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Main internal forces and
combinations

Bending+Shear

Compression+Bending+Shear

Tension/Compression

Torsion — less common

o Building — master example (Cardington - UK)
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INTRODUCTION

Member design:
1) resistance of cross sections;

1) member buckling resistance.

RESISTANCE OF CROSS SECTIONS

= Cross section classification - Class 1; Class 2; Class 3 and Class 4. va

= Clause 6.2 of Eurocode 3, part 1.1 provides different
approaches, depending of cross section shape, cross section
class and type of internal forces (N, M+V, N+M+V,....):

— elastic criteria (clause 6.2.1(5));

2 2 2
O x Ed + O Ed _ O x Ed O Ed + 3 TEd <1
fy/7M0 fy/7M0 fy/7M0 fy/7M0 fy/7M0
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— linear summation of the utilization ratios — class 1/2/3 (clause 6.2.1(7));

N/_:d 4 My,Ed + Mz,Ed <1

NRd My,Rd Mz,Rd

— nonlinear interaction formulas — class 1/2 (clause 6.2.1(6)).

= Section properties — gross section, net section |
(deduction for holes) or effective section (class 4 or shear «—| _
lag effects) (clause 6.2.2 of EC3-1-1). :l ”

l

MEMBER BUCKLING RESISTANCE

= Buckling resistance (clause 6.3 of Eurocode 3,
part 1.1) must be checked in all members

submitted to compressive stresses, which are:

— members under axial compression N;
— members under bending moment M;

— or under a combination of both (M+N). —
Research
Centre



*
* : *
Eurocodes - Design of with worked examples Eﬂmﬁggm Brussels, 16 - 17 October 2014

Column cross sections and applications

= Rolled open or closed sections, welded sections or built-up sections — The
objective is to maximize the second moment of area in the relevant buckling
plan in order to maximize the buckling resistance.

Research
Centre
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DESIGN OF COLUMNS

Compression resistance (clause 6.2.4 of EC3-1-1)

v

Ngg

N Ng, is the design value of the axial compression; L
Ed : . : : :
N <1.0 N, rq is the design resistance to axial compression, L
,Rd : ..
c given by the minimum of:

i) Plastic resistance | Ncra = Afy[ymo  (class 1, 2 or 3)

Nc,Rd = Aefr fy /7/Mo (class 4)

A. - effective area

i) Buckling resistance — N rq4, in general the flexural buckling
resistance, which is analysed hereafter.
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Column Buckling
= Flexural buckling is in general the buckling mode, which govern the design of

a member in pure compression. For this mode in a pinned column, the elastic
critical load N, defined as the maximum load supported by the column, free
from any type of imperfections, is given by the well known Euler’s formula:

d?y
— N EI +Ny =0
; dx?
I Ncr .
s B ! '
L . 2
EI
X y&) [ Ner = - 12
@) i~ ! ygx) E I — Bending stiffness
A g 0
L — Buckling length

TN Buckling in a bending mode (L for other support conditions)

= In specific cases (e.g. members with cruciform cross sections) buckling may
occur in other modes: torsional bu or flexural-torsional buckling.

Centre



*
* : *
Eurocodes - Design of with worked examples Eﬂmﬁggm Brussels, 16 - 17 October 2014

Column Buckling

N _7°EI _7?EI 2’E G Le [T
o= o —> VI ,- A
E . :
Critical stress Slenderness Radius of gyration
2
< E E
Ocr =5 =f, =>4 =nx 3 A I:i: —Afy
4 y < A Ny
f, |
N A \\\ Non-dimensional
MY Lo N slenderness
. Euler’s curve I,
o=f, | \l | Euler’scurve
| |
| > |
: >
| 1.0 2
|
' > Imperfections or real columns (geometrical

E _Le : : - :
Ay =7 R A= i perfectlons and material imperfections).
Research
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Buckling Resistance Table 6.1: Imperfection factors for buckling curves
Buckling curve ag a b c d
(clause 6.3.1 of EC3-1-1) Imperfection factora. | 0.13 | 021 | 034 | 049 | 076
Npra = 2 Afy [7m (Class 1,2 0r 3) |
09 \§‘\ao rheoretical behaviour
08 \\b N Lv "
Npra = X Aerr fy /7M1 (Class 4) |, \\}d:\ \
N NN
Y
0,5 AN
x is the reduction factor for the o
relevant buckling mode N |
X = 1.0 s '
= — but Z S . 0,0 02 04 0,6 08 1,0 3 3 ; i 8
2 -_—
®+ V0% - 4 .

Neglect BUCKLING if:
Joint I < 0_2 or NEd/NCI’ <0.04

Research
Centre
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Buckling Resistance
(clause 6.3.1 of EC3-1-1)

Flexural buckling

— L. 1
/1=1/Afy/Ncr = ;:r/?i
- Ler At/ A
A :\/Aefffy/Ncr = ;r 31

N =7, JE/f, =93.9¢

(Class 1, 2 or 3)

(Class 4)

€ = ,/235/f,
Torsional or flexural-torsional buckling
/17' - 1’Afy/NCF

IT = \/Aeff fy/Ncr

a - buckling in flexural buckling mode about z
axis

(Class 1, 2 or 3)

(Class 4)

