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Connections

Å Thisisa quite complexfield.
Å It hasbeenoversimplifieddue to its

high complexity.
Å Manystructuralfailuresare due to

unproperconnection design.
Å I dare saythis is todaythe less

enhancedfield of structuralanalysis.
Å People want cookingrecipes, but they

usethem far beyondtheir limits of
applicability.

Å Connection design isseenasa poor
activity.

Å Enormousmoneysavingscan begot
by a more advancedconnection 
design.
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Some preliminaryconsiderations

Å Thiswork startedin 1999, with the aimto fully cover connection design, i.e. to find a general
approach(alsoto weldedconnections).

Å DuringtheseyearsI haveworkedat this problemalone, so this is a personal view. I do not
agreewith currentlyusedapproachesand I felt free to searchfor a different path.

Å However, there isanincreasingnumberof colleagues, in severalCountriesall aroundthe 
world,  agreeingthat the automaticFEM approachis the future of connection design

Å I amoneof them.

Å Researchisnot finished. Severalaspecteshaveto be improved. However, automaticfem
modelingand checkingof connectionsisalreadyavailable.
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WhyFEM?

ÅNOT to beάǇǊŜŎƛǎŜέΦ Lƴ ŎƻƴƴŜŎǘƛƻƴ ŘŜǎƛƎƴ 
άprecisenessέ Ƨǳǎǘ doesnot exist(friction, 
gaps, lackof planarity, pryingforces, plasticity, 
geometriceffects, ƛƳǇŜǊŦŜŎǘƛƻƴǎΧ).

ÅNOT to have4 significantdigitsresults, then.

ÅNOT to wastetime

ÅNOT to haveuselesscomplexity

ÅNOT to stay hourswaitingfor results
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WhyFEM ? (2)

Å BecauseFEM isgeneral.
Å BecauseFEM can beautomated.
Å Becausea Von Misesstress ƳŀǇΧ

speaks
Å Becausemanyerrorsare due to

neglectingimportant forces
components.

Å Becausemanyerrorsare due to
improperadditionalmoment 
computations

Å Becausetraditionalmeansare too
coarse.

Å Becauseconnection design isstill a 
bottle-neck
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The problem

ÅGivena genericάǎŎŜƴŜέ likeǘƘƛǎΧ.

Courtesy: Ing. AlborghettiςRovato(Italy)
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Or ǘƘŜǎŜΧ

Courtesy: CEN, Bochum, Germany

CourtesySZF (Italy)

Courtesy: Ing. Bagnasco (Italy)
Courtesy: ing. Galluzzi(FlorenceςItaly)
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Or againlikeǘƘŜǎŜΧ

Wewould like to automaticallyŦƛƴŘΧ.

And assumedknownthe internal forcesat the 
extremitiesof the fem elementsdefiningthe 
members, or at the extremitiesof the members
(as3d objects) connectingat the ƴƻŘŜΧΧ
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1.The forcesflowing in eachcomponent. 
2.If the joinersare ableto transfer those
forces.
3.If theseforcesare belowor abovethe 
άlimitέ of the components(keepinginto
account: resistance, stabilityand fatigue
issues).
4.A reasonableamountfor the 
displacements.
5.A reasonableestimatefor the stiffnesses.

άReasonableέ means: SOUND from anENGINEERING VIEW POINT
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Howsettingforcesat extremities(1)
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FromBFEM (possiblyάsqueezedέ 
to 24 worst combi/member)
BFEM=standardfem modelfor
ŘŜǎƛƎƴΣ άBernoulliέ C9a

Notionally, usung(fractionof) 
elasticlimits or plastic limits
(overstrengthύΣ ƻǊ άdefinedέ values

Pastinga tableof data



Howsettingforcesat extremities(2)
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Directsettingof tablevalues

And ǘƘŜƴΧ.



A flowerƻǇŜƴƛƴƎΧ.
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A glanceat the ǇŀǎǘΧ.

Once upona time, Engineersdid compute
structurallayoutsby meansof graphical
tools.

It wasnot evenpossibleto imaginethat a 
structurelikeǘƘƛǎΧ

Courtesy: WalleyDesign ςOlgiateOlona - VA

Couldbe checkedby a fem model.

