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ABSTRACT

This thesis intro@aacteesc hrhiec ddeollodgéax al GEFN&d2ar d miow
assessment of |l i near infrastructures, particul ar
empl opisolmabilistic Grapdhmiiani Mp dRdy € Biddvidd, NFeat wmdotr kT r
Anal y(shTSAp evaluate seismic hazards and their S e
earthquakes as the primary hazard, with seconda
liquefaction/ | ateroahd sphalkidnagg, Theasle gsecondary ha
Ssimultaneously on structureo®verwiatphpi digstiffhgEe®Rshallh
model all ows for the maintenance of effect i nde
probability to calculate expected structur al dama
imensu ,stascta uses a fixed earthqguake scenari
acceleration or acceleration resproetsier rs peentirad.ash

aims to provide infrastructure managers with- an e
hazard perspective and establishing priorities fo
test GETI ' saYiuamaduwdé¢toniahi Awezzano, l'taly, and the Ct
Ut a h, USA. These studies demonstrated the index'
knowl edge | evels, as well as its senssttudiidy neveasd
t hat GETI can effectively highlight i ndii vd doad l
damage, allowing for easy identification of predol

capable of quanti fyi negducatmaognes prreosbualbtiilng yfrom v
interventions. Limitations of the current GETI f
hazards and the assumption of independent damag
devel opments address these issues anddazateéndonthe
Despite these | imitations, GETI achieves its goa
during earthquakes while accounting f drecddoeen daroy

net wor k managers to assess seismic risk and prior
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NOTATI ON

C

Qe O c:

C:

Pz =

Coefficient of uniformity

Horizontal displacement

Damage derived from horizontal displacement

Expected value of liqguefaction-induced vertical settlements
Damage derived from liquefaction-induced vertical settlements
Expected value of landslide-induced horizontal displacement
Expected value of liquefaction-induced lateral spreading
Expected value of falling block velocity

Relative density

Damage derive from rockfall impact

Expected value of PGA

Damage derived from ground shaking

Normalized shear stiffness

Overburden correction factor

Seismic Moment

Body-wave Magnitude (short period)
Body-wave Magnitude (long period)
Local Magnitude (Richter)
Surface-wave Magnitude

Moment Magnitude

Normalized standard penetration test blow count
Normalized standard penetration test equivalent clean sand blow count
Dynamic penetration test blow count

Standard penetration test blow count

Probability of liquefaction

Normalized cone penetration test blow count

Normalized cone penetration test equivalent clean sand blow count

Shear stress reduction coefficient

Epicentral Distance
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Total vertical stress

Effective vertical stress

Shear-wave Velocity



INDEX

1. Introduction
2. Literature Review
2.1. Concept of Multi-Hazard
2.1.1. General definitions
2.1.2. Multi-Hazard overview
2.2. Multi-Hazard Risk Assessment at the Regional Scale
2.2.1. Definitions
2.2.2. Qualitative Indices
2.2.3. Quantitative Indices
2.3. Multi-Hazard Risk Assessment at the Infrastructure Scale
2.3.1. Qualitative Indices
2.3.2. Quantitative Indices
3. Methods
3.1. Methods in Analysis: Level 1
3.1.1. Criteria for applicability of the index
3.1.2. Literature Review and Analysis
3.1.2.1. Active faults and earthquakes
3.1.2.2. Site effects and ground motion amplification
3.1.2.3.  Soil Liguefaction
3.1.2.4. Landslides
3.1.2.5. Rockfall
3.2. Methods in Analysis: Level 2
3.2.1. Site Response Analysis
3.2.2. Soil Liquefaction Assessment
3.2.3. Slope Stability Analysis T Landslides
3.2.4. Slope Stability Analysis i Rockfall

3.2.5. Expected Damage Evaluation Through Fragility Curves in Bridges/Viaducts

3.3. Formulation of the GETI Index

4. Case Studies

0 o0 A~ W W W

10
12
15
17
22
24
24
24
24
32
34
38
39
41
41
45
51
52

62

73



4.1. Avezzano (Italy)

4.1.1. Application of GETI: Level 1
4.1.1.1. Literature Review and Analysis
4.1.1.2. Geological and Geophysical Surveys
4.1.1.3. Applicability of the Index

4.1.2. Application of GETI: Level 2
4.1.2.1. Site Response Analysis
4.1.2.2. Slope Stability Analysis
4.1.2.3. Damage Assessment

4.1.3. Results

4.2. Cherry Hill Interchange (Farmington, Utah, US)

4.2.1. Application of GETI: Level 1
4.2.1.1. Literature review and analysis
4.2.1.2. Applicability of the index

4.2.2. Application of GETI: Level 2 Before and After Ground Improvement
4.2.2.1. Site Response Analysis
4.2.2.2. Soil Liguefaction Assessment
4.2.2.3. Damage Assessment

4.2.3. Results

5. Discussion and conclusions

References

73
73
73
79
79
80
80
81
82
83
85
85
85
88
88
88
90
91
92
94
99

+ R



1.1l NTRODUCTI ON
The assessment of ri sk f riomf rnaastturrsadl t bhraazsa rrdosa do na nlc
bridges and viaduct s, represents a complex thral l e
unpredictable nature of the phenomena and the nee
currently in force in Italy and abroad tend to wu
individually, in a genericoumdy tared pwistsh dutl ittakiorfg
phenomena. I n recent year s, however, sever al st
phenomenon of t he,ifnc awhd adi nc ee fofceccutror ence of a pri
events, secdesdamyhi bazaran interact with each ot he
mitigate their impacts on the built environment.
and floods cause significant damage t o téremsgl ofbal
direct structural damage and in terms of economic
routine transport services. I n thiisnfcroamg texatrari gd
out fromaaamul tpier speatcoentaindgthars i nteractions a
a given area, emerges as a necessity, enabling p
optimizing resources by reducing both costs and d

Starting from these considerations afm@dazahd atady

framewor k, still limited to natur al phenomena, 1
devel opment ofgeat gelmhiogalcal ndexss n@EETtl ,off orri stkh ef ra
hazards on road and highwag boi ddges comp-haegadgcto:
approach that al so considers cascading effects, w
seismic risk and its a@lelcowadrfforeffleetsredhion of
sufficiently simple to be understood and validate
starting point for developing, in the futureesand

as a -mwzdarid analysis tool, taking into account al
hazards that may be triggered by them. The main

road and highway networ k mdndgear saswietsts i airg d fhfee dtii
hazards and their possible effects on |linear stru
measures, with potential savings in economic reso
ef fectt,s wihtah currently used met hodol ogies, are not
This work is part of the Italian national Doctor
Ecol ogi cal Transition of Bui |l t Environment, XXXV
strategies against natur al haeanrnds,a sstpd@ainfuiraalrli yng
| ack of-haz amudl tapproach in current regul ations, t
possible interactions among natur al hazards, rath
carried out -poupaoh mhenomena.



The thesis is organized into five chapters, with
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t. The second chapter, which is mainly bibliogr
ri sk indihaesardndomakp@enermalt hand as applied t
Il mi nating in the -hdeezAfarnd,t ivwuwlsn eorfabriilsikt,y, mualntdi e x p
e devel opment of GETI . Additionally, this chap
searehpiumni ng this thesis seeks to address, the
pects in which it is innovative. The third cha

gi cal flow of GETI and all efheimebhod$ ubedi hd:

atistical model that represents it. Furthermore
nsidered moletyv eduilt slcirlee gfedmm @ andloyusresh. cThhaept er ,
di scussion and conclusions, summarizes the fun
rengths as well as unresolved issues, referrincg
vel opment s.



2.LI TERATURE REVI EW

2. Concept HazBMuldt i

Since t
a clear

natur al

he GETI index i s based ddmztahea ,t hdori st icaallci
definition of this term. Additional ly, it
hazards.

2. 1Gener al Definitions

The term Ahazardd has been desrcgehbewus byh&iNod IBORo Il 2
human activity or condition that may cause | oss
damage, | oss of | ivelihoods and services, so.ci al a
The I ntergovernment al Panel on Climate Chatnhgee (I
potenti al occurrenceé nadfucadnathyrsalcadr elveman or trer
l'ife, injury, cotrs,otahserwehlelalatsh dianimmppage and | oss to p
service provision, ecosystems and environment al r
Foll owing this, a definitin@an uofalipatocreals haz prhena
cause loss of 1ife, injury or other health i mpact
social and economic disrupt icoom,s iodre reinnvgi rnoant rseenatl a [h a

of alll
t hat mi
earthqu

Natur al
occur,
Researc
events
earthqu

process
surface
fl oods;
wat her
hazards

vari abi

hazards (UNI SDR, 2009). The term encompass
ght cause them in the future, covering a
akes, tdsewsnanhilso,odlsanadvsollicani c eruptions, anc

hazard events are characterized by their
their duration, and the area they impact.
h on Disaster Risk (IRDBdPumpciolgram B8Ei ¢hee |
can be divided into six categories: Geoph
akes, | andsl i des, and tsunami s, are hazar
es; Hyds ol wlgiiclalr édaular df rom t he presence, N
and underground freshwater and saltwater,
Met eor ol ogi cal haztedms, atsomafadsssoechheat exdt rwa r
and atmospheric conditions that can | ast
are -tenkhedmedi lbsomaglee at mospheric processe
ity over peséeadenala-dgoddgna Bi mhmognteanh haza

out breaks of diseases and infestations by insects
asteroids, met eor oi ds, and comets as they approa
pl anet, as wel I ntaesr pthaergasy i oorndi tions t hat af

o



ionospher e, and thermosphere. (1 CcCsu, 201 2; Gi || a
either rapid onset event s, such as earthgquakes,

phenomena, |l i ke sea | evel rise, (iTHesmuma ainmg Hioevihe e 1t

2. 1 M2 thtaizard Overview

When addressing multiple hazarhdasz asridiu litsa nferoeugsu eynt
as noted in Kappes et al. (2011, 2012). This bibl
definition of the term andt thias deectni extefnst vel yh e
initial def i ni thiaozna-acepel ragceed': ctohnec €' patl,| whi ch involve
hazards (Hewitt and Burton, 1971madBhic®onencommas $
potelny i@duse damage to exposed assets within a sp

The notiorhaacafar dmulftirst appeared in the United
devel opment (UNCED, 1992) and was tlhat drotdefiitiyedf
hazards in a ddHefrienedr raerneaant” refers to hazar dous
of damage, contingent on the area's specific geol
the infrastructure's significancecaaunsdi ncgh adraancat geer i bs
certain threeneldolidnsiigndé&i cant . Greiving et al . (
"relevant" hazardous processes as those with a si
ar ea I n this context, events with anaexmeemolyt
i mpact s, arOe/ eex dlheded.st decade, the | imitations o
hazard have been highlighted (e.g., Kappes et al
various hazards interatctcanheurpaosnbt hedef mMpat s
considered individually. Therefor e, hazards shoul
mul tiple interconnected ones, recognizing that, i
with otameobulkaphenomena (e.g., rockfalls or liquef
Mal amud, 201 4; Zaghi et al ., 2016) .

Gi Il and Malamud (2014) undertook an extensive ¢

interactive relatiomnres miapsiramoma@ztawarrst,y whi ch t hey

geophysical, hydrological ,hgbhathbw &adt fpaaembapal
process, they developed a Hazard I nteraction Ma
categories: those where a hazard is triggered (ca
a hazard,t tthecreredadea the probability of a hazard,
tempor al coincidence of natur al hazards (e. g., an
whil e these events are not causally hisakahdaottair

scenari o).



The authors assembled gl obal evidence into a 21 x

among natur al hazards out of a possible 441. Th
relationships and scenari os whiehroeo do noef haanzoatrhde rh e iT
vertical axis lists the primary hazards (rows 1
either trigger or modify the probability of anot he
same hazardhgd iad petcondary hazards (columns A to U
t hat are either triggered or have an increased p
di vided diagonally into twdetffrni a&@mddamg.l eiSHofiddantge s 1
primary hazard might trigger the secondary hazard
_ SECONDARY HAZARD [TRIGGERED OR INCREASED PROBABILITY KEY
WE e u-r-r-mr-r-r-r-n--n-"-n--r-n-ru-—-l TP TETTT =
EQU | TS |WO | LA AV | FL |DR | RS |GC | 55 |GH| ST | TO [ W& SN [ LN [ ET | ET | WF | G5 | IM Earthquake )
[ {1 Tsunami TS
EQ GEDPHYSICAL |Volcanic Eruption VO
F Landslide LA
m Snow Avalanche AV
Yo Flood FL
7 N HYDROLOGICAL Drought oR
" Regional Subsidence RS
Ay 5':;";‘" Ground Callapse 5C
F pROCESSES | 50l (Logal) Subsidence 55
" Ground Heave GH
DR Storm 5T
i RS Tomadao TO
dl Hailstarm HAa
al st [ ATMOSPHERIC | snowstorm SN
g " ss Lightning LN
Tl Extrama Tamparature (Hot] | ET {H}
E GH Extreme Temperature (Cold] | ET(C)
= . BIOPHYSICAL | Wildfires WF
- "
e SPACE Geamagnetic Starm G5
Impact Events 1M
COLOUR CODE | o mumya o ccunnimee oo PubARY 2t
Potential for a small number of hazard
events (individual or a few occurrences)
- Potential for a large number of hazard
events (multiple occurrences)
SYMBOL EXPLANATION
/ Hazard Triggers Secandary Hazard
_,_-""-- Hazard Increases Probability of
il Secondary Hazard
/ Hazard Both Triggers and Increases the
Probability of Secondary Hazard
Fig. 2. 1: Il dentification of interactions between hazar
|l isted vertically and secondary hazards horizontally. T
highlights i nstamy elsa avdred emiagtptr itmri gger a secondary haz
where it might increase the |ikelihoaodghaf taiaegdmdasrhyad
triangles are shaded, it signi ftireisg gtelrata ntdh er ap rsiematrhye
secondary hazard. Additionally, relationships are cate
or heighten the probability of multiple occurrerces of
occurrences (light grey). Hazards are classified into
processes (orange), at mospheric (red), bi ophysical (pt
more details on snosnhei posf (tChiesle arnedl aMailoamud, 2014).
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a given cell—righadtngangkeel owedrcates that the
kelihood of the secondary hazard. B o t-she ctorni daanr gyl
zard pair. Among the 901iht2t amat mins, i @2 nt70%)edr
ere a primary hazard can trigger and elevate t
ere a primary hazard can trigger but not increece
3%) wherye haa zparidnacan i ncrease the probability of

-griegyghtshading suggests that the primary hazard

condary hazard. For example, a | amdswloildcea nmicg hetr u
ght |l ead to a singl e epgirseoyd es hoafd icnlgi mantdiicc act heasn gt el
s the capacity to initiate numerous secondary
rthquake, intenseestommghor|l eadwmel t heusands of

ted that 66 (73%) out of the 90 interactions ar

ndi vi dual or a few instances), while 24 a@zat%@) h
ents (multiple instances). According to the aut
gure 2.1 is its restriction to scenarios wher e
condary hazards. The materisxi tiustnonsdediegeed wbo
mbine to initiate or heighten the |likelihood o
ghtning occur simultaneously, increasing the ri

addition to using Figure 2.1 to demonstrate h

iggering another, it can also be employed to id
scade effect. This meansg gtgleateda segmiesns i afl | lyaoar
successive triggering processes. By examining
i mary hazard to uncover potential secondary haz
consi dermedxas prhmary hazard, capable of trigg
alysis of potential cascade or domino effects ¢

sessment and determining possible micduwrast,i oint sal
vironment al par ameters across various parts of
ospher e, lithosphere, and hydrosphere. These cl
fwat er pressures, soil Ssheairschtamrgregt hat mowsmpthaa
ncentration, confining pressures, and ground ¢
kelihood of a specific secondary hazard or push

rm mechani smé tiec desseadrihhe the process by whic
vironment al changes that either trigger a seco(

ample, as depicted in Figure 2.1, an earthquake

LAby causing seismic shaking that alters the soi

movement due to gravitational forces.



