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qhe=maderno=d’Adda=bridge=is=a=marvellous=historical=iron=arch=bridge=that=was=built=in=NUUVK=ft=allows=
connecting=the=provinces=of=iecco=and=Bergamo=across=the=Adda=riverI=between=maderno=d’Adda=and=
`alusco=d’AddaI=near=jilanoI=northern=ftalyK=qhe=bridge=was=designed=for=railway=needs=and=its=use=is=
twoJfoldW=a=railway=track=is=located=in=the=inner=deck=of=the=upper=continuous=beamX=automotive=traffic=
runs=on=top=of= itK=qodayI=after=NOP=years=of=continuous=dutyI=the=viaduct= is= still= in=serviceI=with=trains=
crossing= at= slow= speed= and= alternated= oneJway= road= traffic= restricted= to= no= heavyJweight= vehiclesK=
aespite= these= dutiesI= the= bridge= seems= to= have= suffered= from= limited= maintenanceK= tith= the= final=
purpose= of= elaborating= a= safety= assessment= of= the= structureI= an= inelastic= structural= analysis= of= the=
viaduct= is=performedI=based=on=a= finite=element=model=that= takes= into=account=a=perfect=elastoplastic=
behaviour =of =the =various =structural =members =and =is =apt =to =comply =with =typical =principles =of =iimit =
AnalysisK= ppecificallyI= the= critical= load= multiplier= and= relevant= collapse= mode= are= investigatedI= for=
different=static=loading=conditions=on=the=bridgeK=AlsoI=the=characteristic=nonJlinear=loadLdisplacement=
response =curves =of =the =bridge =are =traced =by =incremental =analyses =up =to =the =true =limit =load =and =the =
various= critical=members= of= the=structure=are= identifiedK= A= further= intention= of= this= work= consists= in=
promoting= interest= at= the= international= level= on= the= maderno= d’Adda= bridgeI= as= a= beautifulI= living=
industrial= monument= of= the= scientific= and= technological= developments= of= that= timeI= by= referring=
particularly=to=its=present=and=future=destinationsK=
=
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qhe=maderno= d’Adda=bridge= is= a= beautiful= iron=viaduct=built= in=NUUV=by= the=pocietà=Nazionale=delle=
lfficine= di= pavigliano= EpNlpFI= in= response= to= needs= from= rapidlyJgrowing= industrial= activities= in=
iombardia= towards= the= end= of= NUMM= xNIOzK= ppecificallyI= within= the= expansion= of= the= local= railway=
networkI= it= became= necessary= to= acèuire= an= elevated= crossing= on= the= river= AddaI= korthJbast= from=
jilanoK=qhe=remarkable=structural=concept= elaborated=for= the=bridge=by=designer= gules=oöthlisberger=
ENURNJNVNNFI= head=of= the=pklp= qechnical=lffice=since=NUURI= was= that= of= raising=a= stiff=but= slender=
symmetric= doubly=builtJin=parabolic=arch=among=the= two=banks=of=maderno=d’Adda=Eright=bankF=and=
`alusco=d’Adda=Eleft=bankFI=of=about=NRM=m=of=horizontal=span=and=PTKR=m=of=vertical=riseI=supporting=
thenI= together= with=vertical= truncated=pyramidal=piersI=a=straight=upper=box=continuous=beam=on=nine=
bearings=of=OSS=m=of=length=xNI=Oz=EcigK=NFK=
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cigK N mresent upJstream=view=of=the=iron=arch=bridge=ENUUVF=from=maderno=d’Adda=Eright=bankF=
=
qhe= bridge= probably= represents= one= of= the= very= first= large= structures= designed= through= a= practical=
application= of= the= soJcalled= “qheory= of= the= bllipse= of= blasticity”I= a= graphicalJanalytical= method= of=
structural=analysis=that=was=developed=in=the=wake=of=draphic=ptaticsI=specifically=at=the=molytechnical=
pchool=of=würich=Ewhere=oöthlisberger= was= formedF=by=harl=`ulmann=ENUONJNUUNF=and=by=his=pupil=
tilhelm=oitter=ENU4TJNVMSFK=A=specific=account=on=that=has=been=provided=in=iaurea=qhesis=xPz=and=in=
previous=pAe`MU=paper=x4zI=which=has=openedJup=the=way=to=a=modelling=study=on=the=bridge=at= the=
