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jasonry= structures= have= demonstrated= remarkable= caéacity= to= withstand= large= disélacements= and=
remain=stableK=cor=structures=with=single=curvature=EeKgK=barrel=vaultsFI=which=can=be=readily=simélified=
to=two=dimensionsI=stability=under=large=suééort=disélacement=has=been=well=described=using=analyticalI=
numerical= and= éhysical= methodsK= ptructures= with= double= curvatureI= howeverI= have= tyéically= been=
analysed=in=twoJdimensions=in=a=similar=fashionI=deséite=their=truly=threeJdimensional=behaviourK=
fn= this= éaéerI= the= threeJdimensional= mechanisms= formed= during= large= suééort= disélacements= of=
a=doubly=curved=masonry=groin=vault=are=investigated=using=éhysical=and=coméutational=modelsK=qhe=
study=focuses= on= three=aséectsW= NF= evaluation=of= threeJdimensional= mechanismsI=OF=determination=of=
the=disélacement= magnitudes= that= lead= to=collaéseI= and=PF=evaluation=of= the=ability=of=coméutational=
methods=to=éredict=the=exéerimental=resultsK==
qhe=collaése=of=a=PaJérinted=groin=vault=scale=model=under=actuatorJcontrolled=suééort=disélacements=
was= caétured= with= an= oétical= measuring= systemI= and= the= measured= disélacement= caéacities= were=
coméared=with=aiscrete=blement=jodelling=resultsK==
qhe=éhysical=and=coméutational=results=both=éredict= the=exéected= large=disélacement=caéacityI=and=the=
sensitivity=of= the=discrete=element= results= to=a= variety=of= éarameters= is= quantifiedK= fn= additionI= a= more=
comélete=understanding=of=the=stability=of=masonry=vaults=is=obtainedI=éarticularly=of=the=relation=between=
suééort=movements=and=threeJdimensional=collaése=mechanismsK=jore=generallyI= the=research=methodJ
ology=introduces=newI=éromising=imérovements=in=the=analysis=of=comélex=masonry=structuresK=
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NKNK bquilibrium analysis 
rnlike= modern= structuresI= stability= and= not= stress= is= of= érimary=concern= for= many= historic= masonry=
structures =xNI =OzK =Because=masonry=often=has=noI =or =very=littleI =caéacity=to =resist =tensionI =it =has =to =be=
shaéed=such=that=it=acts=in=coméression=onlyK=qo=aéély=equilibrium=analysis=for=the=assessment=of=the=
stability=and=safety=of=masonry=structuresI=eeyman=xPz=formalized=the=limit=analysis=frameworkI=based=
on= three= key= assumétionsW= masonry= has= no= tensile= caéacityI= sliding= does= not= occur= at= voussoir=
interfacesI= and= the= masonry= itself= is= considered= rigidK= qhese= assumétions= have= been= widely= used= to=
successfully=éredict=twoJdimensional=stability=of=comélex=vaulted=structuresK=
 
