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High resolution operational modal analysis of Sant'Agata del Mugello in light of its building history

he uilding history of ulturl heritge uilding nd the fterEe'ets indued y extreme lods suh s erthqukes hve durle impt on its modl prmetersF his rtile ims to disuss the peulirities of some modl prmeters extrted from mient virtion mesurements in light of the omplex history of nt9egt del wugelloF he omnesque hurh loted in the wugello sin @usnyD stlyA su'ered from mny erthqukesD t lest from ISRPF sn this ontextD we rried out two dense mient virtion mpigns in wrh nd tune PHIWF e extrted eh mode9s nturl frequenyD mode shpeD nd dmping using the inhned prequeny homin heompositionF e idenE ti(ed ten modesF ome modes highlight struturl singulrities relted to the uilding history of the hurhX roking of the se of the ell towerY phse opposition etween the ell tower nd the nveY ending of the wlls of the nveF ine the instrumenttion ene(ted from vst numer of reording positions @VQAD we tested the impt of the sensor plement strtegy on the resolution of the identi(ed modl prmeters in the spei( se of nt9egt del wugelloF he resolution of the higherEorder modes dereses strongly in se of degrded sensor plement strtegy impting the dynmi nlysis of the hurhF Keywords ypertionl wodl enlysisD inhned prequeny homin heompositionD nturl frequenyD mode shpeD dmping rtioD medievl hurhD msonryD sensor plementF Highlights • e performed two in situ mpigns to estimte the modl prmeters of the nt9egt del wugello hurhF • e highlight the impt of the uilding history nd fterEe'ets of historil erthqukes on modl prmetersF • e highlight the impt of the sensor plement strtegy on modl prmetersF

1 Introduction yver the lst dedesD mient virtion tests hve een suessfully used to extrt modl prmeters of uildings in nonEinvsive wyF hese prmeters re generlly used in the ontext of preservtion of the uilding through truturl relth wonitoring @rwA or the estlishment of representtive models for simulting the expeted responseF emient virtion mesurements performed efore nd fter seismi event showed tht the relted dmge hd n impt on the modl prmetersX drop in frequenyD inrese in modl dmpingD modi(tion of mode shpe @eFgF IAF he modl prmeters my lso e impted y the peulirities of the struture quired during its historyX synhronous onstrutionD reonstrution opertionD repirs @eFgF PAF nderstnding how synhronous onstrutions in)uene the modl prmeters is ruil when deling with the numeril model of nient uildingsD espeilly when loted in seismi resF por this resonD in this pperD we investigte the sensitivity of empiril methods hrterizing the modl prmeters to onstrution heterogeneities nd the impt of the sensor setups geometry nd densityF he hurh of nt9egt del wugello ws hosen s se study sine its uilding history hs een exhustively doumented in previous pper QF sndeedD rossEdisiplinry pproh omining strtigrphi nlysis of the hurh9s wlls with informtion extrted from historil douments reveled the synhronous onstrution of the hurh nd numerous repirs ssoited with historil erthqukesF hirteen uilding phses nd VH repir units were identi(edF he questions rising re wht re the modl prmeters of this gulturl reritge uilding nd wht re the links with the uilding phsesc xonEinvsive experimentl tehniques must e usedF emong themD ypertionl wodl enlysis @yweA gurnE tees onservtion nd integrity of the uilding R sine no exittion equipment is needed nd the tests only onsist in mesuring the response of the uilding to environmentl exittions SF ywe is indeed widely used to study onventionl uildings @eFgF TD UAF sts pplition to ulturl heritge uildings inresed in the lst twenty yersF e nonEexhustiveD though quite ompleteD list of histori uildings wellE instrumented in the lst dedes is summrized le IF wost of these studies re foused on spei( omponent of uilding @domeD vultD rhA or on slender strutures like towersD himneysD nd minrets @lmost TS7 of the instrumented uildingsAF ynly few numers of entire historil uildings hve een investigted @hurhD thedrlD siliD pgodAF here re two min resons for thisX the omplexity of the ehvior of the nient msonry nd the omplexity relted to the uilding historyF he lowEresponse level of msonry to mient exittion highlights its omplex ehviorF wny ftors inrese this omplexityX the uilding geometry induing mixture etween )exurl nd torsionl modes VD the presene of mny lol modes interspersed mong the glol modesD the nonE liner ehvior of the msonry even for low stress levels WF esynhronous onstrutionD repirs nd retro(tting interventions hnge the sti'ness properties of the uilding nd then the modl prmeters IHD IIF emong ywe tehniquesD frequeny nd time domin methods re widely used to extrt modl prmetersF por highly unertin prolemsD the two pprohes re used to generte onsistent results @eFgF IPD IQAF por firly regulr nd simple uildingsD the frequeny domin method lone is enough to identify the struture9s mehnil properties IRD ISD ITF sn the se of nt9egt del wugelloD the inhned prequeny homin heomposition @iphhA is used to extrt modl prmeters @the nturl frequenyD the dmping rtioD nd the mode shpeAF his method hs the dvntge of quikly identifying nturl frequeniesF prequeny nd sptil resolution ply signi(nt role in overoming the di0ulties oveF he frequeny resolution is ontrolled y the smpling rte nd the mesurement durtionF st is generlly dmitted tht the mesurement durtion should e t lest PHHH times the nturl period of interest IUF he sptil resolution mostly depends on the sensor plement nd their numerF ynly redued numer of points re generlly reorded fter identifying the optiml sensor plementF fy ontrstD identifying lol ehviors would require n urte sptil resolution for uilding with rih nd omplex historyF sn the spei( se of nt9egt del wugelloD the plement of the sensors is ompromise etween the use of minimum of degrees of freedom nd sensor network dense enough to identify peulirities of modl prmeters indued y the uilding9s historyF o del with this hllengeD two mient virtion mesurement mpigns were onduted t the sle of the entire uilding of the nt9egt del wugello hurh in wrh nd tune PHIWF nt9egt del wugello ws densely instrumentedD llowing the mesurement of PRW degrees of freedom @le IAF qiven the reltive smll size of the hurhD this lrge numer of mesurements is one of the spei(ity of this studyF sn this pperD the resolution of the identi(ed modl prmeters in reltion to the instrumenttion strtegy nd the uilding9s history is disussed in the spei( se of nt9egt del wugello tking dvntge of suh dense sensor distriutionF feuse it is not lwys possile to instll suh dense sensor network inside uilding nd euse it is n opportunity to quntify the impt of our tehnil hoiesD nlyses re performed using fewer mesurement points in order to oserve the impt on the identi(tion of the mode shpesF he pper is strutured s followsF he uilding nd seismi history of the hurh re (rst summrizedF he min onepts of iphh nd the ode used re then rie)y exposedF he two instrumenttion mpigns re presentedD fousing on tehnil hllenges enountered inEsituF he results of the two highEresolution ypertionl wodl enlyses re detiled nd disussed in light of the uilding history of the hurhF sn the lst prtD plement strtegies re tested to disuss their impt on the extrtion of modl prmeters in the spei( se of nt9egt del wugelloF 2