Joint
Research
Centre

Table 6.2: Selection of buckling curve for a cross-section
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Buckling curve
Buckling | S$235
Cross section Linuts about S 275
axis | s355 | 5460
S 420
te z ~ .
o t:< 40 mm y-y ap
4 - z-z b a
A
wi
£ 2| somm<tzio0 | YV b a
g Z—Z c a
2 hi y y
z H ol tr<100mm y-y b a
2 h z—-z c a
M —
vi
: 2 tp> 100 mm y-y d ¢
b z—-z d ¢
| J_l_l _
= =, 1< 40 mm y-y b b
- 8 . . ;
2.2
2 3 i D Bt | el
- y-y c c
== te> 40 mm i 4 p
4 F3
z £ hot finished any a a
2.2
cold formed any ¢ c
z te
[ ] generally (except as
£ 1 f below) ay | b | b
ZE hl oy - Ly
= 9 -
24 y [t thick welds: a > 0,5t;
g L b/ts< 30 any ¢ ¢
—2b | Wit, <30
2
EE i _
- ) _ - . .
Tz In y
- S (S5
2
E b b
3 - any
k SN
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Safety verification of a column member of the building represented in the

figure.
, © @ o
® & o o 6 O
O, o
6.00 m
© ' -
J
,,,,,,,,,,,, | _ i L 450 m
_ ! " 2,50 m
@- i i 12.00m
6.00m _. 5
! v : - . . ; ; . ) ‘-' T !
400y A50m 450m, A00n Building — master example

1) The inner column E-3 represented in the figure, at base level, is selected. This member has
a length of 4.335 m and is composed by a section HEB 340 in steel S 355.

In this column the bending moments (and the shear force) may be neglected; the design
axial force (compression) obtained from the previous analysis is given by Ny = 3326.0 kN.

Joint
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DESIGN OF COLUMNS
eegPEL ..

-

1) Cross section classification — section HEB 340 in pure compression.

Geometric characteristics: A = 170.9 cm2, b = 300 mm, h = 340 mm, t; = 21.5 mm, 77:5??

t, =12 mm, r = 27 mm, I, = 36660 cm*, j, = 14.65 cm, I, = 9690 cm*, /, = 7.53 cm.
Mechanical properties of the steel: f, = 355 MPa and E = 210 GPa. h oy ch
G | HpEmah | e |
Web in compression (Table 5.2 of EC3-1-1) — ! - | |
di%tribution + + L%ﬁ_‘:_]——
c (340-2x21.5-2x27) Wi i _ © X t
i e =20.25<33¢ °;;“S’;§jj;°“ = — .
=33x0.81=26.73 (class 1)
1 c/t<72¢
Flange in compression (Table 5.2 of EC3-1-1)
Class Part subject to compression
€_300/2-12/2=27 ¢ 44 9,-9x0.81-7.29 (class 1) Pra—
t 215 distribution L ]
in parts 10 p
HEB 340 cross section, steel S 355, in pure compression is class 1. s - H i
Joint
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DESIGN OF COLUMNS
eegPEL ...

iii) Cross section verification - class 1 in pure compression.

Af, 170.9x10* x355 x10°

Ngy = 3326 .0kN < N gy =
YMo 1.0

= 6067 .0 kN.

Iv) Buckling resistance.

Buckling lengths — Assuming that the design forces were obtained by a second order
structural analysis, the buckling lengths are considered (conservatively) equal to the real
lengths (mid-distance between floors), given by:

Buckling in the plan x-z (around y) - Lg =4.335m
Buckling in the plan x-y (around z) - Lg =4.335m
inati _ 2
Determination of the slenderness 2 = L.Ey ___ 4335 959 1, =L =0.39
coefficients i, 14.65x1072 4
f210><1o6 L 4.335 ~- 2
=z === =76.41 A, =2 = : =57.57 ="Z =-0.
f 355x10° e i, 7.53x1072 & h 0-75

Research
Centre
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Calculation of the reduction factor g, z
h 340 |
=——=1.13<1.2 and tr =21.5mm<100mm |
300
4+ —>

b 300 340 y=
flexural buckling around y - curve b(a = 0.34) HEB 340

flexural buckling around z — curve ¢ (a = 0.49).
Table 6.2: Selection of buckling curve for a cross-section

a0 P Buckling curve
As A4, =0.75 > ly =0.39 Buckling [ S 235
Cross section Limits about 8275

axis S 355 5460
S 420

and

tr< 40 mm

N <
|
L]

& curve ¢~ % curve b
40 mm < t; < 100

== o
|
]
I{ N
Wb> 1,2

N <
|
N <

t; < 100 mm

= Xmin =" Xz

[ — 1
t;> 100 mm i_z

Rolled sections
|
EN-FE?
<
whiz
N
It ]
N et
n.\\r:c' neo | o
|-~ I

Joint
Research
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DESIGN OF COLUMNS

®, =0.50+al1, -0.2)+2,%]
09 ;\\\\ao
®, =0.5x[1+0.49x(0.75-0.2)+0.75?|= 0.92 METERNN
i . NN
2z =0.69] . o7 \
) 1 ) AN NN
Az = \/ > 5> 0.69 4 ‘\\\Q\
0.92++40.92° -0.75 0:4 \\&\\

Xmin = Xz =0.69

v) Safety verification
Ny rg = 2z Af, [y = 0.69x170.9x10™* x 355x10%/1.0 = 4186.2kN

As, Ngy = 3326.0kN < N, g, = 4186.2kN

A, =0.75

safety is verified with the cross section HEB 340 in S 355 steel.