I AM NOT MEANING THAT
THE ENGINEER IS NOT NEEDED

I MEAN
WE NEED SKILLED ENGINEERS
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So now whenI saythatŀ άnodeέ like
ǘƘƛǎΧ

Can be computedautomatically(by properlychoosingpertinent options), some 
colleaguesare surprised.

But, indeed, it can. YES WE CAN J
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Wecan solve everyάǎŎŜƴŜέ ƴƻ matter
how complex, irregularor crazy
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Howcan we do that?

The answerƛǎΧ

Via FEM ANALYSES
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WhenI startedthe work I wasnot eventhinking about FEM. FEM turned out 
to be necessaryafter the problemhadbeenanalyzedin detail.



Remember:

ÅNOT to beάǇǊŜŎƛǎŜέΦ Lƴ ŎƻƴƴŜŎǘƛƻƴ ŘŜǎƛƎƴ 
άprecisenessέ Ƨǳǎǘ doesnot exist(friction, 
gaps, lackof planarity, pryingforces, plasticity, 
geometriceffects, ƛƳǇŜǊŦŜŎǘƛƻƴǎΧ).

ÅNOT to have4 significantdigitsresults, then.

ÅNOT to wastetime

ÅNOT to haveuselesscomplexity

ÅNOT to stay hourswaitingfor results
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Step1

ÅA standard finite elementmodelof a wholestructure
or just of the membersmeeting at a fem node, is
created(BFEM).

Courtesy: Jean NouvelArchitects Courtesy: Studio Ing. Galluzzi, Florence
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Step2

ÅEqualjnodesrecognition

(this isa top complexitylevelexample)

Node: nodein the fem modelmeaning
Jnode: wireframeinformation relatedto memebrsmeeting at a node(alsojclass)
Renode: oneway to constructjnodein 3D. Renode=scene + settings
Prenode: a parameterizedrealnode
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New necessaryterminology, not a joke!

C.S.E.
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A muchsimplerŎŀǎŜΧ
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JNODE ANALYTICS

Jnodescan be:
ÅFree
ÅCentral
ÅHierarchical
ÅCuspidal
ÅTangent

ÅConstrained
ÅSimple
ÅMultiple (see
above)

Hierarchical= one
άƳŀǎǘŜǊέΣ oneor 
ƳƻǊŜ άslavesέ -> 
mostpart of
jnodes

¢ƘŜ άŎƻƴƴŜŎǘƛƻƴ ŎƻŘŜέ appliedto beameltsallowsautomaticŘŜǘŜŎǘƛƴƎΧ



Step3

ÅJnodeselectionand constructionof Renode
(scene creation)

CourtesyIng. Galluzzi, Florence
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Initially membersoverlap.

C.S.E.
MDI interface



Å Scene creationpreparedin 
sucha way to automatically
detectconnectionsonce 
propergeometricalrulesare 
set up.

Å Thesegeometricalrulesrely
on surfacecontact, i.e. equal
planesoppositenormals
recognition.

Å The solidsare modeledvia 
(planar) B-REP, boundary
representation.

ÅOnce a componentisB-REP 
definedit can receive
άworkingprocessέ ŀƴŘ isno 
longerwhat initially was.
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C.S.E.: addinga component



Step4

ÅRenodesolution& checks
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Thisdocumentis relatedto step4 only

C.S.E.:utilisationratios



LetΩǎ considera Renode

Howdo we moveforward?
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WeneedǎƻƳŜ άpillarsέ to do that. 
L ŘƻƴΩǘ likeάadhoc-eriesέΣ asDe Finettidid call
them. 
WeŘƻƴΩǘ want to be fooledby the fact that a 
bolt isnot anymoreƛƴ ŀ άrowέΣ ƻǊ that the shape
isnot I or H, or rectangularor that for some 
reasonI needunsymmetriccomponents.
I thinkL ŘƻƴΩǘ needto know that a componentis
an angle to checkit . I needto know its stress 
state.