The church of Sant'Agata del Mugello nt9egt del wugello is omnesque hurh @pigF ??envapigsF(gXminipgeID pigF QA loted in the wugello sin QH km xorth of the ity of plorene @usnyD stlyAF es prt of the xorthern epenninesD the wugello setor is hrterized y rther moderte seismiity UPF wugello is n intrmontne sin ordered y two lrge ntitheti norml fult systems where erthqukes hve een reported t lest sine the middle of the ITth enturyF he lrgest historil erthqukes ourred in ISRP @estimted mroseismi moment mgnitude wmw = TFHA nd in IWIW @estimted wmw = TFRAD loted out S nd QH km from the hurhD respetively UQF he ISRP seismi event deeply 'eted the uilding history of the hurhD s desried elowF eismi rises hrterized y shllow erthqukes were reorded in PHHV nd PHHW UR nd more reently in PHIWD whih justi(es the nlysis of the seismi vulnerility of the hurhF et presentD the uilding is omposed of severl prtsX the nveD the entrl pseD two lterl hpelsD nd the ell tower @pigF QAF e loister ws uilt ner the southern fde of the hurhF ine the two uildings re in ontt only in the northest orner of the nveD this study does not onsider the loisterF he retngulr nve @ISFU m × PWFQ mD pigF QA drws its singulrity y its unique wooden frme @pigF PAY its wlls re out HFVH m thikF he entrl pse @ISFU m × PWFQ mD pigF QA nd the two squred lterl hpels @RFR m × RFR m nd RFS m × RFS m for the xorth nd outh hpelD respetivelyA re overhung y vult systemY their wll thiknesses rnge from HFRH m to HFUH mF he ell tower @pigF IA is PI m highF sts pln is lmost squre @TFQ m × TFH mA nd the msonry wlls re IFIH m thikF en inEdepth study of the hurh omining dt found in rhivesD strtigrphi nlysis nd n engineering dignosis highlight n synhronous rhiteturl evolution in terms of geometry nd mteril used @IQ uilding phses hve een identi(edA USD QF he (rst signs of hurh dte from efore the IHth enturyF sn the ISth enturyD the uilding ws only omposed of the nve nd the entrl pseF huring this enturyD the two side hpels were suessively ddedD followed y the ell tower in (nl stgeF he erthquke of tune TD ISRP @estimted mroseismi wmw = TFHD UQA indued plenty of dmgeX the upper prt of the ell tower ollpsed nd rks opened in the west nd est wll of the ell towerF ynly the south wll of the ell tower ws reuilt to its originl heightD hnging the ell tower to vertil vEshpe towerF he outer side of the fdeD the north wllD nd the south wll of the nve re still tiltingF he two lterl hpels ollpsed nd hve een reuilt using di'erent uilding tehniqueF he erthquke of eptemer VD ITII @estimted mroseismi wmw = SFIA indued rks in the vEshpe ell tower nd wekened the upper prt leding the ell tower to its urrent shpe fter n inEdepth reonstrutionF he IWIW erthquke @wmw TFRA did not indue ny dmgeF he rising questions re if nd how this rih omplex uilding history 'ets the uilding modl prmeter to e used for numeril simultionF por this resonD we pplied the iphh tehnique introdued elowF 3 Methods

3.1

Theoretical background of Enhanced Frequency Domain Decomposition he inhned prequeny homin heomposition @iphhA tehnique UT is used to extrt nturl frequeniesD mode shpesD nd dmping rtiosF he input motion x(t) is onsidered s unknownD nd only the output veloity y(t) is mesured @yutputEynly methodAF he reltionship etween the input x(t) nd the output y(t) n e written in the following form UUD UVD UWX

[G yy (ω)] = [H(ω)] * [G xx (ω)][H(ω)] H @IA whereX
• * nd H denote omplex onjugte nd the omplex onjugte trnsposeY

• [G yy (ω)] is the r × r output power spetrl density @hA mtrixD r is the numer of outputs @the numer of reording hnnelsAY

• [G xx (ω)]
is the m × m input power spetrl density @hA mtrixD m is the numer of inputsY

• [H(ω)] is the r × m prequeny esponse puntion @ppA mtrixY he ower petrl hensity mtries [G yy (ω)]D iFeF the pourier rnsform of the orreltion mtries re (rst estimted using the elh method VHD iFeF pourier rnsforms of overlpping regulr windows of the rossorreltion re vergedF he singulr vlue deomposition of these mtries is then performed t disrete known frequenies

ω i s followsX [G yy (jω i )] = [Φ i ] * [S i ][Φ i ] H @PA
where [S i ] is digonl mtrix holding the slr singulr vlues nd [Φ i ] is unitry mtrix whose (rst olumn orresponds to the ssoited singulr vetorF he (rst singulr vlue exhiits pek @pigF REA tht de(nes the nturl frequeny of the mode UW while the ssoited singulr vetor de(nes its shpeF et this stepD the simultneity of the reordings is prtiulrly importnt to identify the mode shpe sine it llows to keep the informtion on the reltive phse etween sensorsF inhned prequeny homin heomposition UW provides etter mode deomposition thn the lssil phh tehniqueF fy ompring the forementioned seleted mode shpe with those ssoited to the surrounding freE queny vlues even in the seond singulr vlueD P @pigF READ the ingle hegree yf preedom @hypA density funtion n e seleted in the singulr vlues using the wodl essurne griterion @wegAD omputed s followsX

M AC = |{φ 1 } H {φ 2 }| 2 |{φ 1 } H {φ 1 }||{φ 2 } H {φ 2 }| @QA
where two mode shpes {φ 1 } nd {φ 2 } re ompredF ingulr vlues elonging to the sme hyp density funtion re seleted for weg vlue ove ertin threshold @here de(ned s VH7AF he identi(ed hyp density funtion tht (ts dt represents the rnsfer puntion of the hyp system @pigF READ hrterized y its frequeny pekF sts snverse pourier rnsform @spA provides the smpulse esponse puntion @spA of the mode UT nd the dmping vlue is then omputed using the rndom derement method @pigF REA VIF he wode gomplexity ptor @wgpA VP n e used to ontrol the omplexity of eh identi(ed mode shpeF st is de(ned sX

