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Fault 2SHEKapWwaajkeecrt ;etQUalt er n2031fault &tBwacohladi
et al ., 2022, 202 4; SeiRomaigeat (Rreigd oMamnaf stuhe
Martelli .estuchl knoWwbOtd@pe is oescieani afi motindear gt

ear t hglumatk e a | ssuoc c e isnftuelglryat i ng surface rupture I

assessments and infrastructure planning.

Mor epveecent international ofurndéssthawvei rsg ¢
modeldfi ngurface ruptures through the creation
standardizing empirical andtpeobhakzialridswliicheapp y
fault displacement. Fault displacement hazard

se
des
Energy Agencyn 2016, wdpodhe dcthievenost rel evant in
(Surface Rupt ur eBsaidzuee ettomnal atr,h d2gaza0k ersdN urr enli enaesne S
et al). ,an2d02F2DHI ( Faul t Di sSalranti eemmet not dehtta adala.sl,e $2n0i 2t 4

smic fault diswi akkepmyerntachhags e de ogr oegdessi on
cribing the spatial di stripeatg.on lamtde rorcectuira

The SURE database is a global, unified repo:
from 50 historical wamldd wiétdteerftoc eaaesthaguakresspt ur
measur ement s, providing detailed gepoeph@d s;ma.l, da
di spl acement components with associated uncert .
etc.). One of its key Oo6katheaptaoscedekebmsesi §i €Ca
secondary, €es)ggwhedhraptows regseapbere patte
witdhimeglkiosobigccal framewor k. I'ts primary object
the relationship between earthquake magnitude :
probabilistic fault displ ackemh®&WhRE 2h a0z adradt aabnaasl ey sii
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https://diss.ingv.it/mapper/
https://seismofaults.eu/efsm20
https://gbank.gsj.jp/activefault/search
https://usgs.maps.arcgis.com/apps/webappviewer/index.html?id=5a6038b3a1684561a9b0aadf88412fcf
https://usgs.maps.arcgis.com/apps/webappviewer/index.html?id=5a6038b3a1684561a9b0aadf88412fcf
https://data.gns.cri.nz/af/
https://www.regione.fvg.it/rafvg/cms/RAFVG/ambiente-territorio/geologia/FOGLIA35/

initiative for est atltol irsehpiancgy uat unsefilamd a4 i digvd alch t fad rsma
aut horisnbg racn\ki @ a bl ecso ntt o lnpubadbbees adgaet a baa shei gahients laetv e |

of detail in the mawipémgdeoad iirsutgrtiwdruetie d ercuppetrcyi rael si.y
tsupdated viheadseeom,r elartggani zed to ensure that each
to a mapped ruptur e, with the aimreflmghi@portin
uncertainties on the |l ocation.

The FDHI c¢omontdimpwatvled Uni versity ofsCdéesigneda

to support the development of probabilistic disc¢g
dat aset s, including surface ruptures, field and
topography i nformati osn,ansdei dgimop loggd ermaed ntt @ aphraonfeit le e
datasets) of 75 historical ansgt moseen tele t hmppak:

standardi zat-banl dainndg, modleldes suppl ementary me t

coll abor amode lclwinimuntihey. This approach aims to el

applicabil i toy iiemtendgihmearidn@assessments.

Due to differences in data structure, termin:
t hough, direct i ntthe®rUoRpEe r amd | iIFDHI betawasmt s i s C
Nonet hel ess, both databases represent valuabl e t

produced surface ruptures after 1872 (Owens Vall
dat abTals®lea ) aaget ¢ lesrsefnd el h@izatride assessment becau
pal eosei smol ogildalasstruedcieenst, 6aasutvacasar cponseal cds a
during tulfe 32 Q0nPag Mhisbheodc k2 018 AMatrrciiae eart hquake s
Bonci o et al ., 2010howicobetr smitwale. pr2de8)enti al l

ground surfexdestdlngndg apuld segment s.

Building on these datasets and conceptual ad:
managi ntgh aatp @darsent i al |y affected by surf,acheavieaul t i
been recenel,g.ippubNev Meaalsamg for t he )Emvitrhoen ment
USAAI(qui st Pr)opl andlA¢lteg hh@@Bly Commi ssion on Seis
201lbhesei gmind ng efforts (e.g., fault avoidance z
t o i nf eursme Ipanadn ni mgt iaghadt i ©ip$ lkeasnedn t an i mportant

operationalizing fault displacement hazard asses

Within this broader framewor k, howewherc,h criti
of treerg umorrees det aspbedi &nd evaéuations. At the inte
Gui de(lei.nge.s, I nternational Atomhav &slktegys hgeneprd 2
t asscasmabl ewhenu Iptinanogh e ag paonwde rw apsltaenlirse gsdismlitygarri e s

appr olnxzvhesxe ema edtylperndbf assvalctas el arge(and. strat
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Chapté&enér al introduc:

Basili eTheasle. ,dok@uin@Ee)nieasmlimymend characperoeiteg ac
selection and pepvalinde faul terdissphaerdmemt ghkad arg
sei smological, and geomorphol ogi cal evidence.
parameters such as fault slip rate, recurrence

assessments and Suemmtud ma otr ¢ r udztaiti rsae toenl Isyer yeij re c 4 ii to @

andrehecation of the. planned infrastructu

This approach i s genoersaidieyrrebde s ubt earreelfabast b
ext(egntnstampet o ki fepmbtsquarpd emeni ascendbheadecomds vy
more challengingniwhaesexeaeathdngg wi ohgi tudi nally ¢
t hous akidlsoneeitreasss gdoVvepgéeal and tsaeictho raibce doansaei |
pipelinespopaamiddtwearnyeyancdt bec sldtiemecasr i nfrastrr
Tlkeierl ongated shape geameltead { waXxipratpensd ddailennoawmidt/ h
mo rAeCEs daecument ed Ikxywsoaferil mfwi @€t ructure damage
surface ruptures, either due to displ drciegnuernee on
12.In seismotectoni cfat &yt racdti wreg srtteegga aal nse jacddl nfnaout |t
crossinagsthat mpoadctdi cbael due to econaogmias,onsopo
Therefore, the engineering strategy should shi"
identifying potential fault¢thar act edndgzo fadtalndyea rhe
terms of exact |l ocatitoon fainmplflaynd nt paap parnoeprrii aztae
constructi oand abhpete s maexs mMudaaebti matvgd &¢ @md mtes pot «
def or mateindih hieexg,artClae i f or-8paedi Gthai n Proj ect Te
Waggoner )otutdliamem20haddolfooyri ciant sagrpatt@laapghae d inct i v
framewemkp haarsd zes the need for fault displ aceme

of i nienafrrastructure planning.
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Reverse Faulting

Faulting

Strike-SI

Normal Faulting
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L2-&Ex ampl es o fadiamfargees tcmraucsteids hiy@ c e, rdulpeb dthae el acement on tF
nci paodl ifdaullitneg wi tshuckhi n€€dma€Chit g msi gaskde aKathgmamkremar aand o
sidiary synthetic or antithetic fault pl a@Glken (stuchl as (
Day th bri lwangokRPa@apd®peaddm c olclhaip seea rdtohkogsunagk ee;hea Chi (119 ¢

e
he rddislpvdayr éldignet he | Ammdan eat tfleodru atk(fee0 2rdaniullduseyd nlgi n e
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Chapté&enér al introduc:

20pen quasdiehmshe project

There are three main open quest iwhnscht heare rvgi

rom |l iteratukeowlegalpgssy iann dc ufrrroemt met.hodol ogi es

1. How does the structur al complexity ,of faul
anwghat tdaeenpflor Il i near diimferca d tyr uvocrt uirredsi r ect
faulRPting

Al t hauughacse ruptures are commonly asBo&, ated
ever al examples havenagmownmdehasti esménc moeat at e
urface in specief igc , tMgThted Rli0alkBs e Mudilmag skA uestt rall .i ,a
nd thHhVg4291PBe TRiilt,z Frtarmiseeg s@HtehGat eart hqgquake m
s not the sole factor governing the,upwar dapt ¢
ropagamni mdldamt el i t hol ogy anfdesedj mEhtespeopantdi ¢
aul kner et ,afl pui AOe@PB8es2odad&)i ne and Hill, 1993;
., 1994; Johhaohtetgedlmefte y§ an)XdWkli lIneeamna,t i E5 1 ;
t alTogndi9$S4hdd0;che et al . ,; 2Mi0I12d o Que tdbaelg. e eX3E1
ur f acet erugpxthuiorbeist | rr egpddgaaragp atthteeirrn sl astinddlaaill tcont

pl abceecionegn tali lggnleong t hd rMaiene .f,a utlditea driusgerssf raec e

S
whose projection at dreyp dc),@ mecd puedceisa | tl hyeaireta ritthsq u
n

ding ta hzaeptourtreoWairgl. poBlatr gend teihe adauys at9i8vie
y triggeromubpldicamgntault skgmemessregdwy omt ed e
he principal rupture (e.g., the subsidiary, a
at caused c. 20 cm vertical and c. 13 cm | at
uring Mybe 520b6 ci &imgamatko d¢,lo;fbakunl &ivs orarely unif
ndei shneizcar d may depend on the portion of ACF
nfras{(euctear asfault ppamtd aiudn ta td et r slecondary
one of def orOmhbsycieomartiroasn swheerr)e t he | maear faofta
rgeenleliyvmac|l udedas se hdammeamtdo t he higher frautlhti sdi s
oweveerseesuvaddr g theemgsdmizasdoci aottehde rwigteho met r i
nterferenbatsobgbw@aeeseACFs and the @dhamnugd | i
umerical Cmedekt imigg hdd2dgob2tdiymport ance of crossi:
nci den@3eéd Agngloe | i mit the exces gAiveldwd odveenvienrg, o f
t may occur t hat , due to geomorphol ogical, I
azards, certain sections of the track should b
o, an A€HRFgigmabrkender st asdingaohabi |l ity is cruci
hsey st emat i ¢ asntdu doye totferACGFhsar act af f eet.addzonoéel i ne
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Fi gu3ieDi fference in the area i mpacted by surfaceérfhael ting i
duri nMp6t BeEdgecumbe 1987 earthquake (photo by LlIoyd Homer
the fault NMi7n&g ®Kamhirmgnatmtmaras 2023 earthquake .(photo by Hal

2. Howo esamdlispl embunsbasedi enmptb@odol ogical fr

ACF invebsht gleetsii @mea@edr i nfrastructures?