Given that the matrix is derived from empirical d
analysis might not be comprehensive and may not f
can have on the environment aandd,. cFoomrrs e oquuse natnicye,, ocnc
(ST) and 17 (ET(H)) versus coésmabAi 6BOY in Fhgutl

et al ., 1997; Kramer and Stewart, 2025) that endo.
be influegeedukyeexeoats, | ike extreme weather cond
temperatures. This observation highlights a poor
| ack of i nformati on and case studi esi,n whoncshi deao u
endogenous phenomena as being triggered or enhanc
by Gill and Malamud (2014) remains a valuable r.
interactions between natur al hazards.

The interactions between hazards have been cl ass
(2019) and Wang et al . (2020). The first study c;
i nto five di stinct types: | ndepletnadreeracies | ywhwirteh o
interdependence or triggering effects; Triggerin
secondary hazards; Change conditions, where one h
environmental conditsopasasscCompoiuoam) hawkirdh i nvolwv
from the same primary event but not as primary a8
(negative dependence), where two natur al hazards
exclusiase, heaoel rain and fire. A similar cl assi fi
dividing hazards into three categories: Mutually
technol ogi cal ememdeaned esdi hasntamo ehaeaf; akdt daini
and Noafml uenti al . I't is interesting to consider t}
as a ndisaster chain, o in which one or mor e pr i me
occurrencergf haeaonWda These concepts Baaeedeh!| asy
Mart3 (2023) in t(hrFei gf.ol2l.02Wi.ng di agr am
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Mutually exclusive
hazards
Cross-category : Mutually amplified MULTI-HAZARD

hazards . hazards SCENARIO

man-induced

9
“‘° i hazards

E é
E
' hazards
H Mutually amplified T
----------------- b4 technological accidents H:::d C:a;;'r‘;'gg
Domino effect Concurrent/compund
hazards  — o
6_) ; . I o Natural disaster [
. : | o Technological disaster ‘
Fig. 2.2: Schematic representation of t he eSxaiasvteidmr@ taerdr

Marts (2023).

I'n this classificathiagmrdthe domkemgt tof trhel teixi st en
or complex) that can describe the relationships b
a mtlatziard scenari o fr omea qteatgi.st iBagle sp ama INyed fw)r .k

2. Rlul-hdzard Risk Assessment at the Regional Scal
2.2Definitions

Anot her fundament al step in structuring the GETI
applied to |Ilinebhmnzatduvtewe Faoal maWwihg the UNI SDR

term ARisko camhbecdmbinedi ars of the probability
consequéemceshe | PCC Report (I PCCtheoddrentiak foe
consequences for human or ecol ogi cal syst ems, rec

associated withAmweart hi rstyesrteansi ng definition for thi
at al . (2006), tchensliidleeliinlpoad skf asccurrence (or p
defined by (a) the potential sources of risk (e.g.
nature of the risk itseltf (high or ilmawecbasedueem

Y



frequency of oceyuerarre nfcleo o(de .Ga5¥e Ir0iQstki) s , t he ARI sk

definadmashodol ogy to determine the nature and

e X

and evalwuating existing conditions of vulnerabi l

peopl e, property, services, |livelyi deddNdESDODR,t R 1&g
This definition introduces other two i mportant t e
exposur e. AVul ner abitlhiet ydbe gcraene boef dferfai gnieldictays oanfi c g
system or community towards ndtGuralvi agé)et ewshhinloged &g
AExposureo couldheepdeséened af peopl e; i vel h o
environment al functi ons, services and resources;
assets in plnagcse st haantd csoeutltdi b e( laRdG/Qe,r sZ20d 2 )a.f f Telcd reedf
analysis process must encompass: an examination ¢
their | ocati on, intensity, frequency, and | i kel i
taking into @adoaocadnt stolcd aphy healt h, economic an
appraisal of the effectiveness of existing and al
scenarios (UNISDR, 2017).

Foll owing the | ogical framework established Ma
comparing risks, especially when they may interac
area of study. The primary | aigfifciadulitsysuari, s efsorf
assessments for various sources are typically con
resolutions in terms of time and space. | n most i
avail abl er.oalchhi st oaprpi sk evaluation has significant
di fferent sources is challenging, i f not i mpossib
overl ooks potenti al interacdl loemdd &G'maaifgfadachtrse.atlisn am
i mplies that -hnazeortd nrtiisak imudex coul d exceed the si
calculated by treating each source as-hiazdepemndesnr
assessment aihesset ot woa cikslseuets by empd payd ed gf raa nceowaosri
uni form metric for evaluating | osses, and consi de
terms of probabilistic hazard andhazad maesrsaghs Kmeinyt.,
which it shares with traditional ri sk analysis, s
of scientific knowledge. For instance, ri sk asses
as hazard source ideartti,fiarmad ivwwml raenrda lislsietsysmeval ua
i mplicit assumptions and modeling methodol ogies t
not be ignored but must be coherently integrated
f aru thtaizar d ri sk assessment is the |l ack of a commor



di sciplines; i n some cases, scientists dealing wi

the same term (Marzocchi et al ., 2012).

2.2Qnalitative I ndices

Continuing in consideration of the rheagiaamndalf/rlaorceaM
can be intended both as qualitative and quantita
Nati onal Ri sk I ndex, devel opeddb$eduiri tUy S( FBMdpd,ar 2
is defined as the product of the Expected Annual

(SoVl), divided by the community resilience score.
the i mpact ohfazalrlds nathatalcan | mpact the United
vulnerability, also indented as the resilience of
such as road bridges/viaduct s, is cocshdereoti be
analyzed in detail
According to the methodology proposed by FEMA, t
combining the EALs values for each hazard type. A
the same met hodol ogy as the composicoemnEtArLi,t yn orrersil |
scores to a range from O (|l owest possible value)
combination (Zuzak et al ., 202 2hazaSub sreigsuke nit h ¢ e X
computed, represemmungtiyhéori aklohaaaca types, re
at the same | evelcaetrpgoeygsgdal ht atifveerating, rar
hi gho.

2.20Q8antitative I ndices
To makeoaestepguantitative indices can be consider
natur al ri sk assessment i S not a superimpositio
phenomenon, but a quantification inhmathewmabncal ct
regi on, considering the vulnerability of structur

(HS) proposed by Odeh (2002) 4fHmarzardslpeaspessment
considers each indi wifdealt mhagawvaent laate ac amldd quant i
number of events per year (frequency score), per

square miles of the event considered (scope score

The HS is calculated using the following equation

N M



"0"Y "00YJO (2.1)

whefOes the fredttédmrcypgcop@rheecdoma,ensity score.

To comput ehdzher dnudadadr e, the HS values calcul ated

were aggregated. The resulting HS is a continuous
i nput scores. One | i mitat idoone sofn otth ipsr oavp pdreo aicnhf oirsm
di stribution of hazards or risks to communities a
mul tiple hazards as the sum of the individual haz
A few years | ater, Dill ey et-hazard 2i00dbg X pc oppc edal
hazard anal yses. Hazards were investigated throuq
model ing techniques. The finalm ohdeéhevalhnde vi sludér
which falls within the range of 8 to 10. The | i mi
guantitative one, because the risk is expressed i
usingtastsitaal approach and natur al hazards are d
hazard spati al di stribution is considered, even
connected to the others.

The probability of occurrence of an hazard that c
traying to be converted into equations by Marzocc

in case of two hazards ocemnrarad, t\hel samabitli imey i o

the probability of occurrence of the hazard 1 giwv
© no NOXL N0 RO N[O (2.2)

whefOer epresent theccasei nmdgd wmfott he hazard 2. The
mul tiplying the annual probability of occurrence
exacerbate the initial hazard, vulnerability (cal
avegea number of buildings damaged at that level ),
among people Iliving inside the building), wi t h
themselves point out, the anal ywden wawo cloandd rndesd d
complexities involved in the calculations. Furthe
hazard that may occur in a specific area, rat her

hazar ds.
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I n summary, guantitative indices offer a continu
comparable parameters, allowing for the quantific
than merely ranking them, dseiss tTthd sc age rwiatchth , g wah
addressing hazards individually, helps overcome o
2. Bul-tdzard Risk Assessment at the Infrastructur
Shifting focus from a regional perspective to the
key terms differently, given that this research p
bridges and viaducts, sford nbdthiRiss &dbdd sxntd rtaiel wa K e
adverse event i mpacting transportation faciliti:
transportation system according to the agency's
concer mpoitsentthheal failure of the bridge Tthe frwedcectviamr
of risk assessment in |inear infrastructure is we
Transport infrastructure are exposed to natur al |
Figure 2.03silbtl eigd 0 notice that the most part of t|
struggling with an extensive exposure of their tr

a Relative multi-hazard exposure per region
P
Very low
Low
B Medium
. High
B Very high
b Cyclones c Earthquakes River flooding f Coastal flooding
40 30 6.0
CLow income
Q [ Lower middle income
§ 32 24 4.8 { == Upper middle income,
= B High income
E 24 18 36
©
g
S 16 12 24
E
E 8 6 ﬂ 12 ﬂ
© & o S e g &.6\‘@0-056‘16\3&
X
LS P e A A A
LT dg,c’ 2 ghq v e
oS N\ o
Wind speed PGA Water depth Water depth Water depth
Fig. 2.3: -halzoabradl tmualntsiport i nfrastructure exposure. Pan
gl obal region, categori zedf bde pRiOadth tphea cexpgod erse fPamet I
broken down by hanzsartdy fthyadmdk s(net i at e, 2019) .

Z
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The occurrence of natural hazards can | ead to sig

al . (2019) . These estimates focus on the direct

excluding | osses from transpgadt ndeledyectfatoal itthiee
Consequently, the authors estimate that the Expec
affecting transport infrastructure worldwide rang

9%
- 8%
) 8%

34%
No data
I Earthquakes
I Cyclones
Surface flooding
I River flooding
N Coastal flooding

EAD in billion USD

EAD in billion USD

15.5% 20 8
7.3%
6
3.8% :
> = 4
40.6% 9 2 -

e T

_MLT = Cyclones Earth- Coastal River  Surface

hazard quakes flooding flooding flooding
Fig.. Thed upper part of the figure shows the |l ocation
infrastructure exposure in each region; the pie chart
areas with insufficient ddactaau,s ewsh etrhee thhiggthedssptte icer xpi adsd ubrtaaz.ia |
the total EAD to infrastructure assets among -hazardd f f €

gl obal EAD; <¢) calculated range of tihsek eErAsD ipre rb )h aaznadr dc.)
respectively, the | owest 25% of the calcul as(Pd&XKm@ABOsS a
et al ., 2019)

Figure 2.4a illustrates the predominant hazard in

t wo or more hazards can occur simultaneously or tr

N O



effects. Figure 2.4b presents the distribution of
I n this study, thhhae acdadc dpt deoeff i "nmeuwl tais t he tot al e
combined effects (under sntsdiaddcrad thhheg asum) dhet peot
increased by the complex interactions among hazar

the issue fr omhaz grech ug enres preud ttiiv e .

CyClOneS Eanhquak@s Surface ﬂoodlng River ﬂOOd\ng Coastal ﬂOOd\ng Total risk
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3 @ - T8 B - T8 5 T8 g_ - 5 & T8 8
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Fig. EZxPected annual damages per hazard. The upper row

individual hazamdsanHdoxphot hheatzhaergdh bBAa0 pneurl tkii | omet er . T
whi skers represent, 2r5& pdcttihweelcy, ctuHeatleadweEsAtD6s and t he

EADG6s for eactrikmckosmeetl eaviel, 2019)

An additional cruci al aspect is the impact of e a
illustrated in Figures 2.4 and 2.5, earthquakes ar
infrastructure. Howevert,hdtt titse esescenrtdarly tef frectoyg
as t sunami s, ar e not i ncluded within t he "eart
underestimati on of the total potenti al |l oss. Th
earthquake noti marsy taasz arhdes p(shaking, ground <cr ac
i mpact of its secondary effects (e.g., l i quefact
highlight the i mportance of this hazard nhepohe a

infrastructur e.

N M



Within the transport infrastructure system, bridg

the Blue Ribbon Panel on Bridge and Tunnel Securi:
outage due to natural diiaastdrakiangulidhteox acaead uhto t
lives, job | osses, and reconstruction efforts (BRI
and viaduct s, along with thorough risk assessmen

measwsr and maintenance tesf fercaudivel mlamagementost I
(FHWA, ; 26ivang e}. al ., 2001

2.3Qualitative I ndices

Considering t hihsazeawidd en ce, amwsletsisment in | inear in
new <chall enge-mafkoerr sdecGosniscenquent | vy, governments \
guidelines to standardize procxetdurtehse ilnt aslucam sGuu d
classification and management, safety assessment

bri dges, established by the Ministero delle I nfra

serve as aha egxuanpilteatoifve ri sk index.

This framework utilizes a multilevel approac-h con:
based examination of the infrastructure and its

focused on-ggembopghohbgi cal eobssietrev,atalommsg owi tthth an
structur al defects and gener al mai ntenance condi't
data collected from Levels 0 and 1, resulting in

gualitativeghudWpeHdingughey (M di ulbmg w,Meadn du nL o w, as shown
This classification cédBsirdetsur bAburmndy fFesandatirdonsk
Lands!|lide Risk, oamd pHyidrrauliizee Rinsk ast r ucathuarl ey stehsat

for i mplementing effective mitigation measures.

Each type of ri sk was assessed independentl vy, i
analysis. The primary emphasis is on | andslides &
assessment is confined to a qumabubhdtbeeekbgnbaunbndc
the moment (nggnminttiace p@ted in the area. I nfrastruc
is subjected to |l evels 3 and 4, which involve a mc
building code (NTC, 2018) , and i nusciewetlayi nt oc ass esp e
of infrastructure. Consequentl vy, the "warning cl a
revised as nhecessary, supported by quantitative a

and monitoring activities.
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SPECIAL INSPECTIONS: Post-tensioned |GEOLOGATION|’CENSUS Level 0 |
prestressed concrete cable-stayed
bridges; evidence of alluvial, erosional, l
landslide, or recognized high hydrogeo- ——I INSPECTION AND DEFECT REPORTS Level 1 |
logical risk phenomena and evidence of
possible interference with the structure lv
|ATTENTION CLASSES Level 2

\ | l l l

Infrastructure with

immediate issues related to HIGH MEDIUM-HIGH MEDIUM MEDIUM-LOW Low
structural type and/or
material N D N R O e T 2R
' Periodic Periodic Periodic !
' inspections inspections inspections ! g w
! . c
! I =z
: - 52
Cases for wr_1ich sa_fe:ty : Continuous No-routine : g =
assessment is explicitly ! monitoring inspections [ =z ;
required by NTC 2018 ' . (o
) . 0o
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, =m
Update of - ;
m
structural models Level 3 25
PRELIMINARY ASSESSMENT
Level 4
ACCURATE ASSESSMENT

!