rniversity= of= BergamoI= by= a= research= proàect= that= was= started= in= OMMR= xPJNMzK= qhis= has= led= to= the=
assembly =of =a =complete =linear =cbj =model =of =the =structureI =within =a =commercial =cbj =program =
EABAnrpFI= as= further= refined= here= by= an= independent= nonJlinear= implementation= EMAqiABF =in =an =
elastoplastic=settingK=
qhe=bridge=was=built=with=a=wrought=iron=materialI=with=riveted=àointsK=According=to=the=original=pklp=
oeport= xNzI= about= OSMM= tons= of= metals= were= employed= in= the= constructionK= aetails= on= the= various=
characteristic= features= of= the=bridge=are=available= in=xOz=and=have=been=analysed=and=further= reported=
in=xPJNMzK=Along=its=historyI=the=maderno=d’Adda=bridge=has=undergone=a=few=modifications=and=repairsK=
aespite=its=continuous=dutiesI=only=two=documented=systematic=static=tryJout=loading=tests=with=added=
load=seem=to=have=been=carriedJoutI= in=NUUV=and=NUVOI= in=order= to=compare=as=well=the=outcomes=of=
theoretical=predictions=elaborated=by=the=pklp=at=design=stageK=
puccessful=direct= comparisons= to=such= tryJout= evidences= have=been=achieved= in= the=research=proàect=
above=xPJNMzI=by=producing=static=results=through=a=linear=cbj=model=loyal=to=designJstage=conditionsI=
as=documented=by=the=original=technical=drawings=that=have=been=accessed=at=the=Archivio=Nazionale=di=
qorino= Esee= extensive= description= in= xNMzFK= ppecificallyI= linear= structural= simulations= in= previous=
pAe`NM=paper=xUz=have=shown=full=consistency=among=cbj=predictions=and=expectedLrecorded=pklp=
dataK= curtherI= a= first= modelling= investigation= on= the= dynamic= characteristics= of= the= bridge= has= been=
attempted= in= xVzI= in= terms= of= the= determination= of= the= main= mode= freèuencies= and= associated= mode=
shapesI=with=results= that=appeared=to=be=consistent= to= those=from=preliminary=field=investigations=and=
dynamic= identification= on= the= bridgeI= based= on= ambient= vibration= tests= that= have= been= carriedJout=
recently= by= colleagues= at= molitecnico= di= jilano=xNNJNOzK= qhis= has= led= to= the= development= of=
a=permanent= monitoring= system= of= the= bridgeI= that= is= being= now= put= in= place= by= them=xNPzI= as=
conceived= to= assess= possible= degradation= of= structural= performanceK= curther= in= light= of= thisI= the=
completion= of= a= reliable= cbj= model= of= the= viaduct= appears= to= be= truly= fundamental= for=
a=comprehensive=understanding=of= the=structural=performance=of= the=bridgeI=which= in= the=end=should=
properly=address=the=present=morphology=and=state=of=conservation=of=the=structureK=
Based=on=such=previous=knowJhowI=the=present=research=study=has=been=developed=in=the=direction=of=
modelling=the=global=nonJlinear=elastoplastic=behaviour=of=the=bridgeK=oeference=is=still=made=so=far=to=
the= characteristics= at= design= stageX= the= hypothesis= of= perfect= elastoplastic= behaviour= with= unlimited=
ductility= of= all= the= structural= members= has= been= assumedK= fn= particularI= focus= is= made= here= on= the=
determination=of=the=collapse=load=multiplier=and=relevant=collapse=mechanismI= for=various=static=tryJ
out=railway=loading=conditions=on=the=bridgeK=qhe=characteristic=loadLdisplacement=curves=are=traced=by=
incremental= analyses= up= to= the= true= limit= load= and= the= critical= members= in= the= various= parts= of= the=
structure=are=identifiedK=
qhe= nonJlinear= structural= analyses= have= been=performed= with=an= elastoplastic= cbj= formulation= that=
has= been= implemented= in= an= autonomous= computer= codeI= running= within= a= MAqiAB= environmentK=
aetails=on=the=adopted=computational=formulation=strategy=and=its=code=implementation=are=going=to=be=