Gi veime spati al extent anldi neepaerr at h bhnea § t rsuecrt st
admi ni strative dimension pltalys @o rcstursu cathidadnoé pel, a
mul tiple regi onal or nati onal juri sdiSatcihons, e
heterogamel ¢égd to fragmented appedatkedls hiasat e .
therefratcdalst ablaingllt i @drmacseldu sptr ot oc o | t hat can be
regardl ess of t heomstpexti,f iensadrmiimg sumiaftdrvmei tcy i n
design criteria al ong (tdalsea se mtaidreeg ifmofrr d sntsrt lantcer, e w
8TEN 1)9T®98 date, no standardi zed met hodol ogy has b
geol ogical, seismol ogi cal , fgoero pthhyes i parl g meatnrdi zgaetoit
Mor eover, oot peolrit | AwCassathlee meaa@fd characteri zed wusi
investigation tethaei maes s .naefit pheoodpsh psattreo nogfloyc adepend
geol ogical and geasnmowelblp gttt icmihrgueddgiedt n c ol st r ai nt
some cases, the main fault pladefcnegssoatpathah
directly investitglae edat i m artea uftfi bediiain YW eect. gmide
Monti délakidnt LcaggmatTroanld i | tedGaalladi n2i00&bnnd | Galwbiber2009
the fault trace umpagy $evdmual edembenefat meters of r
identification and ipmwees toidg detciba e iengdhi rtehcet |, p rgi enoaprhyy
and subsoil(enyestsgmei espsays inf welsd eCar rPueGo o e
Zachariasen arddvardelhkROObgardhal so cases where A

that are difficult or impossible to access, due
earthquakeaer mreagritonet al ., o20¢e%itrémkedtepoglraph2061656
sections of the Kunlun Fault |l ocated pXw heitgh mo.l
al . ,.1208&)h circumstancebecommoésesenrnsahgt oetant

characteri zi nagnds uprrfeaecxei srtlipnt gi afeaBuelrte sicsarnps of f i ci a
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Chapté&enér al introduc:

how to select appropriate investigations based

and varying |l evels of available knowl edge.

3.How Rrearb ablaluibDist$ p Ic a Elezaznedmd | Yy BFBIFAY hodol ogi es
usedi mpdoved to better capture fault comp
ensure reproducibility?

PFDHA mroaleyasamnge Tohcliagiungf rneagguneintcuyd edi st r i
fault |l ocation uncertainty, rupture probabilit
whialhl ow f or t ma |l it urpce e taNdinodnti heefl. e s s, curarent PF
staffectsedéebmitatli,pnmano gredrset basedt dws ssmprpildns
regarding fault bgdameéRoarry eakn&dimplueplt ce e appr oach
empirical scal i ngcleanesntt-foaatelsittiifineati¢neddg seon Mel §is 6 ¢

et al,the®d2B)aapatimal |l y homogeneous rupture propg
variability of ,f aausl tdizsochues gaerdc hig.ii eeschit duadndintrols deu g h

model s for di s ple&axciesmeg.t, e¥otuinngast ieadn al ., 2003; M
et al ., 2011; Takao et al ., 2013, 2014, 2016 ;

2023; Lavrentiadis and Abrahamson, 2023;n Mel i ss
et al ., 2024; ,vWheraeiisetcatrent2l05ho wuni fied ¢
framework that integrates multiple PRPHAvappraoba
sof ttwaagles that i mplement these models vary sub:e
accessibility(eagd, uBdBer miméer étacal ., 2020; Chi

Vi sini et THBHi.s ROt2brogenepayi sondamsesngr medel s
broader alpmlt adlielhictynmdgt hsoudcdal popgribcaaol h fers a geedkmati n

hi ndeepngducibility across studies and context:
frameiwoarpkabl e of accommodating different faulti
i nput dat awogetsheueepmeseéengnidtiemant or ward for t
commuAIl stgh.e scal i ng predtaabiolnisthy pfsurmantdi ons used
cal i mrgaatisepdatr se datasets ofesgrfaezitapanhéengnev
Wesnousky, 200 8; Nur mi nen dthmdly. ap@e@a&aet Salr ai ew
sei xmital.oghe s tihe dwe ity and complexity of sur:
documentation regentes udereegssd laultdipobns gghe ospat i al
not always systemati clad mgpr pee fohemedqoat poeser &

of the PFDHA model s netehthect amvpadialtaebdl.e cat al ogues

Buil ding on t hesPkhBipnesn tqou efsitlilontshe tshdéisent i f i
the characteri zat ipornocoellseshiCafte nearsupporasttrhbet ur

objectives of the research are as foll ows

21



—

T 9 o o o —+ o
(9]

_‘
Q

c @d® @ S

o d® T =
< ® ® T ®d® O

(@)

T

Torpeadconceptuakivabhtuavohonwnfgetbhmetdrifdc nedl dtyi o
bet ween Il inear infrastructure and ACFs, whi |
the faults themselves.

To oafnf eorper at if we whrkbBlyseswematic investigation
whi ch may be treeadatyi mgdalpeeel s of preexisti:!
exposur e. This woirtkpll edwwtidsr mi e$sisgmed gte@!| ogi cC
identify potential fault r upnouwredolfs aRgnmHA.0s t ¢
To deacdmput abbbiamtl egnuatt i pl e P FRpHA i maaldbidles t o

fault kantéehmeattciocegpommca&tr t ai nti es at aplrlocsetsasges o

3Thesrganiaznagiesoinf i ¢ obj ectives

o

o n =

-

This theshnésaobkapasndEsnek

Foll owl ngr ¢ ¢Qehcatpitpenro vl Wlee st ec hni cal definitions

mewe c kR s shaarnydtifiamrgt opi ¢cs addressed in this thesi
their most direct and impactful effect (sur
mi nohsgwel | as on the methodol ogi.esltforhdmul
cribes the active tectonic settings of the 1|1t
face ruptures are more |ikehy @awdolccoaatidog tl
teorrdleysz etdhi s research. The chaheteeprcontpatenal
regi onal dat abases of ACFs, hi ghliimghtheg th

spechéevevafaatt odi spl.acement hazard

Chap3adrdr ¢heedirst popesrndq.eelsthibowviei t erodt ure re

exi sti ogt hken ofwd cetdagres mrwanlt @ ptl d p angpant @i conlytpt ur e,
cifically focusing on fault.Qnmnthiasrchasiest ul
resentative geometbetwean eACEsemma ddcamrari asn
nt i fainad:y afealul t cpasal Infgd, y | ftaaetditp , andssiagsf e
nari os. I n eachheamaj nwéawelst abtirskt anal f ea
estigated, b) the relaaed kEpythaumbospasameakl

derive appropriate deterministic geol ogi cal
or mation #&tykesbobntbé AGFBormihmiptetr als. i(nhz0 ad)e

Chapt ens@des chhripeeo!| ocgasceal hit bwé uées e sb udian
rational w o mhk felsdiwngvbabricsoeA CEfX t-gexiest i ng knowl edge
face expdBiugled).Em npa rttiiomws! ar :



Chapté&enér al introduc:

Chapdtoairt Itiheee da mpA@F ogfar amet hiez Mb n oieP aSgtadnbii caat a
San Demetri (PfDauletntsryaslitr élmyehd oyl si vely using
datas idnaptuats et f oT ha chteiovaintbyh ¢ s & %,a nii m efda AAtC,F h a s
demonstrated by geological and pal eosei smol

observeda duereimgthg6akierily, 6286096 MquiTlha s even

paramethaswuhs equemntmpy oped i mo ¢ el lndefir DBIRA |
descriChagtien 8

Chapteeschr iglee@d 6ftircmadt ur al approach for i nve
bedr-dekorACGCH or wki bhfvaeulntoepaf ameit ex iTshtei ng st
c haphtiegrhdbiogghht t he strengths and | imitations
approach, the chapter pr sabast drhie Feaewllt c&
( MMFS) , a complex nor mal fault system | ocat
boundary between the Martani Mountains ridg
i mpl i caotuobsasrvati ons for the seismotectonic
Thi s cwarnrke s ponde pulbsitiic aetti. canl .by( 202 4)
ChapgGoeurt |l i nes a possi bl ep atpemrrtoiasccthu & cod o i mnin/negs
ACFs introducing a methodol ogy ©primarily be

geometry and | ocation of the maMuagéHRawltt pl a
(MFY n the Nort,hewhmi cAlp ddafisiommesher n mar gin of
and is ¢thresbddreg of the622) Jame 13390HM 15
eart hgbueaskpeist.e i ts sei smoot efcd winti c p &Albyee if ri icaant
documesceéehithéti@t.ddteecontent of this Chapter
s ubtniteal t heTejcotuornnoaplhy si ¢ s

Potential bedrock-deforming

Well-constrained, outcropping ACF lacking documented
ACF linked to_ seis_mogenic seismogenic sources Non-outcropping potential
.sources of historical and (MMFS; see Chapter 5) ACF with ambiguous
InStgl;fS?nta' Ce:fa]rthtqua4ke5 association with historical
( ; see Chapter 4) seismogenic sources
(MF; see Chapter 6)