Operativity (t,=30 years) l l l' l’
Trafficability (restrictions on Scheduling of maintenance work
use, t_=5 years) (BMS Bridge Management System)

Trafficability (limitations on the ‘
load, t_=5 years
= ¥ ) | UPDATING OF ATTENTION CLASS

Verlﬂcat]on according to for facilities of significant
- technical standards importance
Monitoring of *
traffic loads Level 5
| UPGRADING INTERVENTIONS NETWORK RESILIENCE

Fig. 2. 7. Logic flow chart of the Italian Guidelines f

and monitoring of existing bridges (modified from MI MS

Il n summary, gualitative indices typically establi
hazards into a set number of predefined cl asses.
within a qualitative framewagulnsbgh &abi Shmghhbdnb
creation of hazard maps by overlaying classificati
the highest hazard class when multiple scenari os
et al), 2012

For instance, the Italian Guidelines for risk cla
monitoring of existing bridges (MIMS, 2022) highl

of natur al hazards on i nf raatsetdr ulre wa s emi lgyhd r abuel i i
|l andslide/rockfal!]l hazards are treated as isol ate
the "cascade effect" and, consequently, other haz
become partdentarhyrevent decades, as natur al haz
climate change have significantly affected the It
near Rotella (Ascolii Piceno, It al y) , -inadhui ccend waasn dssely

NZ



during the 6.5 Norcia earthquake of 2016 and r em;

road bridge near Ozzanell o (Par ma, Italy) coll aps
the | oad from the Sporzana rriev,ert hfel caonda | (ylsRePsl ,0 f2 OL2e
are largely influenced by the overlap of warning
to structur al defectivity, obscuring a clear wunde
on thdugtrdm question. Il n essence, in the initia
under the influence of natur al phenomena is not a

2.3Qruantitative indices

The risk score in the risk assessment procedur e
Manu al for Roads and Bridges CS45@CSUHBHOpe t0iddn i ok c
as a -pgramtitative index. Figure 2.8 illustrates th
viaducts, tunnels, and other highway structures. |
inspection interivwal tama, mziomtsemarnd schedul e for

previouslyi obhseheedt awl i an guidelines (A2.3.1).

Mai ntenance inspections are conducted with simidl

guidelines (A2.3.1), than the risk is defined as:

YQi O[O (2.3)

Where Pplhicebaltiel ity or | ikelihood of an event; S i
is the ability to detect a hazard or failure; anc
parameters needed for t he deter mipeati envi ofonne
inspection/ assessment, conditions, and consequenc
the agenci es, i ncluding projects and inspections
A risk score is proposed as an indicator of relat:i
principal i nspections. The risk assessment scor.i
containing sever al criotpetriioan swi teha cniu | atsispilgen eadt tar isbcu
|l evel. A | ower score indicates a higher risk, whil

for each category's attributes are summed tos prod:

where data are unavailable or cannot be obtained,
the | owest available score. Consequently, for a st
that the recommended i ntewiMdl rfeoraipr ianc i6p ayle airmss. p
the attribute results in a risk score of filnspect
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the final adjusted risk score, t h-gearat untervalt hle

principal.inspections

Start

Determine
structure type.

{

Complete relevant
risk assessment
farm

v

Determine Score
and Risk Rating.

d

Determine

appropriate Pl
interval.

Overseeing
Organisation f TAA
Approval

l l v
B vear Pl 8vyear Pl 10 yvear PI
Interval Interval Interval

Review risks at
each Gl

12 year Pl
Interval

Fig.L@giBc flow of risk assessment in the(§gu®IeiIdnEslfor

NY



The risk score (A) for each category is then anal
for the category and weighting (W) to proadtuegoty,e
as in Eq. 2.4.

(2.3)

Each of the categories are weighted according to
(2021) , Tab. A. 8. The sum of the adjusted risk s
bet ween O and 100.

oy (2.4)

ce the total ri sk score is calcul ated, it can [
igh, medium, |l ow, or very |low), based on the tyrg
21) . Regarding the litadueanl igaus died i Be.s, 2 .th:e tmme nt

ON/'\O

nsidered risks, derived from individual hazards

teraction of multiple hazards and their iompact

-

ad bridges is the National Cooperative-OHiIi ghwky
8 Report, "Assessing Risk for Bridge Management
State Highway and TransportahisendoOotiuimeinal sr{ Ak

o W
- NN O S O O T o

conducted using the AASHTOWare Bridge Managemer

~
o O»

e first step involves gathering information abo

—

The | olgiiscadpprlooawc hofi st il lustrated in Figure 2.

Once a hazard scenario is established, the agen
condition, cost, safety, mobility, and environme

di sruption must be factored izdarod tshcee ntahrriecs,h otl adk ifno

all hazards assessed in the earlier phase. The pr
varies for each bridge, depending on its characte
scenari o, Sheiilwmpagt of service disruption differ:
and network characteristics, and also varies by h

N ®



7, ™, .
Likelibood of Structure weight
extreme events + by bridge and oriterion

* by hazard soenario

g
A

|
(7o ™
Likeliho od of
transportation
Brvice Relative weights
Material disruptiurl = by hazard scenario
Mitigation * by ariterion

Detailing

"ﬁﬁ“-b@wrvhﬁ-ight collisions
L

= by hazard scenario |/
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Utility
Resilience

\\q_/b(ﬁ.dvanced deterioration ::

~
e -
(H_ \ E?nsec!uames
. ol service |
Traffic volume | Recovery cost i i —/
Trucks ’( := disruption

Growth \,__ ,_(gafew :: * by hazard scenario User cost factors
and eriterion = by eriterion
% (Mobitty =

Landsliga
Storm surge .
Perm afr

o collisions

I

Fig. 2.9: modul ar approach to the risk AEBHBPE2Ment met h

The overall probability of hazard scenari o hn occu
by oD Herpes,i ginE fi es the probability of an extreme ¢
by hazard scenario h, occugmeprngeseanbsitdlye pdrobabritk
|l evel of service disruption, given that the extrerl
al so estimated for bridge ©b. These probabilities
happenihnagn witsingle year. While |likelihoods are e
mi g ht prefee tbhemat €égoriimstance, as ranges of re
guantified ewptmneopricsaddtys tCQe consequence, calcul at
event, related to performance criterion ¢ on brid

Il
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outlined in hazard scenari o h. Conseguences vary

Similar to |ikelihoods, consequence estimates can
By taking natur al hazards into account, this met|
analysis techniques, such as catalogues and GI S o
event s, including earthquakewsi,l dfarmdssl,i densd, ehxitghe mu
For each identified hazard, with the probability
BrM assists in calculating the |ikelihood of servi
avail ablceri addhle theésdrd of damage from the specific
after evalwuating the economic and societal i mpac
service disruption is used f-eff emétmegaturensn phdnmniec
|l i kelihood of the structure being severely damage
and NCHRP (2016), it is evident that natur al haza
and their i nt egvaxltu atnesd.ar Bhenogotenti al i ssues ar
summarized in the previous paragraph (A 2.3.1).
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3.METHODS

Because of the complexity of the natural system, &
approach was adopted to facilitate the devel opmer
for all primary naturaleparztaed si mcleiugtrerdi ¢ al | amd yg
Fiore and Ottaviani, 2018) , only seismic risk 1is
specific area to ground seismic motion amplificat
rockfall (R) is evaluated as a secondary effect o

and Boul anger, 2008; Keefer, 1984) .

Thus, GETI index uniquely accounts for the HAcasca
met hod for comprehensively asBhessGhTl iinfraassedcor
hazard concept related to the occurrence of secon

the primary hazar di gak8&8nl)nto account (

Ground motion

Earthquake Liquefaction
Landslides
Hazard A Hazard B

v v

Multi-Hazard P(B|A)

Fig. 3. 1. Sc hemathiazatrido rt omfc etpt e mwldtiif i ed from Gi |l
Thus, t he GETI is formulated as the conditional p
by an earthqgquake (primary hazard) and i ts subs
simplification facilitates a merendexmps ehensi vena
easing i ts application to ongoing <case studies.
encompass other natur al hazards. The-hGEAlI di s nade.
conceptualized atstwobtl eaeael beofdehakdsias the prob
with |inear infrastructure, particularly bridges

GETI is ilFlgst3a2ed in



Selection of a linear infrastructure

’ LEVEL 1

Obtaining project documents and conducting on-site evaluations for linear infrastructure

Evaluating potential hazards in the area through geological and geotechnical site analysis (using
thematic cartography, existing research, catalogues, etc., and field investigations

Assessing seismic activity using national seismic catalogues

¥

Is the area affected by the hazard investigated?
Yes No

amplification, liquefaction, landslides) resulting from the primary

Is the area prone to the secondary hazards (ground motion GETI can not be applied

hazard identified?

No ’ Yes

In-depth studies through advanced analyses
‘ LEVEL 2

- Implementation of a geological model of the subsoil using data from soil characteriza-
tion, boreholes with SPT tests, collection of significant samples for geotechnical laborato-
ry analysis, groundwater data, and previous data acquired at Level 1;

- Estabilishing the seismic input parameters;

- Conducting a local seismic response analysis through numerical modeling;

- Evaluating liquefaction potential using simplified methods;

- Assessing the susceptibility to earthquake-triggered landslides (both in soil and rock) by
employing numerical slope stability modeling and forecasting the affected area.

¥ ¥ ¥

Evaluation of ground Probability of occurrence

. Amount of settlements
motion parameters of secondary hazards

(liquefaction), horizontal

displacements (liquefac-
tion and landslides)

¥

Application of fragility curves for bridges/viaducts

¥

Probability of damage derived from secondary hazards, to be divided into slight (microlesions),
moderate (visible cracks, the structure remains accessible), extensive (visible lesions with
unworkable structure), collapse (structural collapse)

¥

GETI

ig. 3.2. Logic flow of the GETI index consider.:

ng
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3. Methods in Analysi s: Level 1
The objective of the iLefved mdtientandcdati aeawadil &bl
geol ogi cal and seismic catalogues, previous studi
verify them, if it is possible, with field garvey
to correctly -apptrmastbhudihes iinn Level 2, and to re
uncertainty in determination of GETI

3.1Ctiteria for applicability of the index
The selection of the |iner infrastructure to eval
simplified version, only road bridges and viaduct
can be extended to otaderpilpaleiame st raurctaiveen daimsh. T
curves developed for the selected structure and t
of the index.
Because of the structure of the index, the applic:
of i nformation about the structural scheme of the
frameworks of the sitandTthet d atkomfdeéenifom matchemes
catalogues can be compensated by acquiring dat a
approach can well supply to the absence of Kknowl e
i ndex nottosouseasaynd effective instrument for st a
structure is crucial to consider the balancing be
previous studies, and the direct acquisition of m

3.1L2terature Review and Analysis
From ahanatd perspective, the initial 1l evel of 't he¢
aims to examine the susceptibility of a specific
structure | ocated t herbeign.nsThva tfhi ras tt hsotreop,g hL e werli e
including scientific studies, reports, maps, and
the potenti al hazards that threaten the ardéa& unde
occurrence of an earthquake and its secondary eff
l andsl i des.

3. 1. 2Adt i ve feaaurltthsq uaankde s

Recogni zing hazardous conditions in a specific ar:
l ead to such hazards. Comprehending seismic pheno
describes the Earth's coldasnderngidi vpped i1iaver
over the asthenosphere due to convective,whetihems.
convergent, di sé,cpenrntt e st retssi lad dept h, whi ch ovVe

=1



crust to deform (e.g., folds) and eventually brea
the boundaries of maj-prapé adesadbutsatiBoasnthaeatB8am

influence¢glhbyemi bedtween manptos, pliake Imoalyn (e. g. ,

2007). The movement of plates results in collisio
extends and thins the crust wunti/l drifting occurs
scal esmidmrom o plate boundari es. I f sliding occur
they are termed faults. Fractures and faults form
by tectonic movements, proviedoilnoggivcaallu ahbilset oirnysi ght
Faults can be divided in three categories, depend

of the two sliding-walldclkan,d rfsolidpyaHadmeida gpot he movem
to the dip of the slip aswlrtfacet weahi aimgpiveg!| dodeannoek
the footwall) and r ewelrls emdvaeud tusp (rtehlea thissmed iinog wther
t he movement i s parallel to tshé pst wihlee eoft hteh enosleim)
to the dip and the ,asri kkbusifgr.a(h8e dgs.l,n pThsi usrsf aagned Mo

Dip- Hanging wall Hanging wall
block block

A. Normal 3 C. Right-lateral, or dextral D. Left-lateral, or sinistral

Oblique- FAotational
slip fault
faults
E. Sinistral-normal F. Sinistral-reverse G.
Fig. 3. 3. Classification of faults, from Twi

Rocks therefore have the ialidlsi tayc ttion gr eastp adredp ttho ws tt
until they reach the | imit of brittle deformati on
t he sdtretsess at depth caused the rupture of a rock
energy accumul ated as elastic strain (Elastic Reb
heat, and only a small amount is released as sei ¢
poi nt at depth (hypocenter) t or aured scuarfraecsep o nTdh en
hypocenter is named epicenter, and faced the maxi
path of the seismic waves is radiant and it mean
di stance from t h(ee,s3f eri me ainrdc Wysxsdsmyoand2WaBIl ace,
=]



More in detail|, the wawavehepgtehanadt asi 2ddk bnaxa

bet ween two succempli vVveutkeaadt sa;s arhe maxi mum di spl

from an equilibrium position whemeraisodiehfei nwealv eass pta
that one wavelength takes to pass (Fig. 3.4).
Crest
@ § \
Amplitude
Trough Trough
Wavelength

Fig. 3.4. Schematic delscirpptiobwwoft @aclstoaamade wawawmé what i

The number of wavelength which passes a point pe

period, def egednldthhfee wave, as mentioned above, tro

expanding sphere, that means that the amplitude i

of the sphere, and as a consequence, of desbHance

principles, every point on a wavefront is a sourc
/ /

Secondary sources N
1 \ \ /

Fig. 3.5. Schematic representation of Huygenbés p

An amount of energy is | ost when the seismic wav
energy dissipationpedetevedyfelboastihe bmemavi or of t
caused by irregularities t(walves 23C@i)Y.eriTheg)r € ceu gt. |
seismic wave with athteny st marcdasicsihiebacld ebdy t he equce

Il
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https://www.techtarget.com/whatis/definition/sound-wave

0 'YAQ ®OYQw n—h (3.1)

Wh e roey: is the velocity of the shear ave hgr dpagat
of the sh¥iasr twavepath | ength of theQsbear cwaséafr

factor related to both material damping and wave

The body waves, which can travel through the inne
compressional) and S ( Fieg o n3nadvye soPtsrhaevaerl) tvharvoeusg h( s

causing compression and successive dilation i n
per manent dewavenstcawmse Sshear deformation in the
for thicsanmneocatsopnr opagate through fluids. They can b
path of tsh¥, Spvalhrdn cttlee particles movement is in th
particles move in the horizontal plane (e.g., Lay
Wy c :\
W s
Undisturbed \::,E g \
medium [T a ™
a < N
Ny g [
’\‘3 g
Y 2 N
— Bl 5 [
Sy é 1
\\\ § i
N:\‘\ a
Wavelength T
\:x ‘—I
\tgﬁ: é Wavelength
5
Compression J
U
\\J
(a) Pwave (b) S wave
Fig. 3. 6. Schematic description of the deformation pro
and Stewart, 2025)
Surface waves are generated through the interacti

and they are named for their characteristic of ab
Due to the specific interagctsiuonsacree emdaevde sf dore ctohmeei rr
at greater distances from the earthquake's origin
the Earth's crust thickness, surface waves typic

motions, rayheaveéedanThedmost relevant surface wayv
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by the inter aanidowaWed weietnh Pt he Earth surface, anc

by the inter acwawes bwittwe ean sSuH f i ci al |l ayer of soft
The Rayl eigh waves show banthi owleged imatli am,d vhoirli e oln
vertical component 6&ifg.t h®. l)articles motion (

Rayleigh wave |, Wavelength |

| Undisturbed medium

g e

Wavelength | === Direction of wave propagation

Love wave = o
’\,/\///‘
2
(b) \\~\,,/ \‘\_///\,/ d

Fig. 3. 7. Schematic description of the deformation pro
Kramer and Stewart, 2025)
Various magnitude scales are commonly wused, each

wave within a designated frequency range using a
empl oyed in Western countriespophmeasatedi nolude obhee
0), also called Riciwtaerre magmit, wdbamadfes umd greciet ude,
im for short dpkorotioagdperi od, and om) me nTth emangonnietn
magnitude scal e, introduced by Kanamori in 1977
1979, represents the most recent advancement and
Unl i ke earlier scal es t hnats erieslnyo gobnasichad é¢phdesk 9 arseao

seismic mpmeht af eart hquake. The seismic moment i

0 ©0b° (3.2)

The average di splacement across the entire fault

surface area, and indicates the average shear ri
of is derived from obserfvedmsdi $ plcac amemptlaceme
reconstructed through instrumental or geodetic mo

l ength by the estimated depth of the ruptured fau
patternsgdedricgdat a. Thi s approach assumes t hat
Consequentl vy, the seismic moment more accurately
rather than relying on the effects of thatdienamgye
from the source. Mo me n't magnitude is derived fro

Kanamor i (1979) relation for southern California.
=Y



b %i i0C p & 3.3)

The moment magnitudé@ ,i swhielpea etsteent ®a@i mi c 0 momdmet i

seismic moment scale was <created to addragans tulde

scales and is commonly employed(éoigrh@8)yateegi zeMm
et al., 2009).