NKOK mhysical and computational methods for discrete modelling of masonry 
1K2K1K mhósácal EscaleF modelláng  
ff=the=stability=of=masonry=structures=is=mainly=a=question=of=geometry=and=not=of=material=failureI=the=
behaviour=of=these=structures=can=be=considered=indeéendent=of=scaleI=and=can=thus=be=investigated=and=
understood= using= scale= models= xPI= QzK= Ancient= builders= allegedly= used= this= scale= indeéendency= in=
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different= waysW= small= scale= models= were= used= to= investigate= and= understand= the= stability= of= new=
structural= designs= and= geometriesI= whereas= scaled= versions= of= triedJandJtested= designs= were= often=
reused=in=new=éroàectsK=pimilarlyI=drawings=by=aanyzy=xRz=indicate=the=use=of=arch=and=buttress=élaster=
models=to=investigate=collaése=mechanisms=due=to=suééort=disélacementsK=
jore= recentlyI= éhysical= scale= models= have=been= used= to= investigate= the=collaése= behaviour= of= twoJ
dimensional= masonry= structures= subàected= to= differential= suééort= disélacements= xSI=TzI= or= seismic=
loading=xUzK=eoweverI=studies=of=the=equilibrium=of=threeJdimensional=masonry=structures=using=scale=
models=are= less=commonK=qhe=first=detailed=assessment=using=PaJérinted=scale=models=addressed=the=
equilibrium=of=cracked=masonry=domes=xVI=NMzK=
= =
1K2K2K `ompuíaíáonal modelláng 
aiscrete= element= modelling= EabjF= has= emerged= as= an= iméortant= coméutational= method= in=
understanding=the=behaviour= of= masonry=structuresI= as= it= has= the=caéacity= to= treat=masonry=blocks= as=
seéarate=unitsK=rnlike=continuum=analysis=techniquesI=abj=considers=systems=of=seéarate=interacting=
bodies=and=is=designed=to=deal=with=contact=and=stabilityK=
abj= methods= fall= into= two= érimary= categoriesI= those= with= ‘coméliant= contacts’= and= those= with=
‘unilateral=contacts’K=`oméliant=contact=formulations=use=contact=sérings=to=determine=contact=forcesI=
while= unilateral= contact= methods= use= nonJsmooth= contact= formulations= which= do= not= allow= any=
éenetration=between=adàacent=blocksK=Both=methods=have=been=used=to=model=masonry=structuresK= fn=
éarticularI= numerous= researchers= have= used= twoJdimensional= coméliant= contact= methods= for= the=
investigation= of= arch= bridges= EeKgK= xNNzFI= retaining= walls= EeKgK= xNOzFI= and= the= reséonse= of= various=
structures= to= seismic= loading= xNPI=NQzK= cewer= studies= consider= threeJdimensional= stabilityI= although=
iemos= xNRz= investigated= the= Pa= stability= of= intersecting= masonry= arches= under= static= and= dynamic=
loadingK= `riticallyI= relatively= few= studies= which= use= abj= to= investigate= large= disélacements= and=
collaése=have=coméared=modelling=éredictions=with=exéerimental=resultsK==
 
NKPK lbjectives 
thile=twoJdimensional=stability=is=wellJunderstoodI=there=is=a=need=for=more=robust=and=more=accurate=
methods= for= Pa= equilibrium= analysis= of= masonry= structures= Eand= rigid= block= assemblies= in= generalF=
eséecially= for= large= disélacement= analysesK= fn= this= éaéerI= the= caéacity= of= masonry= crossJvaults= to=
withstand= differential= suééort= disélacements= will= be= investigated= using= both= éhysical= and=
coméutational=modelsI=using=a=generic=groin=vault=geometryK=qhe=aim=is=to=quantify=the=disélacement=
caéacityI=and=more= iméortantly=to=coméare= the=modelling=methods=and=evaluate=the=validity=of=both=
aééroachesI=including=the=assumétionsI=advantagesI=limitations=and=challengesK=qhis=research=is=éart=of=
a=larger=research=éroàect=that=aims=to=develoé=better=understanding=in=the=threeJdimensional=EcollaéseF=
behaviour=of=masonry=structuresI=and=to=imérove=éhysical=and=coméutational=methods=for=analysis=of=
existing=masonry=structuresK==

