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The most often situation:

+ VIt class: welded I-beams, cold-formed sections;

* [l class: welded I-beams, hot-rolled I-beams (rare), cold-formed sections;

¢ || clas: hot-rolled I-beams, CHS;

+ [stclass: hot-rolled I-beams, CHS.

— #4 /87
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In addition to the elastic and plastic sectional modulus, it is sometimes necessary to consider
the effective sectional modulus. It appears in the situation of very slender cross-sections (thin
and high web), for which the local stability of compressed part may be lost.

— Lab #1 /46 Photo: ijird.com

Photo: Autor
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Instability of flange under compression,

instability of web under compression — lab #2

Photo: Saliba, N. Gardner, L. Experimental study of the
shear response of lean duplex stainless steel plate girders.
Engineering Structures. 1 /2013

Photo: Author

Reason: axial stresses o, (from bending

y moment and / or compressive axial force).
X // Firts type interaction flange-web: lost of
Z - - stability for both sub-patrs (web and
éy 5 flange) is independent; behavior of flange

doesn’t affected on web and behavior of

web doesn’t affected on flange.

Prevention: longitudinal stiffeners — #t/ 21

Calculation: effective geometry — lab #2, #t / 15-40
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Flange induced buckling

(compression flange buckling in plane of web)

Photo: Web Buckling of High Strength Steel Plate Girders Induced by
Bending Curvature, S. Nascimento, J. Pedro, A. Biscaya, Wiley Online
Library, 9 111 2020

Photo: Author

A
] -1 A Reason: axial stresses o, (from bending
y moment and / or compressive axial force).
x/y Second type interaction flage-web: lost of
pd - - stability for both sub-patrs is dependent
é 5 each other; behaviors of flange and web

are common.

Prevention: good proportion flange to web— #t /41

Calculation: checking proportion — #t / 41

[%} Engineering
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Instability of web under shear force

Photo: Saliba, N. Gardner, L. Experimental study of the
shear response of lean duplex stainless steel plate girders.
Engineering Structures. 1 /2013

Photo: Author

ol CN Reason: shear stresses t,, (from
Ly shear force V,). Along line A-B
| local compression, along line C-D
/ local tension.
D B D B D

Prevention: transversal stiffeners — #t/ 21

Calculation: checking stability — #t / 42 - 48

m:{] 80th Anniversary

Cracow University [~ Faculty of Civil Chair of Bridge, Metal and Timber Structures
. ‘ of Technology ‘#} Engineering ) )
25| soth Anniversary Cracow University of Technology




Instability of web under transversal force

Photo : Local Web Buckling in Tapered Composite Beams -

A Parametric Study, R. Hobbs, P. Vellasco, Journal of the
Brazilian Society of Mechanical Sciences 23-4/2001

Photo: Author
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Prevention: transversal stiffeners — #t/ 21
Calculation: checking stability — #t / 49 - 53

Reason: axial stresses o, (from
transversal force F, applicated in
point). Axial stresses occur in web
at contact with flange.
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Transverse force F, is force applied in point to beam. Of course, transverse force (type of
loads) produces shear force Vg, (type of cross-sectional force).
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Transverse force: local effect
deformation, instability, axial stresses
and its idealisation

Shear force: global effect,
deformation, instability, shear stresses
and its idealisation

— Lab #2/ 68
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Both phenomena (shear force, transversal force) are especially dangerous, when force are
applied out of vertical stiffeners.

Force Over vertical stiffener Out of vertical stiffenet
shear Lec# 21 #t/ 42 — 48
transverse can be neglected #t /49 -53

Effect of shear force is analysed separately for Ist, [1"d, [11'd class of cross-secont (Lec. #11),
and I\V™ class of cross-section (Lec. #t).

Effect of transversal force is impotrant for IVt class of cross-section; this means generally
for welded I-beams.
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Designing of welded I-beam:

h=L/20+ L/25
b t, [mm] =7 [mm] + 3 h [m]
b~02h=03h
t.~1,5t,+20¢t,

Example:
i tw L=25m
h~=1 000+ 1250 [mm] — 1300 [mm] =1,3 [m]
t,~7+3-13=11[mm]
= ] b =260 + 390 [mm] — 300 [mm]
e te~ 17 + 21 [mm] — 20 [mm]

Photo: Author
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Welds between flange and web

Photo: northernmfg.com

Photo: weldingweb.com

Examples of calculation such type of weld will be presented on Lecture #17
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1117 class of cross-section

The most often situation: Welded I-beams are 1Vt class of cross-section.

Welded beams can be sometimes made as 111 class of cross-section. Information about
this class is in Eurocode very short and not complete. Formula for axial force and
bending moments is presented as:

Neg / (fy Al vo) + My gq 1 (Fy Wy T yo) + My g/ (F, W, /7o) < 1,0
EN 1993-1-1 (6.42)

This formula is true, when shear force doesn’t exist.

There is no information, what formula is true in case of shear force not equal O or for
situaton, when transversal force is applied.

VY Cracow University [ "] Faculty of Civil Chair of Bridge, Metal and Timber Structures
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h[mm] | t, [mm] | b[mm] |t [mm] | Fgq[kN] | Ngg comp [KN] L [m]

1 300 11 300 20 717,082 64,722 25,00
Example:
Steel S355 — f, = 355 MPa
steel 1-beam Length of beam:
. P | Initial geometry: Feq : 717_’082 kN
" A, = 258,600 cm? For this statis scheme:
J, o = 674 887,800 cm Meg,y =6 Feq L/ 32
W, , = 10 382,889 cm? Meq,y = 3 361,320 kNm
h Point in border web-flange:
Photo: Autor W, o wt = 10 712,505 cm?
Thickness of welds web-flange:
a=5mm
% — Lab #2 /22
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ISt step: shear lag effect

Flange — too wide or not?