A

Seismogenic ?
source

Fi gu4iecConceptualizati on oMF t=heMutgherleleo cRaescet th;i MMMESrers .Faul t

SPD

= MontitaguoabBbemt Bemetri.o fault system
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Chaptderschbotwes he met hodol ogt kceals ea pspruada cehse sp r Less
i b htehrpege vi oushaciheadp ttear st he dauMdlisprmdret amfd anul t i di
wor kffloowt he comprehensi ve stluhdeg parnas emtreadnew a ri kzfalt
at guiding professional sodeitiiegsti héedesnat guiegg ep
required during the planning studies: the mul ti
coll ection of the aviaonalbl®orti dxtr adaud et lad ocAICF tihte

going deeper into the specifics of the study are
wor kfl ow suggests pursuing geological field sur
(e.,g geophysical, subsoil techniques) depending
budget, engineering needs, outTdreogmmintenaorodi ttihors

is part of napmampuasudtmi sEnividorrojdine hems and Deci si on

Ch a p&oeurt Itihnea sme rmadad Icloimpgo n e nPth Boifmitahgedae s si ng
di ragchtel vt hi r d ionptermbadguackes t | atowowdbese.dhiéaogtova de s
summafyt hepPbBDHtAdirimotlysmgly descri bes the devel opmen
tool t o cesapleccuilfaitce PFOHA-spaciveEbBc adds plaagheeme n't h a
secoenbdsecti om epiud adaret . utmed d Itlait 8@ D as ey(Gh aupt er
4. The content of this Ghicbpti ebtaeidsh gpuaarkte oS p eac tnraan u s (

Ch apSpere s grtner al di sthesfondings obtadainned dur
particul ar, it aims to contextwualize the resul't
providing concreteFams\éeyschiaspmeeac z esf tt hkemai n c
of the dihecpssamnldl e dutecei omsefaorh

Final [Amnetnhcd addbsti onal wor k carried out i n
devel opment , ufpadaud i nmng arhet hSELhRsEe2c.t0i odna tdaebtaasiel s t h
adopted toanaHeywtwvieffwl asdrface faulting events th
current SURBZromi meheaseal ., 2022)

The thesibBl bustho gtuE e i s
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Chapter|, 2

ACFs, surface ruptur
fault di spl acemelnt h
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2. 1Gener al definitions

Before addressing the main content of this <c¢h
bet ween ACFs and surfaceACEepweurmeasan Whauwml trsefteh at
earthquake displace recent deposits up to (or |j
surface ruptures. Additionally, the definition

which vary eepefigeregcenatufphorngtrapbhyee next sub

Surface(oupsur éacre tflreul gtithegngoghantdhe effect pr
ACF, namely the permanent dislocation at the sur
faultés activity. Visually, the diffErghlce bet we

FigRrri€xample of distribution of coseismic surface ruptures
This example reaeffeBs  Laodehse m&dashck. Fault traces are fro
(https:/ [/ www. usgs. glhaaprad)g/ awhsil/lteea r 4 thrgfua®et eupeor eaindade f(rR2dOr
incluMNedmiimen ean8alr.mi (ehQ >2.)etT hael .1 9(920 2f4o)ceapli cmaenceheaan issom fa modm
USGS.

FigekRel l ustrates a cosnpf | altoicwme mif @ ptt hus u refdaf ceec
earthqgquakes that have occurred in Italy in histo
The distribution of surface ruptures, when
mapped fault systems, under scor erseltatee chegheamgmare

both in terms of nupReateurleoso aseu ol dasa dgteexpt gap s,

multiple strands are clearly observed. Although
traces, l eading to progressive cumul atdioveodi spl ¢
al wayepture si mulntgane owisngl edueart hquake, nor does
continuously along the entire | ength of an ACF.
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ChaptACF<®, surface ruptures and f al
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Fig2-8chematic distributi that r

(red I'ines) with respect the fault pattern (black I ine
modi fi Pdztromnd Gal adini Q000! of, i \Warhi ttconl RFOPOA M BB Cc Cloeeti a) .
(20;17Yi sso ®BmaodzRet ¢ti aebdABan d(iRo0,1 9BiI2D24i0,8)geuti €aln.iof:2e0t1 93| .
earthquake subfigure shows an indicative mapping based on
were conducted Rdr ftihcddo te tmEalGhh@adhhaA) and Gal | i (19P®e and
beakal |l s di splay focal solutions are f r(oSw oghnea niNg@Vi or i ente aDlc
https://terremoti.ingv.it/en/tdmt
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According to tdeePalloasestwhHalec.lat(iikOndlblsyo adopted b
dat abdlsemi nen ;eRi ga2lB).e, 2I0r2e types of sur face r
di stingui shed:

T Primary (or printcheasygrfrape uexpspresgdhiaaniscf the
earthquake. They are characterized by a cont
associated with the highest values of coseisnm

pri mar yconutpahierse ahtypouakeéeer

T Secondary (or distributed) ruptures, t hat rer
that can also be physically connected to the
and fAsimpl ed diNsutrrmibnuetne de trPuapitnuarregsO gibnst ri but ed
to ruptures-exdcsurirnigng udmns ipdrieary faults, which
an earthquake and that can generate simple di
on the otheri treamda,ndoand wr argppwnd the principal
because of thebebbhsruddracsee imamiea iladadi ng.

T Sympathetic (or triggered) ruptures, that acc
physically fAisolatedo from the seismogenic so
field induced by the seismicroenvetnite plrhiimarryu p(t
tenki bbmet er s

I n compressional environment s, the | ocati on
hi ghly dependent al so on possible -dmdldes famldd ifnagl
associated with reverse faul-mdamegnt f(oea. g.x,andurei,n g
Mw7. 3A€Edam eaPbhbupkand Magtrbalsékpr daB8®Bures (e.g
the 1,576 MriulAowdird hegtu akeempim2@® Oy upt ures are nc
that form close tesctahe Rinigel zoes oh ktahegdangir

FIl exsulriad rupturing forms due to differenti al sl

By accounting for t hese diNufrentiennecne seti nalf.auf
introduced a refined terminology for distributec
capturing the geometric and genetic relationshi|

structures.
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Normal Faulting Reverse Faulting
°'°""’“'1°; "‘1';‘,"""9 (OR) Distributed rupturing (DR)
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C

Fi gh3-dypes of surface rupturesNolmseaehied bBYy.faRDR2ki nema

-+~ o »w O

(¢

e
u

-

Fault displ ascsement nedzasdthe probability th
i smogenic source produces surface ruptures (

rface) caused by the relative movemente of th

ame.
Fault di spl acement hazard assessment i's us
obabilist(téecgappYyoardeset al ., 2003; I nternati
d Ros s, 2011; Petersen et al . ,, 2i0nl1gr dMarg gtom e &
e |ikelihood and potenti al magnitude of surf e
The deterministic approach involves direct
known or inferred fault characteristics. Th
urce in the study area,iod emeprhes enatxa tmiivne ce ardt

d evaluates the expected surface fault displ:
rr mal probabilistic framewor k. -Alha sk &imidp elfi me
osses the fDemawhi dlmuthe wutilization of 2/ 3

commended as di splacement valuEeStepomaRaddpt ec

This approach was wWwal9i dethad ibyeyatrhdqga@&2,Mdurin
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5.8 m was observed at the crossing site, closely

whil e the maxi mum offset al ong (tHeaee UeshgilladRrO9O¥ 3t em

Whil e the deterministic apptrcoaasceh sicse niag a fowsl, fi
not provide i nformation on t he l' i keli hood of
probabilities.

The probabilistic approach (PFDHA), on the
earthguake occurrence, rupture propadghti gmat o t |
of the PFDHA is to estimate t-haulbnndiaspphbaobmbént i
eval uation site, expressed as:

_0 o | 0o ©

Equatl on

whelreis the rate of displacement fo6i0 the give
O represents the pr Oleakielddt yignodi cdaitsipnl ga ctehnee nat t en
for fault di spl acement at or near the ground s

EquatRli(oyouamtgsalkOOBhe di splacement approach and t

former relies on di-spedi fobcsefrav@mltt ods s minalc esmetnet
pal eosei smol ogi cal trenching). Such a Ilheevel of

second approach isrgénesalolny gprodfaer reenp,i ras ailt da
| ack -9peciiftTelte deadrat hquake approach foll ows a mej

standar(de .PgSHA Cofrmrel é v allwat8i)ng ground sh-aking ha
frequencyteissiimabeti on

In this PhD project, | focused on the earthqg
Chapter 8
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2. 2. When i s a fault considered active

The aim of t hpirsova elet eam idefitmwmition of ACF
frameworks, drawinfndgnarrbhatth oinratl e rAn atminadn &later gg al

(Technical Commi ssi on ongudediesimince sMi crozonati on,
2. 2. AEA Safety Standards Gui des

The I nternational Atomic Energy Agency (I AE
Safety Standards Guides that provide technical

of natur al hazards relevant t oarmsc lreegprr efsaemit | itt
international reference for assessing ACFs for
Progressively refined through multidisciplinar)

of concepts anrd dmeettah odowll loggdteisonf,0 i nterpretatior
that evaluations are consistent with internati

and operation of nuclear installations.

Within that specific framewor k,1]snetiesrmiact ihoanza
At omi c Energy adAgemecyp.enso2@loMmunedf f ect s -amducadds o
phenomena, including faulting displac@imawmltt pot
capab)i.l iAcycoor di ng -1to doeumaepabiSISRty of an ACF
geol ogi cal, geophysical, geodetic or sei smol c
geomorphol ogi cal data) if at | east one of the f

i The fault shows evidence of recurrent geol
deformation or displacement within a timef
suggests the |ikelihood of fur,theri sadtiimeiftr
often corresponds THol ahend,ppwhi IPd eiistloeene

extend backiQuoattehren allyi.ocene

i iThe structur al connection to a known capab
a mechanical i nteraction bet ween faults,

trigger movement on a different fault.

iiThe fault has sufficient seismogenic poten
sei smogenic fault, combined with its dept

pl ausi ble under the | ocal tectonic regi me.