Anot her fundament al seismic parameter iIBGA be Real
given component of ground motion is simpPlGAande | a

ot hlemt ensi ty IMe)d g urheod omponaht ground motions are

manner t hat recognizes both hori Zeendtal ardd o mich } lon

Hori zont al accelerations have commonly been used
natur al relationshi @l tbotbhes | ahaeatr altlendhet o cause d
|l argest dynamic forces induced in certain types c

are closely rel aP64 Peakhachelteranhtahs can al so &

al2Ql12) to earthquake intensity, although such re

of peak velocity. Such correlations, whRPrGAavhkear fr
only intensity i nfornmatthieonc asse aofaidarbtllequ akses t ha
motion recording instr uwnexnttrsumeenrteal a veairltahbglueakEe@pn e

Stewart, 2025) .

I n earthqguake engineering, vertical accelerations
ones. This is primarily becausienduhcee ds asfteattyi cmavregritr
structures generally proveddynmramiquatercesi gearca

accelerations during stethemizoewvahtBGAThat vertorcaV/
affected by distance. It averages around one near
bet ween mapgerioyxil/ 2 and 2/ 3 for fault di stances e
Campbell, 2016) .

Ground motions with high peak accelerations are
those with | ower peak accelerations. However, ext
very brief duration often resulubkes mawe mak od aane
accel erations exceeding 0.5 g without causing s
occurred at very high frequencies compared to the
shaking wasegdhoPtGA iiwe moen whHdretct rigid structur es
of the ground itself is the main concern. For mor

alone and is often supplemented with addintiiamalof

Il
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nd motions (i .e., while PGA can be predicted,
response of such systems) (e.g., Kramer and S
reviously noted, a fault's capacity to gener a:
ning with the fault's kinematics. Consequent |
ive fault may accommodadle ared oaamattii mno u sh rmavgeime
p, which do not produce earthquakes. Theref c
tifying active, seismogenic faults at both || o
i fic rienf rBays tutuicltiuzi ng previously published st
etermine if the area in question is prone to
expected PGA value avail abdmi ninsthe ortperalbalbi

, Seismic Hazard Maps -bnvastend aPrfoibxaebd | s céma&r iSc
YyBEMHAst udi es) .

er miSei sthihe aAndal ysi s ( DSHA) , seismic risks at
idering the most sewer et pes s ewmiatr e@mustc ean@c & wnN toil
|l i hood of its occurrence over ti me, t he dur at
ssment invol ves using sei smic sour ce par ame !
unction wifhctbenditebesspehirough algorithms
resulting hanhareénéesyi matcéessde wuncertainties d

meters of the scenari o, but not from an infin
a significant earthquake will occures|l ose
rmining the potenti al consegu@amees anfd Suelwaar
|l pin et al., 2009).

valuate ground shaking, the site's motion is
ly to generate the strongest shaking in the a
he | ocati on, knownr agrohed "monhitows$ !l i Hgwéaet t
t s, the controlling source might be a random

ciated with any know+# nfdaewletn.deitnc e haea DRHA rirse n
odnttrhel | i ng source are not considered; only i
imity to the site are relevant for calcul ati
rmined by inputting the maxicmunt reoalrltihnggu askoeu rnt:

ance from the fault to t hee dg&riiameri namd aSt eawatrel

|l pin et al., 2009).

rds from surface faulting and ground failure
faults are identified at a site, their risks
ntial surface displacementGtbewdcbal Hucaubs e
maxi mum ground shaking at the site, along wi f

oM



relate ground motion t o el.iggrueemerctarmda Stnalwdratn,ds20 2
al ., 20009) .

PSHA provides a method for assessing seismic haz:
earthquake size and | ocation, recurrence r1rates, a
across various magni tude and ,diwshtiacnhc ee sstciemaatreiso sg.r
based on a specific earthquake scednhnatbBocaeepianed

considers contributions from all possible magnitu
the full range dt ggaamdc amolkii mantsi an can produce,
by its Iikelihood of occurrence. As a result, PSH;/

and offers a more comprehensive and eolgreacnie rv ea ndde

St ewart, 2025; Mc Cal pin et al ., 20009) .

I n PSHA, the seismic risks at a specific location
occwith a given probability of being surpassed, \
design | ifespan or a specified annual probabilit
source parameters, such as |l ocadiwint h malgemi $iude’, s a
conditions, through a series of ifat@puendchynsoft hat |
seismic sources to the distance from the site an

nclude uncert &ien t-ieke p ¢ WMane btot ihnput par ameters us

dependent <characteristics of seismic sources, [ ik
PSHA estimates the I|Iikelihood of eart hgqguaikmepa otcs u 't
of all these poteenkriaame re aarntdh gSutaekweasr t(, 2025; McCal g
Ti meependent models are utilized for all pi ecewi s
dates are unknown (Field, 2015) . I n contrast, | a
i ndependent Poi sson model s, weisesh paeei §@ané¢ Fahlry b
sources, which are not associatedpweici i aniudptadref

a parameter val ues ar e derived from observed S €

Earthqguake rat esypfeesr aalel evalmuwae ed t o mai nt ain I

incorporating a range of geological, geodeti c, al
2025; Mc Cal pin et al ., 2009) .

For the past two decades, the debate over the mos
persisted. DSHA is frequently regarded as a strai
When applied to structureaswheplki ¢ acobnseqeeomud @s he
power plants and | arge dams, DSHA i s often seen
"wortase" ground motions for a specific scenari o.

subjective deeacn ssiogsi ftihcaantly affect t he -ccaaslec'ul a

condition that is poorly and often inconsistently
ON



et al ., 20009) . DSHA has been criticized f-omasbéing

hazards might have a very |l ow |likelihood of occur
facilities with short-pdedbiadn yl ihnfaesapg an s cfemrars wesh clac
and may not be justified, especially if the facil
Similarly, the PSHA has encountered criticism for
algorithms used in PSHA do not accurately capture
generation. Furthermore, ictanhadibBeonmiclmderwvwed htqhua

ground motions exceeding those predicted by a PSSt

2025; Mc Cal pin et al , 20009) .

3.1.2Si2tte effects and ground motion amplific:
Once that it has been ascertained that the studie
(the primary hazard), the subsequent step is to e
ground motion amplificatfaotiiemnteam@spande)i dsbi ¢
appears to be clear that the 1likelihood of a giv
surficial potential effects of an earthquake, whi
grounadkisnhng. Thus, in this first screening phase of
value of PGA, the exceedance of which can be con:

prone to this hazard.

The effects of the occurrence of an earthguake on
conditions, as it i s wel|l documented I|iterature (
Stewart, 2025). This cortrheel gptaisdn cwead urrd esghniodes egiv
damage after the occurrence of strong earthquake:

explained in the |l ast decades (e.g., Pagliarol i ,

One of the most representative exaimp8 .e0 off alhleo wed
0 7.6 aftershock) Mi choacan (Mexico) earthquake,
earthquakes i n t he wor |l d

(https://earthquake.usgs.gov/learn/today/)i.ndekKhehp

earthquake derived from the subduction of the Co

hypocenter | ocated nearFighe3w8&83t coast of Mexico

@)
|


https://earthquake.usgs.gov/learn/today/index.php?month=9&day=19&submit=View+Date

Ciudad Guzman Morelia Ecatepec

de Morelos
Uruapan < Zitacuaro, Mexico City
Colima Toluca CIUDAD DE g
MICHOACAN MEXICO
COLIMA DE OCAMPO
patzingar Puebla
Atl
{uete MOREL o
Sy Aatar
PUE
Igue
Indef
Laz (
Zihuatanejo Chilpancir
los Brz
Atoy i
50 km
o Acapulco
Fig. 3. 8. Modi fied Mer cal | i I nt edns8 .ty MiMViogacdains tea rbtl

(https://earthguake.usgs. gov/ ear) hqguléhkeesorarge pasdealrusmpé

epicenter of the earthquake; the red |line the trace of
pl at e; the shaded areasanmgipmgesfemem MMoutvaTu®Rs(red) to
notice that Mexico City, 370 km far from the epicenter,

coast .

During the eagPBGAua&kue aw@ds 2o0bserved in the epice
in the centr al part of Mexico City, 370 km far fr

the evidences collected in the r@e@see¢r of hé hgeaosntn
experi ment al and theoretical findings have conclu
di saster in Mexico City was significant | ocal amp
clay ltayersatface. Additionally, the Dbasin's shap
di mensi onal effects due to the contrast bet ween
Chg8§wv@axrcza and Bard, 1994; Mayor al et al ., 2019) .

Stratigraphic and topographi EBi ga.mp3.i%)i caarte otnh e aonbdj e
response analysis. Stratigraphic amplification oc
increases in value comparing the measure at the p
This eff edkdt ecram nleed by o hel conbetaweemna seismic I
deposits whiwhypmpm/ess)enand sodtyPymnmpod)s,itsudh as | oos

densi fied sands, l acustrine silt@t and cl ays, and s

0)e)


https://earthquake.usgs.gov/earthquakes/eventpage/usp0002jwe/map

topographic amplification

; S stratigraphic
iz:‘k?nass amplification
collapse of
{ ) cavities
L E ) rockfalls jiguefaction/ ' valley

densification A effects landslide

Fig. 3.9. Site effects during an earthquake. Bl ack cir

relative motion of the faulted blocks (Pagliarol i, 201
Ground motion amplification can occurred even at |
i miog. 3.11. For i nstance, ridges and sl opes <can

l eading to localized amplification of ground mot

frequencies where a portidh/ ®&)f afhregrmwamap elnygtwi t(Rab
t he morphol ogical feature, such as the horizont al
and St ewa)r.t, 202

Basins effects consist in the amplification of th
Awall so of the basin with the infildl sedi ment s. I
basin havewtahasn osmerrroundi ng basement rocks, t hat

phenomena of the seismic waves, which generate su

increase of the ground motion parameters.

3. 1. 2Sa@i.l Liquefaction

As a primary screening method, utilizing avail at
identifying ground motion amplifi-gaocti ®eahmreifdeaelcter i
assess liquefaction susceptibhduake Seférsigoef lae
and stiffness, |l eading to deformations in soil d e
tendency of | oose sands, gravels witchohresrneet sant
contract undad itmposgdl by ¢éart hquake shaking. | f

drain, the normal stress transfers from the solid
on the grains. The surface effects oftkerqueBacitiad
damage due to vertical and hori zont al ground se

on



t hemsel ves, such as sand boils (ldriss and Boul an

nati onal buil ding de#&8)gn ictodiess i(mep.ogr.t,anNTQ,o0 20 ar i f

susceptible to soil |l iquefaction if the groundwat
if the subsoil within the fohesi 20, mgtaensebkasabdmp
the expected PGA value exceeds 0.1 g in free fiel
The behavior of |l i quefaction can be evaluated o
geol ogi cal , and compositional factor s. For examp

|l iquefaction due to earthqguakessudéh ewentbse. clomstl

examining past pal eoliquefaction studies can hel
Additionally, deposits prone to |iquefaction are
ages. Saturadlelduvilalv,i adand aeolian deposits, al on
vul nerable to |iquefaction. Hol ocene deposits ar e
Pl ei stocene soil s, while |liqgqguefactioemehydepogit ¢
can be attributed to composatnephastdimct asur aotnd d
generate sufficient pore pressure under cyclic Ilo
I n the initial stage of GETI, the susceptibility
using seismic microzonation study maps. These marg
municipality's boundarieguehaetsohi detyngoaespeci
These insights are drawn from |literature reviews
in situ and geophysical tests in | evel 2, whi ch

behavi oirt.erTahteurle presents various met hods for est.i

poibnatsed perspective (e.g., ldri9asaeddpBospbacgewve,
t h@l obal model for prqpetaedtbgnZpaotentnbbl (2017),
to assess an area's susceptibility to |Iiqguefactio

are approxi mat@d derngethérom the PGA value from
prediction equatiwna., 5 nwirtmaltilzee de dwatai on proposed
t he Magnitude ($4S&l)i ng Factor

The probability of I|iquefaction manifestation i s
0 p Q (3.4)
Where X is a set of geospatial variables, defined
O CH T CBlD0d T LYo’ X ytw (3.5)
Wheroe€YODs the compound topographic index proposed

considered as a metric of psdtad ret,i aolr dracswerdd owe tvaa 9

OP



relatively cond8tY@otdelowvewatéemej] ow accumul ation a

contributing area and sl opeis( ¢t alecalvetwad ebwlegard dry

the upmedepOh and is estimated from topographic s
maps available in |Iiterature in the most part of
with an aaxprpdxibmaeti on in coast al areas (e.g., Zh
appears that it is not the same in the internal a
Further studies are required t o ebemettehroduy n dbeurts tiatn c
good compromise for a first screening in soil [|igq
I f geotechnical i nformation on the characteristic
it Iis possible to assess the susceptibility to 1
the Chinese criteria 1®Pr7rf®dpgs emhilcyh Weomg iedtereaeld. a(s pr
characterized by: a clay content (particles smal/|
35 %:; a natur al moi sture domiaent TheB8Be9 met messt he el
screening in liquefacti onFiagsusrees s3melrt .a bAasc ia nb ye xaa) mpA
(2000) , b) Bray and Sancio (2006), and c¢c) Il dri ss
to highlight t hat those methods require detailed
geotechnitcary ltadbotrsa t o be effective in assessing
given area, and that they cannotsi b u bbsatsiettds tsei ntphl e f

met hodsd(iesg.antd Boul anger, 2008).

@ ®
40 Test Non-liquefiable a0
. B
R =
5’ 30 4 ‘:: 20 Non-liquefiable
@
= o
E £
= 201 22
= Liquefiable Test 8 Test
g 17}
= 10 Z 10
- Liquefiable
0 + : t t 0 t + : + t t t t
0 10 20 30 40 50 60 04 05 06 07 08 09 1 11 12 13
Percent fine < 2pm (%) Water content w, (-)/ Liquid Limit LL (%)
®=
_40 1t CH
g cL o
T 3 o OH
8 oL
=
220 Transition from sand-like MH
2 to clay like behavior o
8 10 OH
o 7 _———
CL-ML O -
0 4 = — = ML o OL
0 10 20 30 40 50 60
Liquid limit LL (%)
Fig. 3.10. Preliminary screening abaci for liquefactioc
Andrews and Martin (2000); b) Bray and Sancio (2006) ;
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I n additi on, sever al aut hors developed relationsh
which liquefaction features might be observed as
(1988) pl otted the epicentY)al knlicmameses soft hhei gmern

magni tbuJd,e donsidering a worl dwide dataset and dev
0 T™p ¢chL pTt YzZpm TWOWI ['¢zpm (3.6)

Later Gal | i (2000) proposed a bounding equation
earthqguakes (CPTI-1299)%, peinh@gdvbhemaginf aocde

0 p® ol i'C (3.7)

Further more, Castilla & Audemard (2007) proposed

dat abasebbbwsaamad a function of the moment magnitu

0 ¢811C psov (3.8)

More recently(2®™MBu)y epr®egosadd a new regression cur
hi storical earthquakes and related paleoliquefact
Ambraseys (1988) given by:

0 ™ e cq8 pm® Y pr1f ™o 1 1 ¢ p1f (3.9
All these boundary curves are pWwottddi dae rguek B
data points (Salvatore et al ., 2022) +that appr ox

Maurer.(201%) .