=
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OKNK mhysical modelling 
qhe=éhysical= model= exéeriments= were=conducted= in=a= customJmade= testing= laboratory= develoéed=by=
the=Bil`h=oesearch=droué=at=bqe=wurich=xNSzK=qhe=facility=has=the=caéability=to=accurately=measure=
the= disélacement= and= collaése= behaviour= of= PaJérinted= scale= models= under= aéélied= loads= and=
differential=suééort=movementsK=qhe=setJué=consists=of=two=main=coméonentsW=an=actuated=testing=table=
and=a=highJséeedI=nonJcontactI=oétical=measuring=systemI=as=seen=in=cigure=NK=
qhe=surface=of= the=testing=table= is=divided= into=OU=segments= that= can=be=disélaced=indeéendently=and=
continuously=by=horizontal=and=vertical=linear=actuators=Ecbpql=xNTzF=with=±MKMR=mm=and=±MKMT=mm=
accuracyI=reséectivelyI=at=a=séeed=of=MKN=ué=to=PM=mmLsK=qhe=ballJàointed=base=with=two=large=actuators=
also= allows= for= global= tilt= tests= to= simulate= combined= horizontal= and= vertical= loadingK= qhe= oétical=
measuring=system=is=the=mlkqlp=dynamic=Pa=motion=analysis=system=by=dlj=xNUzK=
qhe=individual=blocks=of=scale=EvaultF=models=are=érinted=with=a=wmrinter=SRM=by=Pa=pystems=xNVzK=qhis=
highJresolutionI= colour= PaJérinter= with= an= accuracy= of= MKN=mm= allows= érinting= the= dotted= targets=
required=by=the=measuring=system=directly=onto=and= together= with=the=blocks= EcigK=NFK=bach=block= is=
labelled=with=minimum=three=dots=forming=a=unique=éattern=among=all=the=blocks=in=the=modelK=qhese=
éatterns= are= recognized= by= the= analysis= software= as= a= reéresentation= of= a= rigid= body= of= which= the=
movement=can=be=traced=and=reconstructedK===
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cigK N=Actuated=testing=table=and=measuring=equiément=in=the=Bil`hlab=at=bqe=wurich=EleftFI==
and=a=collection=of=PaJérinted=éieces=with=unique=dot=éattern=ErightF=

=
OKOK Computational modelling 
qhe= reséonse= of= the= crossJvault= to= disélacement= loading= was= simulated= coméutationally= using= the=
threeJdimensional=abj=software=Pab`=xOMzI=which=is=based=on=the=coméliant=contact=formulation=of=
`undall=xONzK==fn=this=modelling=frameworkI=contact=is=controlled=by=normal=and=shear= àoint=stiffnessI=
the=blocks=can=be=either= rigid=or= deformableI= and=an=exélicit= solution=érocedure= is= adoéted=for=both=
static=and=dynamic=analysesK==
cor=the=crossJvault=modellingI=rigid=blocks=were=used=with=a=séecified=material=densityI=friction=angleI=
and=normal=and=shear= àoint=stiffnessK=qhe=exélicit=solution=érocedure=uses=a= timeJsteééing=érocedure=
which=requires=séecification=of=quasiJstatic=modellingI=in=which=the=model=is=overJdaméedI=or=dynamic=
modellingI=which=enables=dynamic=simulationK=thile=‘dynamic’=modelling=was=used=for=the=érimary=
resultsI=the=effect=of=‘quasiJstatic’=versus=‘dynamic’=modelling=was=also=investigated=Esee=pection=PKOFK=
=
OKPK jodel geometry 
qhe= crossJvault= geometryI= used= for= both= exéerimental= testing= and= coméutational= simulationI= was=
generated=by=two=intersecting=semiJcircular=barrels=with=inner=radius=of=NRMmmI=as=shown=in=cigure=OK=
qhe=thickness= of= the=vault= is= aééroximately=OQKQ=mmK= qhe=symmetric=geometry=results= in= relatively=
few=unique=blocksK=qhe=vault=consists=of=two=tyées=of=regular=blocks=EiKeK=a=full=block=and=a=half=blockF=
and=NM=different= tyées=of= groin=blocks=Esee=cigK=NFK= fn= totalI= there=are=PO= half=blocksI=NNO=full=blocks=
and=QM=groin=blocksK=qhin=suééort=blocks=were=fixed=to=the=base=to=érevent=sliding=between=the=base=
and=the=vaultK=qhese=suééort=blocks=were=not=initially=included=in=the=abj=simulationsI=but=their=effect=
was=later=investigated=and=is=discussed=in=pection=PKOK=
=