The approach of determini mcaf aulitnveapabialki
documenlt( Il S $Rrnational At omcon€ineéengy ®Agency,rif

regional, nearcimagdgiygnalnd siittee ar ea. The region

33



approximately 300 km in radius from the site unc

depending on the geological and tectonic framew
include significant, more diasti agt eaeit dbmuakesur e
site. The near regional area generall-yiekbhengs n
area usually encompasses a radius of wup to 5 km.
t he npuawerarpl ant itself, kiwhiommeRiEegi bppl tahdyodaes:
establish the broader twschboteri anadtytsesxt pewliiolr ened e

the vicinity of the plant focus on direeotuéevioden

geol ogicalrphantdogieoanlo mappi ng, topographic and L
geodetic surveys, exploratory and pal eosei sm
geochronol ogical dating of sediments or faulted

While all seismogenic sources within the reg
hazard assessment, the evaluation of faul t di spl

i s because primary fault di srpolxa cmeinmeynto fo cchuer smaad ml
whereas secondaryy.di snplvamementoccurring on subsi
|l ocated at some distance from the princiipal rupt
typicall yi nocac urrasn gwei tohfi2@ plbhmoki mmt ehgs inf@s ectriuen ur
2. 3.1

The | AEA framework incorporates both deter mir
di spl acement h aszualr sde ca )i @InyTdHeTEICDEHD® 8(71l nt er nat i onal
At omi c EnergyprAgweincegs @20Q@Qdmprehensive introductdi
evaluation procedures. That document primarily

how the deterministic definition of caphble faul

extended into a probabilibygiepfpameswdukes Thos h
devel opment , treat ment of epistemic @smpecalféat or
geol ogi cal i nvestigations.
2.2S@€i.smic Microzonation Guidelines
Guidel i meshiiroanl Commi ssion on rSedocmmeaendMiar o
specific study if at | east one of the following
a)The area falls within the epi cwentbr.a&dl. drheas
preliminary screening can be carried out by
sei smotdamgalcaswedhr as the I talian PE@PERImMetric

Rovida et and ,t ReD2I2t al i an Malkooasti seni calDat a:
https:/ /emidi uBBWMIl 15 /nhgeiandiPdnllbne pl atfor
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by the Istituto Nazionale di Geofisica e \
(DI SS Working) Gxaomuphe 2026d to i deaitti igr sei
i ndividual itoratcompwes ilbeen associated with
According to DISS, a seismogenic source i s
an earthquakb. %, alti gmreiamssg W t h t he magnitu

guidelines.
b)The scientific |iterature indicate$ the p
Hol ocene unitsa EFomet hintd edvaumemt 40 ka i s

fault activity.

c)Geol ogists documented evidence of recent f

se recommendations are aimed at identifying
which existing studies demonstrat e attlee def
i stocene, but not necebBlisarotgnatfi ol Geiedel idi
ther c¢classified into two categories: ACF_a,
mapped with sufficient confidence, includin
It sed@ENbs;i antdhe avail able data are insuff
the surface evidence is ambiguous.

Il d investiggebpmpsphodogitcalkctanal yses are us
und theTdRP.t Atr atclees gdrel i minaMycrsoagraZzilLern
mica), an Attention Zone (AZ) is defined cot
n fault trace), representing an area where |
ailed investigations. At more advanced | eve
ferent zones:

The Susceptibility Zone (SZ), which include
secondary structures, and transfer faults.
mi ni mum buffer of about 160 mpnal bbalghebt s
and structur al conditions. The SZ may al so
the fault ki nemati cs -s(lei.pg,. ,wistdraniaplion gvasinde s & ,
of 1:4, 1:2, and 1lt:hle, driesstpreicbtuitvieolny )o fi ngfrlouuennd

The Respect Zone (RZ), which is narrower (g¢
and is defined around the most reliabl e tre
included within the SZ and represdmausti hg |
hi ghest. As for the SZ, the RZ can also be
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Tab2le Di mensions (i n m) for fault ZTercehani cal t €Ce mAiMs ssitaurdi e s

Mi crozonat irogs,r d0dmmen de&Zd vakuei homumheabBdep; SA. d. = not def
SM | ev Level 1 Level 3 SM

ACF Cat AZ SZacec S 4in RZ
ACF a 400 160 0 30
ACF _ b 400 300 160 n. d.

This hierarchical approach ensures that uncerta

requiring further study, t he SZ -rpealoavtiedde sh aaz acrodnss, e
the RZ defines the zoneewhhemati omt ise tihhaasmastr ec
use planning: within the RZ, new construction (

forbidden, while the SZ requires careful plannin

These guidelines gerrcartall(loy ttdeCAy Wonm kti meg IGT HAIQA
https://sqgi.isprambieRitg2éeét hahacachudesr ai cdmpi

as recognized in the scientific |iterature. For

imapped with varyiing dd eag rceoa s eosfp oancdci unrga csyu mmar y s h

characteristics. Thesepbnameder si mpchfiaedfgedmet
dip angle and direction, and maxi mum depth, as \
st rsilkiep, or obliqgue). For faults that have been
reptos additional informati ongeglatted asarometetrat ei
recurrence i nterval of surface faulting event s,
di spl acement , time since twme magsnti tuaies mima x & ynes mt
intensity, and a I|list of historical earthquakes
detail of study is nodctvieary) . common (see nhext sub

TheTHACA catalogue recognizes the cruci al r ol
i n influencing recurrengenearmateirrva |l & arotf h quuwarkfesc e

| THACA foll ows t het hhepnpeoaahionali AedmbygwlEineh gy £

di s cr ibmetnvae eens:

a)lnterplate domains (i .e., zones | ocated at t|
collide, separate or slide each other, causi
where the fault is consideredc wrarpad| c¢uriifng htel

125 ka (Late Pleistocene).

b))l ntraplate domains (i .e., zones | ocated in t
boundari es, wher e e aerxtihsqtuiankge ss torcuccutru raall o nwge apkrr
pl ate) where the fault i s cdhrnsi dercad reap aluire

|l ast 780 ka (Middle Pleistocene).
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Most of the Italian territory belongs to an int
Europe and Adria; the only exception is Sardini
faults with confirmed lheftove tyhaelubang Phei Quad

Pl ei stocene in Sardinia) should stildl be invest

Due to these differences in time frames ado
Guidelines to classify a fault as ACF, the pres
| eaidt $ ocl assa®m€F cfadi omegqswl at ory purposes. Hence,

it as good practiesepetcd fdanduwmote sdetgaitlieodh ssi tues i r
| THACA database as a starting point fcamard , f i el

geomor phol ogi,c aan,d gpeaol pehoysseiicsasho!l ogi cal anal yses.

ITHACA ACFs
\ Main Fault

\ Lateral movement

,Tyrfhpn'iah !

/

as per t he( |ITTHHACAS, rc2ad@ad )omguehi n the broBdeintecto
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2. 3.

ACFs distributi-Amenwmitrha sn ttehcet oAlipcs s

their parametrizati on

I now first outline the geodynamic frameworKk

the Italian peninsula. | will then provide an ov

of ACFs, highlighting thepar kregt dreaatturey sawmpgplt \h.e
is essential for ananyaxzeiubdi stongCodaip¢ embeideb&d ir

FigureFlgarknas wel | as for understanding the di
which faults are characterized in Italy.

The geological framework of the Italian penin
multiple geodynamic processes that have acted i

processes have produced a marekedlIvy nlgetsarregen o ve

compressional and extensional domains are juxtarg
ki nemati cs. I'n this tectonic synthesis | wi ||
Apenni nes. Thetslkee twroi meigp @lnsl taalei an orogenic bel

to the

| THAEAgZd4n e al ogue

Al t hough both the Southern Alipns raensdp btelsee A poer

convergence between the Adria (@aem.dg .EurDeweay tl adle
Dogl i oni and Bosellini,theg7di ®pl aPi asnetaating
Southern Al ps ar e c hagtarcit keirn gvearngdd ynwsgauthtir masnts , E wh

Apennines raptdesesnt kaevifetolgdintgh tEhNEUst s t hat remair

t he | Ra

nP and alonghe headdwamadi mi §raniton of thrust

the structur al evolution of the bel't toward the

oceanic units onto moriMaex hear malm Tawnsdc aunl tamht Einl

Mesozoi

c carbonated patatforms of the Adri a

Post orogenic extensionadomewhatnielsudinveda haendc

by a series of dispersed, i mmature nor mal fault

wi despread Qw&itterrinkairnyg rmMNoM ma l faul ts. These fau

Tyrrhenian sectdrviaded, thaviApgndenel opeSWin resp

direct ed( ee.xg.e,nsMalni nverno and Ryan, 1986 ; Ander s
1990; Doglioni, 1991, 1993; Cavinato and De Cel |
2000; Faccenna et al ., 2001; CaviaantdoGetltadini, 2P

I n this complex geodynamic setting, ACFs may

tectoni
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Theompressional frontwhoefr et hdei sSoruitbhuetrend Asluprsf a
flexur al slip mechanisms 6a¥eFbieehni dimaiumeimao
(Aouedti,aaR O OWhi | emobneenndti nrgupt ur es have been as
Netto area, nleiavi @r ety eaclo.,g nWw2e@dd2)mi ni mum 3 su
events within the | ast 45 ka.