Al t hough current national and international regul

grain sizes ranging from fine to coaFise. sAa.nldls) ,t «

hi storical presence of | iquefaction phenomena in
and -pbastic silty (Boncio et al., 2018; Boncio et
the |iterature.

oT
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is crucial to recognize that conducting geotec
Il s has consistently posed challenges due to t
turbed samples with absufrkepciesentati aege Sdname
roduced a method involving the wuse of [|iquid n

technique that has been refined by wvarious rese

reconst igtruatvieoinl yofor sandy soil samples (e.g., Lo

Unfortunately, these methods are costly, and the

l ab often impacts the resultsofChbgeefattiorO04agal
grained soil s, simplified approaches have been d
|l iquefaction susceptibility (e.g., Il driss and Bc

met hods basbhed aorri ogoidluri ng shear wave( epAgpndage and
Stokoe, 2000; Rollins et al., 2022).

> 0 Q

—

3.1. 2La&nds!l i des

andslides, also known as mass movements oOr mass
hat occur when vol umes of soi |, rock, or debri s
enerally as a result of a combahataindn gefomdbdraph c
onditions, weat her conditions, sei smic activity,
uman adtei.wi.KefesadMpv20@2t o | andslides assessment,

(0]

g.

l andsl i destgeake® <haekiemg obviously first rel a
, i f the infrastructure Iis | ocated on a wild
oy



of phenomena. Sl opes become unstable when the she
reach or exceed the available shearing resistanc
earthquake occur s, even moder at elfyecdt aolfl et hsel ogpreo uc

(e. g. Kefeer, 2002; Kramer and Stewart, 2025).

There are many types of | andslides that can be acH
slides are the most common; soil sl umps, soil bl
hi storical record; soil émbatselwndommpnd sobaqghéow
slow earth flows are uncommon (Kefeer, 2002).

Rotational landslide Translational landslide Block slide

Debris avalanche Earthflow Creep

Fig. 3.12. Schematic il lustration of t he maj or
https://pubs. usqgs-2063072s./h2tOndl4/ 3072/ f s

The stability of a slope is influenced by many cal
or topography. In the first | evel of analysis, i
l andslide from |iteraeurpeganbdecptategaoespfcansidp
infrastructure, the sl ope angle, the stratigraphy
same sl ope. It is al sibi s)utserfaud rtel atsieo rMmatgm i b eutdtee r
the ground shaking on slope stability.

3.1. 2R®&ckf all

Among the |l andslide types described in the classi
rockfalls constitute a potentially wvery dangerolt

associated risk can vary signifhi swanchyttepeéadidsyi
o®


https://pubs.usgs.gov/fs/2004/3072/fs-2004-3072.html

specific characteristics of the event. By defini-t
detaches from a sl ope, gemeral tgl onal ohgt ai susf aefg
shear deformation takes pl abepugmdf descéallb, dbwn
depending on the geometry of the slope. Such move
and may or may not be preceded by smaller displac

of the massrteomnitbesaffected sl ope (Piattelli,

There are many types of rockfall that can be act!
rock slides are the most common; rock slumps are
aval anches are uncommon (Kefeer, 2002).

Rockfall Topple . Block slide

Fig. 3.13. Schematic il lustration of t he maj or
https://pubs. usgs-20Q03072s./h2tondl4/ 3072/ f s

Regarding the initiation of this type of | andslid
to undergo instability. The failure kinematics <car

systems within the repckamhgsmaMoirementas fPpyanar o

sliding occurs along a discontinuity that di ps i
intersecting discontinuities that dip in the same
ovkeanging blocks, failure kinemati-esrmigat devath
flexural failure, the |l atter happening when the o
rock masses involved in | aadwlddermngemefit sot amed
characteristics, depending on the failure kinema
di scontinuities (Piattelli, 2024).

At Level 1, geotechnical tests and | aboratory ana
conduct surveys to compare the data from the [|ite

out put data shoul d eval utahtee cpoontseind e rad d shuaszcaerpdtsi bwilt
probability of their occurrence. I f the area i s s

proceed to Level 2 analyses.

Y


https://pubs.usgs.gov/fs/2004/3072/fs-2004-3072.html
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3. RMethods in Analysi s: Level 2

3.2S1te Response Analysis

te response analysis ¢ adii nbeen sd ommdu edt{ebdd ntshbroonuagwho (o

mer i cal modeling (contingent on the surficial a
i ving thedipnetnesn toinaall bkeif f ect ammplini fgircoautnido nmo tuitoinl i
mputati onal codes, as reported by Pagliaroli (
alyses (subsoil model including stratigraphy an
nlinearQ®)jfandssdamping curves) can be derived
v el 1 and new tests conducted in Level 2.

day, there are numerous computer programs avail
alyses. Table 3.1 highlights some of the most ¢
eir key features such as geomeang,canatiysusi mett
vanced site response codes and comprehensive in
om a recent international benchmark on numeri ca
D or 2D/ 3Massehowlnd tbhee compl exity of the bedroc
pography. Anot her consideration i s selecting

nstitutive relationships for soil behavidort. o Es ¢
dress soil nonlinearity (Table 3.1): the equiva
sumi nglwaissé¢cae soil behavior, or a true nonlineail

ditional factors sueh oams ctulhe emo a elint lfew airdat|rigm ds Kneyle
havior, total stress or effective stress analy

neration and dissipation.

Table 3.1. Main computer codes for site response analysis

Analysis domain | Analysis

Geom Code Constitutive model TSA/ESA Reference
(numer. scheme) | method
Schnabel et al.
SHAKE (1972)
Idriss and Sun
SHAKE91 (1991)
FD (CRM) . .
EL Visco-elastic TSA EduPro Civil

1D ProSHAKE

System (1998)

Bardet et al.

EERA (2000)

Kottke and Rathje

_ *
STRATA FD (RVT-CRM) (2008)

MN



FD (CRM)
DeepSoil V7.1
DEEPSOIL Hyperbolic EMKZ + (2024)
D (FOM) MR/NMR
NL TSA-ESA
DMOD2000 TD (FEM) MKZ + MR Matasovic and
Ordonez (2010)
Idriss et al.,
QUAD4 (1973)
Hudson et al.
QUAD4M TSA (1994)
2D TD (FEM) EL
LSR2D Visco-elastic https://www.stace
c.com
QUAKE/W TSA-ESA Www.geo-
slope.com
BESOIL FD (BEM L TSA Sanod (1996)
FLAC D (FDM) Hysteretic +MR/ www.itascacg.co
Elastoplastic m
PLAXIS www.benr:teley.co
2D/3D NL . TSA-ESA
ABAQUS Elastoplastic www.3ds.com
TD (FEM)
Aubry and
GEFDyn Modaressi (1996)
Hyperbolic/ http://opensees.be
OpeenSees Elastoplastic rkeley.edu/
Legend:
BEM=Boundary Element Method
CRM=Complex Response Method (transfer functions)
EL=Equivalent Linear
EMKZ= Extended Modified Konder-Zelasko Model
ESA=Effective Stress Analysis
FD=Frequency Domain
FDM=Finite Difference Method
FEM= Finite Element Method
L=Linear
MR=Masing Rules
NL=Nonlinear
NMR=Non Masing Rules
RVT=Random Vibration Theory method
TD=Time Domain
TSA=Total Stress Analysis
* allowing randomization of site properties (Monte Carlo method)
The equival ent l'inear approach can |l ead to signi
response when dealing with high levelsi ntfes®ityniot
motions. According to thheolld toefr alt.ulr% ,i na tnearxmsmuoni tn
is recommended for the applicability of this met hc
true nonlinear analyses become necessary.

3
Il



Advancedpledatsit@ nonlinear model s are capable of
significant strain |level s, including the formatio

accumul ation of pore pressu4kr. (Ehgse Modalins ame J|

essenti al components such as yield surfaces, fl ow
interactions being model ed using a generalized
conditions (e.Dges,pi $ieca,he200k)o.mprehensiveness, t h
models is often hindered by the numerous constit
processes, which sometimes require unconventional
si mplified nonlinear model s, |l i ke those in the hy

for nonlinear BEBRISQ@ItL owwlk. (KHyme2dol i c model s nece
skeleton curve and est abhldd &mignlgo acdriintge rbieah afvaror |l o &
pore water pressure dureimmpg rseias mincodevesnt(s,. esemip

generation relationships) can be used alongside h

I n this study, nonlinear anal yses were executed
Deepsoil software. These analyses were carried ou
effects of pore water pressursenigenmersptoincre avred eding
account. DEERSOIIUL \Yj. li,s 220 2t4d 0 me h ®  orreadep osnistee anal y

mainly used for -domdineanal W&)stiwmeth or without

nonlinear anadeygs-e€,r eadonmul It i mped mo d e | i s used,
represented by a mass, a nonlinear spring, and a
is derived from a constitutive model that descril
strain backbone curve, Deepsoi l empl oys an wupdat
( MK 2Z) mo d e | proposed by Matasovic (1993); addi t i
model (Groholski et al., 2016)h, whscavexxpabkcettegr
curve. Deepsoil applies both the standard and a

(Masing, 1926) to giemwladti ex gt bhea anrclheasdi Mg si mul at e
|l evel s wher e by perelddodtrconreteedredi ng, Deepsoil offers
t he -ccowmot r ol frequencies full Rayl eigh formulati on
Rayl eigh formulation (Park and Hashash,ur200dnt r ow
frequencies, thereby broadening the frequency ran
a fregiunednecpyendent damping fDEBRIS@ItL oWy .ils, a2 4 abl e

I n this study the ext ambsddh gMKAd |l medalndwiftrhe gNileemcy i
was empl oyed. The Modi fied Kondner Zel asko model |,
on a modification of the hyper bol9&3)motdledt fugesd =

shear -sttmaiss relationship according to the follow

no



“or

1
o1 (3.10)

wheiOa s itrhiet i al s htd &ar shheed u | gisy etdtsear .whirblese, n gade

the model parameters to be determined by fitting t
Moreover, Deepsoil extends -dehpee nMKeZn tt hhryopuegrhb a lhiec fAnpc
by Hashash and Park (2001) afiownhggt otepepéesencCe
depending on the effective vertical stress)t.heThe

Modul us Reduction and dkzamediomge dCwryv eUnk MRDIEAGE of
reducti 6On factor

The input motion is applied as acceleration ti me
natur al accelerogr ams, chosen by comparing the t
Addi tional seismologicaltepat amaicer s,aruglenas asouyr
selecting input accelerograms applied at the seist

with depth and other relevant ground motion par al
response speacumdéd xaur ftdaee gor foundation dept h, qua

structure while considering groFfugd ®otlbdn ampl i fi
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Fig. 3.15. Sketch of a 2D site response analysis of a
typical results of ground motion at the foundations | e
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at bedrock for an assigned seismic scenario (defined b
and orange accelerograms the ground motion at the foun
stratified consobkitpgbtodedepi tss Whbbke deposits.

3.25S82i | Liquefaction Assessment

It is well established that traditional sampling
higmuality samples to ensure the reliability of ¢
|l i keli hood of soil liquebacbeomasdesesed 88i BQi 6i M}
t hat regiyt uont eisnt i ng. These tests may involve dir
penetration, such as through the Standard Penetr a
Dynami c tPiemretTeast (DPT). Alternatively, t hey can
within the top 20 meters below the surface, as ou

While the existing national building design codes
susceptibility to liquefaction by f ochisg.ng3.slod)e,l vy
widely recognized in the I|iterature that gravelly
speci fic conditions (Rol lins et al ., 2021; Sal v
Consequentl vy, grain diizacb| al qomea amet enrot f car reeval ua
susceptibility.

| Silt [ Sand Gravel Silt ‘ Sand 1 Gravel
100 100

90 a0
80 80
70 < 70

g £
350 Mo slti quef i :60 3.
w w
g 950 g 50
E 40 § 40
@ 30 9 30
20 ; 20 B
Potentially Potentially
o J ®@ o J/ ®
. / /7 . /
0.001 0.01 0.1 1 10 100 0.001 0.01 0.1 1 10 100
grain diameter, d (mm) grain diameter, d (mm)
Fig. 3.16. Grain size boundaries charts for soil 1ique:-

b) > 3.5. Modify from Tsuchida and Hayashi (1981).

Apart from these considerations, the first step i
cohesive silt, sand and gravel, to better focus t
Il driss and Boulanger, 2008siAngrye.and Bndkews 20
and Boul anger, 2008), and gravelly (e.g., Rollins
this approach reduivmeéset h®@GAxpatuedat the surface
amplification), depth of the Groundwater Tabl e (C
soil . Depending on the simplified method selecte

neceary for the, astadaydasdapenetr dti)ondyaamik|l pwne:«
npe



test bl dw)cownt s(oil resistance meajsurvead ubeys cdoermrea vpe

in situ tests.

In simplified methods, #2RBe rcgpl ésemteisngtiameesoil

l i quefaction. According to the "simplified proced
# 3)2, indicating the seismic demand on a sgpittol aye
effecgt)i wer(tical stresses, multiplied by the)PGA a
proposed by Liao and Whitman (1986), which descr.i
column to the cyclic stresses for a rigid soil co
#32m W, j, Do (3.10)

Youd and Il driss (200b) athes€8Rced ahet M5&#88) magni
serving as a "proxy" for the effects of duration
overburden stress, they incorporvalt,dwhiheh odep dnud d
effective vegjtiaondl retl mndd)y e (tde Mfsuirttyh e( modi fy the
# 3 3n (Eq. 3.11).

#3323 07YYD YO (3.11)
This led to the definition of the Il iquefaction t
liquefaction (EBQP.#3&8g t(hkq.r ad.ilo2)o.f

&3 0'YN YY¥i (3.12)

The SPT -mase&€dP Tmet hod is often effective in accur a

of sandy soils and | oose gravel with | ow penetr a:
(e. g., Kokusho & Yoshida, 1 9r9e7s)i.s tHaonwceev eirs, hwihgehne rp, e
be |l ess reliable. I n such cases, it can be challe
is due to | arger particles or a denser materi al (
i ssue addrbssed by employing geophysical m@g)la,sur en
as proposed by Andrus & Stokoe (2000) and Rollins
t haté ttthreeshol ds for triggering |iquefaction might
Rollins et al6 meaB22rmeand plkat ain to small strai
at medium to high strains, which are betiel20d@86jin
Al t hough the parameter is directly Ilinked to the
stiffness at smal | strains, it remains valuabl e a

penetration resistanclky vai d srastiimi,l acdwyf iarfifregct £td|
geol ogi calanadg el 2(0Yoosuxd,

Youd and I driss (2001) introduced a method for ev

the SPT bl.ow cooundPT( resi siNancanmeasubedden press
nx



(~1 atm) and adjusting for hammer energy, borehol

normalized parocarfhetwelri,ch is the adjusted SPT blow
measur ed, is further modi fied for fines content
orN ,which is then used in analyses. Lat er, I

|l iguefaction assessment method from WVdubhdt&viadr iess
magnitude and an over buyr den gd)erdrnedot i(olnod@cwiotrh an
relati.on foegxpanding the SPT case histories dat ab:
(2014) redefined the MSF equation to also conside

Chinese engineers have developed the dynamic cone

continuous driving of a 74 mm cone by a 120 kg han
either a drilling rig or a sismplne CHRITe, t r2i0pald . s yT
facilitates gl obal applicability. I n 2008, resear
employed the DPT to assess penetration resistance
Wenchuan ealThéeygudker.i sed a foraceabimdtshdd tbdPTeval
' iquefaction, drawing on data from 19 sites with
visible signs of l iquefaction (Cao et al ., r 2013)
calibration tE ed &tyserrsadenieo t hETR) , which is the rat
from the hammer to the rods. This calibration is

recorded every 10 c¢cm of penewirahi sayytogaetbuat e
height s. Rollins et al . (2021) expanded the DPT
|l iquefaction and 57 without) related to 10 sei smi
across seven adiomngptaateas ,frioml@ao et al. (2013), anc

of the liquefaction probability function.