L, = length of the beam = 25 m; — L,/ 50 =500 mm

b = width of the flange = 300 mm — half of flange b,=b /2 =150 mm

b,<L,/50 150<500 EN 1993-1-5p.3.1
— Lab #2 /23

Flange is not too wide — shear lag in flanges is not danger— after IS step geometry not
must be recalculated

Desr 1 = Dinitia
A=A, = 258,600 cm?

W, o1 = W, o = 10 382,889 cm?
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— Lab #2 /29

Generally: it is possible that we need to reduce width of flanges after first step due to
shear lag effect. This will entail necessity to recalculate effective geometry after first step.
We will obtain new values of A ; and W, .« ; This reduction applies equally to both
flanges, so initially bi-symmetric cross-section will still remain bi-symmetrical.
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Il step
Flange under compression

Stress distribution in flange is identical, regardless of whether we take into account
compressive axial force or the bending moment: constant value of compression in
compressed flange. One common analysis will be made. Stress distribution is calculated
for effective geometry after I step: Ay, W, g 2

e
/

compression
tension

Photo: Author

O(Ngy)
— Lab #2 /30
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Stresses in flange — ,,blue part” remains after reduction an effective geometry

VY
80th Anniversary
PK

Stress distribution (compression positive) Effective® width b.g
¥
Der - 1 >w=0
. 01
= o Jml ba=p e
: o
bt ‘ bc ) W = O:
. o4
1 bexr=pb.=pc/(l-y)
{TE L b
J— )
W =g,/0 0 -1 1>2w=-3
Buckling factor k, 0.43 0.57 0.85 0.57 - 021y + 0.07y"
A
Des 1 =w =0
= [l
’V —| G2 b‘eﬁ'= p c
t I
be
I i T w0
gl [l
™ ], bg=pb.=pec/(l-y)
be J/ by A|/
W = G3/0] 1 l>w>=0 0 0=y>=-1 -1
Buckling factor k., 0.43 0,578 / (w+0.34) 1,70 1.7 -5y + 171y 23.8
— Lab #2 /31

Cracow University
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Compression of flange;
nex to the web < at the one
of flange

Compression and tension
of flange; tension nex to
the web

Compression of flange;
nex to the web > at the one
of flange

Compression and tension
of flange; tension at the
end of flange

Chair of Bridge, Metal and Timber Structures
Cracow University of Technology




Vv = o,/ o, = tension / compression or smaller compression / compression

Flange - 6 =const > 6, =0, >y =0,/6,=1,0

v =1,0 — table — k. = 0,43

Steel 8355 — f, = 355 MPa
e=V(235/1) — &= (235/355)=0,814

— Lab #2 /32
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— Lab #2 /33

p — reduction factor for compression elements

- internal compression elements: Internal = web
p=1.0 for A, £0.673
he —0.055(3+y) = .
p= — <1.0  for Ap >0.673 .where (3+y)=0 (4.2)
A
- outstand compression elements:
p=10 for hp <0,748 Outstand = flange
Ap — 0,188 =
=2 <10 for hp > 0.748 (4.3)
Ay
’_'_ f—
— f. /
where Ap = | x = b/t

Vo, 284ek,

v is the stress ratio determined in accordance with 4.4(3) and 4.4(4)

b isthe appropriate width to be taken as follows (for definitions. see Table 5.2 of EN 1993-1-1)
b, for webs:
b for internal flange elements (except RHS):
b-3t forflanges of RHS:
c for outstand flanges:
h for equal-leg angles:

h for unequal-leg angles: EN 1993-1'5 p44

[T of Technology
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besr; — Width of flange; a — thickness of welds; t,, — thickness of web; t; — thickness of
flange;

c=(b-2av2-t,)/2=(300-14-11)/2=137,5mm

Ay =(c/t) /(28,4 ky)=(137,5/20)/(28,4-0,814 - 0,43) = 0,454 —
— EN 1993-1-5 (4.3) — 0,454 < 0,748 — p = 1,0

beff, 2= P beff, 1= beff, 1 = Dinitial

No reduction of the compressed flange — after the second step, the geometry 1s the same as
at the beginning:
A, = A, = 258,600 cm?

W, o> = W, o = 10 382,889 cm? — Lab #2 / 34

of Technology
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Generally: it is possible that we need to reduce width of flange after second step due to lost of
stability under axian compressive stresses. This will entail necessity to recalculate effective
geometry after second step. This reduction applies for flange under compression only
(sometimes top, sometimes bottom, sometimes both), so initially bi-symmetric cross-section
will lose symmetry with the horizontal axis. We will obtain new values for unsymmetrical

Cross-section: Ay 2 » Wy, op, eff, 2 + Wy, bottom, eff, 2

— Lab #2 /35
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111 step
Web under compression

Stress distribution in web various for effects from bending moment and axial force.
Calculation will be made separately, for axial force and for bending moment. Stress
distribution is calculated for effective geometry after 1l step: Ay 5, W, o »

/

e

compression
tension

Photo: Author

G(Ngg)

— Lab #2 /36
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Axial force:

Omax = Neg / A o = 64,722 KN / 258,600 cm? = 2,503 MPa = const

Bending moment, max value of stress in web (on border between web and flange):

Ormax = £ My, gg/ Wi, et 2 s = = 3 361,320 kNm / 10 712,505 cm? =

=+ 313,775 MPa

— Lab #2 /37
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Stresses in flange — ,,blue part” remains after reduction an effective geometry