Theompressional front of thewRenermbdandt &or
earthquakes of ten occur (e. g., 1501 Mo den e
Senigalli a, 2012 Emil i a) and evidence of r

documented in the Monferratd FAr@lera®drl 7Jur i

Thient ernal zoneamnd ttthe @albamr imeme Acrhcar act er i
extension rates, where most of the histori c:
occurred and sometimes generated all sort (
(Fi g3 &al | i etpradv.i d(ezsO0a8 )summary of surface
several ACFs in Central and Southern Apenni
pal eosei smol ogical studies.

Theol caniof dbmai Bt na Swodimkit c ovhed ewi.ud n t he
tens of surface faulting events occurred wi
with eart hqguxiehsz zwairtoh, 31 959%<9N)

This subdivision into tectonic domains, eac

di fferent stress field that controls the acti v

sources, allows for underblaekidfragudahed reirt dadlasan |

Gal

adini et al., 2001).
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Main Fault Systems:
“~—— Normal

~—4_ Thrust
—=__ Strike-Slip

Tyrrhenian
Sea

\)\\‘\?Cagliari 4

N Palermo ' 4
L]
A ~ /
e
N R
200 km 3 N
)j/Ji____A.
Fig2a5i8ummary of the main Italian tectonic domains where act
1) Southern Al ps compressional front, 2) Centr al and Nort
dominated byleanensdomai 4. V&ocal mechani sms refer to the I
domgifmom Pondrelli et al ., 2020)

The | THACA catalogue generally provides a si
These are commonly expressed by a singl e, of ten
as geometry (e.g., stri ke, diencde rteicha,onandi @l i
Concerning the recurrence interval, the catalog
ACFs system): two | ocated in the extensional don
La Piet”™ fawult)i nntdh e woo Iscianuiact eedn wiirtohn ment of Mt

faults).

An analysis of the | THACA dataset (2023 vers|

rate has been parametrized are | ocated2@iet hin th
I't is notable that the same value is often assi
system, even when there is no clear evidence in
fault | ength.
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This simplification is problematic given t he
the cumulative displacement (from geol ogi cal r
commonly obtained from highlnpllo@dé alail zetd einmchest
constant slip rate value acr os sChtalpawdalnlt3i dies d lasus
several factors control rupture propagation up
fault strntkley, Ctomisse quiempl i fi cati on may not be <c
assessment

Most fault segments are associated with sli
within the extensional ApenniFnegf6ado maHom)e voerr ,0 .wW3
these segments arsysctleuns teaelde ,att htehedifsaturlitbut i o
main frequency peaks emerge, the first around (
the second aroundFiog&hegnm/ Yhe(Vobkgahemsdomai n i

and Mt . -SWersmav ivucsl canoes areas and represents t

associated with slip rate values, which tend to
data arda eal san rAecCgFesr devel oped in the Al pine com
while no values related to ACFs | ocated in th
included in the catalogue.
@) ITHACA's Slip Rates with respect to the tectonic domain
a
70 - 0.7
] Inner Apennines dominated
5604 0.3 by extension
€ .
250 - ——— Alps compressional front
v
= 40 - Volcanic domain
2
« 30 1
o
_cgzo-
%10- w
=
D L] 1 1 L] L] 1 L)
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
(b) Slip Rate (mm/yr)
10 -
0.3
£ o]
281 |os
> 71
) 0.2
= 64
G 41
o 34
fal
E 21
3
=z 14 —_
0 T T L T L] T L]
0 1.0 2.0 3.0 4.0 5.0 6.0 7.0
Slip Rate (mm/yr)
Fi gaGieCompari son of slip rates of ACFs from different tec

computed with respect to single fault segments (a) and to
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A simil aftusipmpg oraefhr esentative slip rate and r
fault Tswast eanlsoGatleadd ibnyi ,etwhad .c  RPi0lled and synthes

for the major active faults in |Ital yymaxinmuwmme c:
range when the avail abl e -paviadgamper s alcloonwed .e T Hhee
catalogue andatllaaelihat ®ahasad .by2001) in terms of

to the main Iltalian tectonically active domai n:¢

projects of active faults are also described bel
2. 3Allpine compressional front domain

For the Southern Alps compressional front, tF
only three fault sBu(tbterlioon g ihMNeghiutnmg tRbiiedettBie miesy st e ms
with values comparable to boddcurhentupd eby a@al d div
(2001). For the GCeadneditnec feamoiad deé o RIi0M@M,)r at e for ei

ranging from 0.1 and Rige@egr for almost all faul
— [ Galadini et al. (2001) Al though no recurrence param
= ITHACA catalogue the Friuli Venezia Giulia dat
’gl.o— minn (https:// www. reqgione.fvg.it/rafyv
\ . - - -
E — territori o/ geol oigti ar ePIGeés BB a
:05_ resource for this Alpine sector
- . . . :
@ information on tectonic | ineame
jal
o L L L catal ogue. I n addition to shap
0 dat ab | i d i
T atabase al so provides a ser.i
Q)é’ (90-'06 SEL L & . :
G S LS TEE degi bing, for each segment of t
St F FEL Y
NRIRES S > . .
°¢°/“®0@V§'°\/‘”°§\1/§< st at e of activity and, wher e
SN . ;
iq,«a@"’@‘q‘)@e Fault System fevidence. o For each tectonic
FigeféeSlip rates fo i ncludes sever al key faul't par a
system |l ocated al o . . .
compressional front hazard char actuelrti zgaetoinoent,r ys,u ckhi nae
(2001) . Bol d bl ack . .
documented in | THAac, and state of activity. Mor eover
segments of the sam gejsmogenic, t he dat abase al s«
dashed Il ines represe
values of faults lo gassociation with historical or
reported in | THACA
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2. 3EXt.ensi onal domain along the Apeil
A comprehensive fault data base was compil ec
—[] Galadini et al. (2001)
nni nes extensional bel 4, O W i =R IHACAka@loguei t S i nt e
ivity in hi storlFicgan.Z)ean@t‘?oa?oe'-e—e-ﬁ-t-————{——'r—ﬁ}e—s—— (e.g.,
ee case stcmchipdar(wmﬁttwﬁs‘geéﬁéoem
t of this tectonicallyi':.’a4oot)+ v-e 0 n-
= =
. L 2000 - .
With regard to the recEFPe._n_c:e:__l__a]g__m_al, t he
= —xX— t } |
abase reports a value o§f ) (@e?g&}%@&g&tcuy 7,57
a Mts. fault system inﬂﬁtheA“?,@\é’.\ﬁf’Q&,%?l Apennine
é&\/@tbQ oF
00 years for the La Piet" s«faé‘oﬁr(g'ent of the Mt
®)
t em, | oScoauttehde rinn @Gwleadii mie s eo't ¢ aa@lo Fault System

Q
@xYends this parametrlza(tc;von to five addit:i

; Fi gR8i&kRecurrence ir
tEmg.LRBecompar es t he re .. maj or ACFs sy

vided by these two datApennines extensicoring
et al . (2001) . Bol

ader coveQaadgaedionfif denie dadlbr ecurrence ti mes
. . . . corresponding faul
ni ficant discrepanci es while hothiedodtiamlescO SOUT C

| THACA f t
the Laga Mts. fault sy:¢ range o .nce, e

val s

siderably, going from 7,570 years for | THAC/

The rsdtiep values documented by | THACA tend to
exceptions) of mo&al AGFnbky ¢ti ggddfl).ec ¢ @0l &trlhpadu gt!
t ofr athee wdliweSakcadpni edtaabi!| wi {BDA1)or are
ges reported by I|-Gelm&ANnf ot heaehaspeabfabl gub
Pezza fault system (Central Apennines), the
the TResiagbi daolt system (€CatebriaageAr ¢haal
ve the maximum values reported in |I THACA.
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; : — [ Galadini et al. (2001)
- == [THACA catalogue
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Fi gR9ieSsl i p rates related to the major ACFs systems | ocated
Gal adini ,etsartdd2®yY0i1igub Bol d bl ack values refer to the slip
segments of the same system, while horizontal dashed | ines
specifibmasebin | THACA.

The Fault2@GHdHdAWelrledrea2 @2ty i ed out a detailed
segments wi thin t he Centr al Apennines, t hus pr
parametrization of the ACFs. This project syste
demonstrat ed st hsattr anhgel ys | ci eprudrifitbiecen egde odyo gnyearand t h
variable in space.

Fi gar®®hows a comparison of sl ip Gadtaedirnangd dcd
(2064a)abases for the whole central Apennines are
byauwad ker et MWMbst(2802fihe anal yzead eACFRx gfea ldlo cwimte
in the | THACA database for active faults of the
are observed, siBolv eg s Stuhh enoMta., Mentdt &/mnés | e Amie@eh g Stah ¢
31 ACF systems aboat et wahtuesdirddpl@a mwodl-dpgwmendey r 0 ( 1
21D . Seven further -A€Fe sgbsembsbiwsthioowvnssligenerally
agreement with those reported-doynaGagadpe.ni et al
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ChaptACF<®, surface ruptures and f al

T
£
E
= 8
2 EX
(] ®
e s
i3 :
3
H
&
Figar@slip rates documented in structural stations along
|l abor BaoWsayl k(er et al ., 2021) , compared to the ranges of G
for the same tectonic domain. In the box plot, the abund
estimation of wupsp,erquwenrdt illoenser( eesx tbbeeunredar i es of box), me d i
(crosses within the box) and, eventwually, outliers.
Finally, although Quaternary nor mal faul ts
Apennines, the |l imited exposure of fault plane:
Pl ei siHotenene slip rates. Censeqpamamgt ens acei
t hi sdosmiab n by GallHALCIAnioretHoawev &r2,00iln recent yeart
emerged to fildl t hi sNkmoavl e ddgacl ugreem2 Oe2dh )gprearmoir @
and paleoseismol ogical indicators of capable f

identification of previously unrecognized ACF t
the basin, tHeaasgt hpil0s ®#8B8stmmihaybe 45 nce t he Last

2619 ka), along with ewvriuwptnwcrei fgpreartt Hewakted wion
with magni6t.ddesTh@see. values are signmhteantkepoh
in the DISS catalog for the pbi@nt)i,alHhiyglhrleil ghte

need for an updated reassessment of the seismioc¢

The QUIN Q@Udatadrarsaer y( faul;Laséecahnal ldi aat or s
provides a valuable compl ementary resource for
of the Northern Apennines. This database i s bas
I'taly has remained br oadtl gr marcyh a(nlgaegt t d.ed&ngMa)u,t
fasllti p data to be used to constrain the presen

state of stress. QUIN integrates new and previo
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t he ma j-Aopre ninmthrea Quaternary faul ts, including g

deformati on axes, the age of the fault systems,
hi stori cal and instrument al r eicolradds . | iFtaaurl &t utrrea c
multiscale geol ogical maps, the Fault2SHA | abora
l inked to newly acquired fault studies. Accordi

QUI' N may be cohgideirsethopenentaad thus relevant f
either because of direct geol ogical and/ior sei sm
Hol ocene, or because f{tQueayt earrnearpya rfta ud ftd Lsaytsd eRrsi a

evolved under the current seismotectonic regi me.