==== =
cigK  O= PaJérinted= scale=model= EleftF= and= abj= model= EmiddleF= of= the= cross= vaultI= and= the= three=disélacement=
directions= which= were= investigated= ErightFW= transverse= EqFI= diagonal= EaFI= and= vertical= EsF= movement= of= one= =
== of=the=suééorts=
=
A=digital=model=of=this=structure=was=constructed=in=ohinoceros=xOOz=which=then=served=as=a=basis=for=
the=éhysical=and=numerical=modelsK=cor= the=éhysical=modelI= custom=scriéts=were=written=to=generate=
and=élace=unique=dot=éatterns=and=identification=labels=on=all=blocksI=éroduce=an=oétimized=stacking=for=
érintingI=and=generate=the=machine=code=for=fabricating=the=formwork=automaticallyK=



=

ORRR=

OK4K jaterial properties and loading 
qhe=individual=blocks=of=the=éhysical=model=were=PaJérinted=using=a=coméosite=of=zéNRM=éowder=and=
zbSN= clear= binder= xNVzK= After= érintingI= the= blocks= were= iméregnated= with= wJBond= NMN= xNVz= for=
iméroved=strength=and=durability=during=the=testsK=qhe=density=and=friction=angle=of=these=blocks=were=
determined= for= NM= random=samélesK= qhe= density= was= measured= to=be=MKRVU= ±MKMOVT= gLcmP= and =the =
friction=angle=QP=±PKQSQ°K=qhe=standard=deviation=on=both=the=measured=densities=and=friction=angles=
can=be=exélained=by=the=fact=that=there=was=no=éossibility=to=control=the=amount=of=hardening=fluid=that=
got=absorbed=by=any=one=block=during=the=iméregnation=érocessK=
fnitiallyI= the= exéerimentally= determined= average= friction= angle= and= material= density= were= used= as=
inéut= for= the= abj= simulationsI= along= with= normal= and= shear= àoint= stiffness= of= NMMd=maLm= and=
TM=dmaLmI= reséectivelyK= qhe= séecified= àoint= stiffness= is= relatively= largeI= allowing= negligible= interJ
éenetration=between=adàacent=blocksK=pensitivity=of=the=reséonse=to=these=éarameters=is=discussed=in=
pection=PKOK=
qhree=different=disélacement=directions=were=investigatedW=transverse=EqFI=diagonal=EaFI=and=vertical=EsF=
movement= of= one= of= the= suééorts= EcigK= OFK= fn= both= the= coméutational= and= éhysical= exéerimentsI= the=
disélacements=were=aéélied=at=low=velocities=and=in=small=increments=to=reélicateI=as=closely=as=éossibleI=
the= quasiJstatic= suééort= settlement= érocess= and= allow= the= models= to= reJestablish= static= equilibrium=
between=each=incrementK==
=
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cigK P=`ollaése=mechanisms=caused=by=diagonal=disélacement=of=the=suééortK=mhysical=model=EtoéF=at=NM=mmI=
NR=mmI=OM=mm=and=OQ=mmK=`oméutational=model=EbottomF=at=S=mmI=NO=mmI=NU=mm=and=OP=mm=
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cigK 4=`ollaése=mechanisms=caused=by=transverse=disélacement=of=the=suééortK=mhysical=model=EtoéF=at=RmmI=
NM=mmI=NN=mmI=and=NO=mmK=`oméutational=model=EbottomF=at=S=mmI=NO=mmI=NU=mmI=and=OP=mm=
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cigK R=`ollaése=mechanisms=caused=by=vertical=disélacement=of=the=suééortK=mhysical=model=EtoéFW=R=mmI=
NM=mmI=NO=mmI=and=NP=mmK=`oméutational=model=EbottomFW=NO=mmI=NU=mmI=OQ=mmI=and=OV=mm=

