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Motivation

+ Summarise
current design of structural connections

* Focus to FEM features
» Explain importance of Validation & Verification
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Joint design
European standards

« EN1993.1.8, Eurocode 3, Design of steel structures, Part
1-8, Design of joints, CEN, Brussels, 2006

« EN1984-1-1, Eurocode 4, Design of composite steel and
concrete structures, Part 1-1, General rules and rules for
buildings, CEN, 2010

Design approaches
for structural joints

Models
* Experimental
» Curve fitting
* Analytical
- Component Method CM
* Finite element analysis
-~ Research
- Design finite element analysis

Curve fitting model
+ Basedon

- Physical experiments

- Component method - databases

- Surrogate models - numerical experiments
L Expetment

- Optimization




Surrogate models

=== (Meta models)
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Hollow section joints
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+ Detailed application rules to determine the
static resistances of joints in lattice structures
ISO/FDIS 14346: Static Design Procedure for Welded Holfow Section

Joints — Recommendations, SO, IIW XV-1438-13, 2012,
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Geometrical types of basic joints

T jont

o Class 1 and 2 cross sections
o Limits in geometry
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Geometrical types of complex joints

Chord shear
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Punching shear
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Failure modes - brace
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Component based aproach
for holow section design

+ CIDEC project

7 failure modes = 7 components

Defidend lever arm

» The same equations x enginering frendly aproach
ki, factors transfered to b,, effective widts

Component model
Procedure

Decomposition of joint

Component description oy e web in tension
Joint assembly 1 '
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‘T% ==y Components in tension
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VWeb panel in shear
Classification

Representation
Modelling in analyses

. Column web in compression
Joint
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Component model
Prediction accuracy

» Good accuracy
* M-N Interaction
— Tests in Prague




Component model
Prediction accuracy

» Good accuracy
* M-N Interaction
~ Tests in Prague

Component model
Prediction accuracy

Connecton devay

» Good accuracy
* M-N Interaction
— Tests in Prague

Component Model
Application

§ Design tables
5 Green book
§ Blue book

§ Computer programs

& Simplified hand calculation




Component Model
Design tools

Component Model
Design tools

*For
limited
cases
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Component model
Background references

« Zoetemeijer P.. Summary of the research on bolted beam-to-
column connections, TU-Delft report 26-6-80-2, 1920.

» Zoetemeljer P: Summary of the Research on Bolted Beam-to-
Column Connections (period 1978 - 1983), Ref No. 8-85-M, Steven
Laboratory, Deift, 1983.

+ Zoetemeijer P.: Proposal for Standardisation of Extended End
Plate Connection based on Test results - Test and Analysis . Ref.
No. 6-83-23, Steven Laboratory, Delft, 1983.

« Jaspart J.P., Design of structural joints in building frames, Prog.
Struct. Engng Mater., 4, 2002, 18-34.

= Wald F., Sokol Z., Steenhouis M. and Jaspart, J.P. . Component
Method for Steel Column Bases, Heron 53, 2008, 3-20.

+ Da Silva Simoes L., Towards a consistent design approach for
steel joints under generalized loading, JCSR, 84, 2008, 059-1075.

» Beg D., Zupanéi¢ E., Vayas |, On the rotation capacity of moment
connections, JCSR, 60, 3-5, 2004, 601-620.




Finite Element models of joint

Connecthon design

How sectons

and verifeation

* Research oriented
* Design oriented

Research model Design model

27

Connecton design
Msten
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Bolt
FEM research models

« 3D
+ Complex
» Material

- Plasticity criteria
- Demage model

R

"™ Wu, 2., Zhang, S, and Jiang, 8
\ s Simulation of tensile bolts in finite element modeling
a0 -1 of semi-rigld beam-to-column connections,
! e International Journal of Steel Structures, 2012,12/3, 338-350 28
Bolts
FEM design models
e o Contact model
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Razavia H., Abolmaalia A., Ghassemiehd M., Invisible elastic
bolt model concept for finite element analysis of bolted
connections, JCSR, 63, 2007, 47-857.
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FE research models

* N. Krishnamurthy (1978)
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Connections
FE research models

» Bahaari and Sherbourne (1996)
— 6 tests, 3D finite element model using ANSYS
— One of
first component based finite element models
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FE research models
Fewsews |« Bursi and Jaspart (1998)
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e - LAGAMINE, a finite element research software
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Connections
FE research models

* N.K. Hassan (2004)
+ 2D finite element modeling

on e -
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Connections
FE research models