=

ONTP=

provided=elsewhere=xN4zX=a=brief=account=on=that=is=reported=in=pection=OI=with=basic=description=of=the=
adopted= cbj= formulationK= qhe= morphological= and= geometrical= features= of= the= structure= have= been=
exported=from=the=previous=cbj=model=implemented=in=a=commercial=cbj=code=EABAnrpFK=qhis=has=
been=built=by=assembling=a=true=Pa=truss=frame=with=beam=elementsI=mutually=connected=at=the=nodesI=
as=composed=of=three=main=structural=partsW=bearing=doublyJbuiltJin=parabolic=archI=vertical=piersI=upper=
box=continuous=beamK=aetails=on=the=different=parts=and=total=assembly=of=the=preJexisting=cbj=model=
of=the=bridgeI=imposed=boundary=conditions=and=considered=loading=cases=are=available=in=xPJNMzK=qhe=
final=assembly=of=the=complete=truss=cbj=model=of=the=maderno=d’Adda=bridge=collects=RPPT=beam=
elementsI=OONS=structural=nodes=and=NPOVS=degrees=of=freedom=Enodal=displacements=and=rotationsFK=
qhe= material= properties= adopted= in= the= cbj= model= are= taken= as= representative= of= a= wrought= iron=
material= xNIOzW= specific= weight= γ===TKT= tLmPX= voung’s= modulus= b=Z=NTMMMMMM= tLmOX= moisson’s= ratio=
ν=Z=MKPX= corresponding= shear= modulus= d=Z=SR4MMMM= tLmOX= yield= stresses= sy=Z=SKMM= kgLmmO= and=
ty===sy=LÖP=Z=PK4S=kgLmmOK=
=
OK klk-ifkbAo biApTlmiApTfC cbM cloMriATflk 
=
qhe=salient=characteristic=features=of=the=nonJlinear=elastoplastic=cbj=formulation=are=briefly=resumed=
belowI= with= reference= to= the= implementation= of= the=perfect= elastoplastic= behaviour= of= the=structural=
membersK=deneral=characteristics=of=the=algorithm=formulation=are=rooted=in=xNRzX=detailed=information=
on= the= present= computational= implementation= is= going= to= be= provided= elsewhere= xN4zK= qhe= cbj=
formulation= is= based=on=a= classical=bulerJBernoulli=beam= finite= elementI= according= to= the= following=
peculiar= hypothesesW= straight= elementsI= uniform= cross= sectionI= homogeneous= material= propertiesI=
transverse= displacements= modelled= by= cubic= shape= functions= EiKeK= negligible= shear= strain= effects= are=
consideredFI=axial=displacements=and=rotations=varying=linearly=along=the=beam=elementK=
mlastic=deformation=has=been=concentrated=at=the=element=edgesI=AI=B=Ea=schematic=Oa=representation=is=
depicted=in=cigK=OFI=where=two=plastic=àoints=Eas=a=generalization=of=the=classical=plastic=hinge=concept=
in= the=iimit= Analysis= of= framesI= see= eKgK= xNRz= and= references= èuoted= thereinF= have=been= insertedK= fn=
each=plastic=àointI=the=assumed=generalized=kinematic=variables=are=two=relative=plastic=rotations=Eeach=
around=a=principal=axis=of= the=cross= section=–= labels=NIOFI= an=axial= elongation=and=a= relative=rotation=
around=the=beam=axisK=ppecificallyI=axial=elongation=and=axial=rotation=are=EpossiblyF=activated=in=only=
one=of=the=two=àoints=EA=or=BFI=in=order= to=avoid=unrealistic=free=rigid=body=movementsX=thenI=only=S=
internal= kinematic= variables= are= reèuired= for= each= beam= elementK= phear= effects= have= not= been=
considered=so=farK=
=

=
 

cigK O pchematic=representation=of=a=beam=finite=element=with=plastic=àoints=Eat=edges=A=and=BF=
=
cor=each=Pa=beam=finite=elementI=a=linear=rate=relation=can=be=obtained=between=the=increments=ofW=the=
NO=static=actions=at=the=extremes=of=the=beam=element=Eh& FI=the=corresponding=NO=nodal=displacements=
and= rotations=E u& FI= the= aboveJmentioned= S= generalized= kinematic= plastic= variables= E &h FK= kamely=
Esee=xNRzFW=
=

= = +h ku d& && h = ENF=
=
where= k= is= the= classical=NO=´=NO= elastic= stiffness= matrix=of= the= finite=element=and=d= is= an= additional=
NO´S=plastic=stiffness=matrixK=
qhe= irreversible= behaviour= of= the= plastic= àoints= is= described= by= an= associativeI= perfectlyJplasticI=
generalized=variable=modelI= in=terms=of=T=of=the=NO=static=variablesI=namely=normal=actionI=principal=
bending=moments=at=extremes=AI=BI=and=constant=twisting=momentI=as=defined=belowK=As=a=simplifying=
assumptionI=a=pieceJwise=linearI=uncoupled=elastoplastic=behaviour=is=adopted=in=terms=of=such=internal=
static= variablesI= namely= a= oankineJtype= boxedJform= yield= domain= is= assumed= in= the= space= of= static=
variablesK=
qhe=analytical=description=of=the=interaction=domain=for=the=beam=element=is=then=stated=in=terms=of=the=
following=ineèualitiesW=
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=
where= N= is =the =axial =forceI =Mt= is =the =torèue =Euniform =along =the =beamFI =MN= and= MO= are= the=bending=
moments=with=respect=to=the=two=principal=axes=of=inertia=of=the=cross=section=Eindexes=A=and=B=refer=
again= to= the= beam= edgesI= cigK=OFK= vield= limits= NIO NIOI I I I It tN N M M M M- + - + - + = are= taken= constant= and=
obtained=from=material=yield=limits=EsyI=tyF=and=cross=section=geometrical=characteristics=asW=
=
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=
where=a=and=b=are=bending=and=torsion=section=shape=factors=Etaken=here=as= NKNa = =and= NKRb = =for=all=
the=elementsF=and= NIO NIOI I Itg g h b =are=flexural=principal=inertiasI= torsional= inertiaI=principal=heights=and=
characteristic=profile=thickness=of=the=cross=sectionK=
then=some=of=the=yield=modes=are=active=in=the=current=time=interval=of=the=integration=process=EsayI=
for=instanceI=maxEN=

AI=N=
BF=Z=NH=and= N N

AM M += FI=the=increment=of=each=associated=internal=action=is=set=
to=zero=and=the=corresponding=incremental=relations= in=bèK=ENF=can=be=solved=for= the=increments=of=the=
corresponding= activated= kinematic= internal= variables= E ¢&h F= as= ElinearF= functions= of= the= displacement=
increments=E u& FW=
=