=
qhe= results= of= the=éhysical= exéeriments= and=coméutational= simulations= are= summarized= in= qable=NI=
where=the=aéélied=disélacements=are=recorded=both=when=the=first=block=fell=and=when=the=entire=vault=
collaésedK=qhe=éhysical=simulations=were=reéeated=three=times=éer=disélacement=directionK=cigures=P=to=
R= give= a= visual= coméarison= of= several= stages= of= the= disélacement= until= collaése= for= the= different=
disélacement=directionsK=fn=all=images=the=disélaced=suééort=is=closest=to=the=camera=éositionK=
=

qable N bxéerimental=and=coméutational=modelling=results 
 

aisplacement 
direction 

Nst block fall 
[mm] 

Collapse 
[mm] 

physical PabC physical PabC 

diagonal= NMKTR= NMKOP= NOKMN= NN= OPKQN= OQKVT= OPKTV= OP=

transverse= J= J= J= NV= NOKOP= NMKM= NOKQR= OP=

vertical= J= J= J= OM= NQKQV= NNKU= NOKRS= OV=
=

PKNK lbservations 
qhe=disélacement=values=and=the=formed=mechanisms=at=collaése=of=the=éhysical=model=are=consistent=
for=the=different=tests=in=each=disélacement=directionK=qhey=result=in=an=average=collaése=disélacement=
of= OQ=mm= in= the= diagonalI= NO=mm= in= the= transverseI= and= NP=mm= in= the= vertical= directionK= fn= the=
diagonal= caseI= this= coméares= remarkably= well= to= the= coméutational= simulationI= which= éredicted=
collaése=at=OP=mmK=Also=the=formed=mechanismI=iKeK=crack=éattern=and=locationI=is=almost=identicalI=as=
seen=in=cigure=SK==
=

=
 

cigK S =fn=the=case=of=diagonal=disélacementI=the=collaése=behaviour=of=the=éhysical=EleftF=and=coméutational=
model=ErightF=is=remarkably=similarK=qhe=hinge=locations=and=crack=éatterns=are=almost=identical=



=

ORRT=

eoweverI= for= the= transverse=and= vertical= disélacement= directionsI= coméutational= simulations= éredict=
disélacement= caéacities= of=OP=mm=and=OV=mmI= reséectivelyI= which= are= significantly=higher= than= the=
éhysical= modelling= resultsK= fn= the= transverse= caseI= the= formed= mechanism= is= also= differentK= fn= the=
éhysical=model= it= is=clearly=the=instability=of=the=left=suééort=that=causes=the=collaéseI=whereas= in=the=
coméutational=model=it=is=the=instability=of=the=disélaced=suééort=itselfK=curthermoreI=the=crack=éattern=
in= the= coméutational= model= clearly= runs= from= the= left= to= the= right= suééortI= whereas= in= the= éhysical=
model= it= follows= the= diagonal= from= the= disélaced= suééort= to= the= suééort= on= the= oééosite= sideK= qhe=
‘éremature’=collaése=of=the=éhysical=models=seems=to=be=caused=by=the=rotational=instability=of=some=of=
the=edge=blocksK=qhis=instability=occurs=much=later=EiKeK=at=much=higher=disélacementsF=or=not=at=all=in=
the=coméutational=modelsK=

=
qable O=oesults=of=abj=sensitivity=study=

=

criction 
Angle f 

[degrees] 

kormal 
joint 

stiffness 
[dmaLm] 

phear joint 
stiffness [dmaLm] Analysis 

Base 
support 
blocks 

Nst block fall 
[mm] 

Collapse  
[mm] 

QP= NMM= TM= dynamic= no= OM= OV=
PM= NMM= TM= dynamic= no= OR= OR=
QP= NM= T= dynamic= no= ON= OV=
QP= NMM= TM= quasiJstatic= no= OM= PO=
QP= NMM= TM= quasiJstatic= yes= OP= QN=