M CF = 1 - (S xx -S yy ) 2 + 4S 2 xy (S xx + S yy ) 2 eleq :: mcf @RA
here S xx = Re({φ} T Re({φ})D S yy = Im({φ}) T Im({φ})D S xy = Re({φ}) T Im({φ}) nd {φ} the mode shpe ssoited with the frequeny pekF his vlue evolves etween H @el wodeA nd I @smginry wodeAF he wegity wtl ode proposed y wihel T implementing the pproh mentioned ove ws usedF he ode llows omputing the h mtries of simultneous reordings using elh9s method with rnning winE dowing nd SH7 overlppingF indows with numer of points in the power of P were used to optimize the omputtion of pst pourier rnsformsF VIWP points orresponding to RHFWT s t PHH rz were usedD leding to frequeny resolution of out HFHPR rzF ht were ndpss (ltered etween I nd QH rz using 4th order futterworth (lterF he sptil resolution of our mesurements did not llow us to identify modes ove QH rzF ingulr vlues tht elong to the hyp density funtion for weg threshold greter thn VH7 were seletedF e implement the wgp in the wegity odeF 4 Experimental campaigns wo experimentl mpigns were ompleted in wrh nd tune PHIWF hey onsisted of mesuring the hurh9s response to mient virtions t seleted pointsF o identify sensor plementD we hose essile points (rstF e preliminry model ws then used to selet those whose mode shpes of serhed modes rehed the lrgest mplitudesF feuse of the omplex uilding history of the hurh indued y the synhronous onstrution of the ell tower nd the repirs fter the ISRP nd ITII historil erthqukesD dense network ws designedF e used two types of triExil veloimeters to reord the kground noise veloity ontining virtions of the hurhX T gwqRHEEI @with )t response etween HFP rz to SH rzA nd T viEQhlite wksss @with )t response etween I rz to SH rzAF ht sets were reorded with PHH rz frequeny rteF yne gityshrk ss @IV synhronized hnnelsA PREit quisition system ws used to synhronize T gwqRHEEI in wrh PHIW during the instrumenttion of the ell towerF wo gityshrk ss were used during the instrumenttion of the nve in tune PHIWX one to synhronize T gwqRHEEI nd nother to synhronize T viEQhlite wksssF feuse of the limited numer of sensorsD severl setups were de(ned to reover the entire uildingF e setup onsists of n rry of instruments where the uilding response is simultneously reordedF he two mpigns llowed the mesurements of VQ nodes in the hurhF he reordings t eh node were synhronized thnks to the sensor lok djusted using g otined from q deviesF he struture response is reorded for t lest I hY this is onsistent with n empiril rule given y odriguez IU where the mesurement durtion is reommended to e t lest PHHH times the nturl period of interestD eFgF if the (rst modes of the hurh is expeted round P rzD the mesurement durtion should e t lest IU minF 4.1

The March 2019 campaign he wrh mpign ws foused on the ell towerD the most essile prt of the hurhF st is omposed of S )oorsD nd we mesured R vertil setups @pigF SAF he referene sensor ws loted on top of the ell tower @pigF TED sensor sh I in pigF SAF his provided referene point to normlize nd omine ll the mode shpe omponentsF everl nodes were lso dded t level H of the hurh to detet potentil ending t the sementF The June 2019 campaign he tune PHIW mpign ws foused on the nveF emient virtions were reorded t severl levels @pigF UAX the lower prt of the uilding t ground level @level HAD the middle prt of the uilding @level IAD nd the top prt @level PAD whih is the most likely to reord the lrgest mplitudesF es level I o'ers few possiilities to instll seismometersD only II points were mesuredF his sensor strtegy ws vlidted y omputing the (rst modes of the hurh y using preliminry pi modelF st ws rel tehnil hllenge to instrument level P sine there ws no diret ess @no vults systemAF e hd to use spider eril pltform @pigF VEA with two opertors @one opertor t the top to ontrol the pltform nd one opertor t the ottom to ensure seond visul ontrolAF he sensors were thus instlled on wooden ems s the only )t surfes t level PF elthough wood my 'et the signlD it ws lso impossile to stik ny miniture elerometers to the wll t his heightF he sensors were thus instlled s lose s possile to the wlls of the nve using strps @pigF VEAD preventing the fll of sensorsF here were lso strpped t the top of the olumns of the entrl nve t height of out IH mF he referene sensor ws instlled on the xorth!est em @lotion sh I shown in pigF UAF ensors @gwqRHEEIA were deployed on the ground @level HA t the foot of level P sensors @viEQhliteAF ome sensors were instlled in the middle prt of the nve t the level of the openings in the wllsD or on the ternles when the oupling etween the ltter nd the wlls ws proven @gwqRHEEI nd viEQhlite t level IAF emient virtions were lso reorded in the ell tower sine the interfe etween the ell tower nd the nve is sensitive reF ounding e'ets re indeed expeted sine the ell tower ws uilt fter the nve without ny ovious mehnil linkF e mesured only one vertil line to ompre modl prmeters with those otined in wrh PHIWF ell prts of the hurh hve een instrumentedX the nveD the ell towerD the entrl pseD nd the two lterl hpelsF II setups hve een designedD nd the survey lsted lmost R dysF 

4.3

Signal processing efter time oversmplingD reordings from the P gityshrks were synhronizedF eords were then orreted from the instrumentl responseF sn order to void mpli(tion of the frequeny ontent of the instrumentl noise during the deonvolution proessD ndpss preE(ltering etween HFS rz nd SH rz ws then ppliedF 5 Results of the operational modal analysis of March and June 2019 he iphh tehnique desried in pigF R is used to evlute the modl prmeters of the hurh summrized in le PF pigF W shows the (rst six verge singulr vlues of the h mtries for the R setups reorded during the wrh PHIW mpign desried in pigF SF pigF IH shows the (rst six verge singulr vlues of the h mtries for the U setups reorded during the tune PHIW mpign desried in pigF UF IH peks re identi(ed in the (rst mpign @pigF WAF IP peks re identi(ed in the seond one @pigF IHAF wodes I nd T re oserved on oth surveysF hey re noted IEI @respetively TEIA nd IEP @respetively TEPAF he ssoited mode shpes of the seleted peks nd their hyp density funtion re shown y inresing frequeny in pigF ??D respetivelyF 3 .8 1 4 .8 3 5 .8 2 6 .8 4 8 .5 5 1 0 .7 5 1 3 .9 5 1 8 .7 6 2 .6 1 2 .9 2 Green values correspond to the natural frequencies of the nave that cannot be characterized since the instrumentation is focused on the bell tower.
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Mode Mode description