CourtesyCEN, Bochum, Germany
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The PILLARS

1. The equilibriumof free body, in space, under 
all appliedforces, mustbesatisfied.

2. A constraintcan be replacedwith the forces
it exerts.

3. The action& reactionprinciple(bŜǿǘƻƴΩǎ) 
mustbe guaranteedat all interfaces.

4. The so calledάsafetheoremέ of limit analysis
holdstrue.

29
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¢ƘŜ άsafeέ ƻǊ ƳŀǎǘŜǊ theorem
(LowerBoundTheorem)

ÅάIf a distribution of forces in the structure can be found
which is in equilibrium with the applied loads, and if these
forces everywhere within the structure are of such a
magnitude that the yield stress (or yield criterion) is
nowhere exceeded, than the appliedloadsare lessthan, or
at mostequalto, the loadsrequiredfor collapseto occur.[Χ]

Å For the Lower Bound to be valid a structure must be stiff
enough to preclude buckling before yield occurs. In
connectiondesign,this requirement can usually be met by
consideration of appropriate width/ thickness ratios and
relatedlocalbucklingformulationswhichforce the elements
to yieldbeforethey buckle.έ

(Thornton, 1984)

Seealso: Jacques Heyman, The Stone Skeleton, Cambridge UPĄIn Italy  
EPC 2014, translatedby Paolo Rugarli(in preparation).
FEM can alsoautomaticallycheckfor bucklingand for buckling+  plasticity

30
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Equilibriumisnot enough

Å Whenin by handcomputationwe assess
that a givencomponentiscarryingsome 
part of the internal forces, and some other
not, we are decidinglike Godhow the forces
flow into components. Weare choosingάaέ 
balancedsolution, notάtheέ balanced
solution.

Å If the numberok unknownsishigherthan
the numberof equationsavailableso asto
establishthe forcesflowing into
components, I call the connection 
hyperconnected.

Å If the numberof unknownsis just equal, I 
call the connection isoconnectd.

Å If the numberof equationsishigherthan
the numberof unknowns, I call the 
connection hypoconnected.

31
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Chains= LoadPath

The selectedplate ishypoconnected

ManyŎƘŀƛƴǎΧ

Hyperconnectivity

Onechain, 
isoconnectivity
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Adhoc-eriesare not generalenoughto
establishthe forceflow easily

ÅPleaseexplainwhichiswhich
(quickly, please)

ÅDoesthis interfere with that?
ÅWhat if

(N,Vy,Vz,Mx,My,Mz)iґ0?
ÅTake it easy and throw some 

part ŀǿŀȅΧor not?

Nor theyare easy to defineby hand, nor once more they are easy to
conceive.
Moreover, in 3D there are misalignments, or ŜŎŎŜƴǘǊƛŎƛǘƛŜǎΧ. (which
are often neglected, whichis for sureάAέ ǿŀȅ to moveforward)
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So my answeris

ÅPreparea suitableinitial finite elementmodel
(IFEM) and get that info in sucha way to
automaticallysatisfyequilibrium.

ÅThenusethe information to check
componentsby applyingactionreaction
principle.

ÅIf some componentisnot checked:
ïA) Reviseyourchecksettings& methodsor

ïB) Reviseyour design
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Whichinfo, actually?
The forcesSexchangedat the interfacesbetween
different componentsόάjoinedέ ŀƴŘ άjoinersέύΦ
Bydefinition two componentsare joinedby a joiner.
The modelpresentlyembeds: bolt layoutsand weld
layoutsasjoiners.
Future improvements: pure contact(no bolts&welds).

Theseinterfacesare:

Member-Joiner
Through-Joiner

Meaninglessinterfaces:

Joiner-Joiner
Member-Through
Member-Member
Through-Through

My originalnamefor
άThroughέ wasάDƻ 

betweenέ όsee
Hartleyand LoseyΩǎ 

Movie): force
messengers

Will be
managedwith
pure contact

Italianfriends: 
unito/unitore/membratura/tramite

Chains

36
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Differentapproaches

Å1) Hybridfem approach
ïSingle step(oneIFEM, then simplifiedrules)
ïMulti step: (oneIFEM, then simplifiedrulesand more local

SSFEM whenneeded, i.e. SSFEM of single componentsor of sets
of components). 