2. 3ABennines compressional front dome

A significant knowl edge gap still persists i
Apennine front al bel t. This gap was already hi
compi | aGa loand i bnyi etlalre¢ce®Dlyear s, increasing af
addressing this |Iimitation. The | imited under st e

exposure of recent tectonic structures,r etnlcee t end
intervals compared to those on seismogenic nor ma
of t-rhe lustted def ormation relative to the cl earer

the Apenninic chain.

A first attempt to over comeSetihsensoe edcitfofniiccu lMaipe
Emi-Rbmagna Regi on an(dMasruerter]ohukn0dlisi)g haoruegehs t hi s pr o
not provide parametrization of potential ACFs an
it extends the definition of activity-dag tecto
topography &4owmdgygeomdh@aho have def ormed stratigra
(i .e., the base of the-Romagmfaorsminttyheanf) .t TdheUppe!
integrating and comparing seismogenic sources f

active faults, i nstrumemtald, amdhdhiavtaold iabadle §$o@icah

Recent studies have pGwymaae de tsd adnui nid ret@ehdt ) Laadtve
Pl ei siHotenene fault activity along the exposed
field structural mappi ng, and geochr emnrodleargi c al
structural featur eascttihvaet ocra np obtee nitnitaelrlpyr eatcetdi vaes f e
of the Northern Apennines mouniEaihi deland Beol wg
Simi Farlgeri o ientveaslt.i g(a2tOeld7 )t he Monf errato Thrust i
seismic reflection profiles, borehole data, and

thrusts at the Apennine front remaionf tPetitoocreincea |l |

4 6



Qu
an

e a

t h
se
me
ar
pa
t h

Ap

ac
hi
as

ar
Sy
Gu
re
to
s |
gr
mo

y e

re
e a
ge
t h

ChaptACF<®, surface ruptures and f al

aternary seguences, association wity> séursf ace
d estimated slip rates | ower than 0.1 mm/yr,
rthquakes (c. 3000 N 2000 years).

Rece@Gatloni er oali de(d2@23)D mMmodkd htamer nl aA médrarsie
rough the GIS integrsaddtoinomnd, geed o gh arad h anag sd
i smol ogi cal dat a, shear wave velocity ©profi
asurement of fault geomeitraitc omamdampet @i p At mac
ea and volume occupied, minimum and maxi mum

rameters such as dispgliademdutts . ons!| imaxr antuens mas

ese, potentially, the recurrence ti me.
Taken together, these findings indicate th
ennines is stildl active, t hough deformati on

frequent Gal adt hi s,esfeiankael,l(y201s2u)ggest t hat bl in

tivity in the | ast 2.6 Ma (Quaternaffh)scan
ghlights the criticatlernm eseitsomiicn cporropcoersastees ri:
sessments, particularly for the highly popul

2. 3Vdl.canic domai n

Some | talian areas ar e-tclcaromdtce rsieztetd nhgys , a csti
ea and -YehseuiCSaanmpnia FIl egr e compl ex. I n these
st ems interact wi th mag matte ct omi et ebafegr, m ge
dmundsson, 1998;. AAodéebtltaneti wd . f e 2t0ur2e of t
aching the surface may produce observabl e rurg
the typically higher magn(ie.ugd.e,s Azezgsloioreeodt 8i On9
i p rates <can FbegBB)®c arl d fyl evcetriyn ghitghhe (c ombi ned

avitational instability of volcanic edifices
reover, VvVvery narrow. | THACA documents recurre
agrs tthe S. Tecla Fault in the Etna region.

2. 3Cdbmparison with Individual Sei s m
For decades, one of t he mo st debated i Ssu.

|l ationship between seismogenic structures at
rthquake) and ACFs mapped at atctke odursftacad .g hA f
ometric consistency between deep fault plane:-

e surface def ormati on patterns t hat ar e ok
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geomorphol ogecagl , sBigey®t al ., 2013; Demurtas e

Porreca et Thli spadgiu&)liyy due to | imitation of av,
Seismic reflection profiles, for i nstance, gene
sections and often fail to image the |l ast few hi
surface met hods provide d et ai_lndvidlal seidhddetic very s

B3 Source (DISS)
information, | eaving an intgSrme:::dMaxaartgeefACddetapth range
data is often | acking. T,h\i3.g rai ses ifundament al
how the rupture propagate%zgrom hypocentr al dep
topogr aphidc uswdrefra oveh,i cain con%dzi_ioins itiresults in
surfrape uring event. 5 | —

o 1.57

indi vi du:
-Pil|SS dat ab:

seismogenic sources incDbDiuf#®&d-

A preliminary comparius)om- [b_.e

Wor king Grmdum,s:202l15 s)anidnswu.r ifotm‘czjnéaf%
\Q;b’b(\\.

ACF traces that can be geomog«\ilt\w%i“

substanti al di screpancy-r ata "‘E)art' the ran

values documented for sur face favﬁ‘QIts often show
on
S

spreading with respect tofl gwlé& Comparis e infer

rates from AGQFRst a

associated sei smogking &Y Jes oulGal adini et al., (

FauWal ker etanad .i,n
mi smat ch highlights t hd ecsei smogenic sourcd i nking
geol ogi cal def ormation to seismological evidenc

faulting.

Several factors may contribute to this incon:
versus the |l onger recurrence intervals of | ar ge
evidence due t o erosi on, sedionment anicenjt aiomt iaenst
geometry and kinematics both at depth and at th
observed on ACFs can also be influenced by nearb
surface rupt ureevse no s efvaeulatls tleoncsatodd ki | omet er s awze
surface ruptures), as |l argely docurmdutrend nwar led wi
al , 202 2; Sar mi g@2@®n dd)t 2 .aki.nal2l0y2,4;f actor s contr

mechani sm and propagation are responsible for t
surface and its Ilinkage with the seismogenic so

subsedtion 3.
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ChaptACF<®, surface ruptures and f al

2. Belected case histories

We selected three casiePahgasnSacna e met heoMéaueét
(SPD), the Monti Martani Fault System ( MMFS),
are derived from a complex geological framewo
(Fi g2arP, which belongs to the Aperrniglil®e extensic

Al t hough they devel oped eugnadmedr wihteh isna nae sriengiil«
and geosgmtaimmng, the selected case histories rerfr
(Figuden particul ar

T the SPD repcrcesehtai medvel dutcropping ACF as
sources responsi bl e 2f dre blr wfaH B hnrasitnosyhi cecakd ( e .
instrumentaARODPR®.LD Achuei | a enai nshwakeds

T the MMFS corresponddeftor mi pptAQRK,i afl orbewlhioacH
sei smogeni c sfoaulcteisn @ redsoudr i ppecek ed ar e

T t he MF -odut car onpopni ng, potential ACF that is ¢
source of historical ear th6g. u2a)k easn,d stuhceh 1a3s Jt
(M5. 9) Muagretlihlgou ak e s

<
1°E . >~

"“Mugello basin

¢ -
i G- XA
AN

| o 08

F7is SN

;
E \ main thrust fronts

E \ main post-orogenic faults

.........................

(Plio-Quaternary)

E - Volcanic and plutonic units
' (Plio-Quaternary) [

7 Flyschoid foredeep successions }
(Miocene-Pliocene) 4
Ligurian and Epi-Ligurian units }
(Mesozoic-Miocene) L
Slope and basinal successions |
(Lias-Miocene)

'

] '

' Carbonate platform successions |

E -:Ij;[ (Trias-Miocene) ' /;3

: I:I Tuscan non-metamorphic units (S
(Mesozoic-Paleogene)

'
4 Tuscan metamorphic units
i - (Paleozoic-Paleogene)

rxGeol ogi cal and tectonic framework of Nor tlh&RRA,and Ce
) showing the | ocaprli @enemtfed hidrsbBirgkeetdbdisn@hapoeri £s4 (
and 6 (Fig. 6.3).
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3.Gener al background

Since ACFs generate significant permanent def

evaluation of their spatial and geometric char a
when planning new | inear i nfsr agsameurcalulrye so v érl It dha
necessary to bear in mind that the common struct

a nuomni f orm hazard al ong and across the faultsbd
def ormati on par teirt i oemvingws Tthhe fthatpodr s control
propagati on, specifically focusing on fault zon:
the attributes characterizing an ACF that shoul c
studiRspresentative scenarios of physical intera
anal yzed. Given the importance of a structural (
of sei smic hazard related tbi ACFEst owdermrmiewe ewp |
deterministic geological constraints on the geo
ACFOs.

