Buckling resistance of member
The non-dimensional slenderness coefficient is

- - A, f 86.5x 3.550
ﬂ‘ = l = y = ! 2111
- N, 2 481x10°

The reduction coefficient: the appropriate buckling curveis d =y =0.41.
The buckling resistance will be

f
Nyes =2 Anly _ 41865%3,550,

Vw1 11

0% =1,145 kN.

4. Conclusions

In Table 4 the numerical analysis results, respectively the values of A,
Ner and Ny gg are presented.

Table 4
Numerical Results
Case A, [em?] N, [kN] Np ga» [KN]
1 115 6,407 2,153
2 115 5,348 1,967
3 97.6 6,988 2,016
4 126.4 4,520 2,203
5 126.4 8,740 2,896
6 86.5 2,481 1,145

In Table 5 the parameters regarding the cross-section efficiency
comparison with cross-section of Case 5 where the maximum efficiency is
achieved are presented.

It can be observed that

1° In Cases 1, 2, 3 and 4 the buckling mode is flexural-torsional
buckling, in Case 5 the buckling mode is flexural buckling and in Case 6 the
buckling mode is torsional buckling;

2° The maximum buckling member resistance is obtained for double T
shape, double symmetrical cross-section and the minimum buckling resistance
is obtained for a cross shape double symmetrical cross-section (Case 6).
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Table 5
Parameters Regarding the Cross-Section Efficiency
(il (5] il 5 Buckling
Case N UNEEE | NEE NG, | P
:”:
1 LI 0.73 0.74 flexural~
) torsional
=
——
/
2 ‘,'(:T“*T. 0.61 0.68 flexural-
! torsional
I
i
1
L
—1
|
O I A _
3 Ca 0.80 0.70 flexural
| torsional
|
|
|
t
I__—_I
B < _
4 0.52 0.76 flexural
torsional
i
5 Gy 1 1 flexural
E
6 — e 0.28 0.40 torsional
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INFLUENTA FORMEI SECTIUNII TRANSVERSALE ASUPRA REZISTENTEI LA
FLAMBAJ A BARELOR COMPRIMATE

(Rezumat)

Se prezintda pe scurt metodologia de proiectare a barelor de sectiune
transversala deschisa, supuse la compresiune uniforma, in conformitate cu normativul
EN 1993-1-1/2006. Eurocod 3: Proiectarea structurilor de otel

Baza de calcul teoretic este insotitd de o analizd comparativa numerica, pentru
sase tipuri de sectiuni transversale deschise, in urma céreia au putut fi formulate
concluzii si observatii referitoare la influenta formei sectiunii transversale asupra
rezistentei la flambaj.