(IFEM=άinitial, simplified, femέΦ {{C9a Ґ άǎǳŎŎŜǎǎƛǾŜ ǎǳōǎŜǘ femέΦ

Å2) Pure fem approach(PFEM)
Bothhavepros& cons. 
Bothhavebeenfully automatedso modelcreationis quite

fast. The mostpromisingtodaly is 1), the future in the long 
run is 2)

37
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Pure FEM

Å Pros:
ï ItΩǎ general
ï ItΩǎ ƳƻǊŜ άrealisticέ
ï Unifiescomponentschecks

Å Cons:
ï Largemodels
ï If full NL, possiblyhigh computational

times(but a few loadpatternscan be
used)

ï Unfit to checkblock tear and other
relevantmodes

ï If pushedto modellingof localgaps, 
contactpressurewith bricksand so on, 
itΩǎ too precise for engineering
analyses.

ï Reasearchisstill investigatingabout
proper joiner modellingand related
checks FullyautomaticallygeneratedPFEM 

model(veryfast). Contactbetween
circularplateand r.c.columnismanaged
via contact2D elementsĄNon linear
analysisneeded

I do useit whenneeded, 
i.e. important connections, 
and/or needof in-depth
analysis

38
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PFEM Examples
Thereare severalpossiblewaysto create PFEM.
Choicesrefer to:
1) Meshsize
2) Contraintpositioning
3) Holesoptimalmodelling
4) Weldsoptimal modeling
5) Boltsoptimalmodeling
6) Etcetera

My researchin the PFEM area is lessdevelopedthen in 
hybridapproach. My view is that we haveto find a 
trade off betweenprecisenessand time.

I do usePFEM to checka subset of the failuremodes, 
albeit in the future PFEM will be usedto checkall
failuremodes.

I do not modelholes, albeit I could, asbearingpressures
and block tearingischeckedby other means

39
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Hybridapproach

Å An initial simplifiedfem model(IFEM) isset up 
and run for all loadcombinations. Quitefast. 
Alsofor quite manycombinations.

Å The joiner forcesSflowingat the interfaces, 
and globallybalanced, are then known.

Å AR principleisusedto isolate eachcomponent
in spaceunder the effect of the computed
global interfacesforces.

Å The componentis then checkedagainstall
failuremodesusingsubforces(i.e. elementary
joiner sub-componentsforcescomputedfrom
the joiners, interfacesglobal forces).

Å If needed, localfem modelsof components, or 
of subset of componentsare automatically
createdand run. The componentsare balanced
in space, so reactionsare negligible.

C.S.E.: Haunchunder weld subforces
Ing. Paolo Rugarli - Castalia srl - Milan - Italy -
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HOW? 
Wait
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A free body in 3D space, under the effect of the (heredisplayedglobal) 
forcestransmittedto it at the interfaceswith other objects. Becomesa 
άloadedǇƻǘŀǘƻέΦ

C.S.E.
Forcesexchangeddisplay
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A loadedpotato isnot an
easy object to deal with:

1. Severalpossiblefailure
modes.

2. Belovedbeam-like
checkingformulaeare 
often no longervalidor 
hardlyapplicable.

3. Geometryisan issue.
4. Bolts& weldspositions

are an issue
5. Loadinggeneralityisan

issue
6. Localeffectsare an issue
7. ΧŀƴŘso on

So we needgeneraltool.



Bolt layout definition

Å A set of boltsall joiningthe samecomponents.
Å All the boltsdo layovera plane, and are freely

positionedover it (seeaside)->
Å Theycan be in rows&colsor not, everypattern 

allowed
Å The boltsbehavein anorganizedmanner, so that

from the global forcesflowing in the layout I can 
compute:
ï The forcesflowing into eachbolt shaftaccordingto

severalpossiblelaws
ï The pressurefield exchangedat the bearing

surfaceinterface, dependingon the bearing
surfaceextentand on the bearingsurface
constitutivelaw (seebelow).

Å Bolt layoutscan bedefinedaccordingto several
ŎƘƻƛŎŜǎΧ

43
Ing. Paolo Rugarli - Castalia srl - Milan - Italy 

- www.castaliaweb.com -
www.steelchecks.com



44Ing. Paolo Rugarli- Castalia srl - Milan - Italy - www.castaliaweb.com - www.steelchecks.com

C.S.E.: bolt layout definition dialog



Howdoesa BL take axialforce+ biaxial
bending?

