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ePFL Objectives of the lecture

* Motivation to study plate stability

* Introduce the theoretical background to estimate plate:
« Linear elastic buckling loads

« Post-buckling behavior

* Look into design applications:
« Section classification « Shear links in EBFs
« Stiffened plates .
« Class 4 cross-section resistance
« Concentrated loading

 Post-critical web resistance
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£PFL Motivation
Additional background to part 2

[Hansen, 2006]
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EPFL Applications
Concentrated loading without stiffeners — Failure modes
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=PFL Applications
Concentrated loading without stiffeners — Diffusion widths
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ePFL Applications
Concentrated loading without stiffeners — Design (SIA263)
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EPFL Applications
Concentrated loading without stiffeners — Design (SIA263)

With S,
+|b/2
* [; - Flange slender coefficient B = _Stf < 1.25
- 60ty
* [, - Web slenderness coefficient 2 = hth > 1.0
* 5 - Diffusion width of load introduction pz =1+ tht <15
~tr
* [, - Compressive, .in-plane stresses B, =15— IxEAYML 1
due to global loading Ty
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EPFL Applications
Concentrated loading with stiffeners — Design (SIA263)

o
J J In cases where stiffeners are used for load
introduction, SIA263 asks that two things are
Ik :2hf hy checked:
T T 1. Effective widths of the stiffeners comply
with SIA263 requirements (Eq. 23 — Part 1 of
r lecture; §4.5.3 — SIA263);
TVEd 2. Column buckling resistance of an equivalent

section is checked with a cruciform cross-
section and a buckling length of 75% the
I distance between flange center-lines

25 ty

TGC 12 - [Lebet and Hirt, 2009]
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EPFL Applications
Shear resistance of web panels

O u L

TGC 12 - [Lebet and Hirt, 2009]
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=PFL Applications
Shear resistance of web panels

From Part 1 of this lecture series we briefly mentioned how to estimate limit points
(linear elastic loss of stability) in cases of shear loading.

Boundary Normal stresses Shear stresses

conditions | | i o However, much like uniaxial loading, there
B0 I O G A ionifi -
e I e R ’ can be significant post-buckling reserve
oo | 32 [ amn | s | e |121k s capacity in plates under shear loading. In
o Do | os ags |@km900s oot general shear capacity can expressed as

a<1:k=7.00+(5.30/a2)

decomposition of two terms:

a>1: k=7.50 + (4.00/a2)

5.41 11.73 39.52
a<1:k=6.50+ (5.00/a?)

5.41 9.54 23.94
1.28 591 VR — I/CT -|- VO‘ (40)
1.28 1.608 2.134

— |

‘{ E 0.426 1.702

where, ., is the limit point resistance, and
L] | o 0367 0851 V.. the post-buckling resistance

TGC10, 8§12 - [Hirt et al., 2011]
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=PFL Applications
Shear resistance of web panels

Also like uniaxial plate loading, the shear capacity in Eq. 40 should be assessed
considering the relative weight of the yield stress with respect to the critical shear
stress. For example, if the critical shear stress is 10 times higher that of the yield stress,

we can be sure that shear capacity is dominated by inelastic loading of the plate and not
its stability.

To this end, we can draw a parallel to the reduced slenderness of Eq. 18, and define
resistance as a function of,

_ T . f n*E
1, = =X 41) with, T, = 73; and 1. = k(a) - 2
Tor 12(1—v2)(—f)
tw
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=PFL Applications
Shear resistance of web panels

The TGC 12 [Lebet and Hirt, 2009] recommends dividing shear capacity into three cases:

e Casel: 1, <09

VR - TyAW W|th, AW - hftW
e Case2:09<1, <1.12

Ver = Tcr,redAw' with Terred = A/ O-BTchr

e Case3: 1, =>1.12

Vcr — TCTAW

Note: The SIA263 has similar, but slightly different, limits for these cases — cf. Annex F
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=PFL Applications
Shear resistance of web panels — post-buckling