=
PKOK pensitivity study 
qhe=sensitivity=of=the=abj=results=to=various=modelling=éarameters=was=also=investigatedK=oesults=are=
shown=in=qable=O=for=aéélied=disélacement=in=the=vertical=directionK=qhe=first=row=of=qable=O=shows=the=
baseline=results=from=qable=NK=
rsing=limit=analysis=xSzI=friction=is=considered=sufficient=to=érevent=slidingK=thile=this=is=a=reasonable=
assumétion=in=twoJdimensionsI=sliding=is=involved=in=the=formation=of=mechanisms=for=doubly=curved=
vaultsK= qhe=effect= of= reduced= friction=was= investigatedI= and=caused=a= slight=decrease= in= the= collaése=
disélacement=EOV=mm=to=OR=mmFI=but=a=slight=increase=in=the=disélacement=at=which=the=first=block=fell=
EOM=mm=to=OR=mmFK=qhe=reason=for= this=is=deéicted=in=cigure=TK=cor= the=reduced=friction=caseI=sliding=
occurs= àust=above=the= left= Eand=rightF=suééortsK=qhis= enables= the=vault= to=exéand=Ein=élanF=while=one=
suééort= moves=downwardI=which=better= maintains= the= thrust= through=the=blocks= near= the=vault=aéexK=
eoweverI=this=also=reduces=the=disélacement=caéacity=at=total=collaéseK=
Although=a= challenge= in=abj= is= accurately= defining= the= àoint= stiffnessI= this= difficulty= is= somewhat=
alleviated=when=simulating=scale=model=testsI=where=contact=forces=are=lowK=qhe=effect=of=àoint=stiffness=
on= the= reséonse= is= shown= to= have= negligible= effect= for= a= reduction= in= stiffness= of= one= order= of=
magnitudeK=`ontinued=reduction= in=stiffness=would=only=have=an=effect=when=block= interJéenetration=
becomes=significantK=
=

=
 

cigK T=`oméarison=of=abj=results=at=OQ=mm=of=vertical=disélacementW=friction=angle=Z=QP=EleftFI=PM=ErightF=
=
aynamic= simulations= were= used= to= achieve= the= baseline= érediction= values= aboveI= but= quasiJstatic=
simulations= were= also= conducted= and= caused= an= increase= in= the= disélacement= caéacityK= qhis= was=
exéectedI=as=the=overJdaméed=quasiJstatic=simulations=remain=standing=in=remarkably=érecarious=statesK=
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cor=examéleI=the=vault=in=cigure=U=is=in=equilibriumI=although=it=would=not=stand=in=that=state=in=realityK=
qhe=smallest=iméerfection=or=vibration=would=cause=failureK==