Stress distribution (compression positive) Effective” width by
v=1
111 1
Jber | . /t}ei/‘, bex=p b
I bel =0.5 beE’ bel =0.5 beE’
i - 1>yw=0
” mﬂw _ﬂmmfﬂl 1] be=p b
Dei |, Dez w= P 1
: b bel = -T.I-_wb'!ﬁ‘ beJ:beﬁ"bel
/{ b ¥ by ¥ w=10
o ||| _
:> mﬂ e Wiy o bag=pb.=p b/ (1-y)
bE1L__ L bDez | 2
A b /l/ bel =04 beﬁ' bel =0.6 beE’
W= G4/ 1 1>y>0 0 0=y=-1 -1 -1 =w>=-3
Buckling factork_ | 4.0 | 82/(1.05+vy) | 7.81 7.81 - 6.2y + 9,78y 23.9 5.98 (1 - y)°

— Lab #2 /38

Yoy
PK
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Engineering
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Cracow University
of Technology
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EN 1993-1-5, tab 4.1

Axial compression

Eccentric
compression —
whole web under
compressed

Eccentric
compression — part
of web
compressed, part
tensed

Chair of Bridge, Metal and Timber Structures
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Yy =0,/ o, = tension / compression or smaller compression / compression

Axial force - o =const -0, =06, >y =0,/0;,=10
¥ = 1,0 — table — k_, = 4,000

Part of web under compression: total, h,,. ; =1 260 mm

Bending moment —» ¢, = -6, >y =0,/ 0, =-1,0
¥ =-1,0 — table — k_ = 23,900

Part of web under compression: half, h,,. ; =630 mm

— Lab #2 /39
Steel S 355 — fy = 355 MPa

e=V(235/f) > e=1(235/355)=0,814
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Slenderness for axial force:
b — total height of web; a — thickness of weld; t, — thickness of web;
c=b-2aVv2=1260-14=1246 mm

hy=(c/t,) /(284 \ky)=(1246/11)/(28,4- 0,814 -V 4,000) = 2,450

— Lab #2 /40

Slenderness for bending moment:
b — total height of web; a — thickness of weld; t,, — thickness of web;
c=b-2aV2=1260-14=1246 mm

Ay=(c/t,) /(284 Vky)=(1246/11)/(28,4 - 0,814 - 23,900) = 1,002

Faculty of Civil Chair of Bridge, Metal and Timber Structures
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p — reduction factor for compression elements

- internal compression elements: Intemal = Web

p=10 for h, <0.673  *

Ay — 0,055 (3 + —
p==2 — G+v) <1.0  for Ap >0.673 .where (3+y)=0 * (4.2)
Ay

- outstand compression elements:

p=10 for Ap <0.748 Outstand = flange

= "“"__7?'183 <10 for Ay > 0,748 (4.3)
Ay

= |’I_ b/t

where Ap = (==
Voo 284ek, Amendment!

v is the stress ratio determined in accordance with 4.4(3) and 4.4(4)

b is the appropriate width to be taken as follows (for definitions, see Table 5.2 of EN 1993-1-1)

b, for webs:

b for internal flange elements (except RHS):

b-3t forflanges of RHS:

c for outstand flanges: —> Lab #2 / 4 1
h for equal-leg angles:

h for unequal-leg angles:

EN 1993-1-5, 4.4

N Faculty of Civil Chair of Bridge, Metal and Timber Structures
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Amendments to EN 1993-1-5: limit between various formulas of r is not equal 0,673,
but

0,5 + V(0,085 — 0,055 ¥)]

So, in analysed cases:
For axial force (y = 1,0): 0,5 + V(0,085 — 0,055 )] = 0,673
For bending moment (y =-1,0): 0,5 + V(0,085 — 0,055 y)] = 0,874

Slendernesses determined for axial force (2,450) and for bending moment (1,002) are greater
than limit values for these loads (0,673 and 0,874, respectively), therefore web will be
reduced in both cases.

— Lab #2 /42
Faculty of Civil Chair of Bridge, Metal and Timber Structures
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For axial force:
p =[x, —0,055 (3 +y)] /1,2 =[2,450 - 0,055(3 + 1)] / 2,450° = 0,372
Height of compressed part after reduction: 1 260 - 0,372 = 468 mm

For bending moment:
p =[A, — 0,055 (3 + )] / 1,2 =[1,002 - 0,055(3 - 1)] / 1,002 = 0,888
Height of compressed part after reduction: 630 - 0,888 = 560 mm

— Lab #2 /43
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Effective geometry after 111 step:
Photo: Author

468 /2 =234 mm 560 - 0,4 =224 mm

70 mm

— Lab #2 /44
560 - 0,6 = 336 mm

792 mm

630 mm

468 /2 =234 mm

For axial force For bending moment

[%} Engineering
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Recalculation of geometry

For axial force

A 3 n = 171,480 cm? — Lab#2 /45

For bending moment

At 3 m = 250,900 cm?

S, (about initial centre of gravity) = -285,670 cm?

Ay =S, [ Ay 3. = -1,1 cm (new center of gravity below the initial one)
Zipp = 64,1 Cm

Zpottom = 01,9 €M

Jett 3. m = 623 222,349 cm*

W, top. eff, 3,M = Jetr, 3. m | Ztop = 9 722,658 cm?

Y,

Wy, bottom, eff, 3, M = ‘]eff, 3, M / Zbottom =10 068’212 cm?

On border web-flange:

W, 1op. eff, 3, M, w-f = 10 035,787 cm?

VVy, bottom, eff, 3, M, w-f =10 404’380 cm3

VY Cracow University [ "] Faculty of Civil Chair of Bridge, Metal and Timber Structures

of Technology ‘L#A Engineering
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IV step
Web under compression - verification

Stress distribution is calculated for effective geometry after 111 step: Ay 3, W, o5 3 -

Stress distribution is totally changed.

— Lab #2 /46

Rys: Autor

N4 Cracow University AN Faculty of Civil Chair of Bridge, Metal and Timber Structures
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Axial force

New value of stress in web:
Omax = Neg / At 3 n = 64,722 KN / 171,480 cm? = 3,774 MPa (previous case 2,503
MPa).