I n the study 20yl 3dgoitshted@attler mi ned by taking the DP
bl ows per 0.3 m and multiplying it by ETR. Me anw
value of 1.7 to align the.(eq0ula3t)i dnnivtpht otphoes eadmtb Yo (¢
l driss (2001). The CSR is defined wusianngddtrhies s" s(iln®p7l
which incorporates Qweael We pemdeagryi tadddd bassa npgeerr |1 (d2roi
Rol leitnga2021) introduced a new MSF correction fact
analysis was conducted to determineOt h8i mrbbaaby] i
al . (2011) made the inititbalsedf ftaritggteo i age &tue vpso
analyzing 30 | iquef alcitqwef ascittieosn asnidt els7 frodrd owi ng
Wenchuan earthquaket. dliIn. 2i0Rt2r,oRwddd ns new set of C
data set. Thi s expanded data set encompass-ed 96
|l iquefaction case histories from 17 earthquakes a

9. 2.1l eWhtihese | iquefaction triggering curves offer

nT



they are | imited by the scarcity of case historie
define the upper branch 6oldadence metilgge rd mml cwy vielse
suggested by the aforemenbaseedmauhdbdss bHotr ISPTI A
MSF and a different regresB8ion approach to determ

Using those methods it is possible to calculate t
Liquefaction (Po)pPeopobakdl bgexwasaki et al. (1978),
000 "0a0 &Ya (3.13)
Wher e

0 pT1m TAA (3.14)

Oa p ONVOY p; 0 TQUOY p (3.15)

I n considering the toebrsner"vlaitqgiuoenf aocft itohne" eafsf etchtes on

excess poreguypratssdegpttf, it is feasible to assess |
l iquefaction by examining the vertical -ceheé¢diewmen
granul ar | ayers within the first 20qumetAedrdsi tofo nddd
horizontal displacement resulting from the reduct

t he i ncoaue aaste doefpt h, can ibfei eedbalsRellt endét hBidmpldevel ope

et al . (2002) and Zhang et al . (2004) facilitate
di spl acement, respectively, potentially induced b
I n Zhang et al . (2002) the vertical settl ements

|l ayers are determined byN coand&lYaEdg.ng3.th2) vwail tuke st
def or mati on -caft tah egigviteonu ndde pt h

Y - Y& (3.16)
Wher e:

if'OY mdh - pmg 8 forco N ¢ T (3.17a)
foOY mph - pmg 8 foro o A pTX (3.17b)
if'OY h - ¢ 1T prp 8 forpt X 1 ¢ T (3.17¢)
if'OY igh - pmg 8 forco 0 ppT (3.17d)
if oY m¢h - p x 0P 8 forpp m n CTT (3.17¢)

ny



if"OY ™h - pmg
if"'O"Y T@h - p g
fOY mh - pmg
iffOY m&h - pr1 ot
if"O'Y pg8th - @ 1N 8
if"o"Y pgh - ppy ®
if"'O°Y pgh - W& N 8
if"'OY p&h - x&n 8
if"'OY ¢8h - mEt
The
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according t

represents

I n Zhang

associated
(¢ 9)

as in

%) rQa

Wh e e
wi t h given by:

he

et

t he

(3.18)

is the maximum depth below the potential liquefiable layers, with a calculated "O°Y ¢8g,

t

Zhang et al . (2002) ar pl otted,; orange
ground water table

al (2004) SPT or CPT data are used

wi tihn dau cleidg ul eaftaecrtailons pr ead, introducing
foll owing equations:

fO wnh T o®»OOY 8 formg "O°Y ¢8t (3.19a)

fO wnbh T o% for 'O"Y 1% (3.19b)

foO ynhk T o8 QOY 8 form® @ "O°Y ¢8t (3.19¢)

fo ymb T p T for 'O°Y ™ @ (3.19d)

foO xmnh o8 O0Y 8 for® w "O°Y ¢8t (3.19¢)

fO xnh p B for'O°Y ™ w (3.19f)

foO oemnbk o® POy 8 forT@® @ "O°Y ¢8t (3.1909)

foO oemb T ¢ & for OY 1® @ (3.19h)

fO ovmh 18 QOY 8 form ¢ "O°Y ¢8t (3.19i)

foO ovmhk 7 o® for ' O°Y 1 ¢ (3.19))

fO tnh o® MOY 8 forp8t "O°Y ¢8t (3.19k)

foO tmnh | CLaAPsT OY 0B form@ p "OY p8t (3.190)

fO tnh v @ for 'O°Y 1@ p (3.19m)

Upon calcul$gtitngi $ heossible to esti fatass:t he Later
,$ 3 M@ Q%) form& b Y o® b (3.20)

for gently sloping grouiWwd wihtehgutouadf sée®pfeacae, pwe
., $ 9000 8] %) fort 0jO 1™ (3.21)

for | evel ground with a free face.

Hori zont al di)dpkatemknutiudéufcaecdt iloant er al spread can b

the met hod

proposed

by Youd

(2018)

and

reported

P M



1T p&popd ol p8 mipIYC mMipY ™ wigiaC ™ TiNl"¢

- (3.22)
o plol @m0 ™ Wl @ T 1™a &
for free face conditions, and
1T p@popd ol p8 mipiYC MrpY ™MWolPi"C ™ 1IN
o8 ploT @m0 ™ol @mn mad e
for gently sloping ground conditions, where
Y Y Y and Y pmn® 8 (3.24)

an d is the predicted lateral displacement in meters; 0 i s t he moment magnit
eart hgqVWiask et;he map distance from t he"Ysistheecurulativee he e |
thickness of saturated liquefiable layers with . p vin meters; "O is the average fine content

(percent passing the No 200 sieve) for granular material within the Y layer in percent; Qu 1t is the

average mean grain size for granular materials within the Y layerinmm;Yi s t he ground s
percemnts; the free face ratio, in percent, defined

horizont al di stance (L) from the toe of the free
3.2SBope Stabi-LiamygsAnaleysi s

Simplified methodondamr t-dtsalbuipleidt yt oanal yses t o ass:¢
|l andslides or rockfalls induced by setiatmic amcdli ws
whi ch t he effects of an earthquake ar e represe.
acelerations) can be wused first t o) dediefe nethe as
acceleration required to produce sl ope instabilit
(8 and the accelerationiofg &dofdacikt van@gysi NeWwmNa whna
be exettwtpdedi ct the permanent displacements of s
analysis, a potenti al | andslide is considered equ

As an alternative to the Newmad kpraedil gytsii sn & dieatei

in the | itCrreastpuerlel a(nei. get, al . , 1998) that I ink the
critical acceleration value andcrsorepvewmalhtuagtdiowe
shaking. These equations were developed baé¢iegl. on
3.18).
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Fig. 3.18. Sketch of a bridge crossing a valley filled
analyses in terms of permanent displacements. The acc
(orange point) of the pbeeoatiwichhbndgdel sthec &oefficient

of the block correspondiéimsg tthe thhhe iizoattabl @eemananen$ di s

mass at the end of the shaking. Yellow and orange poly
| i gyt | ow depicts | oose deposits,entthesubrifaaccke curve i dent
I n addition, in recent li-hbasad upe olaalei laivsatiilcabine c

met hods, by doupkenngmedabpds, to assess landslide ¢
Pei and Qi u, 2024 ; Montr aGa D) et al ., 2023; Gatto

3.2S40pe Stabi-RiockfAahnadl ysi s

To assess rockfall hazard, it is crHfwai dlheaigenmed|
t he rockfall sour ce zones (i .e., det achment ni
trajectographic numeri cal simulations are gener al

movement charactekisstiThe &reyf dlalctmwmgsr dor the ri sk

travel distance, bounce height and translational
simul ati ooskball in three dimensions model the oc
Descoeudres and Zi mmer mann, 1987). Various softwal
runout 4grealgysesChen et al., 2013). The strength of
the shape of rock fragments and topography into tfF
models are | imited by their nesdarndrs nhignea mtuisals pa:
power. For t Wi gnemesdaonm, tmoael s are t he abees tmetod wd

P=



to model the phenomenon with enough accuracy, usi

computer.

The movements of a falling rock can be classified
Computer software has become increasingly popul ar
Among these movement s, therimpaat metdeinsribat enot

t wo objects come close to each other or when one
point known as the collision surface or impact ar
vel esi toif some nearby parts of the two objects b
moment. The contact forces activated by the colli
positive relative contact vel oomitsiiensu.l aAnrey tnhuemeg e rx
i mpul ses at the contact point and predict the vel
model . Guzzetti et al. (2002) discussed various r
classifyinhgragenhemaiimtmattegori es based on the i mpac

rigid body.

I L e S B S L S B T B B B B B B N R SRR
a 20 40 20 g0 100 120 140 180 180

Fig. 3.19. Example of rockfall modeling using RocFall 2
rocky slope, while the green polygon indicates the all/l
feeds, and the bl ué, lruesd,r agdred tdhreedamnm aljiecaori es of falli

1.5, and 1.8 meters, respectivel y. -mleteert opeosgorl aupthiiocn pDrTol
from Li DAR data, wutilizing QGIS software.

PO



I n rockfall simul ati ons, the momascoMmonsyenuse@me a
model s, which employ particle methods to concentr
approaches include hybrid methomdsesetl satwhetni lai par $i |
a surface. The rockfall Iiterature also features
shapes and employ specific impact model s. I n thi
Rocsciencet basRidgiodh Body Model (Fi g. 3.19), as 1in
by Ashayer (2007).

3.2S®ismic Risk Evaluation Through Fragility C
Upon obtaining the values of the peak ground acce
and vertical settl ement s, it is possible to asses
of these hazards with thdiltiynear vetsr cet.gr.e WBgiamg
Gardoni et al ., 200 2; Hawng et al ., 2001) . Furthert
by considering four l evel s of intensity: slight,
i nfrasrter wdtt hout compromising its safety and stabi
in the infrastructur e, although it may still be
infrastructure is no | onger accemmlidtle ;| and aofo | fl uar
structure.
Fragility curves allow t-estaalleisshdahedaemage ds ngt wd
probabilistic ter ms, by means of a relationship b
the PGA, and the probabilitiys trheatc hae ds peac iefxicee eldeevde
al , 2017 ; De Matteis et al ., 2019) . Sever al fra
devel oped considering the design of the structure
par ame(toerr sl ntensity Measur e, I M) which can cause
available from |iterature are selected to assess
shaking (Branderberg et al ., 2@l11l)v,el bxiing rods pehcet
at the moment of the i mpact on the piles of the
scenarios of damage (slight, moder at e, extensi ve,
hazard identiédedrea.the select
Brandenberg et al . (2011) investigated the fragi
l iquefied and | aterally spreading ground, whi ch
anal ysis invoEvgisn eaPevieaaipdo ra meft er s ( EDP) and consi
measure (I M) as the displacement of the ground du
the responses of bridges affected by | ateral Spr e
equi valbeahnt nglhde hnear el ement analysis (Fig. 3-20).
hi story analyses were employed to evaluate the re
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Deformation ( x4): Displacement of GID Output, step 100

Morment (kN-m)
57706

l 40205
2270.4
L5202
12298
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-8230.2
-8080.3

Sczﬂar Line Diagram of Forces#farceBeamColumn3d, Morent (kN-m) factor 0.000794028.
Deformation ( x4)- Displacement of GID Output, step 100

Fig. 3.20. Example of Global Equivalent Static Analysi.
mesh (top), and deformed mesh and moment distribution
deformati ons ampl i fioemd Blrya nad efneboetragr eaf a4 ..0 .( 2Frl 1) .

I n Brandenberg et al. (2011) , bridges are classif
superstructure connects to abutments and piers, n
of the bridges (Fig. 3.21).

Six bridge models (Fig. 3.22) were selected to ref

each featuring differspancenftiagghat bondgef watimulbi.i

Mo d e | E1 illustrates a thntiabaoaumehtsdgénwcbht maas
E6 are equippgpewiabhmt meat s. Mo d el E2 showsyme con
abut ments, while Model E3 is similar to Model E2 |
mi-dpan. Mddels isolated at the pier tops with a

i ncorporates both an @y@anainan ijswil ratt i @tn .t h e Wiod e |
connections are used at the pieonnerteadredbdt Pol & adjp
The structur al characteristics of these bridge ¢
constructed before 1971, thus reflecting the fe

i mpl ementation of modern seismic codes.
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Vintage Structural Number of
Connection Columns
Type per Pier

Single-Column

Continuous
Super-Structure with
Monolithic Abutments

Multi-Column
Bent

Single-Column

Pile Type

15" Precast

15" Precast

15" Precast

15" Precast

15" Pracast

15" Precast

24" CIDH

24" CISS

15" Precasl
24" CIDH
24" CISS

15" Precast

Pre-1971 gimply—sslupriorted "
. uper-siructure wi
Bridges Seat-Type Abutments
Multi-Calunin
Bent
Single-Column
Continuous
Super-Structure with
Seat-Type Abutments
Multi-Column
Bent
Inventory of
all Bridges
Single-Column
Continuous
Super-Structure with
Monolithic Abutments
Multi-Column
Bents
Single-Column
Post-1971 Simply Supported
A Super-Structure with
Bridges Seat-Type Abutments

devel

Mula-Column
Bent

24" CIDH

24" CISS

24" CIDH

24" CISS

15" Precast

Single-Column

Continuous
Super-Structure with
Seat-Type Abutments

Multi-Column
Eents

di spl aci ng)i spinlcerse;tle®iCialdloé @ pi | es.

24" CIDH
24" CIss

15" Precast

24" CIDH

3.21. CHraisdgdd chmdseoch orf vintage, structure type,
opment of fragility curwdsanthwoBmaametesnibbteusg( neotn
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(a) E1: Monolithic Abutment & Continuous
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/
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(c) E3: Seat Abutment & Continuous (with expansion

-

J:

joint)
koA koA
\
A 7
7

(e) E5 Seat Abutment & Continuous (with expansion

+ -

joint and pier isolation)

B

(b) E2: Seat Abutment & Continuous

y
A

(d) E4: Seat Abutment & Continuous (with pier
isolation)

oA -

S 3

S

5

A

(f) E6: Seat Abutment & Simply supported pin

connection

- 4 4 5= O

Foundation Isolation bearing Gap Seat length Expansion joint Pin connection
(g) Plot legend

Fig. 3.22. Sketches of the six bridge models as report
To account for the variability in structural and ¢
mo d e | i nput parameters were depicted as random V:
were performed wusing inputs thatuwbkfCaheaMdhmey at
technique. The fragility curves for ground shakin
thus developed considering four di fferent damage
coll apse, aemfdorweer es edheirn this study as the final
determination of expected damage in the event of

and | i gquefdauccteidon at er al spread. The inteasitwpgmkhi
curves are PGA and PGD, respectivel y. PGA s the
value of the acceleration during the seismic shak
Di splacement i.e. the horibtoshakidgspduacémehttat a

PT



These curves were chosen for this thesis
of structur al and geotechnical configurati
approximation in assessing thse rprcabuarbei.l ity

12

10
0.8+
>
=
% 0.6+
=]
o
e
o
O 04+
f=2]
©
£
©
8 g2
0.0+ T T
0.0 0.6 09
IM=PGA (g)
(a) Slight damage
10 L L
|—e—E1
—a—E2
08 4—v—E3
> |o—E4
ZE  |-0—E5
‘g 061——E6
o
2
o
© 044
o
©
E
©
a

Fig. 3.

