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ABSTRACT

Proven that risk managemeeinbracesa series of subsequent steps, including
communication strategies and political decisions, which arexpicitly discussed in
this work, the study's general sc@mnsto develop an operative procedure to quantify
and mitigate the liquefaction risk on urban aggregate. Bearing this goal in mind, the
action has been focused on two complementary targets, i.e., evaluating the liquefaction
risk of a generic system anthsdardzing the use of ground improvement technologies
to mitigate the liquefaction risk. The former goal has been achieved by customizing
the wellconsolidated performandemsed earthquake engineering approach to the
liguefactioninduced damage on builtys. The latter plan involvesa first
classification and a global technical comparson of the most widely adopted
countermeasuresBesides the performance of bendfibsts analysesallows to
estimateon an annual basiee economicconveniencef mitigating. In the contextof
liquefaction the proposed frameworkepresents @rimary component of a holistic
seismic risk assessment and management, capable of evaluatingptdrdial
consequences of earthquakes and secondary seismic hazards (like Laritslides,

From a historical viewpointosne of the most spectacukxamples of earthquake
induced damage occurrbdcause of the reduction@afhesionlessoilsdstrength until,
in extreme case they appeared to flowike a fluid. Thus, the abovebehaviorof
satuated coarse soils known asseismicliquefaction The word liquefactionis
commonlyused toencompass severhtjuefactionrelated phenomentnat Kramer
(1996)grouped intwo categories: floiquefaction(less frequent but responsible for
the mat dramatic instabilities, i.eflow failures) and cyclic mobility, the latter
including level ground liquefaction Only in a few cases liquefaction affectthe
territorymassivelylike in the flow failure examples occurred in 1964 in Alaskahich
cawsed 32 casualties, or in the more recent 2018 earthquake occurred in Palu
(Indonesia. This mechanism occurs in particular conditions, namely when the static
shear stresses on sloping ground excees thd frict@sal shear strength deteriorated
by the mre pressure buitdp. In this casegisplacementan be very large, in the order
of tens of meters or even more, and may disrupt buildings and infrastructuraswer
areas.



Apart from this extreme caseyclic mobility-related phenomena includensore
heterogeeous range of effects (e.g., level ground liquefaction, lateral spreading, etc.)
that frequently regard the foundation of buildings and infrastructures affecting their
performance Even when such massivasduption does not occur, the effects of
liquefaction areharmful to the communities in terms of econonassesand social
consequenceSeveral worldwideearthquakes (Turkey, Greece, Taiwan, India, Japan,
New Zealand, Italy) have highlighted the compbdekavior of the structurundation
systen subjected to earthquake vibrations. For examafter the 1999 Kocaeli
Earthquake,the Adapazari area (Turkey) suffered extensive liquefaction with
buildings that rotated significantlyand others that underwenglatively uniform
settlements of severdbzen centimeters. In other cases, ununiform settlement caused
the deformation of the superstructures up to intolerable levels. Other effects can be
seen on horizontal infrastructures like breakage or disconnegttigipelines or uplift
of sewer manholesThese examples highlight the importance of understanding the
mechanism triggering liquefaction, predictirspil response subjected to ground
shaking and the interaction with the overlying or embedded strucamesransfeing
this knowledge into robe®perative procedures for risk assessment. The applicability
of individual tools and the complete procedures needs to be examined with real
situations facing the complexity of using data of different natureimrad quality
standards and merging themto a unified frameworkThus, t is fundamental to
observe the performance of real structures and infrastructures, reconstructing in the
best possible way the subsoil and structural characteristics to intdrpretcurred
phenomena.

The challenge forisk assessment comes from investigating different concurrent
factors: the seismicity and thiguefaction susceptibility of aoil, i.e.the ability of a
soil to liquefy irrespective of the level @&arthquake sheng (Youd and Perkins,
1978) The former #ects the territory in the radius of dozens of kilometers from the
epicenter; the latter, i.e. the set of geological conditions by which recent deposits of
saturated granular soils tend to compact and devel@ssxyore pressures upon cyclic
shearing, isvariable in the scale of dozens of metehscombination of different
studiesmust thus be conceived conjugating information at different geographical
scales: seismic hazard dictatgdmacrophenomena producinfjeets at the regional
scale; lithologicalstratigraphic, geotechnicand hydrogeological conditions.

The question becomes more coibgledwhen considering that risk assessment
involves buildings and infrastructures whose vulnerability must be adsissly at



the physical levelconsiderimy their structural characteristigben at theservicability
level, implying to estimate their weight on the life of the community.

Proven that the most sophisticated tools are nowadays able to reproduceqrteenom
with reasonableccuracy, but also astained that results depend very much on the
quality of the available information used as input, primarily the geometrical and
mechanical properties of soil and structures, the efficacy of risk assessmenttera mat
of how precisely the predictive moded built. This need imposes the maximum
precision in conjunction with the coverage of the studied,appéimizing the
investigation strategy. Investigati@rshould be preferably performed whetige
presence of etaents at riskis significant and informaton should be interpreted
altogether, taking advantage of their spatial distribution.

Methodologies and approache$ assessg of liquefaction potential are the
subjecs of significant and ongoing researthis document tries to summarize part of
the extasive body of technical literature in this area to define a methodology for risk
assessment. Considering the variability of possible situations, given by different
scope of the analysis (e.,doss estimates, urban planning, emergency management,
Etc.), dfferent typology of the system exposed (building assets, horizontal
infrastructures etc.), different extension (region, municipality, district or even single
building) the methodology has been purposely defined in the general terms, leaving a
variety of gtions.

Besidesthe extensive physical damage produced on buildings and lifelinesyis
a part of the impadif liquefaction,as injuries are aggravated by the projed reduced
serviceability of the critical infrastructurgse., those systems and @ngizations that
deliver goods and services fundamental for the functioning of society and economy
(Macaulay et al., 2009T his distinction requirestroduang the conept of direct and
indirect disaster losses. The former refer directly quantifiabldosses (such as the
number of people killed and the damage to buildings, infrastryctun@ natural
resources); the latter include declines in output or revenue, gadtiorthewellbeing
of people, and generally arise from disruptions to the flow afdgoand services
because of disaster (UNDRR, 2015Population, structuregytilities, and socie
economic activitieform togetheran intggrated system of interdepemieentities
Therefore, dmage affectingthe building asseor thefacilities (roadswaterways,
electric and communication linesnpact, directly or indirectly onto the whole
systemundermire its productivecapacity and thevhole social organizatiom a way
that quality of life is jeopardized. The long time necessary to restore digimditions



plays the final negative rolgecausehe population may be discouraged to undertake
reclamation and persuaded to abandon the place.

Eathquakespecificstudies quantified the role of direct damages together with the
reduction in production (isiness interruption) on economic grow#n analysis by
Standard & Poor's (2015) (using Swiss Re data on expected losses) found that GDP
per capitavould be lower in all but one of the examined countries five years after a 1
in-250-yearearthquake evenln some countries, including Chile, Costa Rica, Japan,
Panama, Peru, the Philippines, Chinese Taga Turkey, the decline in GDP per
capita is etimated at more than 5%therstudies of actual events (see Loayza et al.,
2009)tend to balance theegaive impacts of direct damages and production losses in
many sectorsvith the increased activity in other sectors of the economy that may
benefit dueto reconstruction activities (e,gconstruction sector)The significant
capital investment to replace daged equipment and machinery with new (potentially
more productive) equipment and machinery could support future economic growth.
Figure lillustrate the impact of recent earthquakes on economic growth by comparing
pre-event economic projections with adtysstevent economic outcomeAs it is
obvious to expectFigure | demonstratethat the consideredrecent events have
impaced the national economic growth in a wagportional to the magnitude of the
event and the exposure of the hit areas iamdrseY proportional to the economic
systend s r o b These evalgasons do not consider the implications for public
finances. Thkre will likely be a need for a (potentially unexpected or unfunded) fiscal
outlay to address emergency response, recovery, aosteuction, as well as a
decline in tax revenues. For example, to support recovery and reconstruction after the
Great Eastapan Earthquake, the Japanese government approved three supplementary
budgets in 2011ptalingJPY 15 trillion (Ranghieri and Ishatari, 2014).
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Figure |- The economic impact of recent earthquakes (OECD, 2018)



All the above concerns raise the needifmproving therecovery capacity and
resilienceof the communityinvolving stakeholders (boards, governments, regulators,
suppligs of services) in unifiedtrategiesaimed at increasing securiyreparedness
and survivability.The international community has become progressively aware that
resilience is he key to describe earthquake engineering performance and that
technological units and social systecasnot be decouplea(g, Bruneau et al., 2003).

The focus on technological aspects applied to critical infrastructure must be broadened
to include the nterplay of multiple systems human, environmental, and othédrs
which together add up to ensure the c i farctioriing.

The present work consists of 6 chapterspsdtontert is summarized as follows.

In the first chapter, the most hazardous natyaénomena are presented,
highlighting the different impacts they produce on a community. Thenbdse
principlesof risk asessment and its historical evolution are briefly described.

In chapter 2, thenainconcepts forming the seismic risk assessmenteported to
provide an overview of the methodology, the most known exidiiods and to
underline the role of stakeholder

In chapter 3, the mechanical characterizatiors&smicinduced liquefactions
introduced focusing on the most popular pratees to predict theiggering and the
severity ofliquefaction in free field conditionsndin the presence of buildings.

In chapter 4,firstly, the main principles of multilevel liquefaction risk are
introduced, emphasizing the possibility of defining €éach element the hazard factor
(i.e., the demand), the vulnerability to such hazard, and evaluating the corresponding
risk. A procedure to assess the liquefaction risk on buildings is defgulighting
the nonnegligible role of uncertainty which propagates from the definition of
representative variables to the obtained resiilbsquantify uncertainty when risk
assessmds are carried out over large areas (elgrban areaskhe combination of
geostatisticwith theerror propagatiotheoryrepresens apowerful analytical tool

In chapter 5,the liquefaction risk assessmert first testedand validatedby
comparing predictios with liquefactiorinduced effects observed in Christchurch
(New Zealand)after the 229 February 2011Mw 6.2 earthquake Then, the
physical/economic impact on RE residential buildingss calculated accounting to
the seismic hazardfahe area;this analysisallows to evaluate the economic
convenience of different mitigation options.

Chapter 6relates about liquefactieimduced land and buildings damage following
the 20 May 201ZEmilia (Italy) Mw 6.1Earthquakefocusingon the munigalities of


https://en.wikipedia.org/wiki/Preparedness

S. Agostino and Mirabello. Additionally, a probabilistic liquefaction risk analysis is
carried out on residential and industrialildings. In this case,an appropriate
economic modeimust be introducedo link the expected physicampact to the
annualized economic losssulting fromthe consideredeismic scenariosFinally, a
benefit/cost analysis performed for each buildingtassess the convenience of any
mitigation treatmenbn anannual basis.

Vi
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Chapter 1 Introduction toNatural Disaster and Risk

Chapter 1. INTRODUCTION TO NATURAL
DISASTERS AND RISK

1.1 Abstract

Every day the natural and built environment deal wittural hazardous
phenomengotentiallyable toaffect any placevith probability dictated sometimes by
the geologicalgeomorphological conditiors (earthquakes volcanic eruptions)
sometimes bylimateimplicatiors (drought, wildfiresand extreme weather events)
sometimes by a combination of both facto’sll these phenomenanay te
conceptualized as natural hazards, necessarput not sufficient for a daster to
occur They only become disasters through theiatch with human vulnerability
(UNISDR, 2019)Degite human life lossccuss differenty from one case to thaether,
hazardous phenomerare often responsiblefor significant short and longerm
impact on the existing communities (physical dajgpgeconomic losss and loss of
functionality). Therefore, the reduction of such impacts involves the entirerisk
managemenprocess. In this chaptersome oftherecent case histories about natural
phenomena that differently affected the commurarg briefly introducedand
compared in terms of impacthen, theconceps of risk assessment and its historical
evolution are described.



Chapter 1 Introduction toNatural Disaster and Risk

1.2 Natural Hazards

From 190Q more than 15000 natural disasters have been collaogeportedn
the EMDAT International Disaster Dataleshaintained by the Centre for Resch
on the Epidemiology of Disasters (CRED) at the Catholic University in Louvain,
Belgium The Centefor Research on the Epidemiology of Disasters (CRED) defines
a disastems the situation or event that overwhelms local capacity, necessitating a
request at the national or international level for external assistance; an unforeseen and
often sudden evemhat causesignificat damage, destruction and
From a technical viewpoint, a phenomenon is assessea disaster, and thus
incorporded in the EMDAT, if at least one of the following criteria satisfied: 10 or
more reported killegheople 100 or more reported affect@edople declaration of a
state of emergency; call for international assistance.

