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ABpToACT  
 
qypical hçrizçntal elements in histçric buildings are represented by timber flççrs and rççfs and 
masçnry vaultsK All these cçmpçnents have a crucial rçle in seismic areaI as they are required tç resist 
under lateral lçadsI tç imprçve the glçbal behaviçur thrçugh effective cçnnectiçns and tç distribute 
fçrcesI with prçper inJplane stiffnessI tç the shear wallsK kiker prçàectI by the tçrk mackage R EtmRF 
±lptimizatiçn çf design fçr flççrsI rççfs and vaults”I gave the çppçrtunity tç cçmpare variçus 
strengthening sçlutiçns applied tç representative cçmpçnents present in existing buildingsI taking intç 
accçunt the variety çf types çn a regiçnal scaleI and cçnsidering as priçrity the selectiçn and use çf 
cçmpatible techniques and materials andLçr minimum interventiçnsK qhese sçlutiçns are intended tç 
preserve the existing hçrizçntal elements by imprçving their mechanical perfçrmanceI as needed tç 
keep their structural cçntributiçn çn the çverall behaviçurI thus avçiding generalized substitutiçnsK 
qhe validatiçn çf strengthening techniques applicable tç existing buildings was carried çut by means 
çf cçmprehensive labçratçry experimental campaignsI the results çf which were used tç calibrate 
numerical mçdelsK jaterials characterizatiçn and çnJsite investigatiçns prçvided additiçnal data tç 
increase knçwledge and calibrate mçdelsK ln the basis çf these resultsI parametric studies were 
perfçrmedI tç suppçrt the design and assessment çf strengthening cçmpçnentsK fn the paperI the main 
results çbtained çn strengthened hçrizçntal cçmpçnents are describedK 
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N. fNTolarCTflN  
 
qhe seismic respçnse çf existing buildings is strçngly influenced by the inJplane stiffness çf hçrizçntal 
cçmpçnents and their cçnnectiçns tç the bearing wallsK As a matter çf factI flççrs and rççfs play 
a relevant rçle in the activatiçn çf the çverall behaviçur çf buildingsI thus avçiding the triggering çf 
brittle çutJçfJplane mechanisms invçlving partial çr mçre extended çverturningK Besides structural 
regularityI the way hçw hçrizçntal cçmpçnents can distribute seismic actiçns tç the shear walls 
characterizes the vulnerability level çf existing buildings in seismic area xNI OzK qhis invçlves the 
efficiency çf bçundary cçnditiçns at each flççr levelI as well as the typical features çf cçmpçnents 
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OUUM 

Etypçlçgies and materialsF used traditiçnally in histçric buildings EcigK NFK Bçth these aspects need tç 
be carefully checked tç define pçssible imprçvement sçlutiçnsI accçrding tç the main preservatiçn 
criteria xPzK 
qhe last seismic experiences in ftaly EiKeKI the NVVT rmbriaJjarche earthquake and the OMMV 
i’Aquila earthquakeFI shçwed and cçnfirmed very clearly that generalized substitutiçns çf 
hçrizçntal cçmpçnents with heavy slabs and the use çf materials Esuch as cçncreteF nçt cçmpatible 
with the çriginal çnesI induce a hybrid behaviçur and cçnsequently expçse the structure tç brittle 
cçllapses EcigK OF x4I RzK 
 

  
 

  
cig.  N lutJçfJplane defçrmatiçn due tç lack çf 
cçnnectiçn at intermediate flççr level EleftF and 
brittle cçllapse çf cçrner ErightFI shçwing inadeJ
quate flççr and rççf Efrçm NVVT rmbriaJjarche  
                   earthquakeI ftalyF xSz 

cig.  O bffect çf use çf cçncrete fçr rççf EleftF and flççrs 
ErightFI invçlving the cçllapse çf vaults Efrçm OMMV i’Aquila  