So it is still constant distriburion. ¥ = 1,0 the same as previous. The sane, total height
of web (1 260 mm) is under compression. Rest steps of calculation will be made for the
same data as previous (Lab #2 / 36-46). Geometry after 1V step will be completelu the
same as after |11 step.

— Lab #2 /47

VY Cracow University [ "] Faculty of Civil Chair of Bridge, Metal and Timber Structures
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Bending moment

New value of stress in web :

max, top = My, Eq / W, top, eff, 3, M, wf = 3 361,320 kNm /10 035,707 cm3=
= 334,936 MPa (compression)

Gmax, bottom = 'My, Ed /Wy' bottom, eff, 3, M, wif = '3 361,320 kNm / 10 404,380 Cm3 =

= -323,068 MPa (tension)
Additionally, due to noew centre of gravity, the height of the compressed part of the web

o)

changes to 64.1 cm (previously 63 cm).

Vv = 0,/ o, = tension / compression or smaller compression / compression
v =-323,068 / 334,936 =-0,965
¥ =-0,965 — table — k_=7,81—6,29 y + 9,78 y? = 22,987

Steel S 355 — f, = 355 MPa
e=\(235/f) —e="(235/355)=0,814

— Lab #2 / 48
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Slenderness for bending moment:
b — total height of web; a — thickness of weld; t,, — thickness of web;
c=b-2aV2=1260-14=1246 mm

do = (€1 t,) 1 (28,4 k,)=(1246/11)/ (28,4 0,814 - 22,987) = 1,022

Limit for bending moment according to amendments (y = -0,965):
0,5 + (0,085 — 0,055 y)] = 0,872

Slenderness is bigger than limit, so there will be reduction of web.

— Lab #2 /49

p =1, —0,055 (3 + )] / 1,2 = [1,022 - 0,055(3 - 0,965)] / 1,0222 = 0,871
Height of compressed part after reduction: 641 - 0,871 = 559 mm

of Technology

m 80th Anniversary

w Cracow Universit Faculty of Civil Chair of Bridge, Metal and Timber Structures
l‘ﬂh‘ g HI"@I Engineering sC

80th Anniversary Cracow University of Technology



Effective geometry after IV step:

Rys: Autor
\
559 - 0,4 =224 mm
468 /2 =234 mm
82 mm
559 - 0,6 = 335 mm
792 mm
468 /2 =234 mm
\ ~
For axial force For bending moment

[%} Engineering

[T of Technology . .
80th Anniversary Cracow University of Technology

IE:G 80th Anniversary

.v‘"v 7 Cracow University Faculty of Civil Chair of Bridge, Metal and Timber Structures
IJ I




Recalculation of geometry

For axial force (no changes): S Lab#2 /51
A 4 n = 171,480 cm?

For bending moment:

At 4 m = 249,580 cm?

S, (about initial centre of gravity) = -329,230 cm?

Ay =S, [ Ayt 4, v = -1,3 cm (new center of gravity below the initial one)
Zop = 64,3 CM

Zpottom = 01,7 €M

Jett 4. m = 621 804,844 cm*

W, top. eff, 4, M = Jetf, 4, m | Ziop = 9 670,371 cm?

Y,

Wy, bottom, eff, 4, M = ‘]eff, 4, M / Zbottom =10 077’874 cm?

Na granicy poiki 1 srodnika:

W, 1op eff 4, M, wt = 9 980,816 cm?

VVy, bottom, eff, 4, M, wf =10 415'492 cm3

of Technology

[y .
m 80th Anniversary

.VAIIV 7 Cracow University k,:\‘ E?‘Cl:rl‘tge?ifnﬁvil Chair of Bridge, Metal and Timber Structures
I ‘L!_AI e 9

80th Anniversary Cracow University of Technology



Nia = Astr 4 n T, / Yo = 6 087,540 kN

Mra =W, . eft a.m Ty To = 3 432,982 KNm

l AN ‘ Cracow University
[IEELA|

o
. 4
m 80th Anniversary LE_J 80th Anniversary

Faculty of Civil

of Technology Engineering

A [cm?] Wy, top [CMPT | Wy, pottom [€M?]

0 Start 258,600 10 382,889 10 382,889
I Shear lag effect 258,600 10 382,889 10 382,889
[ Flange under compression 258,600 10 382,889 10 382,889
1 Web under compression 171,480 9 722,658 10 068,212
v Web under compression - verification 171,480 9670,371 10 077,874

Difference betwen two last calculation 0,000 % -0,538 % 0,096 %

for web

Completion of iteration procedure is

designer's decision. Usually it ends when it is
converged < 2%.

— Lab #2 /52

Chair of Bridge, Metal and Timber Structures
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Flange induced buckling

hy/ty <k (E/f [V(A,/A)]

Class of cross-section k

3,4 0,55

EN 1993-1-5 (8.1)

There is no information, what we have to do, if this condition is not fulfills — geometry
of I-beam must satisfy this condition.

lv‘“v Cracow University [ "] Faculty of Civil Chair of Bridge, Metal and Timber Structures

of Technology d&\ Engineering

[T .
PRE| o Aniversey S| soth Anniversary Cracow University of Technology




Web stability and resistance under shear force Vg4

in analogy to stability under axial force:

if buckling can’t occurs If buckling can occurs

N¢ra a3 =A fy ! Ymo Neraaa = XA fy ! Ymo

Difference: buckling factor y <1,0

Both formulas can be presented as:

NeRra -3 = XA fy I Ynmo
(if buckling not exists, y =1,0)

INW/| Cracow University  [* ]| Faculty of Civil Chair of Bridge, Metal and Timber Structures
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General formula for resistance:
EN 1993—-1-5 (5.1),(5.2)

Vb,Rb = min [ Xw 1:yw hw tW/ (YMl \/3) + be,Rd ; n fyw hth/ (YMl \/3)]
Resistance of web