=
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=
cinallyI= by= substituting= into= bèK=ENF= the= second= expression= in= bèK=E4FI= a= direct= forceLdisplacement=
incremental=relationshipI=governed=by=a=symmetric=elastoplastic=stiffness=matrix=EkepF=can=be=obtained=
for=the=generic=beam=finite=elementW=
=
= ep=h k u& & = ERF=
=
qhe= global= structural= ElinearF= solving= rate= system= is= obtained= by= the= assembly= of= the= elastoplastic=
matrices=of=each=finite=element=and=of=the=eèuivalent=nodal=force=vector=incrementW=
=
= ep =h r c& &

= ESF=
=
where=r=is=the=vector=collecting=the=EunJconstrainedF=degrees=of=freedom=of=the=whole=structureI=c=is=
the=nodal= force=vector= coming= from= the= given=applied= forces= and=hep= is= the=global= tangent= stiffness=
matrix=of=the=structureK=
Being= this= last= relationship= of= a= linear= kindI= the= whole= time= integration= process= can= be= split= into=
a=seèuence=of=time=intervals=in=which=all=static=and=kinematic=èuantities=vary=linearly=along=each=step=
Esee=eKgK=xNRzFK=A=scalar=multiplier=factor=λ=is=considered=as=a=load=amplifier=common=to=a=set=of=basic=
EliveF=loadsK=qhe=internal=kinematic=variablesI=active=along=the=time=intervalI=are=selected=according=to=
the=active=yield=planes=at=its=beginningI=bèK=E4FX=howeverI=if=the=computed=incremental=solution=that=can=
be=extracted=from=bèK=ESF=would=imply=negative=dissipation=for=any=of=the=active=modes=Efor=instanceI=if=
a=tensile=yielding=axial=force=acts=in=a=beam=andI=insteadI=a=length=shortening=would=be=obtained=in=the=
incremental= solutionFI= then= that= active= mode= is= actually= deactivatedI= the= stiffness= matrix= is= newly=
updated=and= the= incremental= solution= is= reJcomputedK= ln= the= other= handI= when=an= active= mode= has=
been=deactivated=at=the=beginning=of=the=time=increment=and=the=incremental=solution=would=render=an=
increment=of=the=static=action=corresponding=to=that=modeI=producing=thus=a=violation=of=the=perfectlyJ
plastic=yield=condition=Efor=instanceI=an=axial=force=becoming=higher=than=the=yield=limit=at=the=end=of=
the=time=incrementFI=this=would=mean=that=such=a=mode=shall=be=included=among=the=active=onesI=from=
the= beginning= of= the= time= intervalX= thenI= the= stiffness= matrix= has= to= be= updated= before= the= new=
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computation= of= the= incremental= solutionK= lnce= all= conditions= of= nonJnegative= dissipation= and=
perfectlyJplastic= yielding= described= above= are= fulfilledI= the= algorithm= calculatesI= among= all= nonJ
activated= modesI= the= load= multipliers= leading= to= all= new=possible=activationsK= qhe=minimum=among=
such= estimated= multipliers= is= set= as= the= true= value= of= λ= at= the= end= of= the= incrementK= qhenI= the=
corresponding=increments=of=static= h& =and=kinematic= u& =èuantities=Einternal=actions=and=displacementsF=
are=updated=proportionallyI=from=the=original=incremental=solutionK=fn=this=senseI=the=pieceJwise=linear=
elastoplastic= response=of= the=structure= to=proportionallyJincreasing=external= actions=can=be=computed=
“exactly”I=in=the=spirit=of=iimit=AnalysisK=fn=the=structural=solutionI=boundary=conditions=are=imposed=
with=“adJhoc”=procedures=xN4zK=
cinallyI=the=collapse=of=the=structure=is=reached=when=the=minimum=eigenvalue=of=the=global=EupdatedF=
tangent= stiffness= matrix= hep= vanishes =Ewith =numerical =tolerances =in =the =order =of =NMJNRF =and =the =
corresponding=eigenvector=leads=to=a=positive=incremental=dissipation=for=each=active=modeK=
=
PK biApTlmiApTfC obpriTp Aka bkdfkbbofkd fMmifCATflkp 
=
qhough= the= present= cbj= model= has= been= conceived= so= far= at= design= stageI= the= current= perfect=
elastoplastic=structural=analysis=provides=crucial=information=about=the=ideal=loadJcarrying=capacity=of=
the=bridge=under= limit= service=conditionsK=As=previously=presented=for=the=elastic=analyses= in=xUJNMzI=
accidental=loading=conditions=associated=to=four=static=tryJout=tests=performed=by=the=pklp=xNIOz=are=
consideredK= qhese= tests= EcigK=PF= took= place= on= NOJNV= jay= NUUVI= and= were= carriedJout= using= six=
locomotives=with=tenderI=each=of=UP=t=of=weightI=corresponding=to=a=uniformlyJdistributed=load=on=the=
beam= of= q=== RKN=tLmK= ioads=have=been=applied=here= to= the=nodes=of= the=cbj= model= at= the= railway=
levelK= fn=cigK=P= the= total =load =applied =to =the =structure =is =reported =for =each =testI =which =is =obtained=as=
n=Z=n=q=lI=where=l=is=the=length=of=each=span=of=the=upper=continuous=beam=El===PPKOR=mF=and=n=is=the=
number=of= loaded=spansI=according=to=the=load=distributions=in=cigK=P=En===O=or=PFK=pelfJweight=is=preJ
loaded= on=the=bridge= Ethrough=specific= weight= γFI= leading=to=elastic=deformationsI=before=starting=the=
incremental= elastoplastic= analysesI= which= develop= at= increasing= accidental= loadK= palient= results= are=
presented= as= follows= EcigsK=4JVI= qable= NFK= All= following= representations= have= been= generated= after=
running=the=analysesI=by=appropriate=postJprocessing=of=the=stored=dataK=
=