For the last decaddié EMDAT reports an average 60000 peoplalobally died
from natural disasters each year, corresponding to Ofl#theoglobal deaths rate.
However, this rate dramatically increased in the past following catastrophic events like
the 198385 famine and drought in Etpia, the 2004 Indian Ocean earthquake and
tsunamj Cyclone Nargisthat struck Myanmar in 20082010 PortauPrince
earthquake in HaitiThesephenomengushed global disaster deaths over 200,000
representin@.4% ofthe global annuadeaths in these yea

Data summarized iRigure1-1 attributes to drought and floods the highest number
of victims since 1900; they appear the nsestereandhugeamong the weatheelated
natural hazards, affecting respectively ar@ 1.5billion peopleglobally. Droughtis
probably the most complex due to its intrinsic natwieich connotates it as a hidden
hazardandalso toits wide-ranging and cascading impadtdirectly/indirectlyaffects
agricultural production, water sply, enegy production, transportation, tourism,
human health, biodiversigndnatural ecosystems many areas of the globe.

Despite the size of circles showing the number of victiniSgarel-1 may appear
significantly low if compared to Floods and Drought, Earthquakes come immediately
after human life lost, capable of few seconds of producing enormous damage over
large areas Around 4000 Earthquakes per day (Idillion per year) happen all
around the world Https://earthqake.usgs.goy/ among them, an average of-2Q
strong earthquakes per year has been experienced in highly densely populated region
of the world sincghe 1970s, highlighting China and Indongsis the most severely
affected areas in the world, experiengirespectively 99 and 80 destructive events,
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with Italy and Greece respectivaiynthand 1" on the global scale (GutBapir and
Vos, 2011).

Between 1998017, Earthquakes causeapproximate} 750 000 deaths globally
(CRED & UNISDR, 2018)being responible for more than half of all deaths related
to natural disaste@round 1.3 million), and affectedare than 125 million peopié
consideringnjured, homeless, displaced or evacuated duhiagemergency phase of
the disasterThe considerable numbef deaths over the last two decades is strongly
influenced by some extreme events like the 2004 Indian Ocean Tsunami, the 2008
Wenchuan (China) Earthquake, the 2010 Haiti Earthquaké the 201 Tohoku
(Japan) Earthquake followed by a tsunami, which festare summarized ifable
1-1. By contrast, a similar magnitude earthquake to Haiti hit the New Ze8lawith
Island affecting 400 000 people, but without deaths due to the New Zealand building
codes and to the preparednessuahscommunity.

Volcanic :m.bt)-:J_ . o o _Qt.i}fjo .
activity
Drought [ ] ‘s . . . .
85,000 1.9M 450,520 20,000
Mass
movement 13
Landslide .
3,427
Extreme
weather . . ® . wes see- i srerrirsressicone- @i - . ...... _____ .
101,000 304,495 146,297 140,985
Extreme _
temperature 74698 7425
Flood { ) 0ol sv80s
100,000 37M 500,010 2M 34,80 836
Wildfire s
206,142 115,618 276,994 227,290 226,733
Earthquake = - Pod X X [COIDN:]

1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 2000 2010

Data source: EMDAT (2017): OFDA/CRED International Disaster Database, Université catholique de Louvain - Brussels - Belgium
rch lems.

OurWorldInData.org - Research and data to make progress against the world's largest problerr icensed under CC-BY by the authors Hannah Ritchie and Max Roser

Figure 1-1 Global deaths caused by natural disasters between-2006 (EMDAT).
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Tablel1-1 Largest worldwide earthquakieduced disasters since 2004.

Date Primary Secondary Hazards Affected People
Hazard
December | M9.1 Sumatra | After the Earthquake, the seafloor | 230 000 deaths
26", 2004 | Andaman overlying the thrustault was uplifted| distributed among 14
earthquake (the | by several meters causing the India| countries of the Indian
third strongest | Ocean Tsunami; up to 20 meters area, 170 000 deaths in
since 1900) hei ght waves hi t]theonlyIndonesiaAceh
which occurred | Aceh region. region whee the total
off the coast of economic loss reached
Il ndonesi 97% of the regional
Sumatra island, GDP.
along a tectonic 1.7 million people
subduction zone displaced
in which the
India Plate
May 12", | Wenchuan The Sichuan (central China) 70 000 fatalities, 350 00
2008 (China) earthquake originated at the persons injured and 20
Earthquake 6Longmenshan Fau| 000 missing;
M8.0 follows the southerfianks of the 20 million houses
Tibetan Massif; it induced more thal damaged, and more thal
56 000 landslidem steep 5million people
mountainous areas that additionally] homeless
caused more than 2000 fatalities.
Additionally, the earthquakimduced
landslides produced extensive
damage to housing settlements,
irrigation channels, and rivers.
Highways and bridges were blocke(
or destroyd, and the city of
Wenchuan and many other towns
became isolated.
January Portau-Prince, | The 2010 Earthquake destroyed 316 000 deaths, 300 00(
12", 2010 | (Haiti) 300.00 dwellings, i.e. the 90% of thq injured and over 1.3
Earthquake building stock in the epicentral area] million homeless
M7.0 Addi tional l y, 6 0| (reported by the Haiti
administrative and economic Governmentin 2011).
infrastructure watost; 80% of the
schools and more than 50% of the
hospitals were dgroyed or seriously
damaged, 180 government building
and the Parliament collapsed (GOH
2010). Extensive liquefaction was
triggered: lateral spreadirigduced
damage on the main port Bbrtau
Prince and the blockage of lifelines
from debris further hapered the
emergency management and the ¢
earthquake recovery for many mont
after the earthquake.
March Tohoku (Japan) | The event triggered a tsunami whicl 16 000 deaths
11", 2011 | Earthquake destroyed most of the infrastructure| 4 500 people missing.
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M9.0 of the Fukushimdaiichi nuclear 400000 people

power plant causing the failure of th originally living in the
emergency cooling system and a | area of Fukushima were
series of hydrogen explosions was | sheltered in provisional
triggered inside the reactor until fou| camps

of the five poweigenerating blocks
were destroyed and a massive
radioactive fallout and extremely
contaminated fluids were released
into the Pacific Ocean.

Additionally, extensive liquefaction
was experienced in the Kanto Regic
and especially in the city dfrayasu,
in Tokyo Bay (up to 400km far from
the hypocenter location). Hundreds
buildings suffered differential and
absolute settlements, and mostlod t
networks vereheavily interested by
liquefaction phenomena like ground
cracks, settlement and diskion of
pipes and uplift of manholes with
ejecta material (Bhattacharya S. et |
2011).

The few but exhaustive examplefsearthquakenduceddisastes showed iTable
1-1, together with other recent earthquakduced disasters and the improvement in
media communication and data quality in the last decades increased in people and
Governments the awareness that a&sosideral@ number of victims is unacceptable
for a moden society Especially in case of phenomena like earthquakbkih causes
effectsandspatial distribution over the glola@ealmostcompletely understood.

Despie differences among each other, all the recent events demonstrated that
physicaldamage, deathand injuries are not the only consequences of Earthquakes.
Long term impact on the communities and societal aspects connected to the
reconstructionand the reoration of the functionality of damaged structures and
infrastructures/criticainfrastructures should not be neglected since this process may
take years until the prdisaster conditions are restored.

For a given Earthquake the tomttent of destruatin and harndependsiot only
on the magnitude intensity and duration but alsonothe structural design and
material, the time of day that it occurs, the existence of management policies aimed at
increasing the preparedness of a community to any potgrtainful consequences.
Finally, the local geological and geotechnical condsipiay a nomegligible role in
the seismic response of a given site since they are resposidgsinic amplification
and capable © triggeling seismic secondary hazards the different possible
scenarios, a nenegligible role is often played by ligfaction.An estimate on the
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economic impact of around 7000 global earthquakes from 1900 to 2012 has been
carried out by Daniell et al. (2012). The authors disaggregatepyritehaking) and
secondary causes (tsunami, fire, landslides, liquefaction, rigpture, and other type
losses), attributing to liquefaction about 2.2% of the direct economic losses, globally
estimated in 2.24 trillion US dollars, and 3.6 % when comsigetotal losses, i.e.,
direct plus indirect.This relatively small fraction migt wrongly diminish the
relevance of this phenomenon if not considering that, when liquefaction occurs in an
urbanized system like a city or an industrial district, the playsitamage and
prolonged impracticability of buildings and infrastructures cardéeastating and
undermine the recovery of normal living conditions (Macaulay et al., 2009;
CSAPEISLA, 2016)During the 1906 earthquake in San Francisco, failures attributed
to liquefaction occurred in many locations within a 560 km long zone along tkg coa
inland as far as 64 km (Youd and Hoose, 1976); the city of Kobe, Japan, underwent a
prolongedeconomic recovery process from liquefactietated damage at its port
causedy the 1995 Hyogden Nanbu earthquake; liquefaction generated a relatively
modest magnitude event (Mw=6.2) in Christchurch, New Zealand, led to the loss of
15,000 singléamily homes and hundreds of buildings in the Central Business District

i CBD (Cubrnovski et al., 2011 b and c).

Knowing in advance the zones that could potentladiyaffected by liquefaction and
predicting the effects on the most relevant territorial assets helps to minimize impact
enabling stakeholders (urban planners, public adma@s, private investors,
managers of services and lifelines, emergency depat$iriasurance companies etc.)
to undertake mitigation actions, infortihe population and make communities more
seismic resilientThese studigs | mp dsrconéirmed dy th trend undertaken in
nations more sensitive to seismic activity, where the tteiai planning is
subordinated to risk assessment (NgGS, 2016; DPC, 2008 and 2017).

1.3 Risk

The United Nations I nternatUNMNaDUNGt rat eg)
2009) defines risksto the combination of the probability of an event @&sdegative
conseqguences, in a way that emphasizes both the concept of chance, possihility (e.qg.
the risk of an accident) as well the potential losses, for a given causegrioaad
period. In its simplest way, risk can be expressed with the prodtluteef factors that
encompass the concepts
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YOI OGOISE i QR0 QE OQI Eq. 1.1

YQI OGO at Ql OOOQR O1 Q Eq.1.2

Where:

- Hazard fAHO qguantthafan eventodclrsin tperconbideded | i t y
time length;

- Vulnerability AVO: is the chaeas@teri st

consequence of the hazard,
- E x p o s u mdicatés Ehé value dhe elements aisk, i.e.of all the system
componentshat are subject to potential loss.

By looking separatelgteach term from which risk results, the units of risk can be
determined. Hazard is defined as a probability for a given period,tieegannual
probabilty of exceethg; sincevulnerability representsfaactionvalue, it has no units
and E depends on the scale of the analysispndhe nature of the considered element
at risk (number of lives, monetary value..).

Y 0000 0 DWW D0@0Q 0 DEDR IvddaoQ Eq. 1.3

In the UNISDR definition, the term risk extends beyond a single measure of the
i mpact of an event to encompass a range of
status, livelihoods, assetnd serwes, which could occur to a particular community
orasocietover some specified future time perio
required to measure vulnerability and exposure as much as the need to reflect-the inter
relationships between thsy/sem characteristis (or between systems) and multiple
potentiallosses. Thus, establishingisk measure is further complicated since it could
not be meaningful in a disaster risk context. In a simple way, Risk may be related to
the total economic loss inded by a given event, even if an exact characterization
shout also accourfor indirect losseandthe impact on the social and cultural aspects
often difficult to quantifyfor a community

Despite the analyticdbrm of Eqn. 1.2 quantifies risk fromtachnical viewpoint
the risk concept encompasses fundamentgectsconstantly dealt by people,
including an ancestractonceptthat has always influenced human choicds. fact,
Mankind always established its settlements in places assessed stratetjie for
economic and political development of that society inhelaistorical context, even
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when this implied to experience severe or extreme natural phenomena (floods,
earthquakes, tsunami, lasides, volcanic eruptions) capable of compromising the
safety d the community. In other words, they were implicitly accegin a dm i s k 0.
the year 79 A.D.it is noticeablepne of the most famous volcanic eruptions of Mount
Vesuvius, whichdestroyedthe ancient Roman @its of Pompeij Herculaneum and
Stabiae in the Bay of Naplegltaly). As reported by Plinius the Younte eruption

began with a high eruptive column depositing a thickfalrpumice deposit to the
South East of the volcano, and the emplacement of destructive glowing avalanche
followed it Two thousand people died in Pom@es mu n i whiclp avasi t vy ,
compldely buried by ashes ardiscovered in 1748 by a group of exploreks the
present, more than three froh people live within 20 km from a possible eruptive
event (De Natale et al., INGV, 20R@ue to the climate conditions and the strategic
positionthat have encouraged the development of activities, especially agriculture,
industry, commerce and tourisfihe presence of three volcanoes and such a great
concentration of people closely exposedl any posible eruptions makes the
Neapolitan area the largest volcanic risk example in the world. This induced the Italian
Government to prepare emergency plansigdsy the National Department of Civil
Protection Wwhose first version was released in995) and support a constant
monitoring activity through the INGV Observatory.