Resistance of web

Impact of lost of stability Secondary impact of steel grade

Support from flange

Resistance of web is calculated the same for Ist, [I"d, 111t and IVt
class of cross-section

Resistance of web depends on steel grade and geometry of cross-section of web
Impact of lost of stability depends on numer and position of horizontal and vertical
stiffeners, geometry of cross-section of web and grade of steel

Support from flange depends on loads (Ng4 , Mg,) and resistance of flange
Secondary impact of steel grade depends steel grande s Lab #2 /58

Chair of Bridge, Metal and Timber Structures
80th Anniversary Cracow University of Technology
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Shear forces - stability of web, local buckling;
transverse stiffeners prevent from buckling

Requirement EN 1993-1-5 5.1(2):

Unstiffened web Stiffened web
h,/t,<72¢&ln h,/t,<31e(k)/n
k. — #t/46
f, <460 MPa f, > 460 MPa
n=12 n=1,0

Requirement satisfied — buckling can’t occurs— 7, = 1,0

Requirement not satisfied — buckling can occurs — y,, < 1,0 — #t /48

7~ | Faculty of Civl Chair of Bridge, Metal and Timber Structures
of Technology ‘L"} Engineering . 5
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b Geometry:

¢ - > Lab#2/57

Photo: Author
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Number of longitudinal Calculation of k.

stiffeners a=alh,

0 Procedure A

1or?2 o < 3,0 Procedure B o > 3,0 Procedure A
3 or more Procedure A
Procedure A
a<l1,0 o>1,0
K. K+ 4,00 +5,34/ a? K, + 5,35+ 4,00/ a?

kys = max { [2,13V (g /h)1 7, 5 [9h2 W (g / (h, B,)]/a2}
Ji — for longitudinal stiffeners (O if not exist)

EN 1993-1-5 A.3 (1)
Procedure B

K.=41+[63+0,18J,/(h,)]/a2+223[J,/(®h,)]
EN 1993-1-5 A.3 (2)

7~ | Faculty of Civl Chair of Bridge, Metal and Timber Structures
of Technology ‘L") Engineering . 5
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Influence of axial force

P =1-Ngg/ [ (Astop + A bottom) Fyr / Yol

EN 1993-1-5 (5.9)

For y,, Important is slenderness:
Photo: Author

| B I

My =Ny / (86,41, ¢) A, =h, ! (37,41, ¢k, )

K, — #t/46
EN 1993-1-5 (5.5), (5.6)

VY Cracow University [ "] Faculty of Civil Chair of Bridge, Metal and Timber Structures
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Aw =
}\‘W
Rigid end post Non-rigid end post
<0,83/n min(1 ; mn)
0,83/ 7+ 1,08 0,83/,
> 1,08
1,37/(0,7 + 1) 0,83/ 4,
EN 1993-1-5 tab. 5.1
n — #t /44

Rigid and non-rigid end post — Lec #21

of Technology
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Transverse force

|

F./Fpy<1,0

Fo = o Lus o/ Yo EN 1993-1-5 (6.1)

Photo: Author
Leff = l;/ iF
Ye=min (1,0 ; 05/Xp)

V(6 ty f / Fe) EN 1993-1-5 (6.2) - (6.5)
09k.-Et2/h,

ke — #t/51
[ — #t/50, 52

z
I:cr

~~ | Faculty of Civil Chair of Bridge, Metal and Timber Structures
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Important lengths:

Photo: Author

450 (— IPE 300; 51,4 mm)

\ ztf'i'r

T
|'s¢ length of direct load application
|
/

L, effective length of compression

\

|

|

|

|

|

|

|

|

‘ - . . . g
S {1: genGraitzs [106e] Il B |

[, effective length of load application

— Lab #2 /69
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EN 1993-1-5 fig. 6.1, no longitudinal stiffeners:

Photo: EN 1993-1-5 fig. 6.1

A5 A 4=
vl % [hes In. \-\ b
; ; i "r‘ i
Ke = 6+2 (h, /a)? 3,5+ 2 (h, /) min{2+6[(s,+c)/h,] : 6,0}

15¢t, b

In case of longitudinal stiffeners:
15¢t,

ke=6+2(h,/a)2+(544b./a -021)y,
=min[10,9J,,/(h,2t,) ; 13a/h,+210(0,3-h,;/a)]

EN 1993-1-5 (6.6), (6.7)

Photo: Author
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j'ii%/ {:-1 x"} lFS lF‘S
! s f\. /\ J_L t{@ Photo: EN 1993-1-5 fig. 6.2
J’i} M J';L J'i;l’ o 8:=0 Photo: EN 1993-1-5 fig. 6.1
Fs s Fs
EN 1993-1-5 | q,h}ij.‘—,% T ' i "
fig. 6.1 e =
b ) “f“
min{a ; min {£+tN[my/2+(£/t)2+m,]
L Ss+2tf[1+\/(ml+m2)]} l;+tf\/[ml+m2]}

L=min[s,+c ; keEt,2/(2f

m,, m, — #t/ 53

w Cracow University H Faculty of Civil
l‘ﬂh ‘ of Technology I‘%}I Engineering

ywhw)]

EN 1993-1-5 (6.10) - (6.13)
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A <0,5 Ae>0,5

m, (Fe ¢/ )

m, 0 0,02 (h,, / t;)?

