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Stability phenomena
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Stability design — reduction factor

Jtraditional”

structural element + M, N, V
1 GNB analysis
critical stress - slenderness

!

Buckling curves ‘ RESISTANCE

Imperfections
Advanced Structural and Win Budapest, 26-30.06.2017
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Stability design — experiment, FEM

TEST material properties
1 structural element, joint, structure

Structural behaviour + standard safety level

I L stiffness - resistance - ductility

FEM SIMULATION == VIRTUAL TEST

GMNI analysis GMNI analysis

Advanced Structural and Wi Budapest, 26-30.06.2017
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FEM model, analysis

geometry - 3D

material nonlinearity

geometric nonlinearity

Imperfections ,real” — geometric, residual stress
1 ,equivalent” geometric

GMNI model and analysis
nonlinear solution technology

Advanced Structural and Wind Engi Budapest, 26-30.06.2017
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Stability analysis and design methods

GNB analysis and design — steel silo

GMNI analysis and design — steel frame
Combined design — steel cooling tower

Test + GNI analysis — designh model validation

GMNI analysis and design — refurbishment

Advanced Structural and Win Budapest, 26-30.06.2017
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GNB analysis and design — steel silo

Advanced Structural and Wind Engine Budapest, 26-30.06.2017
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GNB analysise> design

GNB — Dbifurcation stability limit state

1 — /f
O = A= = X
Gcr

reduction factor method

advanced model — interpretation?

Advanced Structural and Wind Engine Budapest, 26-30.06.2017
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Column stability fallure modes

Global buckling Distortional buckling

:l-
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Hat-profile column — design model
Finite Strip Method — GNB analysis — design
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T T Budapest University of Department of Structural Engineering

Design model — global buckling

Euler critical stress

slenderness

O-G Ccr

column buckling
curves

G

reduction factor

Nb,Rd =Axf

global buckling

y

resistance
Advanced Structural and Wind Engine Budapest, 26-30.06.2017
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Design model — local buckling

plate buckling

critical stress beff _ O cr 1-0.22 O cr
plate slenderness '

GL,cr b fy y

postcritical behaviour
Winter-formula

beff
7°E (t jz y At

effective c-s

Nc,Rd — Aeff fy

local buckling resistance

Advanced Structural and Wind Eng Budapest, 26-30.06.2017



wiimmm: Budapest University Department of Structural Engineering
Design model — distortional buckling

stiffener model: elastically supported axially loaded element

SN T A - .
S — 1, rigidity check — design rule
@7\-* °
L % 2, stiffener buckling

3, flange buckling

Advanced Structural and Wind Eng Budapest, 26-30.06.2017
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Design model — stiffener buckling

stiffener critical

stress

GD,cr
distort. buckling
curves
Yo —1

D red
2K -E-lg A
GD,cr — stiffener reduced
Ast thickness Nc Rd — A\gff fy

local/dist. buckling resistance

Advanced Structural and Wind Engi Budapest, 26-30.06.2017
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Designh model — L/D/G buckling 1

beff

t /

) |

Yo — Nyra = At Xo f

L/D/G buckling resistance

Advanced Structural and Wind Engine Budapest, 26-30.06.2017
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Design model — L/D/G buckling 2

OLer Obper OGor Direct Strength Method — DSM
1.5
[ T . % local
.HLF_'-,-'E ' T-_ X Q  distortional

calibrated buckling curves

{:I T L]
0 l 2 4 3 [{] 7 g
i =,|IIEIJ.I’FH or &, =./P. /P,
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GMNI analysis — resistance

4 Design load Feq

E., / —~ Ultimate load by simulation F

129 F
au — Rt
Feg
Safety against failure
¢ o, =0, -0,

Reliability - accuracy of model o,

- failure mode o,

Advanced Structural and Wind Engi Budapest, 26-30.06.2017
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FE model

Geometric model — FE mesh verification!