1.4 Background of Risk Management the 1979
UNDRO Conference

Thefirst needfor a codedisk assessment strategy appeared in the 1970s when the
International Community realizetidt natural phenomena were becoming so serious
and impadhg obstacleto the development of urban areas that much greater emphasis
had to be given to preisaster planing and preventionThis induced many
Governmentgo adoptpre-disaster urban plannings part of national development
policies The basic idea behinthis is thatthe effects of natural disasters must be
considered in humanitarian and social terarsd ecoromic and development,
especially for those countries where rapid urbanization invoareas prone to
earthquakes, floods, tsunami, figsd any other possible natural phenomé&na979,
after years of research about the major natural hazards (pheapofieneteorological,
geologica] and geophysical origins, thenited Nations Disaster dhef Office
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(UNDRO) conference defined risk as the expected number of lives lost, person
injured, damage to property and disruption of economic activity due totiaubear
natural phenomenorBesides the following definitions were introduced after the
homogenization of the existing terminology:
- Hazard:is the probability of occurrence, within a specific period in a given
area, of a potentially damaging natural phaeaon.
- Vulnerability: represents the degree of loss to a given element at risk or set of
such elements resulting from the occurrence of a natural phenomenon having
a given magnitude. Vulnerability is expressed on a scale from 0 (no damage)
to 1 (complete dmage).
- Element at Riskmeaning the population, buildingand civil engineering
constrictions, economic activities, public services, utilitiaad infrastructure
present over a given area.

The UNDRO conference expressed risk associatigldl a given hazard as the
product of specific risk (i.ethe expected degree of loss due to a natuh@menon,
afunction of both hazard and vulnerability) and elements at risk. This means that in
every rsk assessment, i,endependently from the hazard, two are the key parameters
to be firstly declared: the former is the identification of the elemesystem under
assessment (a building, a road or a road network, an entire city or a community..); the
latter is the time horizgmvhich the analysis is referred. This results from the definition
of hazard which is commonly referrémlasa return period.

1.5 Theoretical basisof Risk Assessment

The UNDRO Committee defined steps to evaluatest thoroughlythe potential
loss due to a givenatural hazard, emphasizing the following aspects:

- Thespatial/temporal variabilitgf natural hazards at a givertesi

- The role of existing structureshosevulnerabilityto a given hazakis dictated
by the magnitude dhatphenomenon

- The importance of the elements (human population, dwellings, economic
activities..) possibly affected which are commordjerredtoa s fel ement s
ri sko;

- Theestimaion of the expected risk over a period of time.
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The effects of natural phenomenasite are quantified through its magnituot
which is a variable or a set of variables. Generally, the distributioisd&inown, beng
expressed through the function ( »xwhich represents thgoint probability of
exceedancef each value ok = (X1, %, € n) within thereferenceperiod. Conversely,
the functiond=(x) =17t ( ar p(x) = dF/dxrepresenting respectively the probability
of xi not being exceeded or theopabiity density function, can be considered. On the
other hand, vulnerability represents the expedegtee of losslamage on atructure,
or a population induced by a given magnitpienomenon~ormally, it can be written
asU = Oliinking. on a sucture potentially exposed to a given natural
phenomenon, the evaluation of the risk should proceed through the following steps
from a theoretical viewpointKnown the distribution of the hazard through the
probability density functiompx(Xx) or the probattity of exceedance 1(x) and known
the distribution of the mechanical properties of the structeug its strength(S) in
terms of density functiops(x) or probability of norexceedanc€g(x), the probability
of failure associated witthé probability of the hazard x rgimg betweenx andx + dx
can be written afgure1-2.a):

QQn 0w Eq. 14
Similarly, fromFigurel-2bthe probability of failure associated Wwithe probability
of the strength x ranging betwerandx + dxis:

Q"Q N %o Eq. 15

1 1

F
S ps ()

ou (X) P ()

X X+dx X X+dx

<V

a) b)
Figure 1-2 Functional forms of the hazard and structural strength probabilities: a) probabilityitsens
functionpn(x) and probability of norexceedance a level of structural strenggx) for a given value
of the magnitude x; b) probability of exceedangéx) and probability density function of a structural
strengthps(x) for a given value of the magude x (modified after UNDRO, 1979).
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Thus, the probability of failure associated to the whole distribution of x can be
equivalently defined as:

Q0 NOQw | N % Qw Eq.16

The elementary specific risk associatathwhe probability of the magnitude of the
event between x and+ dsis:

— | 00N Qw | W% nQw Eq.17

where E) are the elements at rislAs before done, consideringpe whole
distributionof x, the specifiaisk is:

- . | o 0wn oQw , | N W% OQW Eq.18

In both expressionsf Eqn. 1.8 the first two terms under the sign of integration
depend only upon th&ructues, and the third one only upon treural phenomenon.
The first two terms thus defirtee vulnerability when considering the randomness of
the properties of structuresnitay be seen that this definition changes depending upon
whether the hazard is imtlucedthrough its probability of ex@dance or its density
of probability. Although a complete solution of the problem should involve the
randomness of tha t r u c rnegharecal@operties and their vulnerabilitythe
original procedure outlined by UNDRGzcessitatemtroducingsome simphications.

The firstis to consider that the randomness of the strength of strucuncktheir
vulnerability is negligibleconcerningthe variability of thehazard.This implies that

the vulnerability functi on Ukorfexepresanted u me s

in Figure1-3a.

11
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4 Py (x) A
a (x)
& 4 g 4
a) b)
Figure 1-37 a) Sample vulnerability functidd ( x ) i n the hypothesis of struc

independent variabldy) probability density function of the magnitudewx) (modified after
UNDRO, 1979)

From the combination dhe hazard probability function and vulnerability profile,
the elementary specific risk respectively due to the probability of the magnitude x lying
between x and x + dx and for the whole range of magnitudes are:

— | on Qw Eq.19

- . | on oQw Eq.110
Accounting to the particular valuesdfor x <xo or x >x;
- | @ 0Q®w _ | o OQw % ® Eq.111

>v

A further simplification is to replace the curi#x) by a step functionqigure1-4).
It may be seen that in this case the expression of the specific risk takes the form:

- B Y| D% Eq.112

12
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Figure 1-47 Simplification of vulnerability

Aj0| |; | curve through step fution (modified after
UNDRO, 1979).
>
X

Xo X, Xn

o

For a selected hazardhet probability of exceedantejs generally tabulatear it
Is supposed to bereliminarily characterizedThis led thatdesignes could take
advantagef this framewok since theyhad only to computehe op Ufjom the table of
the values oblike the one displayed iRigure1-4 and perfom the smmationabove.

1.6 Development of Risk Framework and Change in
Paradigm: from the UNDRO Program to the
Global Risk Assessment Framework

The UNDRO Conference work laid the foundations for the development of the
International Framework of Action for éhinternational Decade for Natural Disaster
Reduction (IDNDR), beginning on 1 January 1990psdmain goalwas to reduce
life loss, propertyd a ma g e, soci al and economic disr
di sasterso, especi al |l yoftheDNDR eeeadepthe189g¢ c oun't
Yokohama Strategy for a Safer World marked a shift in the political andteaaly
context within which disaster reduction was being considered, since great importance
was attributed to socioeconomic vulnerability, emphagitive crucial role of human
actions in reducing the vulnerability of societies to natural hazkudthermae, the
Yokohama Strategy identified challenges and gaps in five main areas: governance; risk
identification, assessment, monitoring and early weayrknowledge management and
education; reducing underlying risk factors; preparedness for effective resmaas
recovery. Thesshreds ofvidence formed the basis to the institution of the Hyogo
Framework for Action 20082015 aimed atBuilding the Resience of Nations and
Communities to Disasters, encouragintgrnationalkcooperation and development of

13
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regional strategies, and the creation of global and regional platforms for disaster risk
reduction (DRR).In general being resilient for a community raas assumg
proactive behavior, ready to survive disastend maintain economic
competitiveness. In othawords, the question is to move beyond a just protective
posture to an attitude that withstarwtisis and deflect attacks. This behavior implies
for the community to be aware of risks, vulnerabilit@sd the current capabilities to
deal with them, tomake informed tactical and strategic decisioqmomptly. A
comprehensive assessment of risks that correctly estimate losses addressing the
distribution over the territory of hazard, vulnerabilitgnd exposure becomes
fundamental. It assists tistakeholde@decisionmaking (city planners, governmental
institutions, emergency agencies, insurance companies, private inyastbcgizens)
who need to control thefiiportfoliod of properties, undertake appropriate mitigation
actions and optimize the budgetlatation.

Member Statesadopted a series of principles to support the Hyogo Framework
program: they became aware of their primary ral@revening and reduce disaster
risk and therefore empowered local authoriesl facilitated the cooperation among
private and publicsectors but no effective holistic strategies were enterprise to face
disaster risk. Consequently, hazard exposuretih lmw and highincome countries
increased faster than vulnerability decreased, meaning that new risks were being
gererated faster than existing reduced. Desgiitbe end of thperiodMember States
realized that efforts had not led to reduced phys$asses and economic impactise
Hyogo Frameworkis considered a milestone in disaster risk reduction because it
catayzed national and local attention te pursuit of disaster risk reduction by
introducing a change in the strategies. In fact, the nawadigm shiftedfrom
protecting social and economic development against external shocks to plan growth
and developmentb manage risk a holistic mannemeaningthe establishment of
multidisciplinary approaches to promasestainable economic and socgbwth,
protecting health environmental conditipasd strengthening resilience and stability.
This conclusion formedhe basis for the development the 20152030 Sendai
Frameworkand the subsequéyntincreased emphasis on addressing the underlying
drivers of risk preventing the creation of new riskeducing the existing stock of risk
and strengtheninthe resiliene of nations and communiti¢gsrough ntegrated and
inclusive economic, structural, legal, social, health, cultural, educational,
envirormental, technological, political and institutional measures that prevent and
reduce hazard exposure and vulnerability disaster, increase preparedness for
response and recovery, and thus strengthen resilience

14
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The Sendai Framework promotes a strengtigeim community resilience, through
multi-risk disaster management. Sagjoal has become a priority for the 180 membe
States whiclpinedthis challenggromoting newpoliciessupported byinancial plans
with guided investmentdn fact, the strengthening of disaster risk governance is a
necessary element for the development of prevention, mitigato risk
managemat activitiesandinternational cooperatioto contribute to the develagent
of knowledge at all levelgparticularly for developing countries. Starting with the
Hyogo Action Framework, the Sendai Disaster Risk Reduction goal is also recognized
as a preveion tool for containing future losses and an effective investment in
sustainable developmenitooking forward, reduction, managemgahd knowledge
of risks representten of the seventeen objectivasnongthe 2030 Agenda for
Sustainable Development thalagpts an integrated vision of the social, econgand
environmental dnensionThe substantialeduction of disaster risk and losses in lives,
livelihoods and health and the economic, physical, social, cultural and environmental
assets of persons, busgses, communitieand countriess designated akeoutcome
of the famework Figure1-5).

i PRIORITIES FOR ACTION
\ J
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countries with national Ve N
and local di: risk 1
reduction strategies .
:) Re‘duce g:c:bl.al e Understanding disaster risk
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Figure 1-57 Objective of the SENDAI Framework and priorities for ast{UNISDR, 2015).
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1.7 Systemic risk and primary risk

In the first decade of the 2Lentury, our society realized that the Earth is one
system, a system of systems. Conversely to the complicgdéshs that can be dis
assembled and seen as the sum of arssp(e.g. a car), a complex system shows
properties arising from the interaction among its constituent elenti&eta foad/pipe
network or a traffic jam). This dualism is also reflected in dedinition of risk.
Thinking on complex systems, the intumdion of the systemic risk concept is
required: it refers to the risk of an entire system rather than individuabpartsa i | ur e
Onalarge scale, systemic risks can induce great instabilityuaodntrollability that
highlighted agrowing need toundersand better and manage uncertainties and
mobilize people, innovation and finan¢Ehe concept of systemic risk captutbs
risk of a cascading failure in the financial sec®ecause of the intlinkages in the
financial system, the default of a Bank m@gult ina severe economic downturn
involving other companies and investoBmilarly, this example can be referred to
many natural disastetisatare cascade effects of others. For examplegiw rainfalls
or earthquakes can cause floods or landslicespectively In those cases, the risk
assessment begins by estimating the primary hazards, such as extreme rainfalls or
earthquakes, identifying the exposure, and assessing vdmerability, i.e,
hydrological floodplain vulnerability or slope statyl These elements calcudethe
primary risk, which becomes the secondary hazard by loaitihg built environment
risk perspective. In fact, these phenomena cause damages kibingsi and
infrastructures, which are the exposure of the secondary hazsd/ulnerability of
buildings and infrastructures is the measure of potential physical damage caused by a
specific hazard with a given intensity. The risk of physical dan@ageilt assets is a
secondary or cascade risk. Buildings and infrastructueesa@t the last ringof the
chain,including service delivery and end withhe community. It is possible to state
that the assessment of hazard, vulnerability, exppamek risk vaies ona caseby-
case basis depending on the systadefinition: what isrisk in a case becomes hazard
atahigher level. At the highest analysis levels, elements at risk are interdependent and
form a complex systenRisk assessment with quantitative mads is inefficient and
different metrics to estimate a ¢ h e Ividnenabitity ndustbe used. The potential
impacts caused by a hazardatcomplex system are economic, social, environmental
and cultural: they produce both direct (immediate effect)iadidect (mediurdong
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term effect, as consequence of the direct impgdissses, assessed in monetary or
nonmonetary terms (Mechler, 2005).