1. Byaxialforcesin the 
shaftonlyΦ bƻ άbearing
surfaceέ ό.{ύΦ

ïElasticdistribution (all)

ïPlastic distribution (AISC)

2. Byaxialforcesin the 
shafts+ contactpressures
at the bearingsurface.

45
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Bearingsurfacedefinition

Å A bearingsurfaceisa part of the contact
planewhereno-tensionnormalstresses
can be exchanged.

Å Sis takenby:
ï Shearsin the shafts.
ï Axialforcein the shafts
ï Normalpressureexchangedat bearing

surface
ï Parasiticbendingmomentsin shafts

Å Accordingto simplecantilevermodel , this
bearingsurfaceisgot by summingup 
contributionsgot by:
ï Addinga borderc to the footprint of the 

cross-sectionsand of the stiffeningplates;
ï c isa functionof platethickness, yieldstress 

(fy), normalstress exchangedlimit (fjd)
ï ComputingbooleanoperationsU/Int/Sub 

betweenthisborderedfootprints, so asto
definecomplexfinal surfaces, to be usedin 
computations.

ï Possiblyintersectingthis final surfaceto
outer possiblebearingsurface(hereend 
plate).
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C.S.E.: bearingsurfacedefinition dialog
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Usingpolygonsbooleanoperationscomplexshapescan be modelled



Some more examplesό.{ύΧ
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Some more examples.{ όнύΧ
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The boundariesbetweenbearingsurfaceand not-bearing
surfacemustbe properlymeshedin the SSFEM ƳƻŘŜƭǎΧ

C.S.E.: automaticallypreparedFEM 
modelof a plate



Bearingsurfaceconstitutivelaw
definition

Å ByselectingproperCLfor the BL bearingsurface, we can definethe spread of the compressionalongthe 
bearingsurface.

Å Togetάtrueέ resultswe would needa FEM modelwith contactnon linearities(seebelow).
Å Wecan modelάedgeέ contact, or diffusedcontact.
Å Pressuresand forceswill changeaccordingly.
Å Localforcesand pressuresare computedby assuminga notional linearstrain field.
Å Bearingsurfaceisno-tension
Å A non linearanalysisisperformedin eachloadcombination.
Å Bearingsurfaceintergralsare convertedinto boundaryintegralsusingDǊŜŜƴΩǎ law.
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C.S.E.: bearingsurfaceconstitutivelaw definition



FromBL global forcesto bolt forces
and pressurefields

Å Shearand torque leadto shearsin the 
shafts.
ïLinear law can beusedor non linear

(AISC).
ïThe output are the shearsin eachbolt

shaft(two components)

Å Axialforceand bendingleadto axial
force in the shaftsand possiblybearing
surfacepressurefieldsin each
combination.

Å Bendingmoments, torque and shears
maypossiblyleadto bendingmoments
in the bolt shafts(optionallycomputed)

Å Theseforcesand pressuresmay be later
usedto load SSFEMs.
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FromBL global forcesto bolt forces
and pressurefields
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Scaled
Unscaled



Bolt Layout Checks

ÅNow, they are easily
doneaccordingto the 
relevantstandard (EC3, 
AISC, BS, IS, SNiPΣ Χύ by
combining(N, V) effects.

ÅSlip resistantBL and 
anchorsmayalsobe
computedand checked.
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WeldLayout Definition

ÅA weld layout isa set of fillet
weldsor of penetrationwelds, 
all weldingthe same(two) 
components.

ÅFilletweldsand penetration
weldsmustcurrentlylayovera 
plane.
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FromWL global generalizedforcesto
single weld forcesper unit length

ÅCommonlyusedrulesare adoptedso asto
find:

ïForceper unit lengthin the welds(fillet WL).

ïNormalstressessand shearstressestin the 
welds(full or partial penetrationWL)
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WeldLayout Checks

ÅNowthey are easilydone
accordingto the relevant
standard (EC3, AISC, BS, IS, 
{bƛtΧ)
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Componentfailuremodes

1. Bolt bearingpressurechecks(easy)
2. Bolt punching shearchecks(easy)
3. Pull out (easy)
4. Block tear (quite complex, seebelow)
5. Genericresistancechecksfor components

(asafter workingprocesses): verycomplex
6. Genericbucklingchecksfor componentsas

after workingprocesses: verycomplex
7. Displacementcontrol
8. Stiffnessevaluation
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Block tear

ÅSuperimposingeffects
of shear(s) and torque
leadsto a complex
sheardistribution in 
the shafts.