Joint
Research
Centre
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Beam cross sections and applications

= A beam may be defined as a member subjected
essentially to bending and shear force.

| T

Hot-rolled sections (IPE, HEA or HEB, RHS,....) ' '

w

Castellated beams

I

Welded sections

Welded sections in non-uniform beams

Joint
Research
Centre




* *
Eurocodes - Design of with worked examples Eg:gﬁfi:;m Brussels, 16 - 17 October 2014

DESIGN OF BEAMS

Cross section resistance

Uniaxial bending (clause 6.2.5 of EC3-1-1)

Mgy

<1.0
Mc.Rd

" Class 1 or 2 M. rg =
» Class 3

= Class 4

Bi-axial bending (clause 6.2.9 of EC3.1.1)

a B
My,Ed Mz,Ed

<1.0

Mp/,y.Rd Mp/,z.Rd

W / fy/7/M0
Mcrad = Wel.min fy/?/MO

Mcra = Wetr.min fy/7MO

CHS
RHS

Joint
Research
Centre

Désignation
Designation
Bezeichnung

IPEAA 240
PEA 240
IPE 240
IPEO 240

PEA 270
IPE 270
PEO 270

lorH a=2; =5n

o =

o =

Long Carbon Europe

A

ArcelorMittal

Profilés et Aciers Marchands
Sections and Merchant Bars

g Profil- und Stabstahl

Programme de Vente / Sales Programme / Verkaufsprogramm

Valeurs statiques / Section properties / Statische Kennwerte

axe fort y-y axe faible z-z
strong axis y-y weak axisz-z
starke Achse y-y schwache Achse z-z
G L Wy Woyt | 4 | A b | War W | s, ! b

kg/m mm* mm' | mm' mm mm® mm* mm' mm' | mm | mm | mm* mmf

x10* | x10° | x10° | x10 | x10? | x10* | x10° | x10° | x10 x10* | x10*

249 3154 267 298 997 153 231 386 600 270 384 733 301
26,2 | 3290 278 312 994 163 | 240 400 624 268 | 394 835 313
30,7 3892 324 367 997 191 284 473 739 269 434 129 374
343 | 4369 361 410 100 214 | 329 539 844 274 | 462 172 437

30,7 4917 368 413 11,2 188 | 358 530 823 302 405 103 595
361 5790 429 484 11,2 221 420 622 970 302 446 159 706
423 | 6947 507 575 114 252 | 514 755 118 3,09 | 495 249 876

but f>1
B =2

1.66
ﬂ_1—1.13n2

but a =<6

n= NEd/Npl,Rd
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Cross section resistance

V,
Shear (clause 6.2.6 of EC3-1-1) £d <1.0
Vc,Rd
PLASTIC RESISTANCE V), o ELASTIC RESISTANCE
pl. "4 y/ Ed fy/’\/gyMo TEd It

A, — Shear area

(obtained from clause
6.2.6 (3) of EC3-1-1 or
from tables of profiles).

I, /¥3)

Shear stresses - ¢

= Shear buckling for webs without stiffeners should be verified in accordance with EC3-1-5, if:

h,, h, and t, are the height and thickness of the web and 7 is in

&
Pk 72— &= \235/1,  4ccordance with -
Research
Centre
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Commission

Cross section resistance

Bending and Shear Interaction
(clause 6.2.8 of EC3-1-1)

Veg <50%V, zg ~ NO REDUCTION

Veg > 50% V), ry REDUCED MOMENT

for = 1-p) f, p = (2 Vea /Vpira — 1)2

For 1 and H cross sections of equal flanges, with bending about the major axis y, the
bending moment resistance M, , r4 is given by (clause 6.2.8 of EC3-1-1):

pA, % f Ay =t
My, vra =|Wp,, — - L < M, c rd w = Tw tw
4"--w VMo

Joint
Research
Centre
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Lateral-Torsional Buckling

= Instability phenomenon characterized by the occurrence of large transversal
displacements and rotation about the member axis, under bending moment

about the major axis (y axis).

= This instability phenomenon involves lateral bending (about z axis) and torsion of

Cross section.

Joint
Research
Centre
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Lateral-Torsional Buckling

= In the study of lateral-torsional buckling of beams, the Elastic Critical Moment M.,
plays a fundamental role; this quantity is defined as the maximum value of bending
moment supported by a beam, free from any type of imperfections.

= For a simple supported beam with a double symmetric section, with supports prevent
lateral displacements and rotation around member axis (twist rotations), but allowing
warping and rotations around cross section axis (y and z), submitted to a uniform
bending moment M, (“standard case”), the elastic critical moment is given by:

2
L ME =2 |GI EI, 1+”2ﬂ
MY 'T 'T My L L G IT
C

il I X . .
C A = = AAR ----- > Which depend mainly of:

%i — AN Loading and support conditions;

l lz, X Length between lateral braced sections (L);

i a) Elevation Lateral bending stiffness (£ I,);

Torsional stiffness (G I7);
Reeh Warping stiffness (E I,).

Centre
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AZ AZ
Lateral-Torsional Buckling C=G Y.
> . v
Elastic critical moment c g
— — l g ]

0.5
2EL ||(k, Y1, (k,LPGI
M, =C, (kZL)ZZ H Zj I'/;ML(jzz)HZT+(C2zg—cazj)2 ~(Crz,-Cs 2))

2, =(z,-z) Mer 1Mo

. —[0.5 [ zz)szj /f

applicable to member with symmetric and mono-symmetric cross sections,

.

include the effects of the loading applied below or above the shear centre;
several degrees of restriction to lateral bending (k,) and warping (k,);
several shapes of bending moment diagram (C,, C, and C;in the next tables).