1.8 Looking Forward

The evolution in the conceptual and practical framework of risk assessment
observed over theaars is depicted iRigure 1-6. It shifted from the traditionddazard
basedapproach delineated by the UNDRO activities to an integrated one culminated
with the development of the Global Risk Assessment Frameworkiullfjoachieve
the Sendai Framewodks ¢ h arld itssmulghazard maagement in disaster risks
and development at all levels strategies through cooperation among all seefors,
renovaions of risk assessmeapproacheand analysis are needéthis became more
marked inthe lag two decadeswhen many other types of ks of the greatest
consequences for humankinthve been created and recognized (dlge 2008
financial crisis highlighted the dramatic consequences of bank risk, or the cyber risks
etc.). Understandinghe systemic nature of risks)stead of treating dy the most
largely experienced withowtn explicit accountof the interdependencies between
risks,will be the first half otthe twentyfirstcenturp s cent r aAsamahaf| | enge
this challenge, the United Nations Office for Disaster Risk Redu@it'DRR) and
experts established a processtedesign and devel@u a Global Risk Assessment
Framework (GRAF) to inform stakeholders and decision malandgto change the
people approach specificaltpncerningsystemic risks. One of the main outcoméls w
be to support national and subnationaVgmments in recognizing new patterns of
vulnerability and risk, monitoring the progress in risk reductionto the UN Plans
for Prevention and Resilience Framewahdthe Sendai, 2015 and the more general
2030 Agenda.

The Global Risk Assessment Franmek encompassemultiple issuesoncerning
systemic vulnerabilities of agricultural systems the resilience of electricity
generationand distribution systems in hurricapeone locations,or business
continuty planning for public angrivate sector d@ors for basic service delivery in
rapidly growing metropolitan areaSRAFO s g @ emprove the understandiagd
management of current and future rigitsall spatial and temporal scales. It aims to
manageauncertaintiebetterand mobilize people, innovatipand finance by fostering
interdisciplinarysystems thinking and idengihg anomalies and precursor signals. It
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seeks to revealhe interlinkages, relationships, correlatipasd dependencies of
multiple risks and actoracrosssystems to build a shared understanding and enable
decisionmakers to actFurther topics covered ité GRAF concern critical systems
such as human health, the balance of natural ecosystacheconomic development.

FROM THE THROUGH THE
HYOGO FRAMEWORK SENDAI FRAMEWORK
2005 2015
Global Risk Wa?
Mo:elaMe!l:cs . g ::: : ]
‘\715’ x | & x o}y é’v e;)’ ngo O 2 S
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Figure 1-6 7 Shift in the paradigm of Risk Assessment: from the 2005 Hyogo Framewotigtt the
2015 Sendai Framework to the Global Risk Assessment Framework.
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Chapter 2. SEISMIC RISK ASSESSMENT

2.1 Abstract

While the more gentific field of earthquake engineerirdgals with thephysical
mechanisms induced ®arthquaks i.e, spectraldependent ground motiolocal site
amplification, structural responsthe more recent field of seismic risk assessment
addresses which coeguences this respective seismic ground motion may cause to a
particular site, both for what concernghe built environment building and
infrastructure asset®r humanfactors related with the communityin this respect,
seismic hazarthecoms just one ley component of any assessmdrd.estimate the
risk to a certain regignin terms of expected damagesdalosses, three integral
componentsnustbe quantified, namely seismic hazard, vulnerability buildings,
infrastructure facilitiesand populatio)y and exposuref these assets in terms of their
inventory and spatial distribution over the respectivelgtarealn this chapter, the
basic concepts forming the seismic risk assessment are reported to provide an overview
of the methodology, the most knaowexisting software and tanderline the
stakeholde® r ol e
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2.2 Introduction

Proven thatiquefactionof prone subsoil depositsccursdue toa strongseismic
event(sayM>5.5), before introducingnyliquefaction riskassessment procedutke
definition of seismic risk anlow it is assessedannot be ignoredhe unpredictable
natureand thesevere, widespread impact that they induced on the commuméaies
Earthquakesne of the most leth@mongnatural disastet resulting in average of
27 000 deathsa year since 199@5 200 in the 20082017 decade (CRED, 2019). In
2018 Erthquakesiave been the deadliest type of disastsponsibldor 45% of the
total deathsfollowed by flooding at 24%which affected the highest number of people
(50% of the totgl. The distribution of deaths and injured peoplee toearthquake
disasters vaes worldwide, depending omrbanization, economic developmeand
vulnerability ofhumanmade constructia To understand risk factotisat exposea
populatian to loss of life or major injuridsas become the primary challenge to develop
adequate awarenes$ seismic risk angut in place an effective preparedness or
prevention plan.

In the definition given byJnited Nations Disaster Relief Office (UNDRO, 1979)
the seismic risk for a selected area can be quantifigiesxpected number of lives
lost, persons injured, damage to propeatyd disruption of economic activity due to
Earthquakes which may affect the study area over a period. Thinkithg dormal
definition of Eq.1.2

Seismic Hazard (UNDRO, 19y refers tothe occurrence probabilityor a given
system in a specific time length, of a certain potentially damaging earthquake scenario
In practical situations, a seismic risk assessment proceduwee®do definethe
probability P(r) that agivenground motion parameterill be exceedd in a period of
(T) years.

Vulnerability is the possibility thata certain level of damage in
structures/infrastructure, potential human and/or financial loss atdhe assessed
areadue tothe selectetiazard. Tklink betweerpredefinedntensity masures, which
representhe magnitude of the phenomenand the expected damaigegenerally
providedby fragility/vulnerability curves Thesdunctionsshowin probailistic terms
the relationship between the level ah earthquake and the level die epected
damage/loss of either one of the previously mentioned enfitiesking onbuildings,
lognormalfragility curves areeommonly usedthey allow to evaluatéhe probability
that predefinedstructural and nonstructural damage staes reachedor given
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median estimates @kismiclntensityMeasures, representing a building Engineering
Demand ParametéiEDFO. Fragility curves consider the variability and uncertgi
associated with capacity curve properties, damage statdsground shaking. The
Hazus (FEMA 1999) fragility curves distribute damage among Slight, Moderate,
Extensive and Complete damage states. For any given valtlespectral response,
discree damagestate probabilities are calculated as the differeidbe cumulative
probabilities of reaching, or exceeding, successive damage statesb ui | di ngds
probabilities reaching or exceeding the various damage levels at a given response level
sum to D0%. Those functions can be constructeaised orthe observediamages
experienced in past seismic eveliBel Gaudio et al., 2019and the nodinear
structural analyse@-otopoulou et al., 2038In the pastthe empirical approach was
largely adopted wddwide, even ifit is not the mosaccurde and complete sirecthe
database of damage observations may not include all the possible cases.
Lastly, the element at risk term iscquantification of the entities in the assessed
area. This includes the peopladabuildings, the number and type of important
infrastructureg, and industrial and commercial activiti@&ased orprevious European
project experiences likRISK-UE (https://cordis.europa.ey@an exhaustive exposure
model shoulemphasie the following apects
- Population density repartition
- Main institutional ators and decisicmakers
- Presence of pblic buildings
- Utility systems: Water, Sanitation, Electricity, Gas, Liquid fuel, Radio,
Telecommunication, Transportation: Roadways, Railways, Harbours
Airports, é

- Essential facilities: Critical facilities (dgerous plants or industries); Strategic
constructions in terms of crisis management (hospitals, fire, etc.); Main
economic issues or facilities in terms of employment, production,,teantke
senices (industrial plants, tradeentersmain services, etc.).

- Cultural and historicdheritage.

2.3 Stakeholders

Focusing onearthquakes, the UNDRO guidelines preliminary identified Earth
Scientists/Earthquake Engineers and Government authorities as mas @icthe
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process. The former were asked to catalogue existing earthquakes data, starting from
preliminary studiesonreggonal / conti nent al scale al so ca
concerns the regional tectonic activity) up to the development of mornéedeatzaps

aimed to measure soil effects, reflecting local site conditions, estimate building
acceleration in earthquakesda define relevant parameters to assess structural
performance,i.eimi cr ozonationod. This hugetactivit:
an adequate and interdisciplinary understanding of earthqueffests and promote

cooperation among experts and regoty authorities to update national codes for
earthquaké resistant building desigecurrently. Besidesgovernment$iad to follow

a protocol to understand the exposure (esaluate the presence of highportance

buildings, utilities, critical infrastictures) and define the acceptable risk since they

were also responsible for implememtiemergency plans for peBarthquake disaste

relief. Thereforesignificantemphasis was given to the monitoring activities through

the Institution of scientific or@nizations.

Such unprecedeat activity carried out by the UNDRO Committee represented a
preliminary and partial characterization thie seismic risk assessment since it was
pursued mainly from a governmental viewpoint. Over the years, the societydealize
that earthquake is a mulfiacet problemnvolving multiple actors (stakeholdersand
therefore seismic risk mitigation became a ltdisciplinary issue. The main
categories of subjects interested in such risk assessment are listed below:

- Urban and tertory planners

- Owner/manager of lifelines /services
- Emergency planners

- Investors/Owners of building assets
- Insurance Companies

- Despgners

Each category has a different specific interest, summarized by the question reported
in Table 2-1. Very often interests are interconnectednd answergo multiple
questions can be found in risk assessmént instance, the assessment of building
safety and performance in seismic conditions allows the owner to evaluate the
possibility of investing money in the structural strengthening (or in the payshant
insurance rate) and an insurance company tdéxisurancepremium. On the other
hand, after a benefit/cost analysis, a structural engineer can address the design to
minimize the seismidnduced annual loss or balahe estimated total loss atfte
cost of construction.
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Table2-1 End users of risk assessment

Stakeholder Question
Quantify hazard over the territory to plan the define land use
Urban and territory planners planurban/industrial development, ultimately motivating peo

to abandon risky age

Owner/manager of

o . Estimate economic losses and increase the reliability of lifeli
lifelines/services

Increase awareness of risk amongpbpulation. Identify safe
Emergency planners areas and verify their connectivity with the outer
communication es under catastrophic events

Investors/Owners of building

Determine seismic performance of their portfolio of buildings
assets

Insurance Companies: estimate

Estimate losses to fix the premium of the insurance
losses

Assess safety and servibdiy of buildings or infrastructures

Designers . o
g and design remediation

2.4 Uncertainty

Although remarkable progress $ideen achievedin last decades to develop
frameworks that support decision making for earthquake risk mitigation, prioritization
of available optios, pursit of reliability and economy (e.gEllingwood 2001,
FEMA/NIBS 2003; Crowley et al. 2005; Baker and Cornell 2088da and Hong,
2008), somenon-negligibleuncertainties remain in the process

Firstly, the knowledge of seismic phenomena unavdidahvolves several
uncertainties that make the essment less reliable. The determination of ground
motion and its occuence probability, the role of subsoil, the fragility of building and
infrastructureand the quantification of values (e.Growleyet al. 2005; Kwona and
Elnashai 2006; Goda and Hong 2008) all incorporate a noticeable degree of
indeterminacy deriving &m the quality, or even validity, scarcity and variability of
the underlying data (Walley}991) and from the simplification necessamtroduced
with models. The above uncertainty factors can be broadly categorized into:

- Aleatory, representative of unkwns that differ each time an experiment is

run.Uncertainty come from the impossibility of precisely knowing alhe
inputs of a pepnomenon that are thus dealt statistically.
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- Epistemic, also defined as systematic, due to things one could in principle
know but doesn't in practice. This may arise from inaccuracy of measurement,
anapproximation of models that neglect certain effectsoare deliberately
neglectediata.