EN 1993-1-5 (6.8), (6.9) -
A — #t/49

Iteration procedure
must be applied:

l;/ \/ M and 2
Photo: Author
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Interactions between Mgy, Vg, Neg, F

Example of interaction for hot-rolled I-beam:

between shear force and bending moment

Veg/ Verg 0,5
No reduction of bending moment resistance
0,5<Vgy/V ge=1,0
Reduction of bending moment resistance
p=[2 (Veg/Vera) - 1F
My, v rg, = MiN{Mgq 5 [Wy-(phy2t, I H]IF, /vy }
EN 1993-1-1 (6.29), (6.30)

VY Cracow University [ "] Faculty of Civil Chair of Bridge, Metal and Timber Structures
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Symbols:

N =Ngg / (fy Acte / Ymo) + (M g + Ngg €y n ) 1 (B, Wy e/ Yivo) +
+ (Mz, Ed t |\IEd ez,N ) / (fy Wz, eff / YMO) < 190
EN 1993-1-5 (4.15)

n, =F, / (fyw Les Ly / Ymo) < 1,0

EN 1993-1-5 (6.14) Ny =max Mg/ Myirg 3 Meg/ Myira)
Loy — #1t/49 EN 1993-1-5 (7.1)
N3 = Vg ! Vi, ra = 1,0 T13 = Ved ! Viwrd
EN 1993-1-5 (5.10) EN 1993-1-5 (7.1)
Vp ra — #t/ 43 Vowrd = Xw fyw hwtw / (v \3)

of Technology
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Interactions:
If Nn3<0,5:

;<10 and mn,<1,0 and n3<1,0 and mn,+08n;<14

If 05<n;<1,0:

n+(1- M¢rg/ Myira ) (2n;-12< 1,0
and

n,<1,0 and n,<1,0 and 1n3<10 and n,+08n;<14

[T of Technology

m 80th Anniversary
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Castellated beams

Photo: zremb-wojkowice.pl

" ai'i ill i e
“hel =5

Photo: gunungsteel.com

Photo: Author
The same dead weight; much greater moment of inertia and sectional

_, 48 /135 modulus about strong axis; no change about weak axis.
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Dynamic loads are not recommended types of loads
for this type of member. There should be applied

"classical™ girders with plane webs in places with big
concentration of stresses (over support, joints betwen

columns...)
. ‘

- b

- &

Photo: abmrack.com

Photo: rfstearns.com

Photo: newsteelconstruction.com
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At now way of calculation is not completely clear:

» castellated / cellular beams were presented in appendix to pre-Eurocod ENV 1993-1-1 in
1992 year;

* such part of information is not presented in official version of Eurocode EN 1993-1-1;

 work is currently underway to extend the Eurocode, including the part with working name
"EN 1993-1-13", for beams with large holes in the webs; first version of this part was
elaborated in 2018 year.

INW/| Cracow University  [* ]| Faculty of Civil Chair of Bridge, Metal and Timber Structures
lllll ‘ of Technology ‘L"A Engineering

PR ot Amiversory |7 | 80th Anniversary Cracow University of Technology



Recommended geometry

Photo: Author i \ dl i
SN w N T N 2
0 A | | =
d | . R S /i l o Tlwii¥
0 0 h
| w | | \ :/ & : ' /2 : —d%
: d, : : - d : : ° :
| 1 I ! | ) dl |
[ |
d, >0,10d,, d,>0,10d,, d,>0,10d,,
h,<0,75 d,, d,<0,75d,, h, < 0,75 d,,
0,25d,<w<0,50d
ao S ho 0 w 0 aO S hO
0,25 aOSWSO,SO ay 0,25 aOSWSO,SO a,

W<h; <2,00w
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LEi bl bbb ieiiedes
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]
S oq

Classical method of castellated
beams calculation

Photo: Author
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P — external action (— #t/ 61)
Qpp — Qp (— #t/ 61) in cross-section —f3 I

M,, — M, (— #t/ 61) in cross-section a—of

M, =Q,z/2 ; z=a,0rd, S

Jac

i

Photo: Author

CDLZ((zboL-I_P)/2
QRsza/Z
N=M,,/h

T «— Qg T=(2Qp +P)d/(2h)
(J\ N Photo: Author leP/z
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Photo: Author

i P i Op1
- : | : N — o =N [ A
: : G Gpy= My We
i i p2 —
| —\ 1Y Tg— Qr /ACV
i i Photo: Author
— . | L [
|
AC _T\_NC I ACV
Gyl
17/_‘1
Gy
Oy1 = Nl /A\N WW

! Photo: Author

0, = My I W, !
T, =T/ Ay |
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Requirements for Limit States:

 Resistance in cross-section —f3;
 Local stability in cross-section —f3;
 Resistance in cross-section y—y;
 Local stability in cross-section y—y;

* Global stability;

Deflection:;

INW/| Cracow University  [* ]| Faculty of Civil Chair of Bridge, Metal and Timber Structures
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Cross-section —f3:

Resistance:
(V[ (og +0p) +3 (121 }/,<1,0

Stability:
Neg / (x Nrg) = 1,0

Photo: Validation of an analytical model for curved and tapered cellular beams at
Neq = (GBl + GBl) AC normal and fire conditions, S. Durif, O. Vassart, Periodica Polytechnica Civil
Engineering 57(1):83 - January 2013
Ngg = Ac f

y

y for cross-section —3
_=F_ and critilal length =d (— #t/ 62)

Photo: Author
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Cross-section y—y:

Resistance:
(N[(o,+0,)P+3 ()21} f,<10

Stability:
Neq / (x Ngg) < 1,0

Neq - (Gyl + Gyl) A\N Photo: Validation of an analytical model for curved and tapered cellular beams at
normal and fire conditions, S. Durif, O. Vassart, Periodica Polytechnica Civil
NRd = AN fy Engineering 57(1):83 - January 2013

y for cross-section y—y
and critilal length = h (— #t/ 62) i

Photo: Author
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Analisis of global stability (various types of global buckling) for castellated beams are
complicated. Four main inportant geometrical characteristics must be calculated:

Characteristis

Important for

Jy : moment of inertia about
horizontal axis

» Flexural buckling about horizontal axis

J, ; moment of inertia about vertical
axis

» Flexural buckling about vertical axis
» Flexural-torsional buckling
 Lateral buckling

Jr ; torsional moment of inertia

» Flexural-torsional buckling
 Lateral buckling

J,, 3 warping constant

» Flexural-torsional buckling
 Lateral buckling

General rules of instability analisis were presented on Lec. #5.