Frequency (Hz) Damping (%) MCF everl lowEfrequeny peks re identi(ed in the spetrum ssoited with the tune PHIW mpign @peks in lue elow P rz in pigF IHAF hey re not deteted during the wrh PHIW mpign s illustrted in pigF WF he three peks identi(ed t IFPS rzD IFRP rzD nd IFWH rz re present on the T eigenvlues of the h mtrix in pigF IHF hey reh n wgp of HFVQD HFWWD nd HFVSD respetivelyF he pek extrted t IFQR rz is identi(ed only y setups PD RD nd T nd rehes n wgp of HFVRF wo dditionl peks re identi(ed t IFSI rz nd PFHQ rz for ll setups nd reh n wgp of HFUW nd HFVRF ell these wgp vlues lose to I rgue for lssifying these peks s ssoited with nonEstruturl virtion modesF woreoverD the weg omputed etween the mode shpes ssoited with the pek frequeny nd those ssoited with the surrounding frequenies re elow VH7F ell the peks disussed elow hve wgp vlue lose to H identifying them s rel modes @lePAF he spetrum in pigF W highlights pek t f B 1 = PFTI rzF he mode shpe ssoited with this pek is xorth!outh (rst order ending mode @mode IEI in pigF IIEAF iven the sensors t the se of the ell tower depit tilt @sensors TIHD TPHD TQHD TRH shown in pigF SAF pigF IPE shows the wide hyp density funtion ssoited to mode IEIF e pek is identi(ed t f N 1 = PFTS rz @pigF IHA nery the previous frequenyF sts ssoited mode shpe @mode IEPA is shown in pigF IIEF st shows ending mode of the entire hurhF he setup instlled in the ell tower in tune PHIW @sensors TIHD TIID TIPD TIQD nd TIR shown in pigF UA on(rms the ending mode in the xorthEouth diretion s shown with mode IEIF roweverD the prt of the hurh omposed of the nveD the entrl pseD nd the two lterl hpels re ending in phse opposition @mode IEPA with the mode of the ell tower @mode IEIAF he seond ending mode @mode P in pigF IIEA in the est!ist diretion is identi(ed t f B 2 = PFWP rz @pigF WA nd f N 2 = PFWS rzF he hyp distriution @pigF IPEA is lrgely distriuted in the neighorhood of this frequenyF e tilting of the se of the ell tower is gin detetedF he frequeny pek t f N 3 = QFWR rz @pigF IHA is relted to mode Q @pigF IIEdAF he weg test @pigF IPEdA on(rms the mode in wide neighorhood round the pekF his mode orresponds to ending of the north nd south wlls of the nve @pigF IIAF he uilding olumns lso reord this ending ut the sensors instlled in the ell tower do not highlight ny motionF he spetrum in pigF W shows pek t f B 3 = QFVI rz lose to f N 3 = QFWR rzF he weg vlue omputed t f B 3 is however elow VH7F wo losely sped modes re oserved etween RFWT rz nd SFPS rz @pigF IHA relted to mode R @pigF IIEeA nd mode S @pigF IIEfAF he weg is used to disriminte the hyp distriution of these two modes @pigF IPEe nd EfAF e (rst pek is identi(ed in pigF IH t f N 4 = RFWT rzF wode R shows tilting of the hurh fde @pigF IIEeAF his nturl frequeny highlighting mode of the nve is identi(ed in the I spetrum shown in pigF W t f B 4 = RFVQ rzF he weg vlue is oviously too smll to identify mode shpe ssoited to the ell towerF he seond pek is oserved t f N 5 = SFPS rz @pigF IHAF he ssoited mode shpe highlights n opening mode of the hurh @pigF IIEfAF wode T is torsionl mode 'eting the ell tower @mode TEI in pigF IIEgA nd the nve @mode TEP in pigF pigF IIEhA identi(ed t f B 6 = SFVP rz on the spetrum shown in pigF W nd f N 6 = SFVP on the spetrum illustrted in pigF IHF wode U identi(ed t f B 7 = TFVR rz orresponds to seondEorder ending mode of the ell tower towrds the xorth!outh diretion @pigF IIEiAF es for the (rst ending mode of the ell tower in the xorth!outh diretion @mode IEI in pigF IIEAD tilting of the se of the ell tower is lso oservedF he seond order ending mode @mode VA of the ell tower in the est!ist diretion @pigF IIEjA is identi(ed t f B 7 = VFSS rz in pigF WF he tilting of the se of the ell tower is gin oservedF hird order ending modes of the ell tower were lso oserved @pigF WAF wode W is identi(ed t f B 9 = IQFWS rz nd mode IH t f B 10 = IVFUT rzF he two modes re on(rmed with the wide hyp distriution @pigF IPEkD lAF 6 Discussion about the modal parameters he modes of the hurh re now disussedD pying ttention to the modes peulirities in reltion with the uilding historyF he lowEfrequeny peks elow P rz @pigF IHA re undoutedly relted to trnsient souresD not re)eting norml mode ehvior of the strutureF pirstD they reh wgp vlues lose to ID identifying them s imginry modesF eondD they do not pper mong the singulr vlues of the h mtries of the wrh PHIW mpignF ih pek presents peuliritiesD moreoverF eks t IFPS rzD IFRP rzD nd IFWH rz re present on ll h mtrix eigenvluesD proving tht they do not hve struturl ut n nthropogeni originF he IFQR rz pek ppers only on setups PD RD nd TD whih were reorded during wter pump loted SHH m from the hurhF pinllyD the hyp density funtions ssoited with the peks identi(ed t IFSI rz nd PFHQ rz re not onlusive @only one frequeny point orresponds to the sme seleted modeAF f B 1 nd f N 1 orrespond to the sme nturl frequeny of mode IEIF he slight di'erene in frequeny @δf = 0.04 HzA is likely relted to the di'erent wether onditions etween the two surveysF grried out t the end of winterD tempertures round 10 • C nd signi(nt wind gusts hrterized the wrh PHIW surveyF yn the ontrryD the tune PHIW survey ws onduted under tempertures round 35 • C with no windF sf modl prmeters provide informtion out the overll ehvior of the hurhD they lso give more lolized informtionF es n exmpleD mode IEID mode PD mode UD nd mode V show roking ehvior of the ell towerD whih my indue oil!truture sntertionF woreoverD it is ruil to onstrin etter the oundry onditions etween the ground nd the hurh in the se of n optimiztion proess of numeril modelF he phse opposition etween mode IEI nd mode IEP highlights the wek mehnil oupling etween the ell tower nd the nveF his oservtion is supported y strtigrphi nlysis provided in previous study Q demonstrting the lte onstrution of the ell tower t lest three enturies fter the nveF ynly mortr joint etween the ell tower nd the northern wll of the nve ws identi(ed Q whih ould indue the oserved modeF wode IEP highlights thus the profound impt of the uilding9s history on its dynmi ehviorF st lso emphsizes the importne of setting up synhronous mesurements ommon to the nve nd the ell tower sed on previous strtigrphi nlysisF he wek oupling etween the ell tower nd the nve n lso e seen with mode Q @f N 3 = QFWR rzAF he sensors present in the ell tower do not register ny movement even if the pek is lso deteted t QFVI rz @pigF WAF wode R nd mode S re omptile with the titling of the min fde nd the southern nd northern wll of the nve indued y the ISRP erthquke s oserved thnks to the strtigrphi nlysis QF hese two modes n potentilly tivte the tilting of the three wlls mking the nve vulnerle ple in se of n erthqukeF he upper prt of the mode shpe of mode S is not homogeneously distriutedF es n exmpleD sensors IPIQ nd IPIS @sensor t level P in the northern wll shown in pigF UA show reltive displement tht is smll ompred to wht would e expeted for n opening modeF he reording environment my e the use of this phenomenonF he sensors in the upper prt hd to e instlled on the ems of the wooden frme in the sene of nother possiilityF his inreses the unertinty of the mode identi(tion nd is limittion of the studyF he two thirdEorder ending modes identi(ed @modes W nd IHA reh the sptil resolution limit llowed y the sensor setupsF he dmping vlues etween HFIW7 nd PFTW7 re onsistent with the litertureF e notie tht the dmping vlues re lower for the higherEorder modes thn for the lower onesF st n e explined y the di0ulty in identifying dmping vlue to (t the spF his vlue vries minly depending on the time window seleted to (t the urveF e lso oserve shift in the dmping vlues etween the nve nd the ell tower for the sme modesF his shift n e explined y the di'erenes in onstrution tehniques used in these two prts of the uilding QF he wether onditions ould lso hve in)uened the resultsF his is topi for further studyF feyond the identi(tion of the modl prmeters of the hurh of nt9egtD the results show the impt of the onstrution history of the hurh on its ehviorF sndeedD Q modes out of the IH identi(ed ones re diretly relted to the hurh9s pst @modes ID R nd SAF st rises questions out the instrumenttion strtegy9s e'etiveness in identifying suh fundmentl singulritiesF e propose elow rief re)etion on the impt of the instrumenttion strtegy on the identi(tion of these singulritiesF 7
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The impact of the setup design elthough the optiml sensor plement for virtion mesurements is not the ojetive of the workD we tke dvntge of the high numer of sensors used in the two instrumentl mpigns s feedk to disuss the impt of the sensor plement imposed y the mesurement onditions on the modl prmeters identi(tion nd more spei(lly on the mode shpeF wo riteri re usedX the utowodl essurne griterion @utowegD VQA nd the goordinte wodl essurne griterion @gowegD VRAF he utoweg onsists in omputing the weg riterion @iqF IPA of the sme modl seD here the experimentl oneF sn prtiulrD it llows heking the ility of the sensor system to preisely seprte the modesF sf two eigenmodes re orretly identi(ed through iphhD the weg should e lose to zero sine they re orthogonlF sf the numer of sensors is insu0ient or poorly positionedD the orthogonlity of two eigenmodes will not e deteted orretlyF sn this wyD utoweg is n e0ient riterion for evluting the relevne of sensor plement strtegy t (rst orderF e more detiled pproh n e mde using the gowegF he goweg is lol mesurement of the similrity etween the two modl ses for eh degree of freedomF e use this riterion to ompre modl ses otined from di'erent sensor plement strtegiesF sts expression is the following for the degree of freedom qD with r the mode numerD nd N m the numer of mode pirs forming the two modl ses {Φ} nd {Ψ} X