=
 

cigK P=pcheme=of=considered=four=static=tryJout=configurations=Eview=from=downJstreamFI=with=value=of=total=
load=applied=to=the=structure=for=each=test=and=indication=of=four=control=points=Ered=circlesF=

=
cirstI=for=each=of=the=four=tryJout=loading=configurations=in=cigK=PI=the=deformed=configuration=of= the=
bridge=at= incipient= collapse= with= amplification= factor= set= to= NMM= EcigsK=4JTaFI= the=characteristic= nonJ
linear= loadLdisplacement= response=curve= EcigsK=4JTbF=and=the= localisation=of= the=plasticised=members=
have= been= reported= EcigsK=4JTcFK= qhe= response= plots= in= cigsK=4JTb= show= the= computed= stepJbyJstep=
evolutive=solutionsI=with=reference=to=values=read=at=the=beginning=of=each=time=intervalK=fn=particularI=
the=horizontal=axis= depicts= the=vertical= displacement= EDF=of= the=node=thatI= in= the=endI= has= shown=the=
maximum= displacement= at= incipient= collapseX= the= vertical= axis= reports= the=amplified=accidental= load=
m===λ=nI= where= λ= is= the= load= multiplier= related= to= the= incremental= solution= of= the= nonJlinear=
elastoplastic= analysis= Epection=OFK= kotice= that= in= the= plots= in= cigsK=4JTbI= the= nonJzero= initial=
displacement= Eat= m===MF= is= due= to= selfJweight= onlyI= namely= to= a= preJimposed= permanent= load= not=
affected= by= the= load= multiplier= EiKeK= load= multiplier= λ= affects= àust= the= accidental= load= linked= to= the=
locomotive=distributionsFK=joreoverI=for=each=loading=caseI=the=end=point=of=the=mJD=curve=refers=to=the=
soJestimated= collapse= of= the= structure= in= terms= of= vanishing= minimum= eigenvalue= of= the= tangent=
stiffness=matrix=of=the=structure=Epection=OFK=cigsK=4JTc=show=a=plasticity=map=of=plastic=activations= in=
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the= various= structural= members= at= increasing= load= multiplier= λK =ft =scores =the =plastic =modes =that =are =
activated=at=the=beginning=of=each=time=incrementK=bach=marker=represents=one=activated=mode=in=the=
structureI=as=described=belowK=ln=the=two=linesI=the=activation=of=axial=ENF=and=bending=modes=EMF=are=
shownI= respectivelyK= kotice= that= no= torsional= modes= have=been=activated= during= the=analysesI= which= =
=

=
=

cigK 4=blastoplastic=analysis=of=tryJout=qest=f=
=

=
 

cigK R=blastoplastic=analysis=of=tryJout=qest=ff=
=

=
 

cigK S=blastoplastic=analysis=of=tryJout=qest=fff=
=

=
 

cigK T=blastoplastic=analysis=of=tryJout=qest=fs=
=
should=look=reasonable=for=these=vertical=loading=configurations=that=are=symmetric=to=the=longitudinal=
plane=of=the=bridgeK=qhe=colour=of=the=markers=refers=to=the=various=parts=of=the=structure=to=which=the=
activated= plastic= àoint= has= appearedW= to= an= element= of= the= arch= EblueFI= piers= EredFI= upper= continuous=

EaF= EbF=

EcF=

EaF= EbF=

EcF=

EaF= EbF=

EcF=

EaF= EbF=

EcF=
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beam=EgreenFK=fn=particularI=the=largest=hollow=circle=marks=a=plastic=mode=activated=in=an=element=of=
the =piers =resting =on =the =archK =poI =in =inspecting =the =maps =reported =in =cigsK =4JTcI =it =is =possible =to =
appreciate=the=seèuence=of=activation=of=plastic=àoints=and=the=overall=plastic=response=of=the=bridgeI=at=
increasing=applied=accidental=load=m===λ=nK=
qhe=load=multipliers=λc=at=incipient=structural=collapse=of=the=bridge=for=the=four=loading=configurations=
are=reported=in=qable=NI=with=type=and=number=of=activated=modesK=qable=N=lists=as=well=the=maximum=
vertical=node=displacement=of= the=bridge=at= incipient=collapse=Eall=maximum=values=refer= to=nodes=of=
the=upper=continuous=beamI=at=the=railway=levelFK==
=