ÅThisstress distribution
isnot the one
currentlyusedin the 
examplesŀǾŀƛƭŀōƭŜΧ

ÅBesides, in my
opinion, there maybe
failuremodes
involvingboth shear
and normalstress.

Ing. Paolo Rugarli - Castalia srl - Milan - Italy 
- www.castaliaweb.com -

www.steelchecks.com
58



Block tear (2)

Å Dependingon the subset of
boltsconsideredR changes
in moduleand direction.

Å Foreachsubset a high 
numberof different possible
failurepathsdoesexist, not
necessarilyshearor normal

Å Theyshouldall be checked
ŀƴŘ ŀ άǎŎƻǊŜέ assignedto
each.

Å The final utilizationratio is
the maximumscore 
Rsubset,i/Rfailure,subset,i,path,j for
all pathsof all subsets.
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Block tear (3)

Å If there are 4 bolts (a,b,c,d), 
the subsetsare:
ï (a,b,c,d)
ï (a,b,c)
ï (b,c,d)
ï (c,d,a)
ï (d,a,b)
ï (a,b)
ï (a,c)
ï (a,d)
ï (b,c)
ï (b,d)
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The checkshouldbe done:
ÅForeachthickness(findinga different plateshapeΧύ
ÅForeachcombination



Block tear (4)
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Stillunpublishedresults



Block tear (5)
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An examplefrom a true analysis
(courtesyIng. GuccioGalluzzi, Florence)



Block tear (6)
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An examplefrom a true analysis
(courtesyIng. GuccioGalluzzi, Florence)



GenericSimplifiedResistanceChecks

ÅAutomaticάslicingέ 
of components. 
Eachnewnet cross 
sectionisbeam-
likechecked.

ÅSeebelowάŀ ŎŀǎŜ 
historyέ
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GenericSimplifiedResistanceChecks(2)

Å The net cross section
checks

Å The solidisάslicedέ by
parallelplanesin relevant
positions

Å Eachplanedefinesŀ άƴŜǘ 
cross sectionέ whichis
foundautomatically. 

Å The effectsof all the 
(single) forcescoming
from bolts, part of welds, 
and part of bearing
surfacepressures, are 
summedso asto get the 
final beam-like forces
resultant.
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GenericSimplifiedResistanceChecks(3)

Å Eachnet cross section
is then checkedagainst
beamlike internal
forces.

Å Possiblechoicesdeal 
with avoidingthe useof
weakaxisbendingor 
torsion, but are not the 
default.

Å If the stressesunder 
the appliedforcesare 
lower than fy, or if
plastic checkis
satisfied, net-section
cross checkispassed. 
Otherwisenot.
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Generic(SS)FEM ResistanceChecks(1)

Å A single componentcan be checkedby
meansof a SSFEM. The model is created
automaticallyand isalwaysself-
balanced, i.e. in eachcombination.

Å The SSFEM model isa thick plate-shell
(so asto get sheareffects) automatically
createdfem model.

Å The forcesloadingthe component(here
a haunch, more examplesbelow), being
self-balanced, do not requireconstraint
reactions.

Å The Von Misesstress mapof the 
componentmaythen be observedin 
eachcombinationor asenvelopeof
combinations.

Å The engineercan then decide if the 
resistancechecksare passedor not.

Å The SSFEM maybe created, ideally, also
modelingholesbut the choiceis
questionable.