CoM AC(q) = Nm r=1 |Ψ r q Φ r q | N Nm r=1 (Ψ r q ) 2 Nm r=1 (Φ r q ) 2 @SA 7.1
The March 2019 campaign he sensor plement strtegy @fHA using PI triExil sensors @TQ hopsA pplied during the wrh PHIW mpign is shown in pigF IQEF pigF IRE illustrted the utoweg mtrix for the fH strtegyF he orreltion etween the modes of the sme modl se is less thn RH7F he highest orreltions re only for pirs of modesX mode IEIGmode U @QSFH7A nd mode PGmode V @QUFQ 7AF fy ontrstD n lterntive strtegy fI @pigF IQEA using only S triExil sensors @IS hopsA is testedF his sensor plement strtegy is often used s miniml on(gurtion to identify the (rst modes ISD TRF he utoweg mtrix of the fI strtegy @pigF IREA shows gin weg vlues elow RH7 etween the pirs of modes of the experimentl seF roweverD the weg vlue is higher for some mode pirs for the fI strtegy thn for the fH strtegyF es n exmpleD weg@{φ 1-1 }, {φ 6-1 }A = ITFH7 in fI strtegy wheres weg@{φ 1-1 }, {φ 6-1 }A = HFHP7 in fH strtegyF he goweg is now omputed to nlyze the impt of the design setup on the mode shpe identi(tion t the sle of the degrees of freedom ommon to oth strtegies fH nd fI @pigF ISAF st ws lulted ording to iqF S onsidering n inresing numer of modes N m rnging from I to U modes mong mode IEID mode PD mode TEID mode UD mode VD mode WD nd mode IH orresponding to the modes of the ell tower @(rst nd seondEorder ending modes in the two orthogonl diretions nd the torsionl modeA identi(ed during the wrh PHIW mpignF sn generlD we oserve high orreltion when the (rst mode lone is onsidered @N m ∈ [1, 2]AF por eh sensor positionD the goweg dereses when the numer of ompred modes @N m A deresesF hose results re hrteristi of the drop in sptil resolution of the sensor plement strtegy for higherEorder modesF por the x degree of freedom @xorth diretionAD the orreltion remins ove VS7F por the y degree of freedom @est!ist diretionAD the mode shpe orreltion otined t nodes I @level R of the ell towerA nd TPP @level P of the ell towerA re lower thn VS7 s soon s three modes re onsidered in the goweg lultion @N m = 3AF he minimum orreltion is TU7 t node TPP when N m = 4 modes re used in the lultionF he goweg vlue of the degree of freedom z @vertilA undergoes the lowest orreltionF st shows the lowest vluesX RS7 orreltion t node TPP onsidering N m = 6 modesF 7.2