Tensile diagonal Transverse Stiffener Buckled wave
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TGC 12 - [Lebet and Hirt, 2009]
N 5 Flange
e
Stiffener % t
< S §§ -
VO'T %% lVo— hy
=
= \% =
¢
- l C D
ange
[Hansen, 2006] . L

TGC 12 - [Lebet and Hirt, 2009]
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=PFL Applications
Shear resistance of web panels — post-buckling

Plastic hinge ﬁ

Tol

Prague-Cardiff model Cardiff model Ostapenko-Chern model
[Rockey and Skaloud, 1972] [Rockey et al., 1978] [Ostapenko and Chern, 1969 ]

TGC 12 - [Lebet and Hirt, 2009]
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=PFL Applications
Shear resistance of web panels — post-buckling

The Basler [1969] model —implemented in SIA263

A Transverse stiffener B e
\
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TGC 12 - [Lebet and Hirt, 2009]
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=PFL Applications
Shear resistance of web panels — post-buckling

Assumptions underlying the model:

1. Post-buckling behavior of beams
The Basler [1969] model follows a Prat Truss;

2. Prat truss diagonals (tension)

A Transverse stiffener B . L.
effectively load rigid transverse
< T oy .
T R stiffeners that perform as the
T23£ lﬁ h . - .
ot JEaT LS struts of the truss. This condition is
s often coined as “anchoring” the
o ® . .
S N diagonals. This depends on the
} a } a ' stiffness of adjacent panels — cf.
triangle ABC;

TGC 12 - [Lebet and Hirt, 2009]

3. Flexural contributions of flanges
and transverse stiffeners are
ignored
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=PFL Applications
Shear resistance of web panels — post-buckling
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|

TGC 12 - [Lebet and Hirt, 2009]

Vg1 =T -singp =0ty +S-Singp =

V.=V, + 2V, (42
o ol 0-2( ) = O't-tw' (hf COS(p—aSIU(P)'Sln(p (43)
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=PFL Applications
Shear resistance of web panels — post-buckling

= Vo2 %E
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I

TGC 12 - [Lebet and Hirt, 2009]

Inclination ¢ computed at the point the V4 is maximal:

av, h 1 0
91— =tan2¢@ =L == =tanh = ¢ =~ (44)
dp a a 2
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=PFL Applications

Shear resistance of web panels — post-buckling

Triangle ABC in shear panel

TGC 12 - [Lebet and Hirt, 2009]

Moment Equilibrium at point B

a

a - Vs =§tan<pH =
H

=V, =§tan<p

Since,

H=o0,-t, -a-sinycose

Then,
o; -ty - a- (sinp)?
Vo = > (45)
RESSLab Prof. Dr. Dimitrios G. Lignos and Dr. Albano de Castro e Sousa

Civil-369-“Structural Stability” : Plate Buckling

21



=PFL Applications
Shear resistance of web panels — post-buckling

Taking Eq. 43 and Eqg. 45 and substituting in Eq. 42,

o¢ + ty - a- (sinp)?
VU=at-tw-(hfcosw-singo—a(simp)z)+2- LW (sin ) =

2
: a . 5 a | 5
=0 -ty he| cos@ - sing —— (sinp)* + —— (sing)“ | =
hs hs
o -ty h o+ ty, h
= 0t * ty* hy - cos@ - sing = ‘ ;} fsin2<p= ‘ ;’ I sing =
Ot twhf hf _ o twhf 1 B o} 'AW

1
2 /h2+a2_ 2 VitaZz 2 Vi+a?
f
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=PFL Applications
Shear resistance of web panels — post-buckling

The only variable left to define is the stress in the diagonal o;. This stress can be
computed by considering that,