This study is key to addr e Ldiampg etifthdl sf icrhsatp t cep €
inclu@dedi hn et @lubl { 2&tBYrianl trthaezard and Earth ¢
(NHE®&®i;: 10.-B5®294&/10nph5e s s

3.2LL.ntroducti on

The accur at e-sgefciifiitci porar@afmedietres and processe:

becoming of increasing i mportance to seismic r
universally <considered as the tpwo mlaawygecaaart hodu
occurred ip=1962 GCtbhat MAEFaska &nd gaha Kart hquak
hi ghlighted the damaging potentiYaudc)g$ & dnscniucd i pnegr
ground surface rupturing by sllntperan atnigo mMelF sAt cAmi
Agency ac2@10@ault capable of producing significan

response to the activation of a seismogenic
framework of the current tect kreinc asst rméres |roavgirme i
for interplate faults). The i mportance of includ
of eartdédlgata&ked hazard has become evidemt @af0er th
Prentice and whoennt it h1e9 OWr i ght s tunnel was damaged

a ruptured intersected seismogenic fault.
Fault rupturing is a complex phenomenon becau
field acting along a fault zone, the variability
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Chapti€Ehe 3i mpact of ACF structur al complexity on seismic h

di spl acement history, and the (B&holhoa@indalS avnani
200 3; Tr ei manet ,2a0R100L 7 nP epaacad kc ul ar , the geometri
of a fault zone that dynamically evolves throu
structur al mechani sm(s) and the tectonic conte
g owit Mordteyall990; e&taralvedDght Fossen .anldf Rohtee vfada unl
seismically active, these parameters al so deper
scaling r(eWedtlisomsnhdi lCopper smit h, 199dt , ¥BOMMR ] ye
Kim and Sander seotn, al2008; etfeal@l00B ; Leonard, 2 (
Thingtldai,ja2m 17)

Unt il now, conventional approaches aimed at
generally overl ooked both the structur al and ¢
as theuttosg relationship berptiweenfaaltabégment s
and more complex fault zones. Further mor e, di s
rupturing along a singl e diasuclrte tdee fsolrinpa tsi uornf aacf ef
vol ume of o otck)dicfafnerleemat patterns of permanent
evidenced by PFDHAe .sgc.e nMarsiso sanodf R\CsFss, 2011; Pet
al . ,. 2003)

The potenti al i mpadat edf e§éiesimsc shauld be di
ACFs geometrically interact and physically inte
guantitative analysis of mnda&r riehfat aonshetpsr det s

out already during early feasibility studies, a
phase.

I n this study, we analyze four possible geor
|l i near i nfr ecstorswsd tmor,reaf b-Bfhaid Itnetar p, amrdo stsi amgs f
scenari os. I n each <case, wal edteabluirels a) tle
investigated, b) the related key fault paramet €

t o derive appropriate deterministic geol ogi ca
def ormati on .stByyl eusoifn gt haes AaOnF e x a(mpT HA G A,e B IOTGHA)C A
2. 3) and rel evant seismiTtcecmhntcakonGotmmins sl egi
Mi crozonatiwe ,pr®&dad3de an first operative wor kf|
ACF. This study <can inform ever more realisti

devel oping mitigation strategies to minimize ir
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3. FFactors controlling fault rupturing an

Recentl vy, t wo databases l'isting surface rup
i nstrumental earthquakes between 1872 (RWRIE 2019 h
2.0 and FDHIlurdnatmaemmasds ;al . , 2022ThesSae mienadlba ¢ s ¢
show that several factors steer the propagati on
regard, fexternal 0 and fiinternal 0 factors can k

External factoem chmaid adteertihet iseyyss t hat directly |
Rock rheol ogy, froecogasstzzandceo,ntirsoldsuwmagl Ifyactor of

narrow fault zones of high sheaéarel disrpai m oxrke ttyypR
whereas wide zones with diffuse high shear str
prot 6Chebser and L oegta na P 010938 6F2Aa0Fa8u)l rkinetrur i ng i s f i

fla@aisdi sted deformati on, as pore pressure reduce
contrasts and the overburden thickness, in addit
passingief rboeendr bck t o unconsolidat ed Raindl,/ ol 9 W@&;t €
Tchal enko, 1970; | revi mad 9®rde tHialdl®,Mt4k6 8]30ahlnBsBoany

Il nternal factor s, on the contrary, represent
ki nemati cs, geometry, and mechanics. Faul t ori er
ki nematics oOoWall gceenl9ahbhdBontutmer b59)st udi es hay
fault coseismic deformation is more I(iIAkeiny | ocal

al . 1999; FIl et cher and Spel z, 2009€ComMsaae g L2eON0t9l;y , H
kinematic characteristics of a fault affect the
strsilkiep oFrslpuwr enodviepment i s generally narrower tha
consider ar e maagnictossded sam d( Tsslihiiagh ekniknoe malt 9i 7c0Os; Hor s
Naylkobor all986;t ,  Barla®yYW 4 ; e$ ¢ RIRiIDOChetQuad eyl t ect oni ca
active areas, in fact, geometric parameters of
di spl acement at the ground surface, are directly
by it, as demonstirfdeedy. hy Wetbhbeandl|l Loippresis mi t h,
201 4; Thingbai FagqGlshoavis:k,welv@ 1l f)at abases of cose
ruptures events integrated wi t h data document e
eart hgimddles Coseismic fault data (including maxi
at the ground suorfdacmapnekbhdeéi vaentdihimere ehrsomnf

meters) for earthquake evENng&lmehbhhging from magni
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Chapti€Ehe 3i mpact of ACF structur al compl exity on seismic

@ 4021 (b) E
Dyax = 0.00005¢5103MW by L = 0.012¢"4863Mw Wells and Coppersmith (1994)

-

& Djay = 0.00005¢705¢Mw ,§ 10°F L =0.014e" 4489w O Normal faults

;E) a @ Reverse faults / Thrusts

05’101- '§ O Strike-Slip faults

Q

= o SUREZ2.0 - Nurminen et al., (2022)

% <)) 102_

3 ® O Normal faults

§ "f;, B Reverse faults / Thrusts

E 10°] 8 O  Strike-Slip faults

X

© Qo

E § 10'F Other seismic events (Table 1)

L QU

s E ¥ Normal faults

g 107 E # Reverse faults / Thrusts

o ‘D v¢  Strike-Slip faults

) 3 10° )
4 9 o 4 6 7 9
Moment Magnitude (Mw)

Fig8¥r-&caling | aws correlating coseismic geometric fault
the ground surface) and earthquake magnitudeWe(la,s bandres
Coppersmithla@t@894yend | ines are calcul ated( Nonugetdeanli.ng al
202a2nd BalHll e
Tab3dleHi storical and instrumental earthquakes that produce
are not Wealcllssdaendd i @o papredr sSIURM2r. (A h & d22 pset s.mak: | engt h;

maxi mum di spl acement

h

C

Locatio Yea Mw L (k DmaX m) Ki nemat Ref erence
Parkfield 200 6 32 0.46 St r$lkiep Lienkaemper
D¢zce (Tu 199 7.2z 40 5 St r-$lkiep Wesno@9DDB)
Kokoxi li 200 7.¢ 400 8 St r-$lkiep Lasserre et
Bolnai (M 190 8.%:%: 375 9 St r-$lkiep Lasserre et
Erzincan 193 7.¢ 350 3.7 St r-$lkiep Lasserre et
Dongxi Co 193 7.t 150 4 St r-$lkiep Kl'i nger et
Manyi (C 199 7.¢ 170 7 St r-$lkiep Kl'i nger et
Pazarcik 202 7.¢ 300 7.76 St r-$lkiep Dai et al
El bi stan 202 7.t 180 8.2 St r-$lkiep Dai et al
Spitak (A 198 6.¢ 40 1.6 ReveObslei ¢ Philip et
Avezzano 191 6.7 35 1.2 Nor mal Gal adi ni and
Col fiorit 199 6 14 0. 08 Nor mal Cell o et a

This variation applies to adlli gdlaudnd tcygre sb g r

to factors influencing the propagation of faul

the specific growth mechnan(issemes bgeolvoew)n.i ng each f
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3.3.Fault zone architecture and growth

3. 6Fdul t zone architecture and attributes

Commonl y ,ortdheer fairrcshti t ecfFuga)efingal budebt azaocrat (
and the envelopeng. d@ambge ebnak. , 1996; Cell o e
Chester and UOdgearf,auld@38%)ore represents the produc
most of the displacement within(ehge. fRABulhmrdetvodlu
Chil ds et al ., 12%96;t Sisbsompol®d7 ) f mul tiple sli

a, and |l enses of host rock

TIP
(ToreaghiaRO1BPamage zon:'e

fault gouge, brecci

ar e characterized by l ow
def ormati on comparedgto These
zones generally-ev(uébit nd

structures such as sub
veins, stylold+eéeated
and/ag fqoel.dgs. Berg an

Bil Il et al ., 200 3; ) , Faul kner
et al ., 2010:. Odling et,/m_b_\./?‘/m:%oﬂo4)

The thickness (OFigsa2-8che mat|C|IIu stratio
of these two structOf 'ts main geometric anOIstrike
and dip angl es, |l engt h, maxi mum dept h, and disp
fault that need to be constrained when building
However, the intricate niaftiucraento fv araiudhti lziotnye si rc afne

along and acrbsgBI bestiggakestzaget hat variabl e mec

growth may contribute to fault zone evolution i

substanti al i mpact on the resolution and reliabi
Fault core geometry, for instance, varies in
rock vol ume, which is a function of t he geomechez

contrasts of the faulted-elkist hogy p(@s.sga.h dBoapd tedssheen p
Braat hen, 2010; Chil ds et al . | 20009; Foxford et
200 2; van der Zee and Ur.ail,n 2g0be;r aWi, b baevrelreayg ee tv a:
thickness vamyl betmwdensa mewer for an average (¢
ranging demntm mm@tnerfsew t{{domdhamimhemesteerr, s 20RI7guiTer abi

34a) . However, exceptional cases wiktihl ofneectketr sdi s p
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Chapti€Ehe 3i mpact of ACF structur al complexity on seismic h

associated with cores up(e.og.t ehitlod sh uentd raeld.s, o020
2008)

Overlapping zone

Main fault 2 Main fault 1

Normalized total
displacement

\J

0 05 1
Normalized distance along strike of fault system

Normalized total
displacement
e

0

Map view

Main fault 1

Dilational overstep
(Transfera zone)

Main fault 2

4

Wall + tip + Wali + tip +
linking damage linking damage

wajysAs Jnej Ss0ioe 8oUBSIP POZIBULION
S0

-
<

Tip damage Wall damage - - Wall damage Tip damage
T Wall + linking !