Table N `ollapse=load=multiplierI=active=modes=and=maximum=vertical=displacement=of=the=bridge=
=

ioad 
configK 

n===n=q=l=
xt] 

ioad 
multK λc=

Pc===λc=n=
xt] 

krK of active 
axial modes 

krK of active 
flexural modes 

Total nrK of 
active modes 

Max vertical 
displK xmm] 

    Arch miers Beam Total Arch miers Beam Total   
Test f RNM= 4KT4= O4NT= U= NS= NNO= NPS N4= NO= VN= NNT ORP P4P=
Test ff RNM= 4KTP= O4NO= U= M= RV= ST M= M= 4RR= 4RR ROO ORM=
Test fff P4M= 4KTR= NSNR= S= M= VS= NMO P= O= ROR= RPM SPO NOPN=
Test fs P4M= 4KPT= N4US= S= ON= NNP= N4M ON= O4= PS4= 4MV R4V NTO=

=
qhe=obtained=results=show=thatI=among=the=four=tests=EcigK=PFI=the=collapse=load=multipliers=are=almost=
the=sameI=except=for=case=fs=Ewith=two=loaded=spansFI=where=the=lower=value=λc===4KPT=is=attainedK=qhis=
may =be =due =to =the =fact =that =qest =fs =is =the =more =eccentric =with =respect =to =the =crown =of =the =archK =
fn=particularI=the=load=is=concentrated=on=the=pier=on=the=arch=on=the=side=of=the=maderno=d’Adda=bankK=
As=it=can=be=appreciated=in=qable=N=and=in=cigK=TcI=this=test=presents=the=higher=number=of=active=modes=
in= the= piers= EON= axial= modes= and= O4= flexural= modesFK= qhese= modes= are= activated= when= the= load=
multiplier= reaches= a= value= close=to= λ===OK4=and=seem=then=to=rule =collapseK =joreoverI =the=maximum=
vertical= displacement= obtained= at= incipient= collapse= isI= by= farI= the= lowestK= ft= may= be= said= thatI= in=
qest=fsI=plastic=collapse= is= reached=without=showing=significant=plastic= resources= in=terms=of=global=
ductilityK=ff=the=same=total=load=is=considered=Ein=terms=of=resultant=nI=qests=fJff=and=fffJfsFI=but=almost=
symmetrically=distributed=with=respect=to=the=crown=of=the=archI=the=collapse=load=multiplier=obtained=
by=the=analysis=increases=Ein=particularI=it=becomes=the=highest=in=qest=fffFK=
=