ELEMENTS AN ELEMENTS AN

REAL MM REALL NTTHM
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Trrrs
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TP r

FremeldZ MZ.JT1231684

Framsl4Z MZ.J1231682

Advanced Structural and Winc Budapest, 26-30.06.2017
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FE model

Support — structural arrangement --- behaviour

hinged fixed

REAL NUI FEAL WM

lateral support 1

\

lateral support 2

Advanced Structural and Wind E Budapest, 26-30.06.2017
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GNB analysis

Interaction of different stability phenomena

NCDAL SCLUTICN

STEP=1

SUB =6
FREQ=8.11
UstM (AVG)
R5YS=0

DMX =.00891
SMN =.265E-06
SMX =.00891

*:— | T —
.265E-0 .00198 .00396 00594 00792

.0059 L0079
990F—-03 .00297 .00495 .00693 .00891

Advanced Structural and Wind Engine Budapest, 26-30.06.2017
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Imperfections 1

Combination of all possible stability failure modes

Global — frame Local — structural element

£_X% Z X

Frameld7c M1.J123165D Frameld7c M1.T7123165D

Advanced Structural and Wind Budapest, 26-30.06.2017
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Imperfections 2

Local — structural
element 2

ELEMENTS AN ELEMENTS AN

REAL HNUM

Framel47c M1.J123165D Frameld47c M1.J123165D

Advanced Structural and Wi Budapest, 26-30.06.2017
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Imperfections 3

Local — plated cross-section

ELEMENTS *I\’u

Frameld47c M1.J123165D

Advanced Structural and Wi Budapest, 26-30.06.2017
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GMNI analysis — failure modes

plastic failure

NODAL SOLUTION

STEP=1

SUE =16
TIME=529.277
SEQV (AVG)

DM =288.201
SMN =.0B88814
SMx =308.5998

.088814 68.735

34.412 103.055%

137.382 206
171.705

.0z8
240.

352

274.675

308.5998

column buckling

HODAL SOLUTION

STEP=1

SUE =22
TIME=1094

Uz {AVE)
RSY5=0

DX =233.399
SMN =-11.906
SIDX =23.696

-11.506
-7.95

Frameld2 M2,JT123163A

E—
3.917

-3.594 .
-. 038398 T.873

11.582%

15.785 23.696

Advanced Structural and Wind Engi
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GMNI analysis — failure modes

lateral torsional buckling

combination of column
buckling and LTB

HNODAL SOLUTION AN

STEP=1

SUE =18
TIME=1322

Uz (V)
RSYS=0

DMX =194.339
SMN =-28.757
I =16.659

-29.757 -19.442 -9.128 1.187 11.50&
-24.6 -14.285 -3.97 6.345 16.659
Framel95 MZ.J1236354

NODAL SOLUTION AN

STEP=1

SUE =13
TIME=713.93
Uz {AVE)
REYS=0

DM =176.544
SMN =-24.204
M =138.355 l

—24.204 11.9:21 45.045 S54.169 120.293
-6.141 29.983 66.107 10z2.231 135.355
Framefd M3I.JT1Z23Z68A

Advanced Structural and Wind En
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GMNI analysis — resistance

Representing load — displacement diagram

1200 -
f‘___4___--¢——01131 FE6
105589
1000 A
g
4 500 H
E
% G001
g
E 400
g
200 1
0 T T T T T T T s
0 4 10 15 20 25 30 35 40 45
D eformation perpendicular to the frame [mim]
FE resistance
Standard resistance: q,= = 0, 0,

Total load
Advanced Structural and Winc Budapest, 26-30.06.2017
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mbined design — stee
cooling tower

3D joint model

Advanced Structural and Wind Enginee Budapest, 26-30.06.2017
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3D joint model

Advanced Structural and Wind Engineering Budapest, 26-30.06.2017
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Experlment — prototype test 1:3
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190 MPa 133 MPa

Advanced Structural and Wind Engineering Budapest, 26-30.06.2017
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GMNI analysis — simulation + virtual test

elephant foot buckling

Load [kN]