Joint
Research
Centre
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support conditions moments v, <0 v, >0

Lateral-Torsional Buckling v=+1 |10 [1.00 1.000

UI[H]I[I]]ID 0.511.05 1.019

¥=+34 110|114 1.000

Loading and Diagram of Bl a | & | 6 [T | o5 | 1.19 1.017
support conditions moments

p 1.0 112 | 045 | 0.525 ¥=+12 | 1.0]|1.31 1.000

JEXTTX X RN Rl 0.5 097 | 036 | 0478 0.5 (137 1.000

|7 <~ | 10| 13| 0 | o4 ¥=+14 110|152 1.000

— 05 | 105 | 048 | 0338 (s 0.5 [1.60 1.000

Pl o |7 10 | 104 | 042 | 0562 DIDIEI:D:ti 1.011.77 1.000

Baidld da> ~Im> 05 | 095 | 031 [ 0539 0.5]1.86 1.000

¥=-14 (1.0 )2.06 1.000 0.850

M M
0 | et |
- 05215 1.000 0.650

¥=-12 | 10 (235 1.000 13-12y,
DIDJ::.:.,@ 05 (242 0950

Elastic critical moment

0.77—wf
- Publication n® 119 do ECCS v=-34 | 1.0[260| 1.000 0.55-w,
(Boissonnade et al. 2006). [D]me 0.5 [245| 0850 035-y,
¥=-1 |10 |260 -y, Yy
- LTBeam software mbw N
0.5 245 |-0.125-0.7y, | -0.125-0.7y,

http://www.cticm.com

Joint

LTBeam e
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Lateral-Torsional Buckling

Brussels, 16 - 17 October 2014

Lateral-torsional buckling resistance (clause 6.3.2 of EC3-1-1)

Mp ra

hgl_o

Mpra = 217 Wy fy/7’M1

W, =W, Class 1 and 2;

W, =W

ely
Wy = Weff.y

Class 3;
Class 4.

1.7 Is the reduction factor for lateral-torsional buckling, which can be calculated
by one of two methods, depending of member cross section.

Joint
Research
Centre



* : *
Eurocodes - Design of with worked examples Eg:gﬁfi:;m Brussels, 16 - 17 October 2014

Lateral-Torsional Buckling

1) General method

— 2)0.5 xr <1.0

Table 6.3: Recommended values for imperfection factors for lateral torsional
buckling curves

®,7 =0.5 b +orr (ELT - 0-2)+ ILT2_ T s T8 [ &1 8

Imperfection factor a1 0,21 0,34 0.49 0,76

Z [T = [Wy fy / M or ]0'5 Table 6.4 - Buckling curves for lateral-torsional buckling (General method)
Section Linuts Buckling curve
M., - Elastic critical moment e s =
rolled hib>2 b
I or H sections hfb<2 c
welded hfb>2 d
Other sections - d

Joint
Research
Centre
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Lateral-Torsional Buckling

1) Alternative method (rolled sections or equivalent welded sections)

2 - 2pP>s /— 2
O, +\®,1° - BALT ar <1 AT £ >0.75

XLT =

(may be specified in National

®,- =050 +a AT —ZLT,O + ,BELTZ
ot [ L ( ) J Annexes of Eurocode 3)

AT = [Wy f, | Mcr]0-5 Table 6.5 - Buckling curves for lateral-torsional buckling (Alterative method)
Section Linmuts | Buckling curve (EC3-1-1)
M., - Elastic critical moment
I or H sections hfb<2 b
rolled hib>2 c
I or H sections hib<2 c
welded hib>2 d

o
Research
Centre
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Diagram of bending moments k.
Lateral-Torsional Buckling [DII]]]]ﬁflﬁ 1o
—1€w<l 1
207 mod = 75% Zi7 mod < 1.0 e 133-033%

f =1—0.5(1—kc){1—2.0(ﬁn —0.8)2} i 094
mw«iﬂ 0.90
f<1.0 ‘:EEEI:DI"A 091

Neglect LTB if: W 0.86
— = IIh;WA'] 0.77
ALt S ALT0

‘Wéﬂ 0.82

Ty 2
Mey /Mcr < ALT 0 ¥ - ratio between end moments, with -1=¥<1.
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Safety check of a beam of the building illustrated in the figure (along line E). The beam is composed by a

IPE 600 with 9 m length at the central span; the lateral spans with 6 m length (the governing spans) are
composed by a section IPE 400 in steel S 355. For the lateral buckling check, two cases are considered:

a) a beam with 6 m length, laterally braced only at the end support sections;

b) a beam with 6 m length, laterally braced at the end support sections and at mid-span section.

® © ®©
®l ® 0760 O 0

The geometrical and mechanical properties of @

the section IPE 400 in S 355 steel are: @ N ___’6'00m
A =84.46 cm2, b = 180 mm, h = 400 mm, L 450m
t;=13.5mm, t, = 8.6 mm, I, = 23130 cm4, & - : N Fl2s50m
i,=16.55cm, I, = 1318 cm*, i, = 3.95 cm, @ — -, 2-00m
I =51.08 cm#; lw = 490x103 cmS; 6.00m
f, = 355 MPa and E = 210 GPa. (D=— i i pa———

4.00 )n 4.50 m;4.50 m 14.00

Joint

Research Building plan — master example

Centre
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DESIGN OF BEAMS
eegPEz .

a) Beam laterally braced at supports S,
1) The internal forces (nheglecting the v
H . . z,Ed
axial force) are represented in the figure. -
. 70.7 kN 71.6 kN
The design values are Mgy = 114.3 KNm :
14D.1 kN
and Vgq = 75.9 kN. 255.7 kNm 246.3 kKNm
93.7kNm  111.4 kNm 99.2 kNm 109.7 kNm
1i) Cross section classification My Ed I\ /I
% \/
Web (an internal part) in bending: w 113.6 kNm
163.0 kKNm

c 331
—=—"—-=38.49<72¢=72x0.81 =58.32 e
t 8. Class bending -
: . f ) )
Flange (outstand part) in compression: s — Class | Partsubject to compression |-
1 +
in parts c Stress
_ _ (compression - :[ distribution _
€_(80-2x21-8.6)2 479 .9s-9x0.81=7.29 | wuwo | = mpats | !
t 13.5 compression i
positive)
The cross sectionis class 1 ! 1 c/t<oe
Joint
Research

Centre
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DESIGN OF BEAMS

1i1) Cross section verification

Bending resistance:
Mgy =114.3 kKNm<W,, , f, /yyo =1307x10°°® x 355x10%/1.0 = 464.0 kNm

Shear resistance:

A, f -4 3
Veg = 75.9 kN < V,y oy = vly 42.69x107 x355x10" _ 875.0 kN
Yo V3 1.0x+/3

0.81 _583

My _373.0 _ 434 705 _72,
t, 8.6 n

So, it is not necessary to verify the shear buckling resistance.