                            earthquakeI ftalyF 

 
qherefçreI the identificatiçn çf strengthening techniques able tç imprçve the safety level çf the 
existing structures withçut changing their main structural functiçnI cçnstitutes çne çf the bases çf the 
current researchK ln çne handI this invçlves the understanding çf the behaviçur çf the histçrical 
cçmpçnentsI as well as the knçwledge çf their cçnstitutive materials and cçnstructive detailsI in the 
frame çf the variçus types detectable at regiçnal scaleK ln the çther handI the research çf a prçper 
balance between traditiçnal and mçdern materials çr techniques is nçwadays unavçidableI taking intç 
accçunt the number çf sçlutiçns prçpçsed in the restçratiçn fieldK 
qç harmçnize past with mçdern innçvatiçnI is then fundamental tç refer tç the attainment çf at least 
sçme çf the knçwn preservatiçn criteriaI as cçmpatibilityI minimum interventiçnI durabilityI remçvJ
abilityI etcK 
fn this cçnnectiçnI kiker prçàect dealt with single cçmpçnentsI subJstructuresI cçnnectiçnsI up tç 
glçbal behaviçur çf buildingsK fn its frameI tmR cçncerned the çptimizatiçn çf design fçr flççrsI rççf 
and vaultsI cçnsidered as single elementsI nçt cçnnected tç the çther structural parts çf a buildingsK As 
a matter çf factI tmR was aimed atW 

– defining adequate and feasible interventiçn technçlçgies fçr hçrizçntal structural elementsI related 
tç specific requirements included in a cçmprehensive catalçgue Eprçduced within the prçàectF; 

– defining and imprçving labçratçry prçcedures fçr evaluating the interventiçn technçlçgies and 
specificatiçns fçr labçratçry specimens; 

– carrying çut the necessary tests tç characterize the experimental behaviçur çf çriginal and 
strengthened wççden flççrs and rççfs and masçnry vaultsI in çrder tç çbtain infçrmatiçn çn the 
system perfçrmance and the main cçnstitutive laws relevant fçr mçdelling;  

– numerically simulating the experimental behaviçur tç perfçrm parametric assessment and seek 
fçr structural limitatiçns çr define çptimized design prçceduresK 

fn the fçllçwingI the general structure and çrganizatiçn çf tmR is repçrtedI and the main results 
derived frçm the experimental testingI mçdelling and parametric analyses are shçrtly discussedK  
qhese resultsI in their different fçrmsI are cçnnected with the requirements and çbàectives çf several 
çther tmsI that will receive cçntributiçns until the end çf the prçàectI namely tçW EiF feed the catalçgue 
in tmPI with experimental test results and parameters derived frçm analyses; EiiF suggest interventiçns 
and prçvide parameters fçr design and assessment in the study çf substructures and çverall 
cçnstructiçns EtmSI tmTI tmUI tmVF; EiiiF prçvide indicatiçns fçr guidelines EtmNMFK 



 

OUUN 

O. tmR obpbAoCe moldoAM 
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kine partners were invçlved in the research çn hçrizçntal cçmpçnents; they belçng tç the fçllçwing 
institutiçnsW rniversity çf madçva ErkfmaI ftalyFI Bçzza iegnami srl EBlwwAI ftalyFI fnstitute çf 
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qheçretical and Applied jechanics EfqAjI `zech oepublicFI rniversity çf Bath ErBAqeI rnited 
hingdçmFI rniversitat mçlitecnica de `atalunya Erm`I ppainFI rniversitade dç jinhç ErjfkelI 
mçrtugalFI bcçle katiçnale d’Architecture EbkAI jçrçccçFI dazi rniversity EdrkfI qurkeyFI 
mçlitecnicç di jilanç EmlifjfI ftalyFK 
tmR cçncerned twç main activitiesW  

– tmRKNW experimental characterizatiçn çf single elements EflççrsI rççfI arches and vaultsFI 
suppçrted by labçratçry and inJsitu testing; 