The June 2019 campaign trtegies of instrumenttion of the nve xH nd xI re ompred @pigF ITAF xI is n lterntive strtegy with less sensors @pigF ITEAF sn the xI strtegyD level P is not instrumentedF sn other wordsD this strtegy orresponds to the position tht the sensors would hve hd if the spider eril pltform hd not een usedF e oserve tht weg@{φ 1-2 }, {φ 3 }A = RVFR7 @pigF IUEAF por the other pirs of modesD the weg is less thn IFT7F he utoweg of xI shows tht only R modes @mode IEPD mode QD mode R nd mode TEPA omposed the modl se @pigF IUEAF he lterntive xI strtegy does not llow to identify mode SF he pir of mode modeIEPGmode Q presents the most importnt weg vlue @QRFU7AF he other weg vlues re lower thn IFT7F pigF IV shows the vlue of the goweg lulted from the two experimentl ses of the two strtegiesD xH nd xIF his vlue only tkes into ount N m = 4 modes sine mode S ws not deteted y the xI strtegyF gonsidering only mode IEP @ending mode of the nveA identi(ed y oth strtegiesD the goweg shows strong orreltion for ll degrees of freedomF hen mode IEP nd mode Q @)exurl mode of the nve in the xorth!outh diretionA re used @mode IEPD mode QAD the goweg vlue drops for the y nd z diretionsF sn the y diretionD the minimum orreltion level @THFS7A is rehed for sensor RIPH @sensor instlled t level I in the south orner of the fde of the nveAF roweverD it remins ove VH7 in the zEdiretionF hen N m = 3 modes re used @mode IEPD mode Q nd mode RAD the goweg keeps high vlue ove UW7 whtever the degree of freedom onsideredF hen ll modes re used @N m = 4 with mode IEPD mode QD mode R nd mode TEPAD lrge vrition of the goweg vlue is oservedF PV degrees of freedom hve goweg vlue lower thn VH7 @IU7 of the degrees of freedom of the xH strtegyAF 8

Discussion about the setup design he utoweg mtrix of the fH strtegy on(rms the ility of the sensor plement strtegy used during the wrh PHIW mpign to seprte the U modesF por the fI strtegyD even if the seprtion of modes sueededD we note tht the density of sensors strongly in)uenes the seprtion pityF he fI sensor plement strtegy provides orreltion of IT7 etween ending mode @mode IEIA nd torsion mode @mode TEIAD while the fH strtegy identi(es the orthogonlity etween the two modesF woreoverD the vlue of the goweg drops when integrting the higherEorder modes @from mode TEIAF his demonstrtes tht the identi(tion of mode shpes of the higherEorder modes re di'erent from sensor plement strtegy to notherF st highlights the importne of high enough sensor density to identify mode shpes orretlyF his di'erene n hve signi(nt imptF sn the ontext of truturl relth wonitoringD n inorret evlution of the mode shpes n hve onsequenes on the interprettion of the dynmi ehvior of the uilding nd the interprettion of potentil dmgeF wodl prmeters re often used in virtionEsed model updting to updte numeril modelsF he mteril properties of the model re then optimized y minimizing the di'erene etween the experimentl nd the numeril modl prmeters extrted from the modelF e lower sensor density dereses the sptil disretiztion of the mode shpesF hese mode shpes otined with poorer resolution will indue is in the numeril optimiztion of the model prmeters @oundry onditionsD F F F AF feyond the evlution of modl prmetersD the referene fH strtegy performed during the PHIW wrh mpign identi(ed roking of the ell tower seF his informtion n led us in future works to model the interfe etween the ell tower nd the ground nd updte its rigidity s oundry onditionF his tilting is not deteted y the lterntive fI strtegyD whih ginD indues loss of informtion either on the ehvior of the struture or to lirte the oundry onditionsF he utoweg shown in pigF DIUE demonstrtes the ility of the strtegy used during the tune PHIW mpign @xH strtegyA to seprte the modes orretlyF elthough mode IEP is identi(ed in xID the lk of sensor t the top of the nve does not llow su0ient resolution to oserve the mode shpe of the nveF sn prtiulrD the pplition of xI would hve led to the impossiility of identifying the opposition phse etween the nve nd the ell towerF his hs ruil impt on the hurh9s vulnerility ssessmentF ine the informtion is missingD this n led to mjor error in the modeling proessD induing is in the simultion of the seismi response of the hurhF he seond limittion of the xI strtegy is its inility to detet mode SF st indues trunted knowledge of the dynmi ehvior of the hurhF wode S is prtiulrly importnt sine it n potentilly tivte preEexisting tilting of the north nd south wlls of the nve indued y the ISRP erthquke QF he use of the only other modes deteted y the lterntive strtegy xI @mode IEPD mode QD mode R nd mode S shown in pigF IIA shows derese of the goweg vlue when higher frequeny modes re tkenF he sene of sensors in the upper prt of the nve @level PA strongly impts the qulity of the mode shpeF his leds to the sme onsequenes s for the previous strtegyF elterntive strtegies hve een tested y removing sensors in the lower levels @supplementry mterilAF e slight di'erene in orreltion is noted etween these lterntive strtegies nd the xH strtegyD highlighting the importne of densifying reords in the highest prt of the uilding ginF 22