=

=
 

cigK  U=rnrealisticI=heavily=disélaced=state=obtained=with=éerfect=geometry=and=quasiJstatic=simulation=in=abj=
==
cinallyI=the=effects=of=the=base=suééort=which=érevent=sliding=were=investigatedK=Adding=suééort=base=
blocks=caused=a=remarkable=increase=in=the=disélacement=caéacityI=and=the=reason=for=this=seems=to=be=
largely=coméutationalK=aue=to=the=large=thrust=at=the=baseI=the=friction=at=these=base=blocks=is=also=largeI=
and= thus= sliding= is= éreventedK= aue= to= the= éerfect= geometryI= the= bottom= block= of= the= vault= is=
unrealistically=‘locked’=in=élaceK=
=
4K afpCrppflk 
=
thile= the= exéerimental= and= coméutational= results= coméare= reasonably= wellI= coméutational= results=
generally=overJéredicted=the=disélacement=caéacityK=qhe=érimary=reason=for=this=discreéancy=is=that=the=
coméutational=model=is=a=‘éerfect’=assembly=of=‘éerfect’=blocks=and=contact=surfacesK=As=a=resultI=the=
interlocking=between=blocks=in=the=coméutational=assembly=will=be=éerfectX=none=of=the=blocks=will=be=
initially=looseK=thile=the=Pa=érinted=model=was=remarkably=accurateI=the=assemblyI=which=was=done=
manuallyI=was=not=éerfectK=bven=slight=dislocations=can=cause=very=minor=hinges=and=offsets=between=
blocksI=which=affect=the=initial=geometry=and=could=slightly=reduce=the=effective=thicknessK==
thile= these= reasons= account= for= general= differences= between= the= methodsI= there= was= éarticular=
discreéancy=between=the=disélacement=values=éredicted=for=the=transverse=and=vertical=directionsK=qhe=
reason= for= this= is= less= obviousK= cor= diagonal= disélacementI= the= formed= mechanism= allows= the= vault=
àoints=to=oéen=ué=with=less=slidingX=the=vault=basically=séreads=similar=to=an=arch=on=séreading=suééortsK=
eoweverI= the=vertical= and= transverse=disélacements= force= the=vault= àoints= to= shear= and=twistK= qhis= is=
evident=in=the=coméutational=collaése=mechanism=in=cigure=QI=where=the=section=of=vault=on=the=front=is=
twisting= and= hingingI= and= in= cigure= TI= where= the= vault= is= shown= to= séread= in= élan= under= vertical=
disélacements=when=the=friction= is= reducedK=qhereforeI= it= seems= that= this= ‘shearing’=of=the=vault=may=
have=caused= the= local= instability=at= the= left= corner= of= the=éhysical=model= EcigsK= Q= and=RFK= qhis= might=
have=been=due=to=an=extremely=slight= initial= local=iméerfection=at= this=éointI=or= to=a=concentration=of=
disélacementsK=oegardlessI=the=éerfect=geometry=in=the=coméutational=model=seems=to=have=érevented=
this=localized=failureK=
ft= thus= seems= that= the= éerfect= conditions= of= the= coméutational= simulations= generally= result= in= an=
overérediction= of= the= disélacement= caéacity= of= the= éhysical= scale= modelsK= koteI= howeverI= that= the=
reduced= disélacement= caéacity= of= the= éhysical= models= as= a= result= of= assembly= inaccuracies= is= most=
likely=magnified=due=to=the=scale=in=coméarison=to=full=scale=structuresK=fn=large=structures=stresses=tend=
to=be=higher=and=therefore=contacts=more=distributedK= AdditionallyI=mortar= tends= to=distribute=contact=
éressures= even= furtherK= ln= the= other= handI= in= large= structures= stress= concentrations= will= cause= local=
material=failure=EiKeK=‘crushing’FK=As=a=resultI=éoint=contacts=become=area=contacts=and=this=in=turn=could=
reduce=the=disélacement=caéacityK==
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=
qhis= study= has= used= both= éhysical= and= coméutational= modelling= to= confirm= the= relatively= large=
disélacement= caéacity= of= masonry= vaultsI= and= to= érovide= new= insights= regarding= threeJdimensional=
collaése=behaviourK=qhe=validation=of=abj=simulations=is=critical=and=often=overlookedI=and=éhysical=
modelling=is=vital=to=determine=the=confidence=that=can=be=élaced=in=coméutational=modelling=resultsK=
qhe= results= show= that= initial= slight= iméerfections= in= scale= models= may= élay= a= different= role= in= the=
outcome=of=collaése=simulations=deéending=on=the=direction=of=suééort=disélacementsK=cor=séreading=
éroblemsI= iméerfections= seem= to=have= less= effectK= fn= factI= in= the= case=of= diagonal= disélacementI= the=
coméutational= and= éhysical= results= were= almost= identicalK= ln= the= other= handI= in= cases= with= more=
shearing=of=the=vault=EiKeK=the=transverse=and=vertical=disélacement=direction=casesF=the=effect=of=initial=
iméerfections=seems=to=be=largerK=qhese=observed=discreéancies=demonstrate=thatI=at=éresentI=the=results=
of=analyses=with=either=aééroach=should=be=interéreted=with=careK=
curther= research= should= focus= on= how= to= deal= with= iméerfections= and= incoréorate= them= into= the=
modelling= érocessK= A= éossible= aééroach= might= be= to= change= the= testing= érocedure= such= that= both=
simulations= start= with= equally= iméerfect= modelsX= for= examéleI= by= running= the= coméutational=
simulations= on= the= measured= geometry= of= the= assembled= éhysical= model= rather= than= the= éerfect=
geometry=of=the=`Aa=modelK=
=
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