Bending + Shear:
Veg =75.9 kN < 0.50x V), gy = 0.50x875.0 = 437.5 kN
So, it is not necessary to reduce the bending resistance to account for the shear force.

Joint
Research

Cross section resistance is verified. Resear
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DESIGN OF BEAMS

iv) Lateral buckling resistance il
A
Assuming the support conditions of the “standard case” and the loading [ 200
Z4= mm
applied at the upper flange level, the elastic critical moment can be C=G ’
obtained from the following equation, with L = 6.00 m, k, = k,, = 1.0, 400 IPE 400
C,; = 1.80 and C, = 1.60 (Boissonnade et al., 2006) and z, = 200 mm. y—
2f1 ||(k, Y 1, (k,LFGI > —
M, =CZ 2| K| w (KD O (e ez, B —(Coz, -Cyz, £ <
cr 1 (kzL)2 [[ka I, + 2EL +( 224 321)2 ( 224 321) I I
= ==
3m 3m
M, =164.7 kNm 6m
Critical Moment ] B ) N
ggz:lasls\;anl.ueofmammum moment :d'cr : 0‘755084 93.7 kNm 111.4 kNm

(Using LTBeam My,Ed \/

—> M_ = 175.64 kNm)

114.3 kNm

e ¥ =93.7/111.4=0.84
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DESIGN OF BEAMS
eegPEz ..

M, =164.7kNm; W, =W, , =1307cm® = 7,5 =1.68 ar =W, £, /M, P®
General method: Table 6.4 - Buckling curves for lateral-torsional buckling (General method)
Section Linuts Buckling curve
Rolled cross section IPE 400 with Ior H sections hfb<2 a
rolled >2 b
h/b=400/180=2.2>2 - Curve b P R—— hb <2 -
welded hfb>2 d
= o, =0.34 Other sections — d
Buckling curve a b c d
O, r=2.16 Imperfection factor axr | 021 || 034 ][ 049 [ 0.76
= nr=028 ©,7 =051+ar (ELT —O.2)+ ZLTZ_
3
My rg = 0.28 x1307 x 10°° x % =129.9 KkNm > 114.3 kNm Y = 1
. LT — — 5
. . e . D7+ ((DLTZ - /1LT2)0
So, the safety is verified (utilization ratio = 114.3/129.9=0.88).

Joint
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A B C
b) Beam laterally braced at supports and mid-span i L é
1) Cross section verifications are not changed. 3m ﬂt 3m
6m
i) Lateral buckling check: 93.7 kNm
As the beam is laterally braced at mid span cross ¥ =93.7/114.3=0.82
section, the critical moment can be evaluated M
with L = 3.00 m and a conservative hypothesis of y.Ed
k, = k, = 1.0. For the given bending moment 114.3 KNm
shape between lateral braced cross sections,
C, = 2.6 (Boissonnade et al., 2006) . — M= | 10 |206| 1.000 0.850
! 0.5 | 2.15 1.000 0.650
0.5
2 El k 2/ k LY G/ M~ 1.0 | 2.35 1.000 13-12y,
M, = C1W (k_zj /l"'(;z)TT"‘(Cz z,-Cy 21)2 _(Cz z,—Cy Zj) 0.5 [2.42| 0.950 077y,
DI ¥=-3/4 1.0 | 2.60 1.000 0.55 -y
0.5 | 2.45 0.850 035
M. =1778.8kNm ¥
I ==l 1.0 || 2.60 2 2
(Using LTBeam — Mcr = 1967.7 kNm) ég%aerch 0.5 | 2.45 | _0125-07y, | -0.125-0.7y,
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M. =1778.8kNm; W, =W, , =1307cm® = A7 =0.51

ALT = [Wy fy/Mcr]o'5

Table 6.4 - i 7 -torsi i
General method- able - Buckling curves for Iater_al -torsmnal buckling (Gcnetf;l method)
Section Linuts Buckling curve
Rolled cross section IPE 400 with I or H sections hjbs2 a
. . rolled >2 b
h/b=400/180=2.2>2 - Curve b e~ T -
welded hfb>2 d
= o, =0.34 Other sections — d
_ Buckling curve a b c d
©,r =0.68 Imperfection factorazr | 021 | ]0.34 H 049 | 076
= =089 ©,7 =051+ar (;LT —O.2)+ ELTZ_
3
M, gy = 0.89 x 1307 x 10°° % — 412.9 kKNm > 114.3 kNm Y = 1
. — .5
. . L : O, 7+ (CDLTZ - )LLTZ)O
So, the safety is verified (utilization ratio = 114.3/412.9=0.28).