7 Faculty of Civil
of Technology ‘#} Engineering
m 80th Anniversary LE_J 80th Anniversary
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The weaknest cross-section — of the bigerst probability of buckling - is cross-section throug
hole in web. Geometry consists from two separated areas.

as

L

Photo: Author

Cracow University
AIN 'r '1
l [T ‘ of Technology ‘&

Way of calculation of J, and J, was presented on Lab. #1 (Steiner’s
theorem).

Approximation and simplified formulas can be applicated for
calculation of J; (— #t/69)

According to classical theory of thin-walled cross-section, J,, can be
calculated for homogenous cross-section, not for complex of
separated parts. So, there is problem with analysis of lateral buckling.

Faculty of Civil Chair of Bridge, Metal and Timber Structures

Engineering
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If we have cross-section, which not exists in tables:

Przekrdj Cechy geometryczne

y ys = o
:—Jﬁ— =t ly H

T =g — Lab #1 / 62
£ f"Q:'S—"p—‘—.X 1 P
[ Ir=3(20b + by )
l——b ’LC ry=0

y

- -’——Iﬁ‘—f : ys-ll[eh-(h-e)lz]-e-léh
- e L y y
S| 2

0 >~a:°‘ ' e hkh

B =
c 1t h+k

. PN /T'%(b1f13+bzé+b3€a)

rx-,l(ysly+b1n es—bztz(h—e)3+%[e"-(h_e)“]|
a0 ¢ Ys= @€

i TEI—F Lo
v I B se=s g Ir-%(bf’+b38)
-"r—ir—— r,,-71—{ely+bte3+—§[e“-(h_e»)‘]'|
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Castellated beam which cooperates with concrete plate is protected from global
instability.

~ g _‘m,_j@ia"b =

. . Y
6260800009

LYY Y

Photo: steelconstruction.info

Photo: newsteelconstruction.com

X7 But this protection concerns, first of all, top
flange. Around column, bottom flange is
under compression and lateral buckling

. starts from bottom — unprotected — flange.

Support on column should be made for full,
L not castelltaed cross-section. However, this
IS not always case.

Photo: Author
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=i= In case of problem with lateral buckling of castellated beam, simplified
| method presented in EN 1993-6 6.3 could be adopted. Lateral buckling of
| castellated cross-section is calculated as flexural buckling of one chord.

|
I
I Photo: Author
|
|

% Iled / (XLT |VIRd) <10 — NEd, equ / (Xy NRd) <10

N4 comes from area of T-section

%y comes from J, (about vertical axis) of T-section, buckling curve ¢ and critical length is equal
length of flange under compression.

Neg, equ = (531 + 5132) Ac

Op1 s Opy » Ac — #1163
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L

Deflection colud be calculated as

Photo: Author

%
C

\ A=6qL*/ (384 EJ,)
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Non uniform members

Photo: borga.pl

Photo: largohale.com.pl
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— #5/27

1. Generally, EJ = const is the most often case. Differences are negligible, if a <
10°; for calculations EJ = min (EJ, ; EJ, ). There are different rules for o > 10°;
these rules will be presented on lecture #12

Photo: borga.pl

Photo: Author
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For resistance calculation (It — 111 class of cross-section), we can divide non
uniform member into few part. For each of them we calculate resistance;
EJ=min (EJ; ; EJ,).

Photo: Author

Much more complicated are calculations for stability (flexural buckling, lateral
buckling, local buckling of web « effective cross-section for IV class of cross-
section).

.v‘"v 7 Cracow University Faculty of Civil Chair of Bridge, Metal and Timber Structures
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There are little changes of formulas for calculation of stability.

Phenomenon Change for Position
Local stability of web p EN 1993-1-5 4.2 EN 1993-1-5 2.5
A EN1993-1-5 5 EN 1993-1-5 B.1

e, EN 1993-1-1 5.2
Critical length | o, EN 1993-1-1 5.2, 6.3.4 EN 1993-1-1 6.3.4
Flexural or lateral oy x EN 1993-1-1 6.3.4 EN 1993-1-5 B2
buckling Stable length of Leusie EN 1993-1-1 BB.3.2
segment EN 1993-1-1 BB.3.3.3

~~ | Faculty of Civil Chair of Bridge, Metal and Timber Structures
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Plate girders with corrugated web

Axial froce and bi-axial bending are
not recommended types of loads for
this type of member.

1Y
' ‘ [ \\ml ‘\""n'\ti

\ 1

Photo: hxssvic.en.ec21.com
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Photo: builtconstructions.in

AN Cracow University
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P

Photo: sugamengineers.com

There should be applied "classical” girders with plane

webs in places with big concentration of stresses (over

support, joints betwen columns and roof girders, joints
between roof girders...)
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Resistance for bending

moment
T — comp.
I
| s |
Photo: EN 1993-1-5 fig. D.1
Z
L tens
o>30
& . g

Fot kot
PLoLw ] EN 1993-1-5 (D.1)

Mpg=min( by tfe X Ty 3 Dt fe e X ymg 3 Byt 2 Fe X vm)
x=h, +(t; + 1)
b, , b, - effective cross-section

fo,r —> #t/ 80
v — #t/ 81
effective cross-section — #t / 82
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fr=f,p fr
EN 1993-1-5 (D.1)

sin shape other shape
fT 110 1- 094 \/ {Gx(Mz) / [fyf / YMO] }
w
rT1(x) l
N M, = M;(x)
|
|1lx)
M. (x) K, (x) M. (x) FY(X)
S - S