* Emmett A. Summer (2003)
» 12 tests, cycling load

« 3D finite element modelling

* Models of finger shims

Connections
FE research models

~

* Maggi, Ribeiro (2004)
- 12tests

four bolts extended unstiffened end-plate
moment conneclions tests

- ANSYS 3D models




Connections
FE research models

weesss |« Gang Shi, Yougjiu Shi, Yuanging Wang,
Oupsiotui e M.A.Bradford (2008)
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Definitions
of Verification & Validation
ey | Validation
voses | COMpares the numencal scubon with the expenmental data
%: Validation can be prachcally spit into tivee tasks
q: * 10 detect and separaie the model's ssgnificant discrepancies
* 10 remove and reduce removable and unavoidable emors
> vasastes | * 10 evaluate uncertainbies in the results
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Famous warning

Sinking offshore platform Sleipner A

» Failure in a cell wall
« Serious crack and leakage
» Pumps were not abie to cope with
« Combination of a serious error in FEM
« Insufficient anchorage
of the reinforcement in a critical zone

= Inaccurate finite element approximation
» Linear elastic model of the tricell NASTRAN
« Shear stresses underestimated by 47 %
« Certain concrete walls not thick enough

o~

« Total economic loss of about $700 million'
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What are the predictive capabilities
of our computer simulations?

systerms Engineering (CSAE)
Botet puis 2g Vedlog Computational
Engineering and
s Py 287
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Computational Science and Engineering
(CS&E)
Conmection desugn

Predictive Capabilities
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Hierarchy validation and verification

System response quantity SRQ

comesanannn | ¢ Validation is based on the comparison
wne s | between computational results and
e | experimental data

wann | * AN experiment can provide much less
information than the calculation

e |+ Selection of the system response quantity
(SRQ)
wewses | 1S limited by the experiment output
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Validation domains

Application domain
== | defines the intended boundaries for the predictive
wwe s | capability of the computational model
w wome | Validation domain
characterizes the representation capabilities of the
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Validation metrics
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Verification and Validation
of Computer Simulations

Connexton Seeny

Probability of occurrents

FE model well replicates the experiment

Yrnalated Mean | Actou Moy
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A Srmatated e A At ey

Verification and Validation
of Computer Simulations
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Databases of benchmark problems

National Agency for Finite Element Methods
and Standards (NAFEMS) www.nafems.org
+ ~ 280 verification benchmarks

ABAQUS Benchmarks Manual
+ 264 (93-NAFEMS, 15-thermal analysis) Verification

Manual, Example Problems Manual
ANSYS® - around 250 problems

Fire engineering
+ Standardised ISO/FDIS 16730
Fire safety engineering — Assessment, verification and
validation of calculation methods, Geneva, 2008.
« DIN EN 1991-1-2




Validation
of research model of T stub

o Modemn history

- 1997

= Bursi 0. S, Jaspart J. P, Benchmarks for Finite Element
Modelling of Boited Steel Connections, Journal of
Constructional Steel Research, 43 (1-3), 1997, 17-42

- 1999

« Virdi K. S. et al, Numenical Simulation of Semi Rigid
Connections by the Finite Element Method, Report of
Working Group 6 Numerical, Simulation COST C1,

Brussels Luxembourg, 1999

Somemary
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D
| S ¥ =7
Hierarchy of benchmark studies
for structural steel joints
mecsucses |+ Welded joints
e - Long joint
Cmpoasst - Flexible plate
7 wwse |« Bolted connections
S
— Generally loaded end plate
FTFTT= |+ Slender plate in compression
Setas jiste - f.mg-.m.:;‘,u-..l-ch 5 |
- Plate n compression between bolts

— CHS, RHS members

Samerary — Hollow and open sections
x ﬁ% + Column bases
,t N — T stub in compression and in tension
e -~ Generally loaded base plate ==
Verification and Benchmark cases
i Chapters
Connecton des i
PR Description ,
e K Component method “ =S
v CBFEM -
P_ scduncitication.
« Force-deformation curve P
Companant ased M
ssw s | ¢ Global behaviour ; s
Boted perts »
commeenonnenennse | € Verification of resistance A
Opes sectens ——

Holw secsens

Sommary
o il
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| el

Global verification
Initial stiffness, Resistance, Deformation capacity

{ Benchmark case
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Component based FEM

+ Joint analyses by FEM
~ Design material model
« Component behaviour
-~ Connectors
+ Bolts
- In tension
— In shear
+ Welds

« Anchor bolts

""“"""’ — Slender plates
e -~ Concrete block
"¢ 80
Material for FE design model

Connecton e sign
Woden

Huliw seitens
Cusgorem
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Validation
and verfication

Componen hased
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Sammary
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« Bilinear ideal elastic-plastic model

True streas stran

& B - Eapwesnantal

Dwsign

Mate P, Beg D, A compete study of beamig siress b pingle Dok oconnectons. JCSR B 5 (2014) 128140 [i}]

Plate modelling

2D elements - shells

3D — bricks

o Shells for design
> 8 degree of freedom elements
o 4 notes (degrades to 3)
o Allowing plastification. membrane effects, bifurcation =




Design model
Slender plate in compression

5
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* Column web
« Stiffeners

.0._.