Epistemic uncertaintgan be visualized with the concept of precision and accuracy
in experimental measurement; even with an ideally perfect simulation of the
phenomenology, randomness (aleatory uncertainty) of the dapatdue to imprecise
knowledge leads to imprecise pretibns; the most precise knowledge of input
information may lead to inaccurate prediction due to approximate mod€iiggre
2-1).

One of the major chiie@nges for seismic risk analysts is the estimate of uncertainty
associated with earthquakes. Here the two above categories of uncertainty are
combined. The current prediction of earthquake magnitude in a specific site is based
on the statistical inferencef historical data. Randomness is thus implicit in this
prediction, being typically managed with the adoption of probabilistic models.
However, one should admit that human experience is insufficient to predict all possible
seismic scenarios and surprigasst wnavoidably be admittedeyond the expected
range of situatiom Although occurring in acknowledged seismic regions, the
earthquakes of February™22011 in Christchurch (New Zealand), Marcf'12011
in Tohoku Oki (Japanpand May 2%, 2012 in Enilia Romagna (Italy) had some level
of unpredictability. This highlights the limitation of our current methodologies based
on the inference of statistical data and the necessity of introducing extrapolation
functions or relaxing axioms of classical probpi(e.g, total sum of the event
probabilities equals one).

High Accuracy Low Accuracy
Low Precision High Precision

Figure 2-1 - Precision and accuracy.
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Aleatory and epistemic uncertainties also affect the subsoil characterization, where
noticeable effort musbe poduced to balance completeness and accuracy awith
relatively limited amount of information. The usually low number of investigations
implies that geotechnical models, jgratigraphic conditions and constitutive models,
are built introducing simplistiand generally conservative assumptiddditionally,
engineers are perfectly aware that, even with a great amount of information, the
scattering of experimental resultsfin laboratory or site tests is much larger for soils
than for artificial construabn materials.

Owing to unavoidable uncertainties and complexities of seisiskcandknown
that risk assessment is just a component of the management prae€4D(6
31010:2009, nonphysical factors, beyond characteristics of engineering materials
and systems, like perception (e.@xpert versus public), criteria (individual versus
societal, or voluntary versus involuntary), political process, andcogkmunication
shauld not be neglecte(Tesfamariam & Goda, 2013 fact, due to these aspects
andor subjective consideratioabjective risk assessment results may be disputed and
on occasionoverruled.

Notwithstanding the above situation, it is important to develop quantitative decision
support tools for earthquake risk mitigation. Such tools aseful for
quantifying/compamg seismic risks for different options and faciliteg informed
decisionmaking. Reducing uncertainties within tolerable levels and evaluating
reliability of conclusions is of paramount importance for a successful risk ass#ss
and must be thus continuously considered as the reference goal along the whole
process.

2.5 Qualitative vs quantitative risk assessment

Risk assessment can be performed with quantitative or qualitative analyses
depending on the problems under concern taedavailable knowledge. In fact, the
choice of a quantitative or qualitative method depends on the aligjlalbia metric
for evaluating hazashnd the level of analysis needed to make a confident decision.

Qualitative assessment is based on judgmedtexpert opinion to estimate proxies
of risk and consequences. 0 ilhappen, buahisma n
conception of nature of things, the nature of the men and their institutions and affairs,
and the norfhuman would enable him form a judgment as to whether any suggested

ar

thing can happendé (Zadeh, Isé&sGvithput det@llada | 1 t at i
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information, are carried out with intuitive and subjective processes and may result in
different outcomes/conclusions depempon those who use them. Albeit suspected of
leading to subjective conclusions, they offer the possibilitaisidering factors
hardly quantifiable, like those connected with human behavior, and sometimes lead to
anadequate assessment of risk. An ovawbf the theories to transform qualitative
into quantitative assessment (e.gmprecise interval probabiyit possibility, and
evidence theories) is provided by Tesfamariam & Goda (2013).

By contrast, quantitative analyses rely on probabilistic/statisticethods and
databases that quantifize probability and consequent values. Quantitative analyses
generallyprovide a more objective and unanimously acknowledged understanding
Still their efficacy relies fundamentally on the quality of available infdiona i.e,
numerosity and accuracy of data, reprasgntariouspossible situations.

When possible, a quatative approach must be prefertedoemore objective and
examire the system in greater detail, but an integration with qualitative analyses
shaild be considered. A combination is appropriate to sum the advantage of both
approaches, becomes fundamentaén not all factors can be parametrized.

2.6 Risk perception and acceptance

Unavoidably any decision based on risk assessment must end with tglsmatie
risk. Perception of the consequences is thus fundamental, and sometimes critical, for
decisionmaking and risk managementluding recognzing and assessg risk and
developng mitigation strategiesRisk acceptability depends on several fagtors
including the phenomenon (if controllable or not), the type and nature of
consequences, shoend longterm effects, the gained benefits, the preparedness for
natural hazarsl andtheinfluence of individual and total riskhe above questions are
tightly connected with risk communication, i.those activities aiming at increasing
t he publ i caddawdcemaessvPadicpgt®on of the public (stakeholders) in the
management of risk amublicymakingis fundamental to promiotg holistic strategies
as deisions cannot be made by technical experts and public officials. Risk
communication implies a contious interaction among partigs risk experts,
policymakers, and stakeholders

As technical guidance to what risk level society is willing to acceplckrves can
be used. For a given hazardet~N curves relate the annual probability of causang
numker N of fatalitieqF) to the number of fatalities, N. h e t e on the Xarmf
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the graph can beeplaced byarmother quantitative measure of consaues, such as
costs.An example of FN curve is reported irFigure 2-2.a, defining four areas.
Acceptableand unacceptablesk respectivelyreferto the level of risk requiring no

further actions, beinghe level of riskwhich asociety desireso achieve and to the

level requiring a mandatory reduction. As lower as reasonably practicable ALARP
region reresentssituationswhere risk countermeasures should be evaluated and
undertaken if assessed as advantageous. Lastly, inthe aredent i f i ed as
more detaid studies are required.

a) b)

ﬁ unacceptable unacceptable

N4 4
2 2
o (v
> >
broadly £ broadly R, £
] b= |
acceptable 5 acceptable 5
L w L w
| j [ VALUE >
VALUE

Figure 2-27 Example of B N curve (a) and Residual risk evaluation in the ALARP area (b)
(modified after Nadim, 2009).

Once the pre mitigatiorisk Ry has been evaluated throughuation1.2, as shown
in Figure 2-2.b, a benefit/cost analysis is required to evaluate the suitability of
mitigation. In general terms, it may include raduction of the hazardactive
mitigation), a reduction of vulnerability (passive mitigationy both the options
(active and passive mitigation). Independently from the type, supposing a mitigation
costequaltokl t he r e gdambe ealculated:s k RO

Y Ce w ©O Y Eq2.1

Where:H 6 , aWdi depresent respectively the new terms of Hazard, Vulnergbility
and Exposure after the mitigation. Starting from the same risk leya €bnvenient
situation is characterz e d ¢=bRy< RFRIGd represented by the green poirfigiire
2-2.b. This assumption justifies the adoption of countermeasures. On the other hand,
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I f ¢=RRB > Jadsituation of noreconomic convenience is outlindéven if the
countermeasures effective re@uthe hazard or vulnerability, their cost led to a
residual risk greater than the pretigation.

2.7 Procedures and Software

While the more scientific field of earthquake engineering deals with the physical
mechanisms inducda earthquakes, i.espectraldependent ground motion, local site
amplification, structural response, the more recent field of seismic risk assessment
addresses which consequences this respective seismic ground motion may cause to a
particular site, bothfor what concerns the built emgnment, building and
infrastructure assets, or human factors related with the community. In this réspect,
seismic hazard establishes one key component of any asse Semaasesshe risk to
a certain region, in tern expected damages and lossbsee integral components
must be quantifiedHigure2-3):

- hazard providing information on the seismic ground motion level and, in case
of a probabilistic risk assessment, the groumdot i on 6 s probabil
occurrence
- vulnerability (damageability) of buildings, infrastructure facilitieand
population
- exposure of these assets in terms of their inventory and spatial distribution over
the respective study area.

Hazard | x \Vulnerability x | Exposure | — m) RISK

Intensity Measure, IM

Figure 2-3 - Components of seismic risk assessment.

Software packages exist, some of which publicly availadsiabing a complete
assessment of the seismic risk based on a modular structure. The components of
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earthquake loss estation adopted by HAZUS (FEMA, 2003) are depicted in the flow
chart d Figure2-4. From the operative viewpoint, the methodology implemented in
HAZUS is articulated as follows:
- Selection of scenario earthquakes d@rdbabilistic Earth Science Hazard
i BSHO inputs
- Selection of appropriate methofisodules) to meet different user needs
- Collection of required inventory data, i.e., how to obtain necessary
information
- Costs associated with inventory collection andhadblogy implementatign
- Presentation of results including appropriate terminolety,
- Interpretation of resulfsncluding consideration of model/data uncertainty.

Authors point out that one of the main differences in the types of risk assessment
procadures consist®f the time, effort and level of expertise needed to carry out
analy®s, that obviously turn out in a different detail and reliability of the analysis.
Considering this issue, the software permits to run analyses with different level of
compexity:

- Default Data Analysis requiring minimum effort by the user, input obtaiged b
government agencies or published information, providing crude output as
initial loss estimates to determine where more detailed analyses are warranted.

- UserSupplied Datanalysis requires more extensive inventory data and effort
and expertise by the usdo provide the best estimates of earthquake
damage/loss with standardized methods of analysis.

- Advanced Data and Models Analysis incorporating results from engineering
and economic studies carried out with external methods and software, requiring
a highlevel of expertise with extensive participation by local utilities and
owners of special facilities.

A similar approach is defined in SELENA, a software for SEismic LetisnatioN
using a logic tree Approach, produced by NORSARpE://www.norsar.n®/ The
structure of this software is depictedrigure2-5; SELENA allows for three analysis
typesthatdiffer in the way the seismiaput is considered: (1) deterministic analysis;
(2) probabilistic analysis; and (3) ret@he ground motion data. In general, spectral
ordinates of seismic ground motion at different reference periods have to be provided
for each geographical unit (i.egensus tract) to allow the construction of design spectra
following a selectable seismic code provision. Once the seismic ground motion in each
geographic unit is defined, the computation of physical damage to the buildakg st

29



Chapter 2

Potential Earth Science Hazards

Seismic Risk Assessment

Ground Motion

Ground Failure

is computed byapplying one of the selectable Capacity Spectrbased methods.

Based upon the damage estimates, total economic losses related to these damages and
the number of casualties, i.e., the number of injured people and fataditteaducted
Additional loss outputs arshelter demands (temporary housing) as well as debris
estimates. Damage results are given in terms of cumulative probabilities of being in or
exceeding one patrticular state following the classification scheme given by HAZUS
MH into none, Slight, Moderat&xtensive and Complete damage.

Direct Physical
Damage
General Essential and Lifelines Lifelines
Building High Potential Transportation Utilyity
Stock Loss Facilities Systems Systems
Induced Physical Direct Economic/
Damage Social Losses
v Jr 7 31 4+ 33
Inundation | \ Fire | \HazMatl IDebris| Casualties | | Shelter ‘ |Economic|
Indirect
Economic
Losses
Figure2-4Hazus (Fema, 2003) fl owchart for
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Figure 2-5 Riskassessment methodology defined in SELENA (NORSAR, 2003).

30

Eart hgt



Chapter 2 Seismic Risk Assessment

2.8 Deterministic vs Probabilistic Assessment

A common method of estimating the seismic perfamge of a system lzased on
the performance oDeterministicSeismic Hazard Aalyses i D SHdllwing this
approach, strong ground motion involves assigning a Maximum Credible Earthquake
to a specific fault. Once location (e.gpicenter) and magnitedof the scenario
earthquake are defined, an appropriate scenario earthquake location cdimdx de
for instancefrom a database of seismic sources (faults) or specifying an event based
on a database of historical earthquake epicerespecific attenation relationship is
thenassumed to determine the PGA at the project site based on thepgleogwcation
of the study region and the type of fault. For example, Hazus code (FEMA, 2003)
assumes (1) strikslip (SS) faults, (2) reversdip (R) faults,(3) normal (N) faults (4)
Interface (IF) events and (5) Interslab (IS) events.

The anplification of ground shaking to account for local site conditions is usually
based orsite classes and soil amplification factors. The 1997 NEHRP Provisions
(FEMA, 1992)define a standardized site geology classification scheme and specify
soil amplification factor$or most site classes based, in part, on the average shear wave
velocity of the upper 30 meters of the local site geology.