– tmRKOW design çptimizatiçnI suppçrted by analytical and numerical mçdelling and parametric 
studiesK 

qhe cçntributiçn given by partners cçncerned variçus levels çf investigatiçn and analysis Ebasic 
materialsI structural cçmpçnentI whçle elementI series çf elementsFI as described and illustrated in 
qable NI O and P fçr flççrsI vaults and rççfsI respectivelyK As it can be seenI this tm included 
a number çf different aspects cçncerning several prçblems and variçus apprçachesI that may be 
difficult tç synthetize in a prçper cçmprehensive wayK  
qherefçreI in the fçllçwingI an example çf the apprçach applied tç the variçus hçrizçntal structures 
included is given mçre in detail fçr sçme categçriesK 
fn particularI the aspect çf strengthening is pçinted çutI thus rççfs and vaults are mainly describedK 
bxperimental wçrk and calibratiçn çf mçdelling are discussedI aimed at characterizing the mechanical 
behaviçur çf thçse structural cçmpçnentsI verifying the interventiçns efficiencyI and cçntributing tç 
the definitiçn çf design rules suppçrted by simulatiçns in variçus cçnditiçnsK 
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P. pTobNdTebNfNd lc TfMBbo cillop 
 
bxisting wççden flççrs are typically made with simply suppçrted beams cçvered by nailed timber 
plankingK qheir extensive applicatiçn in bçth çld and current buildings is due tç their satisfactçry 
flexural and cçmfçrt perfçrmancesI and easy prçductiçn and wçrkmanshipK eçweverI the study çf the 
influence çf traditiçnal wççden flççrs çn the seismic behaviçur çf existing masçnry buildings has nçt 
been sufficiently investigatedI bçth at experimental and numerical scale xTJVzI especially if cçnsidering 
the effect çf flexible diaphragms çn the glçbal respçnse xNMI NNzK tithin this cçntextI the research 
prçgram aimed at evaluating the inJplane behaviçur çf çriginal and strengthened timber flççrs by 
cçmparing traditiçnal and mçdern techniques and materialsW simple çr dçuble planking and dry wççdJ
tçJwççd techniques; cibre oeinfçrced mçlymer EcomFI pteel oeinfçrced mçlymer EpomF çr katural 
cibre oeinfçrced mçlymer EkcomF fçr bracing the flççrs diagçnally çr as a gridI trçdden earthI etcK 
qhe challenge relies çn the ability çf increasing the mechanical perfçrmances by avçiding excessive 
alteratiçn çf massesI static functiçnI and culturalLarchitectural valueK 
 
P.N. bxperimental tests on simple slab warping wooden floors 
qhe experimental prçgram çn wççden flççrs carried çut by rkfmaCBlwwA tççk intç accçunt twç 
types çf wççden flççrs Ecçmmçn raw finished çr tçngue and grççve àçint plankingFI strengthened by 
means çf eleven different sçlutiçns belçnging tç three main categçriesW additiçnal plankingI diagçnal 
stripsI and diagçnal nets EcigK PFK ppecimens were made çf spruce wççdI and çriginal bçarding is 
simply nailed tç the five beamsK fn detailI the fçllçwing techniques were appliedI all çf them çnly tç 
tçngue and grççve çriginal flççrsW single and dçuble planking with an çrientatiçn çf –4R° and different 
thicknesses; lriented ptrand Bçard ElpBF çr similar wççden panels types; steelI `arbçn com E`comFI 
pom çr wççden diagçnals applied with dry hard wççd pins; hemp kcom nets applied with resin çr 
vinyl glueI and wççden nets applied with hardwççd pins and screwsK ppecimens had dimensiçns çf 
apprçximately OKO × OKO mO and were tested under mçnçtçnic EN4 flççrsI çf which O unreinfçrcedF and 
cyclic ENR flççrsI N unreinfçrcedF shear lçadingI fçr an çverall number çf OV testsK  
phear defçrmatiçns were measured thrçugh isaqs placed çn the twç main sides çf the flççrK cçr 
cyclic testsI the amplitude çf the cycles is referred tç the yielding displacementI syI recçrded at the 
cçrrespçndent yielding lçad EcigK RFK 
 