=== =
=

=== =
 

cigK U=`haracteristic=mJD=curves=at=`ontrol=moints=NJ4=EcigK=PF=
=
cigK=Sc=for=qest=fff=shows=that=almost=all=yield=modes=activated=at=increasing=load=refer=to=the=elements=
of=the=upper=continuous=beamX=only=few=plastic=modes=are=activated=in=the=elements=of=arch=and=piersK=
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qhe=results=obtained=by=the=analysis=referred=to=qest=fff=show=conspicuous=plastic=resources=in=terms=of=
global=structural=ductilityK=fn=factI=as=it=can=be=appreciated=in=cigK=SbI=at=incipient=collapseI=this=loading=
configuration=leads=to=a=prolonged=plateau=and=to=the=higher=maximum=vertical=displacement=Eqable=NFI=
up=to=about=four=times=the=maximum=displacement=in=the=other=testsI=which=is=referred=to=a=node=of=the=
lower=frame=connecting=the=two=main=vertical=longitudinal=truss=girders=of=the=upper=continuous=beamI=
right=underneath=the=railsI=where=the=distributed=load=has=been=appliedK=
fn= qests=f= and= ff= three= spans= of= the= upper= continuous= beam= are= interested= by= the= accidental= load=
distributionK=aespite=thisI=in=these=tests=the=collapse=load=multiplier=is=not=much=different=from=those=in=
qests=fff=and=fsI=so=that=the=total=collapse=load=mc=is=higherK=fn=qest=f=the=total=number=of=active=modes=
is=actually=minimal=andI=near=collapseI=as=in=qest=fsI=many=internal=static=variables=in=the=elements=of=
the=piers=do=reach=yield=planes=referred=to=both=bending=moments=and=axial=force=EcigsK=4c=and=TcFK=fn=
qest=ff=many=yield=modes= still= refer= to= the=elements= of= the=upper= continuous=beamX= no=yield=modes=
appear=in=the=piersK=qhe=maximum=vertical=displacement=obtained=for=qest=ff=is=èuite=limited=EcigK=RbI=
qable=NFK=Also=in=this=caseI=collapse=is=reached=without=significant=plastic=deformationsK=
cigK=U= below= showsI= for= each= of= the= loading= tests= EcigK=PFI= the= characteristic= nonJlinear=
loadLdisplacement= response= EmJDF =curves =at =the =four =control =points =E`m=NJ4F= represented= in= cigK=PK=
qhese=are=localised=at=the=pierLbeam=and=archLbeam=interfacesI=on=the=railway=frame=level=and=refer=to=
the=four=bearings=on=the=archK=
fn=cigsK=UaJd=it= is=possible=to=note=thatI=at=selected=`msI=the=collapse=of=the=bridge=is=generally=reached=
without=significant=plastic=deformation=at=this=levelK=lnly=in=qests=f=and=fs=Ewhere=the=loads=are=much=
unJsymmetrically= located=to=the=crown=of=the=archFI=cigsK=UaI=UdI=plastic=displacements=are=visible=at=
`m=4=and=`m=NI=respectivelyK=fn=qests=ff=and=fff=the=characteristic=mJD=curves=stop=èuite=early=Eglobal=
structural=collapse=of=the=bridge=is=achieved=without=appreciable=vertical=displacement=at=the=`msFK=qhe=
mJD= curves= abandon= the= linear= elastic= trend= at= total= load= me===λe=n= Emarked= in= cigsK=UaJUd= by=
a=horizontal= lineFI= scoring= the= threshold= beyond= which= further= loading= generates= permanent=
deformation=in=each=of=the=tests=Eλe=is=in=the=order=of=PKN=and=4KO=for=qests=f=and=ffI=and=in=the=order=of=
PKT=and=PKO=for=qests=fff=and=fsFK=qhe=mJD=trends=are=almost=biJlinearI=with=visible=kink=right=on=the=λe=
threshold =Eqest =ffF =or =a =bit =after =that =Eqests =fI =fff =and =fsFK =qhe =further =postJkink =load =gain =is =èuite =
limitedI=with=respect=also=to=threshold=load=Eàust=a=bit=more=visible=for=qest=fFK=qhis=seems=to=show=thatI=
for= the= considered= loading= configurationsI= the= arch= looks= èuite= far= from= collapseI= while= structural=
collapse=is=reached=for=the=bridge=with=reference=to=failure=in=the=upper=continuous=beam=andI=in=some=
casesI=in=some=elements=of=the=piersK=
fnsteadI= in= all= considered= testsI= the= elements= of= the= upper= continuous= beam= appear= to= be= the= most=
critical= within= the= structureK= cor= each= span= of= the= beamI= cigK=V= below= shows= the= location= of= the=
elements=with=activated=plastic=modesK=ppecificallyI=with=counting=of=the=number=of=activated=modesI=
three=couples=of=bars=are=displayedI=on=three=levelsI=for=each=span=of=the=beamW=the=top=couple=in=the=
elements=of=the=upper=frame=of=the=beam=Ethus=at=road=levelFX=the=middle=couple=in=the=elements=of=the=
vertical=frame=of=the=longitudinal=truss=beamsX=the=bottom=couple=in=the=lower=frame=Eat=railway=levelFK=
Blue=bars=refer=to=axial=modes=and=red=bars=to=flexural=modesK=qhe=width=of=the=bars=is=related=to=the=
total=number=of=active=modes=in=the=pertinent=elementsK=
=

=
 

cigK V=aistribution=of=activated=plastic=modes=in=the=upper=continuous=beam=
=
lbviouslyI=most=active=modes= in=the=beam=arise=in=the=zones=where=the=loads=are=appliedI=namely=in=
the=elements=of=the=lower=frame=of=the=loaded=spansK=fn=cigK=V=it=is=possible=to=appreciate=thatI=for=each=
loading= configurationI= these= active= modes= are= approximately= one= third= of= all= the= potential= modes=
related=to=the= lower= frameX= this= ratio= increases= even=more= if= Enon=activatedF= torsional=modes=are=not=
taken= into=account= and=considering= that= very= few= elements=do=reach=yield=planes= for= the=axial= forceK=
qhe= number= of= active= modes= in= the= vertical= and= upper= framesI= of= the= same= spansI= does= not= appear=
negligibleI= with= respect= to= that= of= the= modes= in= the= lower= frameX= some= active= modes= arise= also= in=
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nonJdirectly=loaded=contiguous=spansK=ft=may=be=said=that=loads=applied=at=the=railway=level=are=able=to=
involve=the=neighbouring=elements=in=the=plastic=response=of=the=continuous=beamK=
kotwithstanding=that=the=plastic=response=of=the=structure=in=all=tests=appears=to=be=governed=mainly=by=
the=activation=of=the=yield=modes=in=the=elements=of=the=upper=continuous=beamI=in=qests=f=and=fs=the=
modes=referred=to=the=elements=of=the=piers=directly=lying=on=the=arch=are=involved=in=the=final=collapseK=
ko=elements=of=the=other=piers=yieldK=qhe=analyses=show=thatI=in=both=qests=f=and=fsI=the=active=modes=
in= the=piers= on= the= arch= refer= to= elements= at= the= piersLarch= connections= and= elements= of= the= upper=
rectangular= closing= frame= on= top= of= the=piersI= hosting= as= well= the=bearing= devices= of= the= beamK= ko=
active=modes=arise=in=the=elements=of=the=four=faces=of=the=box=profile=of=the=piersK=