! |
M, (X), T,(x) — #t / 81

Photo: EN 1993-1-5 fig. D.2
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Txy(X) = Tyx(X) — Tl(x) = VEd(X)

Fy(X) = T1(x) sin o

M;(X) = Ty(x) a5/ 2

Ty(X)
NON~ T
a2 TN T(X) T () i%+iii\T7(x)i }(j) /
T (x) T, (%)
Photo: Author F (x) Fy (x)
R e
Fy (X) M1 (x) Ml (x) Fy (X) Ml (x)

[z Flexural buckling factor
X=Xz

for flanges only
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Effective geometry for welded I-beam:

Plane web Corrugated web

Initial geometry A, J, Initial geometry A, J, , flanges only

Shear lag in flanges - the same way

Reduction of compressed flange (#t/ 18-23) Reduction of compressed flange - similar way
to I-beam with plane web; other formulas for
K, :
4a.k.=043+(b,/23a)°> ; a=a, +2a,
or
4.b. k, =0,60
K.,=min (4.a. ; 4.b)

Reduction of compressed web (#t / 24-33) -
Second reduction of compressed web (#t / 34-39) Second reduction of compressed flange

Comparison results of two last steps

End of calculation if small difference

VY Cracow University [ "] Faculty of Civil Chair of Bridge, Metal and Timber Structures

of Technology N1 Engineering
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Resistance for shear force

VRd = Xc fyw hw 1:w/ (YMl \/3)

Xe=MiN (e Aog) Xeg — L/ 84

EN 1993-1-5 (D.4) B
Xc1=min[1,0 ; 1,15/(0,9 + A )]
A= VI, 1 (2 N 3)]

sin shape other shape

Ter | [5,34 +a5s/ (h,t,)](t,/s)?{m*E/[12 (1-v?)]} 4,83 E (t,,/ a,,,)?

amax = max (al ) az)
a,,a,,s —#t/79 (on fig.)
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Yeg =MIN[1,0 ; 1,5/[05+ (Aeqy)7
heg = VL, 1 (tg 4 V3)]

T g = 324 4V(D, D) / (h,2t,)

D, =t Ew/[12s(1-v?)]
D,=EJ,/w

w, s — #t/ 79 (on fig.)
Faculty of Civil Chair of Bridge, Metal and Timber Structures
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Box girders

Cross-sections, used, first of all, for various constructions for transport. There are box-
complex of flat plates, reinforced by many longitudinal and transversal stiffeners.

Photo: pixhder.com

Photo: constructionphotography.com
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There are two ways of calculations of these structures.

First method: full model in FEM.

——{ Color }——
o + e Sety'disp”
Oty "tz"

+3,602e+000
-1.,226e+002
-2.487e+002
-3, 74%e+002
=5,010e+002
-6, 272e+002
-7.534e+002
-8,795e+002
-1,006e+003
-1,132e+003
-1,258e+003
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Second method: member is treated as a single bar. For this model, cross-sectional
forces are calculated. Effective geometry is calculated, based on cross-sectional forces
and initial geometry of cross-section. Resistances are calculated for effective geometry.

]
(IIIIII) [I R Il (_"TTTTTT‘_\
- - — ~ - ~
-\I L1 1 1 I) il I Ij -\I L1 1 1 Ij_
L ]

Photo: Author
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Calculation of effective geometry for box girder with longitudinal stiffeners -
generalisation of calculation for web of I-beam - is presented in EN 1993-1-5 p.4.5.
Additional information is presented on EN 1993-1-5 appendix A.

b P
DAL A
: I| h|.t‘d.!'r eff — ——— c.ellloc

"lJ Ledge.elf

Photo: EN 1993-1-5 fig. 4.4

e=max (e, e)

Photo: EN 1993-1-5 fig. A.1
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Summary

Issue

Hot rolled I-beam

Welded I-beam

Class of cross-section
(the most often)

I, 1V

Analysis

Plastic (I — additionally redistribudion
of bending moments)

Elastic (I — additionally effective
geometry)

Shear lag effect

The same calculation

Resistance

Shear force, bending moment, theirs
interactions; (transverse force is not
danger for most cross-sections)

Shear force, bending moment, transverse
force, theirs interactions

Local instability

Under shear force and flange induced
buckling (not danger for most hot-
rolled cross-sections)

Under axial stresses (from compressive
axial force and / or bending moment) —
two possibilities; under shear force; uder
transverse force

Global instability

Lateral buckling (total geometry, not effective)

Deflection The same limits
Reasons of Ease of use; ,,factory selection of No limit for cross-section depth
application dimensions” usually protects against (theoretically no limit for resistance)

local instability
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Hot-rolled & welded v.s.
castellated:

=

Lighter structure in case
of composite concrete-
steel structure —

v
| !
L
]
L

Easy installation
placement —

More colmplicated
manufacturing —

Photo: harrissteels.co.uk

Dynamic loads are not
recommended —

Photo: c--beams.com
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Hot-rolled & welded v.s.
non-uniform:

Lighter structure —

Better matching of cross-
section geometry to cross-
sectional forces —

More complicated
manufacturing —

Photo: borga.pl

Complex global
instability analysis —

Photo: harrissteels.co.uk
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Hot-rolled & welded v.s.
corrugated web:

Bigger resistance for shear
and transverse force —

Smaller resistance for 111
bending moment — H\m" |

More complicated
manufacturing —

Photo: hxssvic.en.ec21.com

Photo: harrissteels.co.uk
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Hot-rolled & welded v.s. box:

U

4
[}
L
]
1

Recommended for bridges —

More complicated
manufacturing —

Photo: pixhder.com

Photo: harrissteels.co.uk
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Examination issues

Types of instability in case of IV class of cross-section
Inital assumptions about plate girders geometry
Algorithm of calculation for effective geometry

Prevention for instability of flange and web
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Thank you for attention
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