Measur e

IM=PGA (g)

(c) Extensive damage

23.
, PGA i s

Fragility

the peak

08+

g
S 06
=]
2
o
@ 04
[=2]
©
£
©
B g2
00+
0.0 . }
IM=PGA (g)
(b) Moderate damage
1.0 . 1 . 1 1 . n
|——FE1 x;xjt-
—a—E2 ,7
08 —y—E3 /a -
> | E4 :/
= —o— E5 Y,
E 06— —E6 /A
8 7/
o /A
g’ 044
©
£
©
a 024
5T
D—D’!]:c’o’“/(
00 -E'E’?fc"o’ apa a-0-Y |
0.0 03 06 0.9 12 15
IM=PGA (g)
(d) Collapse damage

cCuFivwperse. @2,

gro

und accel eration i

n

ons.

of

PY

because |

T

dam

thheadeirx skeriisdng e mdha&li  gi. n
g.

Fro



1.0 L - AI" =k, L — L 1 1 I | L
/./' ,"‘—. "—‘*?ﬁw ' ./.’.-' e ;=;=i:i:x:l:l;l'_‘;=’
F A A
Vs
084 / A/' -:z/ / - 084 ./ W / L
. [ /v / /j / f o |
= A/ E‘ . /V / EI/
S 06+ /' / / 3 3 06 & /S L
o A/ ; P k- //V 4 o
g 1 / D/ S /3/ //
8 04- 5/ / / —e— Model P1] [ 24 ;@/ i
E —a— Model P2 = 2 / —a—Model P2} |
a —v— Model P3 a S/ |-v—Model P3
024 —o— Model PAJ[ 021 e —o—Model PAJT
—uo— Model P5 & —o—Model P5] [
00_-4&'\-..: J_‘_“_;‘D, , IModel P6| o b Th/_‘:;&%%:i?:.'n’u,n . IModoal P6
0.0 03 04 05 00 0.1 0.2 03 0.4 0.5
IM=PGD (m) IM=PGD (m)
(a) Slight damage (b) Moderate damage
T eder] e i—'*';'—rll R [Ty e = =
- - ~J-X-A-A-A-A-A— - o a=K-K=.
1|—A—Model P2 /./' X ce T —a— Model P2 o T
08 [~v—Model P3 VA " 0s-{ |7~ Model P3 < A T
—o—Model P4] ¢ /l ¢ —o—Model P4 A /
> ||-Moderrs| / / Vi z —o— Model P5 J /.5./ Y,
E 06 / /j | % 06 Model P6 .//:/v / A
g / E/D | g /‘/:/ /\ E/n
a / g /./v/ o
%0'4_ / \:/ r % 041 '/:/ (:-/ E/ B
g Y E /:/ vt
8 / 8 - / )/{
02 / L 0.2 A ’ L
o g D/D)f % > 7 D/I:I
) ,‘_.\_,:‘,"':D_n— - 4"* - E,D’D/
0.0 R B T T 0.0 s W-'1'L|_‘H=m 2 T T
00 01 02 03 04 05 0.0 01 02 0.3 04 0.5
IM=PGD (m) IM=PGD (m)
(c) Extensive damage (d) Collapse damage
Fig. 3.24. Fragility cur vRegr ®.f2 2t,h eu nsdiexr blraitdegrea | mosdperlesa
I ntensity Measur e, PGD is the permanent ground displ ac
Among the various works available in the |literatu
bridges (e.g., Cao et al ., 2024, Sun et al ., 2023
thesis, the curves prophsesdriry edire het tdhle. auz hd0)s.
responses and vulnerability ofselxnniidbgalc slhamres wihte
to various rockfall i mpact s, considering the DI o

rockfalTHe study concentrated on circular and squa

ar t he most common in bridge constructi on, and

c
e

The analysis meticulously exami nedndhoiwnpraocctk fhaelilg hd
e

t h dynamic responses of the col umns, such as i mg
axial capacity. A vulnerability analysis method i:
Carl o simulationscdlounenwsal wrad er bmrodligfeal | i mpact s.

results for the two types of bridge columns are pi

anal ysi s, a real bridge structure was sedpan ed

P®



continuous girder bridge, with each span measuri ng
used for model i ng, repeating the analyses and | a
modi fied. The circul ar col uhmeni ghhats oaf dli0a me,t emhiolfe 1t.
is designed based on the area equivalence of <circ
both circular and square columns wutilize the s ame
ratios. veoarsetmransanforcement, spiral stirrups are

rectangul ar hoop reinforcements are employed in t

e, i
FT ‘ Bent cap

| ‘] {

| ‘ | ‘l Foundation -

Circular column

Steel cage ., :

- Confined concrete™

-~ Concrete cover--

Foundation-

Circular column
Square column

(c) rock model (d) Lateral view of RC columns

Fig. 3.25. Detailed FE model of the bri dge-DsYtNrAu dbtatsread u

on the |l ayout of the bridge. Measure unit meters. From

To enhance computational efficiency, a simplified
the columns not affecapd Bgl idnpalce mdrFtig. arde 2&mp |
i mpacted col umn, foundati on, and cap beam, whi |l e
transverse reinforcements. Since bri dges exposed
mount ai nouswirtelgigenner ally favorable geological cor
f oripsioiel i ntaeratthieonwords, geotechnical probl ems

were not addressed. The only source of geotechnic
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The main damage is usually concentrated in the bri

as t he cap beam, f oundati on, superstructur e, ano
enhance computational ef fi cireencnygd elheeds eu suinnagf f aerc t el
approach. A spherical mo d e | is used to depict the
1.5 m, and 1.8 m are analyzed to assessuntih.e2bicmpac
Rock par aunceht erss Ysoung' s modul us, mass density, an
literature. The rock block is assumed to be made

conservatively simulate the bridge s$heubriudglescoeé

nor mal concrete with a strength grade of C40, as
Xie et al. (2020¢ptchondocesdi gatioan into the dynar
varicousssescti ons when subjected to rockfaldl i mpact s
simulations, the primary parameters varied were t

the height from which it dedllyz&dtoboaévalfudlesbew
influenced the dynamic behavior of bridge 1@l umns
m/ s . Studies of rockfall incidents in China's wes

on bridgeypgmgiodalmny dccur at or below the midpoint

column with an overal/l height of 10 m, the impact
numerous potenti al i mpact angl es i m,r ovhkfral laniyn ain
possibl e, the transverse direction was <chosen as
behaviors and vulnerability of both circular and
t hat the | ater al cdoilsupmna cteynpeenst s nocfr ebaosteh as t he rock
and i mpact height rise.
100 F e i e e e S . 100F 4= e o i » &
|==ili= Complete failure .
=== Scrious damage and above il Complete failure
B0 | | Medium damage and above 1 80 ==@== Serious damage and above | |
s Slight damage and above == Medium damage and above
5 Basically intact and above :\3 === Slight damage and above
_ 60F R _ 60F Basically intact and above | A
2 el
ﬁ 40 E 40 1
2 e
H (a) 5m/s~10m/s A (b) 10m/s~20m/s
20} 20} 1
OF m - - - = - 0+ -—«——P—'/./ R
5 6 7 8 9 10 10 12 14 16 18 20
Velocity ( m/s) Velocity ( m/s)
Fig. 15. Failure probability versus impact velocity of circular column.
Fig. 3.26. Fragility curves devel opede dtyi Xn epiedr ;| . ( )2
velocity range between 5 and 10 m/s; (b) impact veloci
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I n summary, the author s, considering the data ava
|l aboratory tests on columns with the characteri st
modeling of the Iimpactsor dpived @ pwidt H raign ¢ ultayr cUFiv
3.27) -sercag v®ns, using the impact velocity of t he

assessment .

T T T T T T T T T
100 . = 4 .
80 | -
X 60 -
B
%
.E 40 | -
~
20 F il Complete failure u
==@== Scrious damage and above
msbe \edium damage and above
= Slight damage and above
0F == Basically intact and above | ]
| I R RN RSN R R S R |

4 6 8 10 12 14 16 18 20 22

Fig. 3.27. Fragility curves developedebyi Xnepeeral . i Mmd

velocity range between 5 and 20 m/ s.

3.Bormul ation of the GETI | ndex
Mu thtaizard ri sk assessment in |inear infrastructure
on a statistikKkampphwarchafe. gadgett, 2014) , using
calculate the overall ri sks, but conducted the as
I n current methodology, the overall ri sk is compu
hazard curve and the corresponding fragility (e.

proposed by Kameshwar and Phaudrgreitctacnmd® hé)d irmsé&amtsis
reported. In this study, the authors considered t
to the two hazards. The general formulation of th

equation 3.25:

0 0 29 Q 3.25
U Yo T V- (3.25)
in whisha hazard intf)tesiist yt hpea rfarnmeegt i@®ri,t gprcais eret, s atr
hazard curve. The hazard curve illustrates the |i
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within the intensity measure domain used to defi

fundament al events i s derived from empirical, e X
showing the conditional probadridiitryt erfsiftayi.l ure at
As seen before (A2.2), the |limitation of this kin
bet ween hazards and the possible effects on the s
than one hazard. Furthermowvel uataedaddnetf hect $ s au
asynchronous occurrence of hazards, that may affe

damage on the structure not to be considered as i

Kwang et7,al201820Imade a step over, conBERdepl ingd at d
mu thtaizard ri sk assessment, in order to take into @

case of the simultaneous occurrence of t wo natur a

possibility of intse,yaaxnd omowedmweenf htalkeamdcan tri g
The BN is widely wuse in civil structural engineer.|
considering the failure system. |t is based on t he
and Hwang, 2015) as foll ows:

0 0 68, 6 (3.26)

¥ TTE |
where A is the event whose uncertainty we want to
as give We call P(A) the prior probability of A,
probability of A, consi cher edviafetnecre.updati ng based
By moving the denominator in the definition to th
06, 6 06006D (3.27)
If P(A) > 0 and P(B) > 0, themandhias sbseqquivababkbani
P(B). I f events A and B are independent, the abov
06, 6 00606 (3.28)
From this, we can say that two events are indepe
intersection by multiplyingodtBeim indsvitdwal thrad
compatible, so they can take place simultaneously
influence the |ikelihood of B happening, or vice
By consi deeavegt st hA,e eB, and C, they can be define:q

equations are verified:

5 8 508 (3.292)
5 508 (3.29b)

Ca C=
C1 Ca
Ca1 C2

&
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06 &6 0606 (3.29¢)

06, 6,6 0VO60G6D0OH (3.29d)

I n Bayesian approaB)h,P(aBs) ,P(tA|eB)phPo(babi | ity of B i s
Theorem, written as foll ow:

oo of (3.9)

w h e blis the complementary of A, so the likelihood that A does not happened.

06 064 06 O

Given this, BN are probabilistic graphical models consistingonnodes (circles) repr e

variables and | inks (arrows) representing conditi
way, it is possible to schematize the probability
probabitl iat pyatrtaanet er of the fragility is generated

A generic BN can brfegnr3e.p2Z8:sented as in

(a) (b)

Fig. 3. 28&.0dEea)BNTwwoi th Y dependent on X, and (b) BN wi i

vari abl®mMh . From Bensi et al. (2011)
it is possible to calculate the Joint Probability
0 6 ho A8 R 0o 0ol Q&oi (3.30)

0Ol Q&0iis par entd; D dex Téodri s t hed@mTi efthe number of
in the network (e.g., Kwang et al ., 2018). Typica
which includes whether an accident or primary evel
predicting praodtaibndg i them. oFrnupredictive analysi s,
P(accidearfpecxahtcul at ed, representing the 1ikeliho
the occurremcerorenoenof a particular primary eve
probabilitiR(sewdntt|hec giodameysed, i ndicating the ||

occurring given the occurrkeadeetdfahb. celDaln. accid

2n



As seen before, 6Kwaapg8etdat er ri2dddl| t heagiykAtAeyn usi
FAdi agram is a graphical decomposition of an unoc
(denoted as top event TE) into intermediate event

(AND and OR gates). AAmcedkealmpil ssi pibwresn &prk 8. FT

TE
OR |
I
I I
IE1 IE2
AND | OR
x1 ) x2 x3 x4 |

Fig. 3.29. Bxamb|lexdf ¥F and x4 represent four basic e
events produced through combination of basic events by

Kwang et6)al . (201

The basic events are characterized by Bool ean sta
are considered to be statistically independent as
to characterize inter medi atteed etvhernotusg hwhti hcen laorgei ca | gss
a qualitative evaluation is used to develop the I

to obtain tdseetnsi.ni mal cut

The order of-sat misimaé wcumber of basic events tha
cuget . For illustration purposes, l et us d¢iogqsriaer
3.29. I'n this figure, x 1, X 2, X 3 and x4 represe
intermedi ate events produced through combination
write a |l ogical expressionz f2()xt3xkd )t op Thheermtoraes
Bool ean allgebtx& x)jls+ ( x3 + x4 ) andt s aitatl mdmeal
X 3, and x4. Thet smin3 manmd cxi4 are of f isrestt xolr déexr2 ail
second order. Finall vy, a quantitativéiawyaloysioxcius

of the TE and determine the i mpearettance measure fo

The probability of occurrence of thel ETgg i3s. 3cla)l c ul

2P



_ _ _ (3.31)
0 0 00O DODOD E
p OO0D 80 00
whe MgM;, &8,represents thetminammahectudtal numbes. of
The i mportance measure analysis cal cudlsat ss ttohet h
occurrence of TEdamdi dcesr dihmglcy i ti cal events.
The mapping algorithm integrates both graphical
mapping process, primary events, inFfAmediapeesegn!
as root nodes, i nter medi ate nodes, and the | eaf n
respectively. The nodes within a BN are interconn:
components Ai nlnt htheFTnumer i cal mapping process, t
primary events arceorasesipomald ngorobbé nodes as pri
i ntermedi ate and | eaf node, a conditiomahdptobah
probabilbeéeiyngathéesl oped based on the type of gate
procedure foAs mappi BNsFTKhakzad et al ., 2011).
Fault Tree Mapping BNae{fvs;?{(‘
F;r\ir;’l:trsy Root Nodes
]
' |
Intermediate Intermediate
Events Nodes
G hical
Mapping | 1
Top Event Leaf Node
Event Prior
Occurrence Probability of
i Probability Root Nodes
Numerical
Mapping l
Conditional
Boolean Gates Probability
Tables
Fig. 3.30. simplifiedidspiotedBNe.f &r omagKpiakgaldTet al . (
From Kwdamg and Gupta (2017) proposed a H$htazwactdur ¢
conditions model , using a hybrid approach between
and flood induced f ai ur es, connectedbabpi theyl ofi
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as I n equation 3.31. I'n this approach, the eff
independent, and the risk is calculated as the an
I n the above proposed -Baanaidtiicskneadoess ment mahts$
t o noti ce that , as t he random variabl es ar e con
considered and only for the eacyt.i dm dafhitshe iheavz ari ch
of the occurrence of an earthquake is evaluated o
effects, such as soil |l iquefaction and | andslides
t he nAdceasecfaf ect 6 i n mat hematical terms, the damage
' iquefaction, and | andslide/rockfall, considered
earthquake, can be described by tdireowmnd ddhaloinrad (f
secondary effect of the occurrence of an earthqua
dept h, with the propagation of seismic waves to
' i quefaction/ | atlearnadls |Isipdreesa diLng (an@)/,or rockfall (R
and Stewart, 2025), potentially |l ead to permanent
infrastructure.