 
 

   
cig. P pçme strengthening techniques applied tç çriginal flççrsW dçuble planking 

EleftFI pom diagçnals EcenterFI wççden net ErightF 
cig.  4 iabçratçry setup 
Ehemp net specimenF 

 

  
 

cig. S `çmparisçn çf maximum lateral fçrce EleftI frçm cyclic testsF and stiffness in elastic phase ErightI frçm 
mçnçtçnic testsF amçng sçme strengthened specimens 

 
oesults shçwed the high perfçrmance çf dçuble planking and wççd net EcigK SFK qhe thickness çf the 
simple bçarding dçes nçt influence significantly the perfçrmance çf the flççr in cçmparisçn with the 
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dçuble plankingI even when in this last case the minimum thickness EOR mmF is adçptedK kcom nets 
are  able  tç  achieve perfçrmance similar  tç  diagçnal  reinfçrcements  Esteel  çr  `comFI  althçugh in the 
case çf hempI almçst half çf the equivalent quantity çf cçmpçsite is appliedK 
ptiffness EhyF in elastic phase shçwed high values fçr fibres glued tç the çriginal bçardingK 
keverthelessI  these  specimens  have  a  sliding  sy  very  lçwI  in  sçme  cases  even  lçwer  than  fçr  
unstrengthened flççrsK qhis validates the ductility çf mechanical cçnnectiçns EnailsI screwsI pinsF used 
fçr dçuble plankingI wççden diagçnals and wççden netsI thus cçnfirming alsç the better çptimizatiçn 
fçr strengthening wççden elements by using the same parent materialK 
 
P.O. Modelling on timber ceilings  
fqAj perfçrmed experimental tests çn specimens alsç built with sçme material taken frçm çld 
buildings EtimberI plankingF; results were used tç calibrate nçnJlinear cb mçdels and parametric 
analysisK iabçratçry experiments cçncerned inJplane cyclic tests çn five timber ceilings under çriginal 
and strengthened cçnditiçnsW çne as bare wççd and ançther including a trçdden earth flççr; the çthers 
are àçist ceilings including a single planking at VM°I with simple bçarding çr with tçngue and grççve 
çne EOR mm thickFI and a diagçnal dçuble planking E4R°I OM mmF EcigK TFK  
qhe specimens are made çf spruce wççd and have dimensiçn çf OKR × OK4 mOK eçrizçntal displaceJ
ments were measured by isaq at the bçttçm and tçp çf the ceilingsK 
 

     
 
 

cig. T tççden ceiling with trçdden earth flççr EleftFI àçist ceiling with dçuble planking ErightF 
 
jaximum lateral capacity and defçrmatiçns were measuredK Best results in terms çf strength were 
achieved by the dçuble planking E4R°F applicatiçn EcigK UFK  
 

 
 

cig. U `çmparisçn çf maximum lçad EkkI upper barsF and displacement EmmI lçwer barsF fçr tested flççrs 
 

 

 
 

 
cig. V aetail çf àçist ceiling mçdelling cig. NM fnfluence çf planking thickness 

Bare timber ceiling 
 
qimber ceiling H trçdded earth flççr 
 
gçist ceiling H simple planking EVM°F 
 

gçist ceiling H dçuble planking E4R°F 

 
gçist ceiling H tçngueCgrççve planking EVM°F 
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qhe mçdel çf timber and àçist ceilings was created in `ljpli envirçnmentI taking intç accçunt 
the elastçJdynamic behaviçr andI thanks tç a specific cçmbined methçdI the cçntact between 
timbersI with and withçut frictiçn EcigK VFK marametric analysis aimed at evaluating the influence çf 
fçur values çf bçarding thickness Efrçm N4 tç PM mmFI representative çf strengtheningI bçth in 
single EVM°F and dçuble E4R°F planking cçnditiçnK qhe final mçdel allçwed calculating the lçcal 
stresses relevant fçr the analysis çf cçnnectiçns and design çf retrçfittingK oesults shçwed that 
hçrizçntal capacity and stiffness increase with planking thicknessI especially fçr PM mmI bçth fçr 
dçuble and single EcigK NMF plankingK 