/

/

i~ » fe2)
D D D
-‘-~\,.5555!==.g‘

/ —o— Analysis

20
U

i x x  Experiment
] J

5 15 25
Deflection of the joint [mm]
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Design methods

model analysis design

1, shell GNB L/D/G 1
numerical buckling analysis for any of the buckling modes

2, shell GNB L/D/G 2
numerical buckling analysis for all of the buckling modes

3, shell GMNI L/D/G 3
numerical material geometrical nonlinear analysis with imperfections

4, specimen + shell exp. + GMNI test-based
complicated complex structures, elements, joints, details

Advanced Structural and Wind Engineeri Budapest, 26-30.06.2017
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Test + GNI analysis
design model validation

Advanced Structural and Wind Engineering Budapest, 26-30.06.2017
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Model test

Arch stability +«=  design method
in-plane  (N,M)
out-of-plane (N) l
validation

Advanced Structural and Wi Budapest, 26-30.06.2017
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Model design — GNB analysis

Model, beam model, M = ~1:34

NODAL SOLUTION

STEP=1 DHRV4_K3423_3F_48_735_%
SUB =1

FREQ=. 984564

USUH {AVG)

RSYS=0

DMX =1.016

SMX =1.016

Critical muliplier: 0.984
Slenderness: 81.88
Relative slenderness: 0.880

0 .225762 .451524 . 677286 .903048
.112881 .338643 .564405 .790167 1.016

Advanced Structural and Wind Engine Budapest, 26-30.06.2017
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Model desigh — GNB analysis

Model, shell model, M =~1:34

NODAL SOLUTION

STEP=1 DHFV4 K3423_3F_48_735_5
SUB =1

FREQ=1.356

usun (AVG)

REYE=0

DMX =1.001

SMN =.726E-04
SMX =1.001

Critical muliplier: 1.356
Slenderness: 74.80
Relative slenderness: 0.804

.7Z6E-04 .22z508 .444938 667371 .889804
-111283 -333722 -S556155 .778588 1.001

Advanced Structural and Wind En Budapest, 26-30.06.2017
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Test — fallure mode — total load

ultimate load: 320 kN ;b/

200 4

7 a/.\b‘

2k 4 G g 10
arch horizontal deformation [mm]

12

local plate
buckling

out-of-plane buckling of the arch

Advanced Structural and Wind Engineering Budapest, 26-30.06.2017



Department of Structural Engineering

Test — failure mode — partial load

load
_ [kN]
ultimate load: 110 kN N
in-plane buckling of the arch " 2 0 2 e'o 109

deflection [mm]

ml‘“ le
il ".’.'."l wl\h \\ i)

(it U

.‘Na...;-OOdﬁJ_ﬂ_a_q“%qu m -,-d-—h@ué Q_A

Advanced Structural and Wind Engi Budapest, 26-30.06.2017
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Model verification

material and geometrical nonlinearity
imperfection: e, = 2 mm

on the half side of the model =
non-symmetrical behaviour

LUTI AN
srEP=1 3P_48_735_BL
/
[/
%
‘l ////
I =
- —
.010134 .406284 = .802433
.208209 3 1

Advanced Structural and Wind E

load
[kN]

—— measured
— calculated

/# total
loading

half-sided
loading

80_ 100
deflection [mm

load

[kN]

total — measured
loading — calculated
a/\b

0 1

2 3 . 4 6 L7 8
arch horizontal d5eformat|on [mm]

Budapest, 26-30.06.2017
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Design method validation

. N M M
Hungarian Standard: (1) N Y m ty, v <1 strength check
e e,y e,z
HS +
N
(2) <1 buckling check
ke,z
Japan Standard: 3 A M, vy, Mg linear interaction
apanese Standard: (3) N, v, M. W, M,
JSHB \
N M M
Eurocode: 4 +k, —+k, <1 _
( ) Nke,y " I\/Ie,y g |vle,z Comb|ned
EC3 > .
N M M interaction
(5) +k, —+k, —*<1
Nke,z I\/Ie,y Me,z J

Advanced Structural and Wind E Budapest, 26-30.06.2017
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Safety level?