=
4K ClkCirpflkp 
=
fn= this= paperI= structural= elastoplastic= analyses= of= the= maderno= d’Adda= bridge= ENUUVF= have= been=
performedK= qo= this= endI= a= dedicated= computer= program= has= been= implementedI= in= which= Pa= beam=
finite=elementsI=perfectly=plastic= àoints=Eas=an=extension=of=classical=plastic=hingesFI=pieceJwise=linear=
yield=domains= and=“exact”= time= integration= Ein= the=sense=discussed= in= xNRzF= have=been=considered=as=
main=characteristic= ingredients=of= the=elastoplastic=cbj=formulationK=qhe=algorithm=has=shown=very=
much=able=to=track=the=limit=structural=behaviour=of=the=bridgeI=through=a=sophisticated=computational=
strategyI= by= reaching= convergence= with= smooth= runs= up= to= the= true= limit= load= and= corresponding=
collapse= displacementsK= qhis= holds= true= despite= the= considerable=complexity= of= the=complete=bridge=
structureI=involving=roughly=RPMM=beam=finite=elements=and=NPPMM=degrees=of=freedomK=
qhe=obtained=resultsI=which=refer=to=geometrical=characteristics=at=design=stageI=show=a=good=global=
elastoplastic= performance= of= the= bridgeK= ppecificallyI= for= the= analysed= loading= conditions= Ewith=
vertical= loads= acting= symmetrically= to= the= longitudinal= plane= of= the= bridgeFI= the= arch= is= basically=
never= involved=in=the=collapseK=ActuallyI= in=all=tryJout=tests=only=few=elements=of=the=arch=yieldK=fn=
this= senseI= it= appears= that= the=doublyJbuiltJin=parabolic=archI=a= marvellous= characteristic= feature=of=
the=bridgeI=represents=a=wellJset=structural=elementI= in=terms=of=the=global=structural=response=of=the=
viaductK=
cor=all= the=analysed=loading=conditionsI= the=elements=of= the=upper=continuous=beam=appear= to=be=the=
most= criticalK= ft= is= worthJmentioning= thatI= despite= interventions= on= the=roadway=deck= in= the=seventies=
and=the=more=recent=stiffening=of=the=metallic=box=girderI=the=railway=deck=should=not=have=undergone=
substantial=modificationsK=qhusI= further=checks=on=the= structural=performance=of= the=beam=should=be=
specifically=pursuedK=qhe=analyses=have=also=shown=that=only=tests=with=loading=configurations=much=
unJsymmetrically=located=to=the=crown=of=the=arch=have=involved=plasticity=in=the=elements=of=the=piersI=
but=right=underneath=the=loaded=spansI=in=particular=at=the=archLpier=and=pierLbeam=stiffened=interfacesI=
where=the=cbj=model=is=actually=not=that=detailed=so=far=Eand=could=be=refinedFI=to=deal=appropriately=
with= the= stress= concentrations= that= may= produce= at= these= locationsK= qhe= other= elements= of= the=piers=
appear=far=from=collapseK=qhe=structural=members=of=the=arch=also=appear=rather=in=safe=positionI=since=
they=are=hardly= involved= in= the=plastic=seèuence= leading= to=collapseK=qhe=considerable= level=of= load=
amplification= at= collapse= Eabsolute= λc= in= the= order= of= 4K4J4KTI= elastic λe= in= the= order= of= PKNJ4KO= and=
multiplier= ratio= λc=L=λe= in= the= order= of= NKNJNKRF= is= certainly= warranted= by= the= assumed= unlimited=
perfectlyJplastic =behaviour =of =all =the =structural =members =of =the =bridgeI =as =linked =to =the =stiff =
“hyperstatic”= nature= of= the= structureI= as= conceived= at= original= designI= which= appears= to= allow= for=
considerable=stress= transfer=and=redistribution=at= increasing= load=and=resulting=plastic= deformation= in=
the= structureK= Additional= simulation= loading= settingsI= directly= acting= at= the= beamLpiers= or= pierLarch=
interfaces= may= provide= further= information= on= the= specific= plastic= resources= of= bearing= structural=
subparts=constituted=by=piers=and=archK=
qhe=present=preliminary=results=on=the=elastoplastic=structural=performance=of=the=bridge=have=referred=
to=design=stage=conditionsK=curther=analyses=could=consider=the=current=geometrical=characteristics=and=
state=of=conservation=of=the=structureI=which=appears=to=be=affected=by=diffused=and=localised=corrosion=
damageI= due=also= to= lack= of= maintenanceK=thile= the=present= designJstage=analyses= seem=to=be=rather=
encouraging=about=the=bearing=capacity=of=the=bridge=Eunder=the=assumption=of=unlimited=ductility=of=
the=structural= membersFI= mainly= regarding= its= vertical= supporting=structure= made= by=arch=and= piersI=
degradation=and=aging=may=imply=reduced=structural=performanceK=qhis=should=be=checked=in=view=of=
possible=restoration=actionsI=which=appear=worthwhile=to=be=pursuedI=given=the=present=results=and=the=
considerable= importance= and= value= that= this= historic= infrastructure= still= keeps= today= in= the= local=
transportation=network=and=in=the=architectural=and=industrial=heritage=of=the=territoryK=
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