1. The web panel is already loaded with a pure shear component equal to 7,
along the xy-plan of the web panel;

2. We are searching for an increment in panel loading that will lead to yielding
of the panel at stress f,;

3. Rotating all stress along the diagonal,

Oy = TerxySIN2Q + 0, Oy = —Teryxy sin 2¢ Tuv = Ter,xy COS 2¢0

Then, we can use the von Mises criterion,

(O-u - O-v)z + 3T12Lv = fyz
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Civil-369-“Structural Stability” : Plate Buckling



=PFL Applications
Shear resistance of web panels — post-buckling

o can then be expressed as,

3 \ 3
o, = fyz — 12 (3 + (E sin 2g0) ) 5 Ter sin2¢ (47)

| | '?}Qy\ To simplify the Eq. 47, Basler [1969]
Py g // \\ proposes to:
o [ A H——y
' o, \\ 2"\/ 1. Consider only cases where 7,
o B il contributes maximally to the
o

diagonal tie (i.e. 2¢p = 45°);
: ~Yield cond. A /9 | v
yp o o Y e v/ 2. Simplify the quadratic nature of
ETW/NSV 17}?}:3%\ of plity q

? N ’ s O v o O e i i i i
o) _ 7{@»)( \E%/;fl’?x ) i 5% Von Mlsgs crl.ter.lon to a linear
T P relation in principal stress space
cr \ cr
2
[Basler, 1969]
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=PFL Applications
Shear resistance of web panels — post-buckling

0 can be expressed as,

3 \ 3
o, = \/fyz — 12, (3 + (E sin 2(,0) ) 5 Ter sin2¢ (47)

( | T
4y ya oo
o | \45°

@l EV T v§
%

ol |

¢)
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[Basler, 1969]

Eq. 47 then becomes,

T
O-t:fy<1_%>:
Yy

= V3(t, — 1) (48)
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=PFL Applications
Shear resistance of web panels — post-buckling

And so finally, assuming that prerequisites in slide 18 for the Basler model are
fullfilled, the post-buckling shear resistance can be computed as:

Vr = Ver + V5 (40)

Ve =7 A +\/§-(TY_TC’”)-A —
R e T
(B,

T iwa )

T
=15 A, (49) andso fordesign, Vgq = V—I\ZAW (50)
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EPFL Applications
Shear resistance of web panels — post-buckling

Having derived the post buckling resistance for cases where the prerequisites in slide
18 are fullfilled, it is interesting to discuss cases where they are not; more specifically,
cases where «anchoring» of the tension diagonals is not possible.

Anchoring of the tension diagonals fundamentally depends of the stiffness of adjacent
panels to load effectively the transverse stiffeners. This can be called into question
when there are:

1. Flexible web panels at the beam extremities. In this case the TGC 12 [Lebet
and Hirt, 2009] suggest limiting the resistance to;

Vg = 0.9 /7, T¢r - Ay (51)

2. Flexible intermediate stiffeners;

3. No transverse stiffeners throughout the length of the beam, except at the
extremities (anchored ends). Here, the TGC 12 recommends (based on

experimental data of [Hoglund, 1993]) that Eq. 49 be used for a = 3.
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=PFL Applications
Shear resistance of web panels — post-buckling

To ensure that we don’t have flexibility at the extremities, we have to employ some
special detailing:

H; = o4t,,S cos @

From Eq. 48 and given that 2¢p = 0,

h
Ht — \/§(Ty - TCT')tW ’7]:

Using Eq. 49, it can also be shown

=1 that,
— — 2
TGC 12 - [Lebet and Hirt, 2009] Hy = (tg — T )V 1 + a?4,, (52)
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=PFL Applications
Shear resistance of web panels — post-buckling

To ensure that we don’t have flexibility at the extremities, we have to employ some
special detailing:

If in the limit we have a flexible
end-stiffener, then from Eq. 51 we

can take 7 = 0.9,/7,, 7T, and so
Eg. 52 can become,

h
H, = \/§(Ty - 09 Tchr) ty 7f (53)

|1 Which is the SIA 263 definition.