Conclusions his pper fouses on the struturl identi(tion of the medievl hurh of nt9egt del wugelloF his gulturl reritge uilding hs rih nd omplex onstrutive historyF he ell tower ws uilt t lest Q enturies fter the nveF he erthquke of ISRP used tilting of the wlls of the nveF wny repir opertions followed over the enturies QF wo dense mient virtion mpigns were performed in wrh nd tune PHIWF he modl prmeters ssoited with IH modes were extrted using the inhned prequeny homin heomposition tehniqueF he wrh PHIW mpign llowed dense hrteriztion of the ell towerF U modes hve een extrtedF he tune PHIW mpign imed to instrument the whole hurhF he mjor tehnil hllenge of this mpign ws the instrumenttion of the upper prt of the nveF e spider eril pltform ws used to instrument the wooden frme of the hurh s lose s possile to the wlls of the nveF his opertion llowed us to identify Q dditionl modes @mode QD mode RD nd mode SA nd to detil P modes identi(ed during the wrh PHIW mpignX the ending mode IEP ssoited with the ending mode of the ell tower mode I nd the torsionl mode TEP ssoited to the torsionl mode of the ell tower mode TEIF e show tht the peulirities of some modes @mode ID mode RD nd mode SA n e explined y the onstrutive history of nt9egt del wugelloF he pounding e'et indued y mode I is relted to the lte onstrution of the ell towerF he ending of the three externl wlls of the nve @modes R nd SA grees with the )exurl nd torsionl modes of the hurhF light tilting of the ell tower se ws identi(ed with the (rst ending modes of the ell tower @mode I nd mode PAF his informtion will e essentil to onsider for modeling the soil!struture intertion nd updting the oundry ondition of future digitl modelF his study provides the opportunity to retrospetively test the impt of severl si sensor plement strtegies on the resolution of the identi(ed modl prmetersF sn the spei( se of nt9egt del wugelloD we hve oserved tht minimlly designed sensor plement strtegy fils to detet spei( modes @no detetion of mode S using the xI strtegy or indue drop in resolution in the identi(tion of some modesF he phse opposition of mode I!P is deteted thnks to the dense instrumenttion of the interfe etween the nve nd the ell towerF he instrumenttionD lthough di0ultD ws therefore of deisive importneF his se study on(rms tht the level of knowledge of the onstrutive history is n essentil ftor to hve etter understnding of the dynmi properties of the uilding onsistent with sgywy guidelines RF e reommend then densifying the numer of mesurements ner the rhiteturl disontinuities of the uildingF sn the se of nt9egtD this onerns the res tht hve een reuilt @upper prts of the nveA t the interfe with the ell towerF sn future workD the experimentl modl prmeters nd the knowledge of the onstrutive history of nt9egt del wugello will e used to updte unertin struturl prmeters like the mteril properties of the min uilding phses Q nd the oundry onditions @interfe etween the ell tower nd the nve or etween the ell tower nd the groundAF his model will e used for (rst evlution of the vulnerility of the hurh for low seismi lodsF he studies of sensor plement presented in the spei( se of nt9egt del wugello ould e improved y using dedited yptiml ensor lement strtegy VS inluding fetures given y the onstrutive history of the uildingF 10 his work ws funded y snstitut de dioprotetion et de ûreté xuléireD iole xormle upérieure nd the progrm elluEevie of sxEgxF 11 Supplementary material his ppendix detils two dditionl lterntive strtegies tested lled xP nd xQF he strtegy xP intended to instrument one wood em out of two @sensors IPIPD IPIRD IPITD IPPPD IPPR nd IPPT were removed from level PD pigF UAF wode S ws suessfully identi(ed ut lso led to derese in the orreltion etween modes ompred to the xH strtegy t the sle of degree of freedom @pigF eF IAF goweg dey involves fewer sensors thn the xI strtegyF he sensors onerned re minly in the two lterl hpels @SHIID SHPID nd QHIIAF he vlue of the goweg etween the two modl ses for ll degrees of freedom positioned on the ems of the wood frme remins greter thn VH7F st mens tht the xI sensor plement strtegy hd smll impt on the qulity of the mode shpesF he strtegy xP is thus urte enough to identify modl prmetersF he sensor plement strtegy xQ exluded sensors from level I @sensors IIITD IIPID IIPQD IIPSD nd IIPT re removed from level IAF ynly very slight drop of the goweg hs een noted @pigF fF ID the vlue of the goweg is higher thn WS7 whtever the degree of freedom onsideredAF his strtegy hd smll impt on the qulity of the mode shpes ginF 
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 1 Figure 1: External view of Sant'Agata del Mugello (Di Mongolo1984 -Opera propria, CC BY-SA 4.0.

Figure 2 :

 2 Figure 2: Internal view of Sant'Agata del Mugello (Photos credits: Maria Lancieri).

Figure 3 :

 3 Figure 3: Plan of the Sant'Agata del Mugello church (adapted from [3]).

Figure 4 :

 4 Figure 4: (a) Evolution of the rst and second singular values (SV1 and SV2) in the case of the bell tower of Sant'Agata del Mugello. Red and green dots correspond to singular values for which the MAC value between the mode shape associated with the frequency peak (2.61 Hz and 2.92 Hz) and the mode shapes of the surrounding frequencies is over 80%. (b) SDOF density functions of the rst bending mode were extracted using the MAC. (c) IFT of the identied SDOF density function provides the Impulse Response Function of the mode.

Figure 5 :

 5 Figure 5: Location of the tri-axial sensors during the 2019 March survey in the bell tower. The reference sensor is shown in red. Numbers correspond to the ID of sensors used. The coordinate system for recordings is oriented along the North building reference shown in Fig. 3.

Figure 6 :

 6 Figure 6: The tri-axial sensors (CMG40-T-1) in the bell tower during the March 2019 campaign. (a) Reference sensor installed at the top of the bell tower (node 1 in Fig.5). (b) Sensor installed at level 1 of the bell tower (node 631 in Fig.5). The location of the two sensors is depicted on a plan on the right of the gure. (Photos credits: Arnaud Montabert)

Figure 7 :

 7 Figure 7: Location of the sensors during the June 2019 survey in the church at three levels. Level 0 : the ground oor, level 1: openings and tabernacles, level 2: wood frame of the church. 5 seismometers were also installed in the bell tower. The reference sensor is shown in red.

Figure 8 :

 8 Figure 8: Location of the sensors during the June 2019 survey. (a) Use of a spider aerial platform to install sensors on the beams of the wooden frame with two operators. (b) LE-3Dlite MkIII strapped on a beam at level 3. (c) Installation of a sensor on one of the three windows of the church. (d) Installation of a sensor on a tabernacle in the south side chapel. (e) Installation of a sensor (CMG40-T-1) on the ground oor. We specify the location of the ve seismometers in the plan of the church on the right in the Figure. Photo credits: Hélène Lyon-Caen (a, c) and Arnaud Montabert (b, d, e).

Figure 9 :

 9 Figure9: Evolution of the 6 rst average singular values (SV1, SV2, SV3, SV4, SV5, SV6) of the Power Spectral Density matrix extracted from the 4 setups in the bell tower (March 2019 campaign) as a function of frequency. 10 peaks are identied. Red values correspond to the identied natural frequencies of the bell tower. Green values correspond to the natural frequencies of the nave that cannot be characterized since the instrumentation is focused on the bell tower.