 
4. pTobNdeTbNfNd lc MAplNov sAriTp 
 

Arches and vaults deserve particular attentiçn in preservatiçn çf `e assetsI as they cçnstitute peculiar 
elements in cçnstructiçnsI fçr bçth structural and aesthetic functiçnsK qhey are particularly vulnerable 
in seismic regiçnI therefçre the investigatiçn çf behaviçur under dynamic actiçns Eçften simulated by 
cyclic lçadsF is essential fçr the definitiçn çf prçper interventiçnsK qç prevent the brittle failure çf 
unreinfçrced arches and vaultsI cçmpçsites materials EcomI pomLdFI are largely applied fçr 
strengtheningI due tç high feasibility and structural perfçrmanceK ptrips çf reinfçrcing materials carry 
tensile stresses and therefçre prevent hinges fçrmatiçn related tç instability failure mçde xNOzK 
bxperimental research and mçdelling analyses in this field are increasing xNPJNRz; neverthelessI 
aspects related tç the prçper design çf interventiçnI çr masçnry transpirability and strengthening 
remçvability EeKgKI use çf qextile oeinfçrced jçrtar – qojI instead çf comFI are still under studyK 
 
4.N. bxperimental tests on voussoir arches 
At rBAqeI three vçussçir arches xNSz and three dçubleJring arches xNTz were tested respectively in 
mçnçtçnic regime and fçr fatigueK pom were applied at the intradçs çr the extradçs çn the whçle width 
EOOIR cmFK `lear span was OMM cmI rise at the crçwn RM cmK jçnçtçnic lçad was applied with sand 
bags simulating the fill; çne abutment was free tç mçve frçm the çther; fçrmatiçn çf cracks and failure 
mçde were mçnitçredK catigue tests aimed at quantifying degradatiçn çf masçnry under cyclic 
lçading; lçad was increased at regular steps after a number çf cycles until failure çccurredK 
 

   
 

cig. NN aebçnding çf pom applied at intradçs EleftF and arch reinfçrced at extradçs ErigthF xNSz 
 
fn mçnçtçnic testsI the use çf strengthening resulted in different failure mçdes in respect tç the brittle 
failure çf unreinfçrced archesW fçr pom intradçs strengthening failure çccurred by debçnding after 
a lçad capacity increase çf VPB; whereas in pom extradçs reinfçrced arches hinges did nçt appear 
until failureI which çccurred after a displacement capacity increase çf NMMB EcigK NNFK catigue tests çn 
unreinfçrced arches highlighted variable degradatiçnI this being measured as permanent defçrmatiçnI 
depending çn the amçunt çf fatigue experienced by the archI as well as the impçrtance çf mçrtar çn 
the glçbal respçnseK 
 
4.O. Modelling of masonry vaults 
rm` mçdelled masçnry vaults in strengthened and unstrengthened cçnditiçns tested at rkfmaK qhe 
experimental prçgram cçnsisted in twç mçnçtçnic tests Eunreinfçrced and reinfçrced with podF and five 
cyclic tests E`comI pomI podI BqojFI aimed at characterizing the perfçrmance çf strengthening 
systems  alternative  tç  the  use  çf  epçxy  resins  as  matrix  fçr  cçmpçsitesK  Barrel  vaults  had  a  span  çf  
PMM cm and the rise at the crçwn çf NN4 cm; pomLd and `com were applied in twç strips Earçund NO cm 
wide eachFI whereas basalt net was applied çn the whçle width çf the vault ETT cmFK An inçrganic mçrtar 
Ehydraulic lime basedF was selectedK ppikes were used tç anchçr the cçmpçsites tç the base çf the vaultsK 
içad was applied at ¼ çf the span fçr mçnçtçnic testsI and at ¼ and ¾ fçr cyclic çnesK 
oesults amçng cçmpçsites systems are cçmpared in qable 4 and failure mçdes are shçwn in cigK NOK 
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Table 4 oesults çn vault testsW lçad and displacement capa city 
 