TGC 12 - [Lebet and Hirt, 2009]
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=PFL Applications
Shear resistance of web panels — post-buckling

To ensure that we don’t have flexibility at the extremities, we have to employ some
special detailing:

And so, to conclude we need to
design the end member to resist:

Hy
h

1. In flexure

M —3h Hy 54
Rd = Tg f)/M1( )

2. And locally for the concentrated

|1 load, taking into account what

I was discussed in slide 10, For the
TGC 12 - [Lebet and Hirt, 2009] total support reaction Vgq
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EPFL Applications

Shear resistance of web panels — post-buckling

With respect to the intermediate stiffeners, we must ensure that they:

1. Are sufficiently stiff;

2. Can resist the unbalanced component E;, since at ultimate load the web

is fully yielded

by
%/
4
7
7

of 6 VaziL

| a | al
I T |

TGC 12 - [Lebet and Hirt, 2009]
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To ensure sufficiently stiff intermediate
transverse stiffeners, the TGC 12
recommends that the stiffener’s inertia
I (as measured from the middle plane
of the web), respect the following
condition,

h 4
I, > (5—6> n3/2 (55)

with, n; = fy—w, the ratio between web
L™ fys

and stiffener yield stresses

31



=PFL Applications
Shear resistance of web panels — post-buckling

With respect to the intermediate stiffeners, we must ensure that they:
1. Are sufficiently stiff;
2. Can resist the unbalanced component E;, since at ultimate load the web

is fully yielded
N As for the resistance to the unbalanced load F;, we
must ensure that the stiffener area A; be,
domp =1 )
Az(1-Zr) (22 )4 (56)
| s = Ty 2 Zm wll1h213
U n,=18

\ with, 1, - the eccentricity coefficient

\/ b n,=21 VEd

Nz =, -2 demand reduction factor, if the
Rd
SIA263 - [SIA, 2013] demand does not reach the capacity
RESSLab Prof. Dr. Dimitrios G. Lignos and Dr. Albano de Castro e Sousa
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=PFL Applications
Interaction of Bending Moment and Shear

To take into account the interaction between bending moment and shear we can
decompose the bending moment resistance into a part carried by the flanges and

another by web. For example, considering the effective properties of a bi-symmetric I-
girder, this leads to,

2
_mf _ fy VEa fy
Mgg < Mpay = Mgy + Mpgy = begrtehs—— 4+ Werr web [1 - (V ) (57)
Ym1 Rd’/ | VM1
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Short Link Stiffeners (Shear Yielding Links)

Link Length =€
e <1.6M, 1/ V, ik "

| | —
| | —

d
30t, — 3 for y, = 0.08 rads

d
52t, — T for y, = 0.02rads

— interpolate for 0.02 < y, < 0.08rads
t,, = link web thickness d = link depth
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EPFL
Short Link Stiffeners: lllustration

b

3
H
7.
-
2

:
’,
i
%

<
e

Figures courtesy of Prof. Tremblay & Christopoulos

RESSLab

Resilient Steel Structures Laboratory
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EPFL
Long Link Stiffeners (Flexural Yielding Links)

3My it/ Vp ik < € < SMy g [/ Vyp tink

Link Length = ¢

- -

—> 1.5b 1.5b -
f f

| 1l

J—

b, = link flange width
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PFL
Long Link Stiffeners: lllustration

Figures courtesy of Prof. Tremblay & Christopoulos
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Intermediate Link Stiffeners (Shear & Flexural Yielding Links)

1.6 Mp link/Vp link < e < 3 Mp link/Vp link

Link Length = e

- >
—+—=15bf 1.5bs |«

| [ —

(1 []]
e bl

g—

30t, —d/5 for y, = 0.08 rads

52t, — d /5 for y, = 0.02rads

interpolate for 0.02 < y, < 0.08 rads

S—
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Figures courtesy of Prof. Tremblay & Christopoulos
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