I n this view, the model was developed by first C
|l andslide, and rockfall on ground shaking (A3. 1.2
for the development of otheroseupbpndacyg efféecygsefhd
(al so understood as | ateral spreading), l ands| i c
predi sposing conditions, such as the presence of
|l oose grmawuiltag, deontrast between cohesive cover ar
sl ope, ...), or morphological conditions (e.g., s
are suitable. These conditi onsi tairad tphbkeaesne silnot{oA 3a clc
order to determine the hazards that can reasonabl
the structure. For this reason, the model has be
conditions eotolcerurtrlreencet f ground shaking.

Further mor e, |l andslides and rockfall have been c¢
account the fact that they are two completely diff
and occurrence dynamics t haetovdeor ,nonth iolvee rfloarp r(oAc3k.f1la.
parameter used to determine the expected damage

bl ocks against it, for landslides it is the hori z
The f rcaugivleist wsed for the two phenomena are theref
phenomena, considering that the effects on the s
(landslide) and direct i mpact afndr addist bhgakshdl
I nstead, with regard to -théeuvuoecuratacal osdprleadedrt
earthguakeed | andslides, it is possible for there

2T



over|l apping effects on bridge foundations. I n the
of a fragility surface that assesses the concurr el

parameter defined as the petrmanent horizontal dis

The theoretical formul ati oPGMnodéle GAEZ.I3. Nh)dexasd si
Figur eGi3vuednl t he occurrence of an earthquake (E),

the induced ground shaking (S) may trigger |liquef
L Q, L and R circles represent ¢ htechéhagzwraesgt,i band ty
1 represents the expected values of the effects, r
due to soi l |l iquefaction, | ands,| 0 de, a@ddak fealtlhe ¢
probability of damage on a bridge/viaduct for LQ,
cusets oA tThhee FITogi ¢ door fAORO explain the connect
to the total damage D; Blue circles represent the
nodes; Red circles represent the dgrfiemdr ( tchaeudot(ad

E
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Fi.g. 3PIGMf t he GETI .

Thus, using the theotrlen pifohladialli tpyr odbfabd dmage de:
value of PGA (ground shaking), vertical settl emen

spred/ 1l andslide), fallingamodls cbesnmamteEdyse.l 0X.i3 % 4
d respectively
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00 0Q 00 Q¥ 1 A1 SY i /YQ QY (3.32a)
y
00 Q 0O Q¢ 1 A1 DO am’y
y (3.32b)
i NagniQ QanQi
00 Q 00 Q¥ 1 W 1 A1 D0 ainl o any
Ry W (3.32¢)
inafd ni Q1 A QamQi
00 0Q 00 Q¥ 1 A1 $Y 1Y inidniQ Qi Qi (3.32d)
y
Whemeé i s the probability density function (PDF) of
hazard fpugyvieln) HO ally i M7 DO af O &Y @ Ay Y IRY i
are the conditional PDF of effects given, respect
and | i qdefdacteidonl ater al spread, roolof dQs¥Y 1 (fsoi l

00 Q¢ 1 hiO Q¥ 1 W 17 hDO QY | are the condit

probability that damage exceeds a threshold give
di spl acement s. or block velocity respectively (f
variables that deddnuisbe ad wiels @if o e rotuinals ,def or mat i c
velocity, depend on LQ/L/R as well as on S.

The applicati oR Rmbdal hypropgdgo®8&d and validated by

all ows us, through theseuse( Eogf. t3he31di nitnoal macd wuntt a
independence of the effects and, t herefore, to ap
damage to a structure in the event of an earthgua
considered as acting simultaneously on d4imeucedr a
| ateral spreadiaoagumanidn| tmess amesl eocati on at the s
on the structure can overl ap, l eading to indist.i
damad@@e (caused by the two phenomena, and due to ho
soil and piles, is considered as the total damag
|l andsl i des. I n this way, the resulnoivreg | dpmpaggs B
occurrence of one of them does not influence th
perspective it i O @gOaintd es ttohey nsriadEBirgdedpe@epntar
tot al probability of damage can be calculated usi
The probability of occurrence of shaking can be c
earthquake, since we always have ground shaking i
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have ground motion (GM) parameter significantly h
first approach, the probability of occur reaaxsced of
PSHA for the nearest fault isnygs ttehm st,o tah eg ipvreonb aabriel ai
an earthquake which generated a significant wval uece
very smal landalcae | ead to misunderstand the signif
generic P&GIAdtbharmsdt be determinat e, since it depe
l ocated in Buegitveent hme efaact t hat the surficial ef f
to the PGA value, we first detret mir me pveihtalo dtviad ueex ce
of a given value of PGA in a time range. After th
considering the stratigraphical and geotechnical
bridge (A3.8yl)welnothtenswswi dered the whole distr.i
only those derived from the given scenari o, and f
the foundation | evel,
I n t hind bwacyame an warsieatvleal with a fixed value, de
gaussian distribution inside the PDF, and then of
ssumpti on, Eqs 3.32a, 3.32b, 3.32c¢c and 3.32d can
00O Q 00 Q% (3.33a)
VO Q yG'o QY 1 N1 O aMmagQ Qan (3.33b)
00 Q 00 QY 1 W 1 1 90 aig) D

h Yy W (3.33¢)

anaftd Q1 h Qo
00 0Q 00 QY 1 A1 ¢y inid Q Qi (3.33d)

Yy
Even if met hodbetpr dealiriminme &@f occurrence of S0
rockfall as the probability of exaramdétngr a( . y.e,n
certain time narle tl@evragtlyabed ru et al . |, 20dH2si goEUdS,
regional studies, considering assumption and si mp
infrastructure, as reported in the studies themse
validated in specificl aagieaal, fwiarhe vao rpke caunldi ag e ogteeoc
which add a unknown amount of wuncertareaetgpphbi ¢dei
di fferent area around the worl d.
Thus, we considered the occurrence of |l i quefacti o
case of the given earthquake, calculating the pc

simplified methods (A3. 2. 2) ,praonbda bniolti ttya koifn go cicnutror e
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h this simplification, we can obtain the expe
pl acements for a defined soil behavior under a
|l andslide phenomena i hysoinl ter msook ithecamnmnciads
ected displacement or i mpact velocity, withou
dslide wildl occur in a given area. Further mo
pl acemdnbycauge ans!| ati onal sliding |l andslide
sed by |l ateral spreading due to |iqgqguefaction,
ur simultanenald$ leyid eickesi ron t he foundation soil
i masletcutn Eq. 3. 31.

3.33a, 3.33b, 3.33¢c, and 3.33d can be simplif
Q 00 Q% (3.34a)

Q 00 Q% (3.34b)

Q 00 Q% h (3.34c)

Q 0O Q% (3.34d)

m this, the GETI was structured not as a prot
babotctuyrehce of the hazard multiplied by the
probability of damage of a given structure, b
ertain infrastructure giveamomdhareyarh azgarakse. abmo
values of the péadak greaundc adcrseltlaol meinteanmtsg I( di s
nd)rock bl ocks iimpacitt viesl opcoistsyi b(l e t o assess th
m the interaction of these hazards with the |
bability of damage deiguefilatbomsegidendaskdakionog

s, GETI biys tthef iEmed 3. 31, as the union of the p

und shaking, soil l iquef dcobinenderademaal,as thi @a d

k(fEagl.1 .3 . 35)
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(3.35)

Whehi quetfiadtuiceed | ater al s g rnedaudc eadn d aenadrstl h cdueask eo ¢ ¢ U |
exerting comparable or overlapping effects on a s
currently unavailable ineshethietprababelityg atcdan
hazards. I n cases where the phenomena do not have
structure, fragility curves available in the I|Iite
can ulsed.

From here, it is possible to calculate the GETI f
extensive, and coll apse, using the corresponding
scenarios are considered, drhe fpocrobaddch idaymade dlaanv
for each individual scenario, always assuming tha
on the structure. Although these are evaluations
be coemnsti satnd i nterconnected, so that, for exampl e,
there is consequently high probability of | esser
Consequentl vy, the GETI index can be expressed as
derived from the occurrence of ground shaking, so

f

or each considered class of 36adamage36a

"00"YO 0 O
"00"Y0O 00

SYD DAY
SYD dDARY

s aBndEGua&®bid

(3.36a)
(3.36b)
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4 . CASE STUDI ES

After thefohmolratiocalof the GETI i ndex, t wo-case

world functionality and effectiveness in infrast
conducted in the town of Avezzano, moufn i tch e ad @ it symio
assessment of the viaduct through the GETI i ndex.
Cherry Hill area, Farmington, Utah (US), where thi
89was reinforced tonavpopidasei bflitheefatti vati on of
from the investigated site. The case study was se
i mprovement .

4. Avezzano (ltaly)

To assess the applicability and practical efficac
ltaly. The objective of this empirical applicatio
yield the anticipated resgkusacyenbaeadmipmeci ssodgegg

potenti al as a tool for managers to assess the s:;
road viaduct s. The selected viaduct i S situated
characteri zetdi viey exn emasi onal tectonic phase, as

earthquakes over the past two centuries (Locati e

proximity to a fault system considerebBi adacevieoaeaed
2020), as well as to the eastern slope of a carbor
et al ., 2020) , as documented in the Level 1 Seisn

i s constructed sepomentacsusnhnhtiensper sed with mat er

rendering it potentially susceptible to ground mo
Given these considerations, the viaduct was selec
i ndex. I n accordance with ttiieglogi2za( A8y amewer knp

the acquisition of the viaduct design and <const
mi crozonation studies, and all available geologic

selected area.

4. 1 Application of GETI: Level 1

4. 1. 1Lilterature Review and Analysis

To assess the probabiAvdzzemfaddamagleueon ot tehe 0cC

earthquake, an extensive |literature review was pEe
the geological and geotechnical asset of the area
i nvestigat ecdh haasz alrids, t osrui c al | andslides or soil I
coll ected data from seismic microzonati onAzsiteunddiae s,
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nazionale autonomANAR,|I |l andtffrdm t he academic stu
during the construoianhioghwhey. AVTRe zea@eoonstructio

its associated hazards was also made possible tha

the Fabre consortium and made available for this
The viaduct was constructed from 1991 to 2001, wi
35 m each. It features a Gerber truss configur a;
abut ments. The track partial llyl oowseral sdksaia hde vad li aj
with the -urabaan erxdadc of type B. The road platform c
approxi mately 7 m wide, accommodat i Fhga ntdwop awreidd iqrue
without gr aodes ,i rmtnar egautiipped with a restraint curb

Fig. 4.1. PRvetawmiaaddctt he

The viaduct's structural design incorporates pref
podgttnsioned cables and a continuous sl ab, decoupl
reinforced concrete abut mentos.t hehe i malduertv ead ea ccooens
The piles and abutments of the viaduct are suppor
ground |l evel. The foundation soil was reinforced
considerinrgapty ddeadwmdtiggd from seven boreholes dril

construction (Fig. 4.2).

TP



Pile 1 ile 2 i i
ile Pile 2 ?1[: 3 Pile 4 Pile 5 Pile 6 Pile 7 Pile 8 Pile 9

s1 3
54 s5 $6 s7

Fig. 4.2: schematic |l ongitudinal section view of the b
show coarse materi al mi xed with d48cwmst oveel ayhe@gsédicms
The viaduct i s situated close to the town of A
intermontane extensional basin known as the Fucin
by a |l ake since its formation, laamdusdsttriinse fand efdl
Quaternary deposits (Galadini et al., 1999). Folll
year s, it is possible to recognize four different
a BP. Closeuntai hhe amge, the stratigraphy shows
sl ope/col luvial sedi ment s, given by the oscillati
The most surficial | acustrine deposi tposseddaotfe dwhfirt
sandy silt, ®ovemwhaisn by |@aiyey. This recent deposit
fine sands dated from 6170 to 4070 a B.P.. The t
occupied by the Fuaimead Ibaklm reeeydcsimoysday ysiflot, i nter
tephra. They were dated up to 30,000 a B.P.
According to Galadini et al . (1999), the tectonic
in the Pliot®Wef,awhten a&NlEong t he nogrndarem lkagien.cria
since the Late Pliocédke,t adadmaduMitg oraegdresomlIl dMWg t h
edge, f or mi nggr aab emew hmal fover |l apped and was perpen
basin is also affected by secondary faults, with
Marsi faults.

On January 13, 1915, a power ful earthquake (Ms 7.

surrounding regions, causing over 30,000 fataliti
kmj| . According to the Italianheemaimcshcadclkl! gaps
|l ocated in the center of the plain (Fig. 4.3), wi
and other geological effects caused by the eart hi
sout heasterhbhapant difi fteeenti al settlements in the
the eastern border of the basin (Gall: and Ferrel

active fault system in the Fucino dtasi®h palveo e ®&vteh
in the past 33 ky, with a recurrence interval ran
Gal adi ni and Galli, 1999) . The viaduct is locat ec
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faul t, in an area subjected to a macroseismic in

earthquake

Fig. 4.3. a) Location of the viaduct in satellite view
t he viaduct ; b) schematic tectonic ma p of t he

http://wms.pcn. minambiente. it/ olgidtRhadp HD/ARs ABRUZWIDS madp.) 3
yellow | ine depicts the | ocation of the viaduct; the r
faults, with the direction of i mmersion of the fault pl
of buried normal faults (Pliocene); the red star is t
bl ue square represent the macroseismic intensity of 11

cross section of tthhee Fcuecnitnroal b apsairnt; ogfr ey represents tl

| acustrine/alluvial deposits; red lines are the active
al . (2020) .

The basin is bordered by mountaienoaeaonsicstianmndpooft
viaduct is | ocated in proximity to the eastern sl
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Fig. 4.4. a) Satellite view of the viaduct and the eas

the area investigated; RTD stands for Calcari a radiol
briozoi e | itotammties()Mi oEER estcaamrds for sl ope deposits;

l acustrine deposht$ps Mo/wwi.eids pfrraombi ente. gov. it/ Medi al/

with the information collected from microzonation stud

The southernmost region of the eastern slope of M

past, as documented in seismic microzonation studi
on this evidence, we examinethehei adaopée' ssmogphol
derived fromGQhLbithAR / demsapcn. minambiente. it/ egc?ma

Li DAR/ LI DAR ABRWAZQC sntapng t he presendet anfi lcdhte lad Nt
the qIFopdwurther more, the stratigraphic |l ogs deriv

during the construction of the wviaduct show the
alternance of slope and |l acustrine ddpdg¢gdsgitgs &l 6&ng
can be interpreted as derived from the detachment

To verify and better constrain the evidence <coll
conducted in the area of the viaduct
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https://www.isprambiente.gov.it/Media/carg/368_AVEZZANO/Foglio.html
http://wms.pcn.minambiente.it/ogc?map=/ms_ogc/WMS_v1.3/servizi-LiDAR/LIDAR_ABRUZZO.map
http://wms.pcn.minambiente.it/ogc?map=/ms_ogc/WMS_v1.3/servizi-LiDAR/LIDAR_ABRUZZO.map
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Fig. 4.65. a) Trace of the topographic section of the
viaduct; b) Topographic sebtgbhi 6t stbhkbedashpdsétdudeta:
depicts the viaduct
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Fig. 4.6. a) position of the seven boreholes (red dots
bstratigraphic |l og of soundings S1, S2, and S3; points
represent the presence of gravel in fine deposits; the

4. 1. 1G&ol ogi cal and Geophysical Surveys

To gain a deeper understanding of the Iliterature
fracturingsitae ramaldy ssins was conducted (Fig. 4. 7)
degree of fracturing and tbopecandenhecbaddtsoppof
The analysis confirmed the existence and charact
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| evel 3 seismic microzonation studies in thet muni
al . (2020) .

Fig. 4. 7. Photograph of the surveyed area on the slope
fractured and sparsely vegetated.

As reported by Di Nacci o eeotf aMt. S(al2 Ovd Oa)n,0 tihse ad & setce

sets of fractures, as shown in Figure 4.8 b and c
Fig. 4.8: a) rock fall bl ock found at the piedmont of
area; b) and c¢c) geomechanical analyseswidh, th2ian@rJ&n
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