Joint
Research
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DESIGN OF BEAM-COLUMNS

Cross section resistance (clause 6.2.9 of EC3-1-1)

= Class 1 or 2 — Uniaxial bending

Mey < My rg

Double-symmetric | or H sections

1-n

M =M S
N,y,Rd pl,y,Rd 1-05-a3

but My, rd <Mpy.rd

MN,Z,Rd = Mpl,z,Rd if n<a

2
n-a
MN,z,Rd :Mpl,z,Rdll_Ll_aJ] if n>a

a=(A-2bt;)/A<0.50

N =Ngg/Np g

No reduction if

NEd < 05hW tW fy/]/Mo

NEd = hw tw fy/7M0 (Z axis)
} (y axis)

Joint
Research
Centre
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'
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T

N 4
Bending about minor axis - z
1.0 :
/ Bending about major axis - y
I HEA My M,
M ply M pl.z
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0 .0
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DESIGN OF BEAM-COLUMNS

Cross section resistance (clause 6.2.9 of EC3-1-1)

IVIz,E
= Class 1 or 2 — Bi-axial bending
N My Ed
lorH a=2; f=5n but 21
Myeg | [ My ﬂ<10
’ + ’ - == i 1 o = = 2
My, ra My 2 ra Circular hollow sections o4
_ 1.66
Rectangular hollow sections a = f = > <6
n=Ng /N, ry 1-1.13n
f N M, £y M, £y
" Class 3 o0or4 OxEd S —— Oxpd = L+ 7+ 25y
VMo A Iy I,

Bending, shear and axial force (clause 6.2.10 of EC3-1-1) — Similar to bending
and shear interaction.

Joint
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DESIGN OF BEAM-COLUMNS

Member stability

Members with high slenderness subjected to bending and compression, may fail
by flexural buckling or lateral-torsional buckling.

Flexural buckling and Ilateral-torsional buckling (doubly-symmetric
cross-section):

NEd iy My.Ed + A/V,y,Ed 4k Mz.Ed + A/\/Iz,Ed

<1.0|(Eq. 6.61 of EC3-1-1)
Xy NRk/7/M1 Y XLT My,Rk/7M1 v Mz,Rk/7M1

/eN,y Ng, (class 4)

Neg My eq + AM), g4 M, ed +@z,J
+ Ky, +k,, <1.0
Xz NRk/7M1 XLT My,Rk/7M1 Mz,Rk/7M1

(Eq. 6.62 of EC3-1-1)

K, K, Ky and k,, - interaction factors, which are dependent of instability phenomena

and plasticity — Annex A of EC3-1-1 (Method 1) or Annex B (Method 2).

Joint
Research
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Commission

DESIGN OF BEAM-COLUMNS

Member stability

1) Members with closed hollow sections or open sections restrained to torsion are
Nnot susceptible to torsional deformation.

11) Members with open sections (I or H sections) are susceptible to torsional

deformation.

Members not susceptible to torsional deformation — checking of flexural
buckling against y-axis and Zz-axis, considering egs. (6.61) and (6.62) with

.+ = 1.0 and interaction factors k,,, kK ,, k,, and k,, in members not susceptible to

torsional deformation.

Members susceptible to torsional deformation — checking of lateral-torsional
buckling, considering eqs (6.61) and (6.62) with y, - according to 6.3.2 of EC3-1-1

and interaction factors k,, Kk, k, and k,, in members susceptible to torsional

deformation.

Joint
Research
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DESIGN OF BEAM-COLUMNS

Member stability

Method 2

(Annex B of EC3-1-1)

Interaction factors for members not
susceptible to torsional deformations
(Table B.1 of EC3-1-1).

Brussels, 16 - 17 October 2014

Interaction| Typeof | Elastic sectional properties | Plastic sectional properties
factors section (Class 3 or 4 sections) (Class 1 or 2 sections)
laH | Cu (1 + 0.62.,.;—5"} Cr {1+(f1,- —O-ZWJ
kx-' sections and Ay /701 ¥y Re/ 7M1
rectangular
hollow N Ngg
. <C, |1+06——% | =<C,, [1+08—————
sections m[ ZyNRt/?m) no[ IJ-NN/}'m]
IorH
sections and k.. 06k..
k: rectangular
hollow
sections
IorH
ko sections and 08 k», O,Gk”.
rectangular
hollow
sections
C,. (1+(2I: —06)E
A: N n/ 7
k.. IorH _ Ng,
= cections | Come | 1+ 0.6 2, ——E2
X:Na/van N
<C,. (1 +14——E
Z: Nu /7
N C,. [1 +(7Z, -0.2)N7“
et <C,, [1+ 0.6—”] Z: N[
angular Z7: Na/nan .
hollow Ngs
sections ZCp {l+ 0.8—']
Z:Na/1an

In I or H sections and rectangular hollow sections under axial compression and

E‘oint uniaxial bending (M, z,). &, may be taken as zero.
eseq
Centre
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DESIGN OF BEAM-COLUMNS

Member stability

Method 2 (Annex B Interaction Elastic sectional properties Plastic sectional properties
of EC3-1-1) factors (Class 3 or 4 sections) (Class 1 or 2 sections)
Ky k,, of Table 3.16 k,, of Table 3.16
Interaction factors for kyz k- of Table 3.16 ky: of Table 3.16
members susceptible to - 111 4- 0.12, Ngg
_ _ 0054, Ng, (Cozr —025) 7. N/
torsional deformations mer —Y-22) X: N/ 7an
(C,,IL,-—O_ZS)]: Nm/}’,m_ 01 N
(Table B.2 of EC3-1-1). . oo o _[1_ - £ ]
v 2|:1_ - > £ (Cozr =025) 2. Npp /710
(CMLI' -0"'5) I: NR):/YMI_ fOf /‘T': < 04 : k;‘, =06+Z

0.14, Ny,
(szr -0.25) Z: N[ 7an
k- k.. of Table 3.16 k.. of Table 3.16

Joint
Research
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- Equivalent factors of uniform moment C,,;

DESIGN OF .