Experimental test ultimate load

Numerical model

Internal forces: N, M,, M, from analyses:

1. linear + second order modification factor
2. geometrically nonlinear — equivalent imperfection 1
3. geometrically nonlinear — equivalent imperfection 2

standard ultimate load experimental ultimate load

Advanced Structural and Wind E Budapest, 26-30.06.2017
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Equivalent imperfection — 1

Eurocode 3 — Part 1.1.: shape of the elastic critical buckling mode: 77,
aA?
1= €0.d N g,
_ A7 _ \M Y L, = —— — —
eold —0((/1 0.2/ N:: 1_}(%12 77|n|t /12 EI 77 or max 77cr

second order analysis

in-plane buckling mode: out-of-plane
buckling mode:

In-plane Out-of-plane
3.44 mm 17.30 mm

Advanced Structural and Wind Budapest, 26-30.06.2017
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Equivalent imperfection — 2

Eurocode 3 — Part 2:

| |
~ 500 Tor = 250

in-plane out-of-plane

(Design of bridges) M.,

in-plane buckling mode: out-of-plane
buckling mode:

In-plane Out-of-plane
17.98 mm 35.96 mm

Advanced Structural and Wind E Budapest, 26-30.06.2017
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Safety levels

L analysis
total load half-sided load
HS 2.25 3.06
JSHB 3.07 3.28
EC3 2.20 1.87
Linear + GNI analyses
total load half-sided load
EC3 - linear 2.20 1.87
EC3 —eqv. geom. imp. 1 1.45 1.84
EC3 —eqv. geom. imp. 2 2.29 2.15

Advanced Structural and Wi

Budapest, 26-30.06.2017
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GMNI analysis and design
refurbishment

Hungarian Railway Co. ::> Hungarian State Opera House
workshop and rehearsal center

locomotive repair shop

Eiffel-hall 1885; L =110 m, H=220m
Advanced Structural and Winc Budapest, 26-30.06.2017
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“Trussed frame stability

structural damages — novel functions/loads — design of strengthening
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wii T Budapest Universi Department of Structural Engineering

GMNI analysis — design resistances

ANSYS
N ; R14.5
-y MAR 15 2016
w4 23:38:52
SEQV
DX =35.8273
SMN =.01949
SMX =493.746 STEP=1
SUB =37
TIME=.828648
SEQV (AVG)
DME =37.3286
SMN =,01543
SMX =525.69
- —
0 42,2222 126.667 168.889
_—_ - . 21.1111 63.3333 105.556 147.718 190
0 42.2222 84,4444 126.667 168.889 Eitfelgeon
21.1111 63.3333 105.556 147.778 190
Eiffelgecm

Advanced Structural and Wind E Budapest, 26-30.06.2017



M Budapest University of Tec Department of Structural Engineering

PhD course program

Thuesday Wednesday

Thursday

Improvement methods for
Eurocode based design -
parametric study and test
evaluation (Balazs Kovesdi)

Advanced fatigue assessment and
design of bridges (Balazs
Kovesdi)

9:00-10:30

Design and solutions for bridge
monitoring systems + loading
test of bridges (Balazs Kovesdi)

10:45-12:15

12:15-13:15 Lunch Lunch Lunch

Fatigue assessment of a steel
bridge deck - evaluation of
measured database - (Project
work pres.)

FEM based stability design of
13:15-14:45 structures - 2. /
Bridges (Balazs Kovesdi)

Project work preparation Presentation of project work

Modern bridge erection
methods and their
improvements and modelling
(Lecture)

Finite element technologies
Project work preparation for nonlinear solids and
structures (Jose Korlec)

15:00- 16:30

Guided ship tour - bridges in
Budapest

| and Wind Enginee Budapest, 26-30.06.2017
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Thank you for your attention!

Advanced Structural and Wind Engineering Budapest, 26-30.06.2017