This procedure can be carried out fall seismic sources that contribute
significantly to the ground motions at a site. Uncertaimthe resulting ground motion
estimates can be assessed by incorporating the standard deviations in both seismicity
rates and attenuation relationships. Theaatage of this approach is that both the
intensity of ground shaking (PGA) and the durationhef motions, as related to the
earthquake magnitude, are known. The primary disadvantages of this approach
include (1) the PGA values do not necessarily refig® cumulative, or aggregate,
hazard in the region, and (2) assessing the influence of amtis in factors such as
earthquake magnitude or soutoesite distance on the resulting PGA are accounted
for by performing additional parametric studiesath variable.

In this way only the largest reasonably possible earthquake associatedsoitica
is accounted for. The recurrence interval of this Maximum Credible Earthquake and
the temporal aspect of the seismic hazard are not specified (DickezG0H5).
Deterministic analyses can accommodate seismicity rates associated with individual
sour@s by incorporating the exposure interval of interest,(®0§ or 1000 years) and
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estimating the magnitude of the event having this return period. This séianacd
analysismethodwas common up through 9 7 ,@Gr@d snany practitioners continue to
regard deterministic PGA analyses as independent of exposure interval. In
contemporary practice, deterministic analyses are rarely performed without indirect
accountirg for the exposure time of interest.

The combination ofDSHA to both a coded vulnerability taromy of buildings
(e.g, EMST 1998) and adhoc exposure models (e.¢rardis, 1999; EPANTYK
2009) allowsquantifyingfor each seismic scenario the expecteitbing damage rate,

i.e., the one with the highest probability (Giovinazzi and Lagomarsino, 2004).

Even f open to improvement&iannaraki et al., 2018) hi s met hodds appl
at urban scale represents an expeditious tool to estimate the impastucd f
earthquakes providg useful indications tdhe stakeholders involved in Rapid Risk
Assessment (RRA). Aa subnational scale, it can address the identification of the
portion of building stock that needs to $teengthenedn conjunctionwith adequée
loss modelsjt enablesto evaluate the socieconomic impact and convenience of
mitigation or the possibility a$tipulatinginsurance policies

Alternatively, seismic risk can be assessed based on Probabilistic Seismic Hazard
Analyses (PSHA), i.e.after a probabilistic approeh that combines | | sources?o
contributions in a cumulative estimate of the ground motion parameter of interest.
Probability distributions of key variables such as rupture location along a fault,
location of random sources, seisity rates, and ground nioh estimates from
attenuation relationships can be incorporated into one seismic hazard analysis. Other
uncertainties such as the likelihood of activity along mapped faults, direction of fault
rupture propagatignand predominantaulting style can be imarporated into the
evaluation (e.g., Kramer 1996, Vick 2002, McGuire 2004). A primary advantage of
probabilistic seismic hazard analysis is that by assigning locations and seismicity rates
to all sourcesthe ground motion parartes of interest expected a specific site can
be determined along with its probability distribution, which is useful for illustrating
uncertainty in the ground motion variable. Repeating the analysis for multiple
locations, specified as grid points, thghout a region allows fothe creation of
contour maps of the ground motion parameters for specified exposure intervals. These
maps have been referred to as Aunid&@ ormo o
contributionshave been incorporated intoiagle ground motion value.

Once the Probabilistic Seismic Hazard Analysis has been completed, ground
motion maps can be obtained for any specified exposure interval. This information
forms the input of risk assessment. For a generic system with it<ldecigks of any
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nature an be computed writing the following integral that convolutes the probability
of demand p(D) (Hazard) and the consequent losses connected to the demand P(L|D)
(Vulnerability):

00 0 050 21 O Eq.22

The application oEquationto theassessment of liquefaction risk should separately
disclose and quantify the uncertainties on:

- potentially critical scenarios

- models describing the response of the system

- quantificaton of relevant parameters

- risk evaluation

For seismic riskEqQ. 2.2 can be expresseoly applying the performaneeased
earthquakeengineering (PBEE) cascade methodology defined by the Pacific
Earthquake Engineering Research (PEER) Center (Cornell andriktaryi2000) and
depicted inFigure2-6.

Facility (" Hazard structural [ Damage Y Loss ™
Information Analysis Analysis Analysis Analysis
Site, Design, Hazard Structural Fragility Loss
Component Model Model Development .
Inventory A [IM|D] p [EDP|IM] p [DM|EDP) p [DVIDM]
— l 1 1 l Decision
Fa‘cw\'lty Site Hazard Ll Structural Structural Loss DV's are
Definition A[IM|D] Response T Response e Response acceptable
D A [EDP|D] A[DM|D] A[DV|D] for D?
o / AN AN /
D: IM: Intensity EDP: DM: Damage DV: Decision
Geotechnical Measure, e.g. Engineering Measure, Variable,
Investigation, spectral Demand e.g. cracking, e.g. repair
Structural and acceleration Parameter, spalling, costs, collapse
architectural S,(Ty) e.g. starey collapse probability
details drift

Figure 2-6 - Probabilistic definition of risk assessment (Cornell and Krawinkler, 2000).

Equation 2.2is transformed as fows where the function p(D) is exploded
considering the different factors defining the cascade phenomenon:

33



Chapter 2 Seismic Risk Assessment

00 0 ®@0 2/ 0080002/ OOFOD 2 iy OB
Eq.2.3

p(IM) is the probability that a seismévent of htensity measure IM occurs during
the lifecycles of the system, p(EDP|IM) is the density probability of the engineering
demand parameter (EDP) for the given IM, p(DM|EDP) is the probability that physical
damage occurs on the structural comporgnthe sysem for a given EDP and
P(VDI|DM) is a cumulative probability of the assumed evaluator of the system
performance for a given damage DM (Lee and Mosalam 2006; Moehle 2003; Porter
2003; Comerio 2005; Krawinkler 2005; MitraRkeiser et al. 2006).
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Chapter 3. PREDICTION OF
LIQUEFACTION EFFECTS

3.1 Abstract

Liquefaction is a seismic phenomenon affecting loose, satusatdadtohesionless
soils (such as sands and rarely gravels) in areas where a significative $eizantt
exists. Traditionally, expeditious simplified methodare used to determine the
liquefaction potential by verifying thpredisposingfactors and thenniroducinga
givenseismicscenarioDespite most of the existing literature focused on liquefaction
induced surficial manifestations, i.&ll the liquefadbn-induced phenomena (sand
boils/ejecta, minor and extensive cracking, gmgiefaction 1D setdment) affecting
ground in free field conditions, many studies have been carried out in recent years to
quantify the sheainduced effects due to the preserafestructures and the sail
structurenteraction After a mechanical characteaition of the phemmenon, the most
popular procedures to assess the liquefaction severity in free field conditions and
buildingd p r eae summarized in the following paraghs.
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3.2 The phenomenon

The termliquefactionwasoriginally coined byMogami and Kumo (1953) and
thenused in to indicatéhe manifestations of @eomgex phenomenomffecting loose,
saturatedand cohesionless soils under seismic conaiti®One of the most popular
classification (Kramer, 1996) groups the liquefactielated phenomena in two
categories: flowiquefactionand cyclic mobility.

Flow liquefaction can occur when the shear stress required for the static
equilibrium (of the soimass) is greater than the shear stress of the soil in its liquefied
state. Once trigged, the large deformations produced by flow liquefaction are driven
by the static shear streSghe cyclic stress may bring the soil to un unstable state at
which its grength drops sufficiently to allow the static stress to determine flow failure.
Flow liquefactions characterized by a sudden nature of the origin, the velocity of their
development and the distance interested by such instability. In contrast, cydlitymob
occurs when the shear stress required for the static equilibrium is smalldvetistuear
stress of the soil in its liquefied stdeeg., gently slopes)n this casethe deformation
produced by cyclic mobility develgpncrementally under the s#nic load, driven by
both cyclic and static shear stressesisindateral spreadingwhich is defined athe
horizontal displacement of a soil layer riding louefied soil either down a gentle
slope or toward a free face like a river chanfvadud, 20B). In this case, Wen the
underlying soil layer liquefies, the ndiquefied upper soitrust continues moving
down until itreaches a new equilibrium position.

Level ground liquefaction represents a special case of cyclic mobility,
characterized by thabsence of the static shear stress capable of producing lateral
deformation. Thereforayhat happens during an earthquake is a chaotic movement of
soil particles known as ground oscillatidgirom a mechanical viewpoirfjgure 3-1
illustrates the development dfie liquefaction ground phenomenoBuring strong
earthquakes, say having a Richter magnitude greater thawtich (reflects both the
laboratory tests of Seeat al. (1975) relating the equivalent number of cycles to the
earthquake magnitude, and the empiriohlsenations of Ambraseyes (1988hat
correlaed the epicentral distance to the earthquake magnitude for sites where
liquefaction happened anddidnoyd a PGAOO0. 15g (NTC, 2018),
the porewater pressures generated irsuch susceptibléayers causing anupward
flowing porewaterThis mechanism may carry sand particles up to the ground surface,
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where they are deposited in a generallgical pile called a sand boil. As a result,
ground surface subsidence due to the soil particles’ densification can be observed after
the earthquaké@igure3-1a).

Although flow liquefaction can lead to more dramatic consequengesic c
mobility and level ground liquefaction can occur unaknyfield situations. They are
responsible for:subsurface soil liquefactiprwhich may determine lownoderate
liquefactioninduced surficiadamag, significant soil deformationyoth horizoral
(cracking)and verticalsettlementsgapable of provokingeveredamage to a variety
of structuresand infrastructuresHgure 3-1b) and lateral spreadingvhich will be
more detailed describedgardingthe case studies.

Soil Pore Ground surface b

particles Wwater subsidence

Y Y V
“‘

Before Durlng After
Earthquake Earthquake Earthquake

a)

Figure3-1 a) Development oht liquefaction process; b) examples of liquefaetiaiuced effects on
soil, buildings,and water supply.
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Considering the nature of the phenomenbs, éstimation of liquefactioground
severity, which representsrisk equivalentlyif looking at the soil and a hazard for
structure/infrastructure, implies several analyses to be carried out in a sequence. The
first step is to estimat¢he susceptibility of subsoil to liquefaction opoth the
geological, i.e. estimating the tendencyf ogeological formation to undergo
liquefaction and geotechnical levekxjuiring thatdetailed soil profiles are analyzed.
Then, the tendency of developing liquefaction under a given seismic input is
determined through the triggering analyditie last stp implies evaluahg the effects
at the ground level; at this stage, indicators are adopted to broadly quantify the severity
of liquefaction in free field conditions, neglecting the presence of buildorgs
infrastructures and their possible interactiotivthe subsoil.

Liquefaction Susceptibility ——p Liquefaction > Liquefaction
Geological scale Triggering Analysis induced surficial
(Characterization of the lithologies Evaluaton of the manifestations
susceptible toituefaction; Catalogue factor of safety against Evaluation of
of liquefaction past observations liquefaction for a given liquefaction
hydrogeology) seismic hazard or a severity indicators
Geotechnical scale deterministic earthquake
(Thickness, depth and strength ¢ scenario
potentially Iguefiable layers,
granulometric distribution,

groundwater depth modelling)

Figure 3-2 Flowchart of liquefaction hazard analysis (modified after Bird et al., 2006).

3.3 Susceptibility

The evaluation ofliquefaction susceptibility represents a paeatorystepof any
liquefaction analyses, addressed to evaluate the physical propernssd tf Aquefy
without introducing a specific seismic scenaaad thereforgit does not imply the
occurrence of liquefaction, being the phenomenon dictated by the dgisafithe
area.This stepis normally accomplishedby looking at the geologicalevel, i.e.,
characterizing larger potions of territory and collecting available historical and
geological dataln fact, past studies (Galland Meloni, 1993) and grounghost
earthquakes grourabservationske the My 6.1 Emiliai Romagna (Italy) 201have
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shown that liquefactioAnduced phenomena are not randomly localized butigirdy
related to the geology diie territory In fact, since liquefactiomecurrently happens at
the same locations, theitial stepfor liquefactionsusceptibility &aluaion involves
large-scale studies aimed at describing gleelogi@l/geomorphtogicalconditions of
a region or subregioas well as collecting the liquefagsti observations following the
historical earthquakes of the study ardaxamples of historical liquefaction
phenomena can be found in tbatalogus developed byUNIPV (D24 Liquefact,
2019) and Galli (200Q)which respectively collected all the recordeguefaction
manifestationsfter European and Italiahistorical earthquaked he former includes
approximately a thousand liquefaction manifestations mostly located in the
Mediterranean areand ascribable tearthquakes of moderate magnituide.,(whose
Mw rangesfrom 6 to 6.5).