Figure 10 :

 10 Figure10: Evolution of the 6 rst average singular values (SV1, SV2, SV3, SV4, SV5, SV6) of the Power Spectral Density matrices extracted from the 7 setups in the nave (June 2019 campaign). Red values correspond to the natural frequencies of the nave. The green value corresponds to the natural frequencies of the bell tower that cannot be characterized since the instrumentation is focused on the nave. Blue values highlight frequencies of non-structural modes, as explained in the text.

Figure 11 :

 11 Figure 11: Mode shapes are associated with the selected peaks of the singular values extracted from the singular vector matrices. Dashed gray lines highlight the setup strategy. Black lines are related to the extracted mode shape. The black arrow indicates the North building reference.

Figure 12 :

 12 Figure 12: MAC evaluation close to the picked peak associated with the identied mode. The red dots correspond to the frequencies of the rst singular value belonging to the same SDOF density function. The green dots correspond to the frequencies of the second singular value belonging to the same SDOF density function.

Figure 13 :

 13 Figure 13: a Strategy SB0: setup design used in March 2019. b Strategy SB1: alternative setup design for the survey in March 2019.

Figure 14 :

 14 Figure 14: a AutoMAC related to strategy SB0. b AutoMAC related to strategy SB1.

Figure 15 :

 15 Figure 15: CoMAC between the nodes common to strategy 0 (SB0) and strategy 1 (SB1). Each column corresponds to the degree of freedom of the considered sensor (x, y, z). The sensor number is indicated on the x-axis. The N m = 7 modes are used to compute the CoMAC.

Figure 16 :

 16 Figure 16: a Strategy SN0: sensor system used in June 2019. b Strategy SN1: alternative sensor system used to perform OMA from the survey in June 2019 by removing the majority of sensors of level 2 that are inaccessible without the spider aerial platform.

Figure 17 :

 17 Figure 17: a AutoMAC related to strategy SN0. b AutoMAC related to strategy SN1.

Figure 18 :

 18 Figure 18: CoMAC between the nodes common to stategy 0 (SN0) and strategy 1 (SN1) of the 2019 June campaign. N m = 4 modes are used to compute the CoMAC. 22

Figure

  Figure A. 1: CoMAC between the nodes common to stategy 0 (SN0) and strategy 2 (SN2) of the 2019 June campaign. N m = 5 modes are used to compute the CoMAC.

Figure

  Figure B. 1: CoMAC between the nodes common to stategy 0 (SN0) and strategy 3 (SN3) of the 2019 June campaign. N m = 5 modes are used to compute the CoMAC.
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	Slender structures			Complex structures	
	Building name		DoFs	Type	Building name	DoFs	Type
	Mogadouro Clock tower [18]	54	tower	St.'Agata del Mugello [19], this	249	church
					study	
	Hagia Sophia's bell tower [5]	48	tower	Cathedral of Santiago [20]	234	cathedral
	St. Silvestro Belfry [21]	40	tower	Notre Dame de la Gorge [10]		church
	Vistula Mounting Fortress'tower [22]	36	tower	St. Maria Di Collemaggio basilica [23]		basilica
	Palazzo Margherita's tower [24]	30	tower	St. Mary's basilica [8]		basilica
	Annunziata church [25]	26	tower	San Francesco church [26]		church
	Tokoname's chimney [27]	26	chimney Jagannath Temple [28]		pagoda
	Announziata's bell tower [29], [30]	24	tower	St. Torcato church [16]		church
	Monza Cathedral's bell tower [31]	20	tower	St. Maria Assunta Cathedral [32]		cathedral
	Porto's chimney [33]		20	chimney church of Monastery of Jerónimos [18]		church
	Torre delle Ore [34]		18	tower	Palazzo Margherita [35]		palace
	Ancient water towers [36]	18	tower	Yechheswor temple [37]		pagoda
	The Bell tower of S. Giovenale's cathe-	18	tower	Salan Ganesh temple [37]		pagoda
	dral [38]					
	The bell tower of S. lucias's church [39]	16	tower	Santa Maria Maddalen [40]		church
	Manjaq Al-Yusu minaret [41]	15	minaret Visitazione church [42]		church
	St. Giorgio church [43]	13	tower	San Giuliano [42]		church
	San Frediano bell tower [44]	12	tower	Nyatopol temple [37]		pagoda
	St. Maria Del Carmine's bell tower [45]	12	tower	San Pedro Apostol church [46]		church
	Vilnius Arch-Cathedral Belfry [47]	12	tower	San Juan Bautista church [46]		church
	The Trajan column [48]	11	Column Palazzo Pica Aleri [49]		palace
	St. Maria del Carrobiolo [14]	10	tower	St. Maria delle Grazie [38]		church
	The minaret of Hagia Sophia (1,2 and	9	minaret Madonnina della Neve [38]		church
	3), Yeni Cami, Akbyk, Mihrimah,				
	Rüstem Pasa, Süleym (2) and ehzade,				
	[50]					
	Crisanti-Diodoro's chimney [51]	9	chimney Chiesa Collegiata's bell tower [15]		church
	Capua's Dome bell tower [52]	8	tower	Armenian church [53]		church
	Matildea tower,	Pomposa Abbey	8	tower	Regina Montis Regalis basilica [55]		basilica
	and San Giorgio Cathedral and San				
	Benedetto church Belfry [54]				
	St. Justa and Runa's bell tower [56]	8	tower	Mexico City Cathedral [57]	8	cathedral
	The minaret of Prince Shaykhou [58]	8	minaret Radha Krishna [59]	6	pagoda
	The tower of Soncino [60], [61]	7	tower	St. Maria in Aracoeli church [62]	4	church
	Torre Grossa [63]		7	tower		
	Duomo di Milano's main spire. [64]	6	tower		
	Nuestra Señora Candelaria de la Viña	6	tower		
	[65]					
	The St. Andrea bell tower [66]	6	tower		
	Howa's and Iwata's chimney [67]	6	chimney		
	Aversa's Dome bell tower [52]	4	tower		
	Chiesa della Maddalena's bell tower [68]	4	tower		
	The Febonio tower [69]	3	tower		
	The San Maggiore cathedral [70]	2	tower		
	Nuestra Sra. de la Misericordia's bell	2	tower		
	tower [71]					

Catalog of well instrumented cultural heritage building. The studies on slender structures are summarized on the left whereas those on more complex whole structures are summarized in the right column. DoFs indicate the number of degree of freedom measured.
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