TP damage

3 0’ 1
Normalized distance along strike of fault system

Normalized width
of damage zone

\

gB83-&ari ablendl antrgoisise di spl acemenPedcotki bondi Samehiein spiny ¢
dth of a complex fault zone. TeKimm netl oagly. r(ez®04) ng dama

=T

Damage zones, on the other hand, include t
efined by the frequency distribution of struct

990)Many authors have rel at(eed. g.t Raou It khree rc uarnu | aalt
t al ., 2007; Torabi eitFi aglddb,¢ 200r2 ;0 Tibhvea bfimd ualytel |E
and Scholz 1998 ,anidnrted remse neifegshpdt hhece e aaziomeg ; | aws
that the width of a dameade hmed ska seoanheotvearcsy mbi bt a i ¥

d
faul t(ecgre Chester and Logan, 1987, Goddard anct
1
e

di spl acements within a similar range. Scattere

typically two orders of magnitude smaller than
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Damage Zo0ones ar e
(walV b idmmage zone), ofr
a
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t he caslei mfedafradul t Begmeoksantio@anmeet sdnt a9t
di spl acement gradient of a fault increases 1in

di spl acement maxi membiest hochobedec!| 0 ¢FatglRiB®oe t he o

Ot her fundamental fault attributes that have
are fault kinematics (slip vectors and sense (
interval for guomotatce am@adteirniggvgestii pg r el at ed e

estimation is necessary to fully parametrize a
3.6F&2ult nucl eation and growth mech:¢

Foll owing initial nucl eati on, the growth o
mechanFisg®® ¢ (i) tip propagation and (ii) displ

tip propagation. Both growth processes refer to«

I n the case of the tip propagation model, f
mi cfrroact ures form and coal e e wdleo ragn ds tSHdixpd omf,

and Schodemo(nlsot8r8at ed t hat Mode |11 shear cracks
This |l eads to an increase in displacement prop
Dnalk rati o model 0), with maxiemaferdheplfaaude mentFuv
evolution is accomplished by stress concentrat

deformation features at the fault terwmhapteidons,
branch f aulstytsheteinc ®wxrh ed rotni (tkhieth j a6 aar2004rture

The second fault evolution mechanism | eads
accumul ation without significantWatlisph pertopaagat i2e
Characteri sti c Secahrwahrqtuza kaen dmoGloepllipbe rbsygmi mahi, n 11y9 8adp) |
evel opment of a | ong fault Geérgct@irkra a®loivel ian |

his case i mposes an extension with deformati ol

- ~+ O =

aul t propagation is wupwards from the reactiyv

(7]

ignificant wi)deamimag eo fz otnfree ( wal |

When two subparallel, separated (fea.ug .t Tsreugdngei!
and Cartwright, 199Bhi Nail shmani aéste®0®B)t he ¢
bi furcation, devel opment of a complex zone of
def ormati on bands) or (Flossfeor matdi ROT ledv ait mt, @n2adal
potentially evolves through time in |linkage (Al
e

xtensional or JddXrignr ,axch0 d®h)al oversteps
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croscscceumtal 'y (formed under the same tectonic reg

tectonic regimea)egdbhiysaseoondcsubes tiKem inking
et al as(2@@4ax ding the area of dedroalmadli omoeavala f
When deformati omniestfmrudnset aeeredt heomntervening d
transfMor lzeoyeeti nalr.oduk®d0)a systematic classifice
bas

which the displacement transfer occur si dlem tran

ed on the dip direction (divergent or conver

rock volume through diffuse faulting. The vari al
and real fault zone depends on the overlap deg
interaction between f aulntds tihee dlod@al r dleatgd ch tod tt
depending on their kinematics. For exhmpl éaul abo
interact when the spacing between two rainn fault
1997)whil e field data have been used nedtedmoncl ude
kil ometade range interact when the ratso>héb%ween
(Acoeel a&000)
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3.4.Geometric i nterference patterns

i nfrastructures

In this section, we apply the fault attributes
scenafri ACF evol utainamtyhzEiirnsptalcyt, oMe t hese mechani :
|l i kely geometric interference patterns between
spectrum of structur al geol ogi cal parameters t
zowne(l Z) between an ACFTabBl@e.t hwe Idierfd are itrhfer d sZt ra
area where the deformation effects associated

infrastructur e.

We have consi der ed ntelag fi miflrcaveitma cftRaiugatr ient e |

36) :Fauylrtossing ip,nfifastheuti mear infrastructure i
any incidence anBawepaaxrladngeli tjsniflfearsditehulc timie)ar i nf
essentially parallel to the main fault trace, |
its cNHe&rauiliti}ip, iinfrtalse rluicnaar infrastructure

characterizing thdr ACFT am @z opneeign tisn firfiaw) ha c tlurn
infrastructureea gaoxxadxrdbypedmweaen two or more int

Since the crossing of different portions of
fault parameters may weigh more than others, e
fault parameters associat ed hwist,h wtehe amormpre oponc

parameters over otherFsd gidid efault hazard assess me

I nfawhrbossécamgari o it is particularly import
i splacement at the ground surface, especially
nd (ii) the deformation accommodated wmbdkl s &l

nique mean value of slip is usually consider e

o Cc 9 Ao

f such model s, displacement (ceang.b el evaacroicakb | € 0a0l
199PRi) g3 e Both fault growth mechani snksi guwriengl e
35 predict that the maxdemdrerdiheplfawud mesty sed @enyr s
decreases to zero at the fauFitgldbps.thei wi 8abe

damage zone scales to the cusalwatriedeatdiosniplha pen

maxi mum width of the damage zone is expected to
at ctehnatfert he fault system. From the considerat.
potenti al i mpact | inked to coseismic displacem
the | inear infrastructure crhoesrs esautlhte sceegmiernal o0z

fault segments), (ragher Bahamaméeartt mé . To 2aObLt5a i nf

higesolution data on both amount of displ aceme
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to analyze the distribution of deformation both

fault strike FifgBiiagdamage zones;

Fault-parallel linear
infrastructure

Near-fault tip linear
Fault-crossing linear infrastructure
infrastructure

Coseismic
D'isplacement

Transfer zone-crossing
linear infrastructure

Not to scale

Fi g86-&chematic diagram illustrating the possible geometric
infrastructure.

The extent of the study area on both sides o

considering the Bic@idlagdnki eBidctei dDrughinpgs diersi gn st aq

usually included in the detailed study extends
infrastructur e, on both sides. For exampl e, t his
the 1 talinar atcdr, r ictosreyi.sni ¢ def ormation is expect ¢
meter s, with wthd e@eactmhmmgemkesM which i s, at the
value reported in the historical sei smol ogi cal
infrastructure might be inadequate in the case o

| nf aplatr aslcleenlari o, it is critical to verify if
damageFizp¥itee¢ (and, eventually, to evalwuate the | e
within the | Z. Similar to the previous scenari o,

considering the position of theutZacel atenmer alo
toward the tips). Scaling | aws suggest that the
magnitude | owefFighg faad|l t hieketrhih the hanging

I nnedm@aul scdanagri o, the deformation associat e
significant. Deformation structures at the | Z st
its tips as it progressively grew ipabaehgbh bwne.l
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Figad)e 1t is, hence, a priority to evalwuate th
damage zone) , including its potenRiigaBlfcegf.urkdirer
high angle and steeply dipping faults, the asse
more critical, as the tips of t hese faults can
depending on the frarcd utrhe gdevioptagraitd dVntGrmeadd e X
and Davisoerit, 498960, K2m0 3, 2004;. Kim and Sander

Ther ansf-emrosmsareegari o i mplies the interaction
faults where deformation is accommodated both
fault overstep region. This complex structura
variomts of fault characteristics described prev
l inked to the width of the damagé&i gle tihati sd
necessary to consider both the extent of the 2z«
zone (wal/l damage zone plus |l inking damage zotl
potentially accommodatiThg mosoborofythbhodidpbace
both the widthref atled daamagkerzonenerossed by t
slip accommodated by t heFingaBiddg .f aludrti nsgu rpflaacnensi n(g
is essenti al to recognize whether the estimate
fault zones a few meters thick, rat her than by
hundreds of méoeres tMhiecks.amBheroensi derati ons ma
di spl acement are applied. Transfer zones can
antithetic shear fractures, which can define
ruprti(rkg m et .all f, th@8@) bl ocks have a considerabl
infrastructure (e.g., decametric scale), t he p
should also be included in the fault hazard as:
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FigB8TeExamples of geometric parameters thlatneaan isnudpposrttr utch
interference scena(rD o= ddiisspdwascseentetniin, ot el atmangtd . z ®ma wi Ny goap
to scale.

From a geometri cal standpoint, the angle of i
the ACF reppoedent paaametrest in defining the ext
assesbBmgd8&qeval i tatively illustrates the relation:
Il z for different interference scenair3®A) ®Smpecif

associated with bro-pdepehdscul apriccoantl eya g & ¢nti &t osn e ghy
of 1 Z. However, if the linear infrastructure run

damage zone, the entire infrastructure segment n
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