Looking atthe geological scale, the qualitative subsoil classificationduced by
Youd and Perkins (197&gan be applied to the analysistbé selected aredvioving
from the analysis ofGeology, Hydrogeolog and Geomorphologythis criterion
emphasizes the depositional environment and age of the deplosgrving that
liquefaction susceptibility is rather high for Holocene or more recent getdicial)
deposits, low or very low for Pleistocene or olderes(Figure 3-1). Since it is
ascertained that the liquefaction resisgimcreases with the soil aging (Sanman,
1991), a first issue consists in verifying the existence of Holocene (or more recent)
loose depositavhich are considered very prone to liquefy Youd & Perkins, 1948).
this aim geomorphological and swade geological Mapshould be considerednse
they describe the geomorphology of the area, highlighting the presence of sandy and
silty lithologies and relevant geomorphological elements such as rimeaders,
levees/paledeveesand paleochannels. On tbther hand, information about the land
use, thickness ohumanmade deposits and the existing survey mags/ help
understand the urban development of the study area and reconstruct the subsoil
profiles. For the European territgy a map of the potentigllliquefiable lithologies
shows a wide and heterogeneous distribution of liquefaction susceptibility over the
continent which characterizes thiberian Peninsula, ItalyBalkan region Greece,
Turkey, andpart of theBaltic area.
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Table3-1 Liquefaction susceptibility of sedimentary deposits (Youd andrizerk978).

General Likelihood that Cohesionless Sediments when
Distribution of | Saturated would be Susceptible to Liquefaction (by
Cohesionless Age of Deposit)
Type of Deposit Sediments in Pre-
Deposits <500 yr Holocene | Pleistocene | Pleistocene
Modern <11 ka 11 ka - 2 Ma >2 Ma
(a) Continental Deposits
River channel Locally variable | Very High High Low Very Low
Flood plain Locally variable High Moderate Low Very Low
Alluvial fan and plain Widespread Moderate Low Low Very Low
Marine terraces and plains Widespread -—- Low Very Low Very Low
Delta and fan-delta Widespread High Moderate Low Very Low
Lacustrine and playa Variable High Moderate Low Very Low
Colluvium Variable High Moderate Low Very Low
Talus Widespread Low Low Very Low Very Low
Dunes Widespread High Moderate Low Very Low
Loess Variable High High High Unknown
Glacial till Variable Low Low Very Low Very Low
Tuff Rare Low Low Very Low Very Low
Tephra Widespread High High ? 7
Residual soils Rare Low Low Very Low Very Low
Sebka Locally variable High Moderate Low Very Low
(b) Coastal Zone
Delta Widespread Very High High Low Very Low
Esturine Locally variable High Moderate Low Very Low
Beach
High Wave Energy| Widespread Moderate Low Very Low | Very Low
Low Wave Energy| Widespread High Moderate Low Very Low
Lagoonal Locally variable High Moderate Low Very Low
Fore shore Locally variable High Moderate Low Very Low
(c) Artificial
Uncompacted Fill Variable Very High -—- -—- -
Compacted Fill Variable Low --- - -

When the liquefactionsusceptibilityis ascertainedy the presence of geological
and geomorphological features of the aréile(the ones listed ifTable 3-1), more
refined investigations at a more detailed scale allow deta@rgithe co-existence of
paramount factorsnfluencing the properness to the liquefaction phenoménen
grain size distributionplasticity, and water levéglas well as to build a 3D stratigraphic
model. In this case, quantitative criteria are required to identify areas fortocal
instability.

Considering theparticle size analysissils with greater than 50% of their
constituents passing the #200 sieve (i.e.,-fjrEnedsoils with grain sizes smaller
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than 0.075 millimetes) were once considered Alguefiable Based o data provided
in Wang (1979), Seed and Idriss (1982) proposed criteria for assessing the
susceptibility of finegrained soils to liquefaction, commonly referred to as the
A Chi ne s e These critegararea dunctiarf percent clay (less than 15% by
weight of particles < 0.005 mm), liquid limit (LL < 35%), amdth an insitu water
content greater than 0.9 multiplied by the L&ubsequenstudieson the cyclic
response of fingrained soils following more recertirthquakes(e.g., Seed et al.,
2003;Bray et al., 2004a, b; Bray and Sancio, 20@icated that the percentage of
clay was less important than was the plasticity index (PI) of theAlsib, they found
that the ratio wc/LL wagnore important than was the LL alone in assessing the
liquefaction susceptibility of finegrainedsoils.Furthermore, the characteristics of the
s oicycliicbehavior and wh e tdremgth ahdcempressibility@vere more
aligned with clay than sand were identified as bemgortant in evaluating the
potertial for ground failure of fineggrained soil deposits duringarthquakes
(Boulanger and Idriss, 2006pn the other handn the absence of more detailed
laboratory or irsitu data, Pl alone of the firgrained soil was judged by Boulanger
and Idris§2006 2008) to be auitable proxy for determining whether the soil behaved
as flcilkaeyo -bir k @sand

In the latter circumstanc#)e assessment of liquefaction potential over largesarea
implies the realization ofgeological and geotechnical mosl@imedat identifying
source layers for liquefactioand the definition of zones having homogeneous
stratigraphyto evaluate the local site effects omgnd motion A geotechnical model
must be definedbased ontopography (DEM, DTM), monitoring activities
(piezometers, wells), isitu geotechnicale(g, Boreholes, &andard Penetration Tests
A BTo, Cone Penetration TesCPT0) and geophysical investigationSpectral
Anal ysis of SASWH, Maltehanva Aralgsis Bf Surface Waves
AMASWO, Crosshole, Davn-Hole, Microt r e mor s é) and Ldokdngor at or vy
at the municipality level, ven an adequate number differentin-situ tests exists,
expeditious quantitative criteria évaluate théiquefaction susceptibilitpased on the
definition of the thickress and depth of saturated, sandy lgyeisch are assessed as
potentially liquefiable can be applied. One of them has been proposed by the
University of Ferrara (2014and the Group for theeismic microzonation of S.
Agostino (FE)whichdeveloped a ntex of liquefaction susceptibility levels based on
the size and position of the potentially liquefiable layer which can be evaluated from
boreholegand CPT9, which resultingsusceptibilitylevels are summarized iFfeble
3-2.
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Table3-2Punctual | evel of | i qulnivessitytofiFerrara,20l4)cept i bi | it
Crust Thickness (m) Thickness of liquefiable Susceptibility level
layer (m)
<5 >0.4 L1
5-10 >1 L2
1015 >2 L3
15-20 02 L4
O 20 0 N

Although CPTs cannot provide accurate predictions of soil type based on physical
characteristics, such as, grain size distribytibiey provide a measuref the soil
mechanicaproperties (strength, stiffness, compressibilitmong thewide range of
applicatiors of CPT profiles Robertsorand Wride(1998) propose a criterionthat
combines the measured tip resistance and sleeve fridbdhe insitu tensional state,
providing a repeatable index of the aggregsad behaviour. Hencdhe pediction of

soil type based on CPT is referred to as Soil Behaviour Type (SBT), obtained through
the index Ic defined by Robertson (199Dhe main steps of the iteratipeocedure to
evaluate the Soil Behaviour Type index from a CPT prafiessumnarized in Figure

3-3.

According to the classification proposed by Robertson and show€abie 3-3,
soils susceptible to liquefaction belong to clagses 6, i.e, having an Ic greater than
1.31. Additonally, Robertson and Wride (1998yoposea defaultcut-off of the soll
behaviour type index (lc@qual to2.60, which epresents thapproximate boundary
between soil behaviour types 4 andBgyondthis value, thesoil can be assumed as
nontliquefiable (i.e., not susceptible to liquefactionpeing both fine-grainedand
plastic Althoughthis cutoff criterionis generaly acceptedit is also acknowledged
that soilswith Ic > 2.6may undergo liquefaction under certain circumstances (Lai et
al., 2020).

Robertson and Wride (1998) define a procedure to obtain the Ic profile relating the
tip resistance and the sleeve frictimnthe insitu tensional state. Accounting for the
groundwater level, the ndiquefiable crust thicknesand the cumulative thicknges
of the potentially liquefiable layers can be evaluated exclusively depending on the
lithology (Figure 3-3). In both the cases,the nonliquefiable crust thicknesss
evaluatedccording to Ishihara (1985)e, it is assumed el to the depth of the first
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liquefiable sandy layer (if there is a surficial cohesive soil) or equal to ground water
depth if it is located within the sand depaosits

gc: tp resitsance, f5: local friction
ovl, o', in-situ vertical total and effecctive stress
Units: all in kPa

Inital exponent: n = 1 and calculate Q, F and Ic
IfIc<1.64,n=0.5
If 1.64< Ic < 3.30, n = (Ic-1.64)0.3+0.5
If Ic2330,n=1
Iterate until the change inn, An < 0.01
If ovi)’ > 300 kPa, let n = Ifor all soils

A v
100+ 5,
CN=(0 ,)
vo
v
_ (‘Ic—ﬂvo)* _ [s
Q=" N F= o * 100

Ic = \/(3.47 —logQ)? + (1.22 + log F)?

Figure 3-3 Schematic floshart to evaluate the Soil BehauioType index (Robertson, 1998)

Accounting also for the groundwater level, the ttiguefiable crust thickness and
the cumulative thickness of the potentially liquefiable layers @€the summation of
all the layers belonging to Robertson SBT class 5 and 6) can be evaluated exclusively
depending on the litholog®n the other hand, one of the major disadvantagé®sét
"gualitative" criteria is that they do not accodat the soi &stsength i.e., of their
liquefactionresistancesince they do not consider several of the involetdrs (grain
sizes distributiorand fine contentsoil relative density Dithe efiect ofsoil aging.).
In this sense, they only represent a prelanynrough indication ofiquefaction
susceptibility in terms afumulative thickness of potentially liquefiable lager

A new semiautomated procedure tierivean equivalent three strataonelfrom a
CPTu profileis proposed by Millen et al. (2020) afteiseries of studies that analyze
the performance of different parameters used to define the strength of a potentially
liquefiable layer. The criterion introduced by Millen et al. (2020) dmabfly
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summarized irFigure 3-5 schematizes a real subsoil profile to an equivalent three
layers model, the Equivalent Soil Profile ESP, identified by a thickness of crust and
liquefiable layer and a mean Cycliesistance Ratio.

1000

1 1 I111H

1

Increasing
sensitivity

1 L1 1 11111l
0.1 1 10

NORMALIZED FRICTION RATIO, Fr

NORMALIZED CONE RESISTANCE, Qtn

Figure 3-4 Normalized CPT Soil Behavior Type (SBTrarthQti F; (Robertson, 1990)

Table3-3 Soil behaviour type index ranges and inferred soil types (Robertson & Wride 1998).

Zone Soil Behaviour Type Ic

1 Sensitive, fine grained N/A

2 Organic soilsi clay > 3.6

3 Claysi silty clay to clay 2.957 3.6
4 Silt mixtures clayey silt to silty clay 2.6071 2.95
5 Sand mixture$ silty sand to sandy sil 2.051 2.6
6 Sandg clean sand to silty sand 1.317 2.05
7 Gravelly sand to dense sand <1.31

8 Very stiff sand to elyey sand N/A

9 Very stiff, fine grained N/A

The assimilation criterion, described kgure 3-5, defines 22 equivalent soil
classes, findinghe bestcombination of H_crust, H_licand CRR that give the lowest
value of thenormed erroishowed in Equatio.1. Suchparametemwill be usedin
future analyses to discriminate the profiles that can or cannot schedhaiih three
layers models
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BOYYy 6YY YO
6'Y'Y J0

Eq.3.1

Where CRRac,jand CRRed,iare thereal value of CRR at each dept and the CRR
fitted to the potentially ligefiable layer by the automated procedigtal is the total
depth of the subsoil profij@ n d  dh calciation step. CRRuniqis fixed equal to
0.6.The normed errorHgn.3.1) is sensitive to the choice of CRigit value sefor
the nonliquefiable soiland the maximum depth of the profile.&duthors set thERR
limit equal to 0.6taking thecommonvalue suggesteith simplified procedures (e.g.
Youd et al., 2001; Boahger and Idriss, 2014hligher values imply that soil layers
with higher CRR would generate some error during fitting (Gerace, 2018). The
maximum depth was taken as 20 engt since the surficial consequences of
liquefaction below such depths arensideednegligible (Maurer et al., 2015).