Diagram of Range Coy- Cpz and Cpp 1
B E A M -CO LU M N S moments Uniform loading Concentrated load
I]I[]I[D]IDJJW M -1£¥<1 0.6+04¥ 204

Member stability

Mm ﬂw.\l. 0<a =1 | q<w<t 02+08a, 204 02+08a, 204
M 0<¥<1| 01-08a, 204 —08c, 204
-1%a,<0
Method 2 @ =M. [M, _1<w<0|0.1(1-¥)-08a;, =04 | 02(-¥)-08a, 204
(Annex B of EC3-1-1) = wig |05 <1 [ 1cw <) 095+0.05a; 0.90+0.10¢;
Equivalent factors of i 0<W<1| 095005 090+ 0.10a,
: “1%a, <0
uniform moment C,, ay=M,/M, e —12w<0 | 0.95+0.05a;(1+2%¥) [090+0.10a, (1+2¥)
(Table B.3 of EC3-1-1) In the calculation of ¢ or ¢ parameters, a hogging moment should be taken as negative

and a sagging moment should be taken as positive.
For members with sway buckling mode, the equivalent uniform moment factor should be
taken as C,, =090 C, =09, respectively.

Factors Cuy, Cy: and Cyyr should be obtained from the diagram of bending moments
between the relevant braced sections, according to the following:

Moment factor bending axis points braced in direction
Coy Yy -z
Cxz z-z y-y
Comzr Yy Yy

P
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DESIGN OF BEAM-COLUMNS
PepPEs ...

Safety check of a beam-column of the first storey of the building illustrated in the figure. The
member, composed by a HEB 320 cross section in steel S 355, has a length of 4.335.

The relevant geometric characteristics of HEB 320 cross
section are: A = 161.3 cm?; W, , = 2149 cms3,
I, = 30820 cm?, i, =13.82 cm; I, = 9239 cm?,
i,=7.57 cm; I = 225.1 cm* and I, = 2069 x 103 cm®.

The mechanical characteristics of the material are:
fy = 355 MPa, E = 210 GPa and G = 81 GPa.

Joint
Research
Centre




* *
) . European
Eurocodes - Design of with worked examples cﬂ:nfmssim

DESIGN OF BEAM-COLUMN

The design internal forces obtained through the structure
analysis (second order) for the various Iload
combinations are illustrated in the figure. Two
simplification are assumed for the subsequent design
verifications: i) the shear force is sufficient small so can
be neglected; ii) the shape of the bending moment
diagram is linear.

Design values are: Ngy = 1704 kN; My gy = 24.8 KNmM
at the base cross section.

1) Cross section classification

As the compression force is high, the cross section is
classified under compression only (conservative approach).
As the section HEB 320 is a stocky section, even under this
load condition, is class 1. Joint

Research
Centre

201 kN

417 kN

630 kN

841 kN

1053

kN

1262 kN

Brussels, 16 - 17 October 2014

53.0 kN

41.1kN

41.1kN

40.2 kN

39.3kN

43.2 kN

65.5 kNm

72.3 kKNm 4
58.6 kNm é
57.1 kNm Z
55.9 kNm Z

53.8 kNm Z
68.6 kNm 4

A

~~

~

~

N Y

N

29.8 kNm

32.0 kNm

29.3 kNm

27.9 kNm

29.0 kNm

54.5 kNm

1

496 kN

1704 kN

Vo Ed

50.5 kN

29.4 kN

735kNm ~

24.8 kNm Z

My,Ed

10.6 kNm
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DESIGN OF BEAM-COLUMNS
eepPEs ...

i) Cross section resistance

The design internal forces: M, gq = 24.6 kNm and Ng4 = 1704 kN (compression).
Ny ra = Af, [y =161.3x10™ x 355x10°/1.0 = 5726.2kN

As, Ngg =1704kN < Np, rg = 5726.2kN, the axial force resistance is verified.
Since, Ngy =1704kN>0.25N,, o, =1431.5kN |

In accordance with clause 6.2.9.1(4) of EC3-1-1, it is necessary to
reduce the plastic bending resistance (to My, z4):

W, ,f, 2149x107°® x355x10°

Mo = _ ik _ 262.9kNm ,_A-2bt; 161.3-2x30x2.05 .
VMo - A 161.3
1-n
MN,y,Rd = Mp/,y,Rd 1-0.5a n = NEd 1704 =0.30

Ny rs 5726.2
As, M, =24.8kNm <M, ., =606.9kNm | the bending resistance is verified.

Joint
Research
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1i1) Verification of the stability of the member

In this example the Method 2 is applied. As the member is susceptible to torsional
deformations (thin-walled open cross section), it is assumed that lateral-torsional buckling
constitutes the relevant instability mode. Since M, ; = 0O, the following conditions must be
verified:

Neg +k My g <1.0
Xy NRk/7M1 v ALT My,Rk/7M1

M
Neg + Ky y.Ed <1.0
Xz NRk/7M1 XLT My,Rk/7M1

Step 1: characteristic resistance of the cross section

Npi = Af, =161.3x107* x 355 x10° = 5726.2kN

My i =Wy, f, =2149 x107° x355 x10° = 762.9kNm

Joint
Research
Centre
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. . . i Z
Step 2: reduction coefficients due to flexural buckling, y, and yz, +
y
h :@=1.07<1.2 and t; =20.5mm<100mm 320 | >
b 300 —- HEB 320
flexural buckling around y — curve b (o = 0.34) >
= flexural buckling around z — curve C(OL — 0_49)_ Table 6.2: Selection of buckling curve for a cross-section
i Buckling curve
Buckling | S 235
Plane xz - Lg, = 4.335 m. Cross section Limits Aout | $275 | s460
S 420
7, = Leyd 433 1 _ga "L ol wsomn |3V [ 2| 0®
i, 4 13.82x10% 93.9x0.81 . }
* oo 30 L G|
% hi vy y =
CDy = 062 = Zy = 0.92 % ( N < 100 mm z:}z( I: :
) —L ) — =D
Plane xy - L, = 4.335 m L = wet00mm | ITRL G0
— L
p=fzdl 438 1 g5 - — 1
i, 4 7.57x102 93.9x0.81 ¢:O.5[1+a(/1—0.2)+/1 } P —
, -
®,=092 =| y,=0.69 o @ +[<D -4 )
Centre