Å Severalpossiblesituationsmayarisein 
the single componentSSFEM. Ą
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GenericSSFEM ResistanceChecks(2)

1. Everywhere in the
model the Von Mises
stress is lower than
(factored) yield. The
check is passed. Most
frequent condition!
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GenericSSFEM ResistanceChecks(3)

2. Somevery local stresspeaksare
detected, possiblylinked to bolt
bearingpressurechecks(already
done) or to very limited stress
concentrations. The component
ischecked.
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GenericSSFEM ResistanceChecks(4)

3. Some relevant but not too extended part of the
modelhasa VM > yield. Theanalysismustbe refined
in EPrange, or the componentmustbe improved.
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GenericSSFEM ResistanceChecks(5)

4. Relevant, very extended part
of the component, are above
the yield stress,probably the
component is overloaded: it
must be redisigned or a
different load distribution
mustbe tried.

5. The judgment cannot be
nowadaysautomated(this is a
researcharea). An engineeris
needed.
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Meaningfulnon linearities

ÅMaterial NL 
(MNL):
ïEPP (plastic flow)
ïEP (hardening)

ÅGeometricNL 
(GNL)

ÅContactNL (CNL)

Ing. Paolo Rugarli - Castalia srl - Milan - Italy 
- www.castaliaweb.com -

www.steelchecks.com
72

NLM isuselessif VM < fy or 
verylocalstress peaks
GNL isneededat engineering
judgement
CNL ispossiblyusefulfor BL 
usingbearingsurface

Priming: seeD. Kahneman

C.S.E.: settingNL analysis



Some more aboutNL FEM (1,a): MNL

Å If anEPP modelisused, then if
convergenceis reached, S< 
SLIM.Thisis the limit analysis, 
and coversother simplified
methodto assessthe same.

Å If anEPH modelisused, 
convergencewill alwaysbe
reached, but at the costof Von 
MisesStress possiblyhigher
than ultimate stress fu.

Å άBreakingά of material can also
bemodelledby neglecting
gauss pointstribute to stiffness
if ultimate strain hasbeen
reached.
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Some more aboutNL FEM (1,b): MNL

Å Accordingto theory, no 
matter the spreadingof
plasticityif (at ULS) the 
componentiscapableof
carryingthe loadwe are 
lower than SLIM.

Å Increasingthe plasticity
areas, the convergencegets
more difficult and the 
computationaltime
increases.

Å However, not all design must
be conceivedin sucha way 
that the factoredloadsare at 
a smalldistancefrom SLIM.
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Some more aboutNL FEM (2): GNL

ÅGeometricNL ishandled
by assemblingKg:

Ing. Paolo Rugarli - Castalia srl - Milan - Italy 
- www.castaliaweb.com -

www.steelchecks.com
75

[ ] puKK gEP D=D+ )()( ll

ÅBy running GNLanalysisone can
assess if there are possible
buckling phenomena coherently
with the appliedfem modelling.
ÅEspecially useful for
άnonstandardέgeometries, which
arealmostallΧ.
ÅThe analysismay NOTconverge.
If it convergeswe are below the
limit.



Some more aboutNL FEM (3): CNL

Å IdeallyCNL shouldalwaysbe used.
Å It leadsto an increasein bolt axial

force.
Å The pattern isnevereasy. All the 

modelsŀǊŜ άǿǊƻƴƎέ includingthoseof
the standards.

Å Target elements& contactelements
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Pryingforces
(PF)

Contact
forces

(from V. A. Yastrebov, 
Introductionto Computational
ContactMechanics, Centredes
Materiaux, MINES, ParisTech)
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The two surfacescan be differently meshed. SignedάŎǊƻǎǎέ 
elementsare the automatically-detectedpossiblytarget 
elements.

Some more aboutNL FEM (3): CNL



Availablesimplifiedformulationfor PF
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Thismodelisapplicableonly to a verylimited subset of situations

C.S.E.: settingof pryingforcesfactor



An exampleof CNL
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Unscaledvectors.

Tz



AnotherCNL ŜȄŀƳǇƭŜΧ
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AnotherCNL ŜȄŀƳǇƭŜΧ
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Bucklingchecks(1)

Å Eigenvalueanalysis: criticalmultiplierscan be found.
Å Geometricallynon linearanalysis, convergencemustbe reached. More sofisticated, especially

neededif there are plastic regions.
Å The analysiscan be run for SSFEM.
Å Otherwisestandard simplerulesmayalsobeusedwhenapplicable.
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stable
unstable



Bucklingchecks(2)
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SSFEM: more than 1 component(1)
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SSFEM: more than 1 component(2)
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