ppecimen  içading cmax xkkz dmax xmmz cmaxL cmaxIrj dmax L dmaxIrj 

rj  mçnçtçnic NI4M NSITV – – 
podJj  mçnçtçnic NPIRR RMINO VITM OIVV 
podJ`  cyclic NRI4R TMIMS NNIMS 4INT 
BqojJ`  cyclic NOIMU O4IN4 UISR NI44 
pomJ`  cyclic O4IUO OSIUT NTITU NISM 
`comJ`  cyclic NOIVP PMIOO VIOS NIUM 

 

   
 

cig. NO ptrengthened vaults at end çf testW podJ` EleftFI BqojJ` EcenterFI pomJ` ErightF 
 
All cçmpçsites imprçved the lçad and displacement capacity çf the vaultsI lçwest values being 
referred tç BqojI and highest çnes tç pom and podK eçweverI mçrtar matrix resulted in greater 
displacements than epçxy; a significant rçle çf the mechanical anchçring was çbservedI as in all cases 
spikes prevented the shear sliding at the base çf the vaultsK 
qç mçdel the tested vaultsI bçth a macrçJ and micrçJmçdelling apprçach xNUJOMz were adçptedI by 
using the cb prçgram `ljbqK qhe mçdel was calibrated çn the basis çf the experimental results 
çbtained  frçm  the  rj  and  the  pod  casesI  then  parametric  analyses  were  perfçrmedK  jçdels  were  
able tç reprçduce the mechanism çf failure Epçsitiçn çf hingesF and the maximum lçad with a gççd 
apprçximatiçn EcigK NPFK fn particularI micrçJmçdelling can represent cçrrectly the effect çf reinJ
fçrcementK qhe cçmpressive strength çf the mçrtar is mçre influent than the cçmpressive strength çf 
the bricks çn the arch capacityI althçugh highJstrength mçrtars are nçt recçmmended tç be usedI as 
they may lead tç a reduced displacement capacity in the nçnlinear rangeK cinallyI the amçunt çf the 
reinfçrcement affects significantly the capacity çf the archW the sensitivity analysis has shçwn that a 
half çr a fçurth çf the experimental amçunt çf steel fibre reinfçrcement can prçvide sufficient 
strengthening tç the structure EcigK N4FK 

 

  
cig. NP jçdel çf the strengthened arch at failure cig. N4 fnfluence çf external reinfçrcement 

 
R. ClNCirpflNp 
 
qhe çptimizatiçn çf hçrizçntal cçmpçnents as flççrsI vaults and rççfs in existing cçnstructiçn pursues 
a prçper balance çf technçlçgical advancement and preservatiçn requirementsK qraditiçnal 
interventiçn sçlutiçns and materials need tç be revaluated as they still shçw high perfçrmance alsç in 
cçmparisçn with mçdernLinnçvative materialsI as cçmpçsites EcomI pomI etcKFK qhis is particularly 
relevant fçr the strengthening çf flççrsI where dçuble planking resulting in the best imprçvement çf 
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inJplane stiffness and displacement capacity çf flççrsK As fçr vaultsI cçmpçsite strips have a definite 
advantage due tç their high versatility and easy applicatiçn; neverthelessI the use çf selected mçrtar as 
matrix wçuld guarantee mçre cçmpatibilityI durability and remçvability than epçxy resinsI still 
imprçving bçth lçad and displacement capacity prçperly fçr a histçrical cçnstructiçnK 
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