PD-

-

(3]

FE research model
on T triangular stiffener

« Von-Mises stress distribution for beam-to-column joint
In frame

at a separate element

l

Research FEM

» Shell elements, true-stress true strain
material model, mesh sensitivity

» Geometrical and material nonlinear model
with imperfections (GMNIA)
» Imperfections based on 1* buckling mode
* Experiments - literature, own
Code RFEM

AN 4




Experimental research
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« Matenal tests

» Flanges

— 3x free edge, 3x partial stiffener, 3x fully stiffening
» Variation of

— Stiffener thickness t

— Haunch geometry h and w

— Flange thickness f, and width b,

ey
L 5,
A
- el
Supports and loading
comecmamnge | * HiNges and compression

| » Strain gauges LY11-6/120 a XY11-6/120
|+ Deflectometers
| » Loading by steps till collapse
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Stiffener with free edge

h=400mm, w=200mm, t=6 mm




Stiffener with free edge

W e S

T omrecsom Se s
Virdes
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h=w=400mm, t=4 mmand =6 mm

Stiffener with partial stiffened edge

h=w=400mm, t=6 mm, t=6 mm_ b= 60 mm

m

Stiffener with partial stiffened edge

h=w=400mm,t=6mm,§.= 12 mm, b, = 120 mm




Stiffener with partial stiffened edge

h=w=400mm,t=4 mm, ;=12 mm, b; = 120 mm

Coenection design
Wuden

“lew sectons
Companent

FE mayse

Vataation
and veriication

Componentbaned
FEM

Boted pers

+ Validation on force-deformation curve F-&
for resistance

+ Vertical deformation at centre

+ Vertical deformation at max. amplitude

Validation of research model
Free edge
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Validation of research model
Partial stiffened edge

~ (P - soduronnd deformace
OF - vl defarrmame
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Deformaton
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Validation of FE research model
on T triangular stiffener tests

Connection design

Malew sectors
Campanent

FE snavee

Vatatation
and verification

Comporentbased
FEM

Bales xevn
Connection behaviour

Opan sectons
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+ Validation of reserch FEM model
for resistance
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Introdecton

Connection design
Nodel
stow sectons

Campenent
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L mayse

Valdation
and verification

Componentbased

Design model of
slender plate in compression

* Buckling analysis




Design model of
slender plate in compression

» Buckling analysis

Design model of
slender plate in compression

+ Buckling analysis

504
338
S44 \

1
2
3
4
$
€

Connection design

Companent

Design model
Slender plate in compression

To eliminate slender plates in joints

Reduced stress method
+ According to EN 1993-1-5 Annex B

+ Critical buckling factor - Linear buckling analyses Oer

* Load amplifier - Material nonlinear analyses Qut k

» Plate slendemess A, = |==

* Plate buckling reduction factor p

* Evaluation £%ultk o

L]
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Design model
Slender plate in compression

Introduetion

Connection design
Nodeh
Molow scioes

Canmpenent
method

FE sralysa

Vatdation
and verfication

Componentbased
FEM
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Connection behanous
Opan sectoes
Helow secions
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Design model

Slender plate in compression

Load-deflechor

F=1058kN 20
z=16mm
£=07% .
as==1,123 3 "
aus = 1,659 g I

Lo N

p=0,603 Yo'
1,001 > 10K ' N 4

Design model
Slender plate in compression

Load-cefection
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Design model
Slender plate in compression

Introducnon

Connecton design
Modes
Folow sectoes

Campenent
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FE mayee

Vatdaton
and verifcation

Compooentbased
fEM

> seoce owies
Bates gy

Connection behaviour
Qpan sect=y
Holow sectons

Loag-Oefiection

F=1756 kN e
z=84 mm - Por
£=5% e
S @ Foarsm
4 f Fro

Design model
of bolted connections

* |nshear
* |ntension

* Nonpreloaded
- Are preloaded

+ Preloaded bolts
- Controlled slip

an

Design model of bolt in tension

- Force-displacement diagram
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