Eurocodes - Design of with worked examples Eg:gf:i:;m Brussels, 16 - 17 October 2014

Step 3: calculation of the y,; using the alternative method applicable to rolled or equivalent
welded sections (clause 6.3.2.3 of EC3-1-1)

: : - 10.6 kNm
The length between braced sections is L = 4.335 m. The critical 06

moment M_ assuming a linear diagram, in this example obtained
just by LTBeam software, is given by:

_ 5 24.8 kKNm
M., =5045.1 kNm = j,7 = [2149>< 107° x355x 103/5045.1]0' =0.39 M
y,Ed
Rolled | or H sections with h/b=320/300=1.07<2 =
curveb, and o,y =0.34 Table 6.4 - Buckling curves for lateral-torsional buckling (Alternative method)
Section Limuts | Buckling curve (EC3-1-1)

Taking 4,70 =0.4 and p=0.75

I or H sections b

®,; =0.5x[1+0.34x(0.39 -0.4)+0.75 x 0.392 rolled -

= 0.56 I or H sections hfb<2 c
hfb>2

2t = L - 0.99 welded / d

0.56 + (0.562 - 0.75x 0.392)0'5 Research

Centre



Step 3: calculation of the y,; using the alternative method applicable to rolled or equivalent
welded sections (clause 6.3.2.3 of EC3-1-1)

The correction factor k., according to Table 6.6 of EC3-1-1, with ¥ = 10.6/(-24.8) = - 0.43, is
given by:

Diagram of bending moments k.
k, = 1 = = - 0.68 T Lo
© 1.33-0.33¥% 1.33-0.33x(-0.43) M@?l -
s Innies 133-033%

f:1—0.5x(1—kc)x[1—2.0><(/1LT—0.8)2} v v

=1-0.5x(1-0.68)x [1—2.0>< (0.39—0.8)2]= 0.89 > 0.94

LN 0.90

The modified lateral-torsional buckling reduction factor is i 0.91
given by: "%?‘"

B B “EEI]IDZD? 0.86

ZLT.mod = 0.99/0.89=1.11>1.00 i 1 o

So, | Z17,mod =1.00 | must be adopted. ~a ! 02

éz?etarch ¥ - ratio between end moments, with -1<¥<I1.

Centre
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DESIGN OF BEAM-COLUMNS

Step 4: interaction factors k,, and k,,.

The equivalent factors of uniform moment C,,, and C, ; are obtained based on the bending
moment diagram, between braced sections according to the z direction in case of C,, and
laterally in case of C,,r. Assuming the member braced in z direction and laterally just at the

base and top cross sections, the factors C,,, and C,,; must be calculated based on the bending
moment diagram along the total length of the member.

Since the bending moment diagram Table B.3: Equivalent uniform moment factors C,, in Tables B.1 and B.2

[ i i - iaer: — Cyy and Cyy, and C
Is assumed linear, defined by: Moment diagram range e Gt _____
M = -24.8 KNm;

yEabase ° ’ M wM -l=sy=<l 0.6+0.4y =04
My,,_:d,top = 10.4 kNm, from Table B.3 | |
of EC3-1-1, is obtained: —

Y = My,Ed,top/My,Ed,base = (10'6)/(_ 24'8) =-043 =

Cry = Cmur = 0.60 +0.4x (- 0.43) = 0.43| (> 0.40) 24.8 kNm

Joint

Research My, Ed
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Because the member is susceptible to torsional deformations, the interaction factors k,, and k,,
are obtained from Table B.2 of EC3-1-1, through the following calculations:

_ N | 1704
k,, =Cn, |1+(1, —0.2 Ed =0.43x|1+(0.41-0.2 = 0.46;
vy = =my { 2 );(y Newe /71 X{ ( ) o2 5726.2/1.0}
AS Kk, <Cpy|1+08— N6 |_o54 ,then |k, =0.46
Xy Nric [ vm1
. 0.1%, Neg Step 5: Finally, the verification of equations 6.61
= 1- : = .
il { (Cpoi7 —0.25) 7, NRk/J/MJ and 6.62 of EC3-1-1 yields:
[, 0.1x0.75 1704 _0.82
(0.43-0.25)0.69x5726.2/1.0| 1704 +0.46 x 24.8 ~0.34<1.0
0.92x5726.2/1.0 1.00x762.9/1.0
0.1 N |
As k,, > {1— Ed =0.76
i (CmLT - 0-25) Xz Nrie/vma | 1704 0 24.8 -0.46<1.0

+0.82 x
0.69x5726.2/1.0 1.00x762.1/1.0

then kzy =0.82

Joint Section O.K.

Research
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O Free software for design of steel members in accordance
with EC3-1-1.

A3C

Beam-columns design

X ACB+

'll

Ry
= A,JJ\\(
LITE
2\ VERSION

AN

Design of cellular beams

Member
Design

http://www.constructalia.com

€ CiEnCuAs ’f
o6 comm
0 bt o

cmm

http://www.steelconstruct.com
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Thank you for your attention

rads@dec.uc.pt