The authors pointed out thagt fitting of soil profiles with a three layers ESP model
that gives errors lower than 0.05censidered asptimal if the error is contained in
the range 0.08.15 the fitting isconsderedacceptablgif the erroris larger than 0.15
the fitting with the three layers model is not applicabled engineering judgment is
required.

a) Compute the b) Try all possible

Cyclic resistance three-layer profiles.
ratio (CRR) and cap

the maximum at

0'6‘ Z(ﬂ.ﬂm:ﬂ:m]—”:[”m[[m_”'
06 CRR 0.6 CRR

:’ d) Classify the Equivalent Soil Profile
R accounting for the size, position and the
resistance of the potentially liquefiable layer.

c) Select the profile with the minimum error.

stant

Resista
CRR,,; | Weak | Mid. -

0.0 0.15 025 0.45

Hiq
7m

0.5m 3m

D, a Shallow|  Mid-depth Deep

Oom 2m 7m

Figure 3-5 Scheme of the procedure to implement the -Gf&Rl method anéquivalentsoil profile
classification criteria
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3.4 Triggering Analysis

The exstence of a liquefaction susceptibility does not automatically mean that
liquefaction will occur during a future ghquake scenaridlherefore liquefaction
triggering analysis relating 4situ soil density and cyclic shear stress induced by
ground shalkig is requiredo verify suchanopportunity The most populamethod to
evaluate theiuefaction triggeringmplies the calculation of a liquefaction safety
factor (FSL), obtained by dividing the cyclic stress ratsdy producing liquefaction
(CRR) with the one induced by the earthquake (CIR)lowing this approach,
liquefaction is triggered at a given deptlirf is found less than 1.

oYa —— Eq. 32

3.4.1Cyclic Stress Ratio

A simplified mehod to estimate the CSR profile was developed by Seed and Idriss
(1971) based on the maximum ground surfaoeeleration (g at the site.

5YY . & @b W , KoiU Ji Eq. 33
(0} 0 I A
8 = C AOTU ‘

Where:

Ovo, Gve® = vertical total and effective stress at depthha,/g = maximum horizontal
acceleration (as a fraction of gravity) at the grosndace, andl is the shear stress
reduction factor that accounts for the dynamic response of the soil profile.

The cyclic stess ratio required to initiate liquefaction (i.e., the liquefaction
resistance, CRR) decreases vaithincreasing number of loadiruycles therefore, the
seismic loading must be associated with a number of loading cycles. Earthquake
magnitude is used ageoxy for the number of loading cycles because the duration of
shaking and the associated number adding cycles correlate with earthquake
magnitude. The CSR is adjusted using a magnitude scaling factor (MSF) to compute
an equivalent CSR for a referende= 7.5.
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8YYg & 6°YY &z

Q ., U ﬂ ) 0 YO Eq. 34

The magnitude scaling factor (MSF) accounts for duration effects (i.e., number and
relative amplitudes of loadingycles) oniquefactiontriggering. Several formulations
(Andrus and Stokoe, 1997; Idriss and Boulanger, 2008) have been mrapesaluate
the Magnitude Scaling Factor, after the first developed by Seed and Idriss €E382),
Figure3-6.

For instance, the MSF for sands usedbwlanger and Idriss (2014) was developed
by Idriss (1999), \wo derived the following relationship:

5
0 "Y'0 @A @B~ T8rL Y pdy Eq. 35

The depthdependent shear stress reduction coefficient, accounts for the
nonrigid response of the soil deposit (characterized in the small strain regime by the
shar wave velocityiivso profile at the si) and for the characteristics of the
earthquake waves traveling through the soil. Seed and Idriss (1#@¥dllyi proposed
a relationship betweenq and depth developed from a limited number of dynamic
responsemalyses for a range of generic site dtinds. Using additional site response
analyses, Idriss (1999) modified the Seed and Idriss (1Bd *glationship,also
introducing the magnitude. The Idriss (1999) relationship is used to develop the
triggering elationships of Idriss & Boulanger (2008nd Boulanger & Idriss (2014)

Stress reduction coefficient, ry
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| S ] [ B A o T i {1 o i
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Figure 3-6: a) Magnitude scaling factor (MSF) relationshjgs) Shear stress reduction factor, rd,
relationships (Boulanger and Idris2014).
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After parametric site responsealyses, Idriss (1999) concluded that the shear stress
redudion coefficient,i o can be calculated using two functions of the depth, z, within
the soil profile, namelyz) andb(z), and the earthquake magnitude, M.

i Agpa 14D

Eq. 36
. . -0
| p&pcp&c@EWO v oo Eq. 37a
, G a
ra mnenppd@ P& VP T G Eq. 37b

The 0.65 factor found i&qn. 3.4was originally proposetb relate the number of
loading cycles from an irregular earthquake loading to the number of loading cycles
from uniform cyclic loading. Although this valus somewht arbitrary and was
unnecessary once MSFs were introduced, 0.65 is still the standard due to historical
precedentCSR evaluation requires estimates of PGA,, Ehdi o since the required
PGA is at the ground surface, it must account for tfects ofthe nearsurface soil
conditions ortheground shaking.

3.4.2Cyclic Resistance Ratio

Empirical procedures were proposed to evaluate the CRR based on geotechnical
and geophysical Hsitu tests (CPT, SRTand Vs profile). Among these, Robertson
(1998), Idriss ad Boulanger (2008) Boulanger and Idriss (2010; 2014) provide
empirical formulations of the Cyclic Resistance Ratio based on the survey of
liquefaction and the results of the most commosiia tess (CPT and SPT), while
Andrus and Stokoe (2000) and Kayetnal. (2013) propose methods to evaluate the
CRR from Vs profiles.

In general terms, thatculation of the CRR requires geotechnical and geophysical
in-situ teststhemeasurement of the profilé 8PT blow count, CPT tip resistance and
sleeve friction\Vs profiles) as a function of depth and at multiple locations across the
site. Then, correction factors are applied; for instance, to the measured SPT blow
count, a first correction factor is reqeit to define a stresand energycorrected SPT
resistancé€N1)eo based on the test setup. Furthermore, SPT blow counts recorded in
hollow stem auger borings below the water table are particularly susceptible to error
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due to soil disturbanc&heymay resit in abnormally low blow count values. The
SPT provides masurements at widely spaced intervals (often 1.5 m, but never less
than the length of the split spoon sampler, 0.45 m), ilngpithe ability to use SPT
measurements to identify thinner layers daded variations within a soil profile. On

the contrary,the CPT provides continuous measurements aleitg a profile,
representing anighty mean to characterize thinner layers and detailed variations
within strata. Porgoressure data from piezocone ptation testing (CPTu) can
provide additional informatignboth qualitative (e.g., whethémne soil is dilatant or

not) and quantitative (e.g., the steadgte porewater pressur&epending on the
measuremenmethod Vs may be used to identify thin lageand variations within
strata, even if it has not thetde and the resolution of the CPT rigorous soil type
characterization is required to perform liquefaction triggering analyses. Rigorously,
since CPT and Vs methods do not provide a direct measusoil type, additional
boring and sampling or sampljrusing a special sampler adapted for use with CPT
rigs are needed to determine soil type directly. When using liquefaction triggering
methods that require Vs values to calculate the earthgundkeed CSR from site
response analysis (e.g., Andrus and 8&KR000; Cetin and Seed, 2004), Vs should
be measured directly and not estimated by correlations with the SPT or the CPT. A
comprehensive site investigation for liquefaction triggering could irchaidl three
characterization techniques: borings with SBampling (with hammer energy
measuremends a stricter requirement thaheuse of the automatic hammer) to obtain
blow counts and soil type; CPT soundings to obtain detailed profiles of in situ
resigance and Vs profiles to accurately assess the earthguakeed CSR and to
provide additional insights into the CRR.

One of the most popular CH¥ased procedusdo evaluate the Factor of Safety
against liquefaction at each depth of a soil profile ésBloulanger and Idriss (2014),
summarized irFigure3-7.

BoulangerandIdriss (2014 )calculate the Cyclic Resistance Ratio (CRR) from the
measured CPT tip resistance, e CPT sleeve friction, fs, and the effective vertical
s t r eysirsthe sdil.@hese are used to estimate an overburden correction factor, CN,
and correct the tip resistance to account for the overburden streS$ieoormalized
overburdenstress, g, is ga divided by the atmospheric pressure ({00 kPa).
During the iteration (usually about 3 cycles); tgcalways based on the measured tip
resistance, gc, while CN is based on the iteratively updated valueiforAgsecond
correctionis made fo the fines content, FGllowing to evaluate an equivalent clean
sand normalized tip resistanceigs With the assumed flat ground or uniform
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surcharge for the regionatale analysis, the correction for the effects of an initial
static sheastress rat 0 i s ToKHaracterize the soil behawvidype (SBT) and to
evaluate the percentage of fines cont&@@, the empirical correlations defined by
Robertson (2015) are used.

Gey = Cy * Ge

Gerv = Gea/Pa
) Pa_ _ Amax Ty 1 1
Cy = (a—,y) =17 CSR = 0.65 = (T) * (U'u) *rd * (M—SF) * (K—G)

m = 1.338 — 0.249 * (g x)025*
Pa = atmospheric pressure having same units as qc

In(rd) = a + M
Fine Content evaluation (FC F4
Fc =80+ (Ic + Crc) —(13)7 a=-1.012 - 1.126sen(7—7
Where: Ic is evaluated according to Robertson, 1998
Cpc =—0.29,0,+0.29 B =0.106 — 0.118sen(
(where CFC is a fitting parameter that can be adjusted based on site-
specific data when available)

+5.133)

z
11.28

+5.142)

2 Ko=1 —caln(ﬁ)gl.l
Gein 1.63 9.7 15.7 pa
14.6)””( 3 Fevz \Fevz)) a

(gean)es = gan + Ay

Agoan = (11.9+ )
0= e < 03
37.3 — 8.27 * qcLN2®

M
MSF = 6.9 exp (— T) —0.058

Qeives | [eives)? Qeives)? Qeines\?
CRR = exp(=ri3 +(1ooo)7(|4o)+(137)723) )
Idriss and Boulanger (2008)

CRR

FSL =5

Figure 3-7: Flowchart of theBoulanger & Idriss (2014) CP'based procedure.

Additionally, Boulanger and Idriss (2014) propose a S$R%ed procedure to
evaluate the CRR starting from the number of blowsyNfbrmalized withrespect to
the atmospheric pressure Pa and increased tmactor the fine conter{fFigure3-8).

0 # . O# Yo# " O# 20# 30. 3 0 Eqg. 38

where CN is the correction factor to adjust the blow count to reference stress of one
atmosphere; CE is a correction factor for the kinetic energy of the hammer (i.e.
hammer weight andeight of fall); CBis a correction factor for the borehole diameter;
CR is a rod length correction factor; CS is a correction factor for the configuration of
the SPT sampler; N is the recorded blow count;iNl)eois the correction factor for

the finescontent. In this cse,thesoil behavior type index IRobertson, 2015)an be
evaluated with numerous empirical correlations betwesesitintests and geotechnical
parameters.
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(N1)so= Cy * No Tmax Ty 1 1
‘- (:_‘ajm 17 CSR = 0.65 = (T) * (U_v) xrd * (M—SF) * (&)
m = 0784 — 0.0768 = VIV Deoes
Fine Content evaluation (FC) in(rd) = a+ gM
Fe =80 « (Ic + Cp¢) — 137 a=—1.012 — 1.1265en(—— + 5.133)
Cre = —0.29,0,+0.29 11.73

CFCis a fitting parameter, while Ic is evaluated according to Mayne (2006) 4
2 i =U.1U6*0,11356n(ﬁ+ 5.142)

Ie = —0.7174 + In[—2
== "3BTz

) + 6.3211

o
Ko=1-Col —”) < 1.1
Vs = 100.59 * Nﬁﬁ?z o ln (I’ﬂ

bo =S vy = 03
Modified after Palmer and Stuart (1957) 18.9 — 2.55 * (N ) g
2

_ 9.7 15.7 M
A(N1)eo = exp| 1.63 + =0 = | Frro 01 MSF = 69exp (_T) - 0.058
(N1deocs= (N1)eo+A(N 160 Idriss and Boulanger (2008)

Voeoes | ((Nidsoes\ [ (NVidsaes\* . [ Widgocs)*
_ cs es | _ s es | _
CRR = exp(347 +( 126 ) ( 23.6 ) +( 25.4 ) 2.8
| FSL CRR
CSR

Figure 3-8: Flowchart of the Boulanger &driss (2014) SPPbased procedure for liquefaction
triggering analysis.

Measuring shear wave velocity (Vs) is another test used to characterize soils in situ.
Vs refers to the speed at which a shear wave (one type of wave generated by an
eathquake) propgates through the ground. The speed of wave propagation depends
on the density of the soll, the directions of wave propagation and particle motion, and
the effective stresses in those two directions. Vs, by convention, refers to the shear
wawve speed at vgrsmall amplitudes. Vs is related to the shear modulus of the soil at
small strain, Gax and the mass density of the spjlby the equation:

oI — Eq. 39

Where} is equal to the total unit weight of the soil divided by the acceleration of
gravity.

Vs measurements are economical and-inwasive since they do not need to
penetrate the ground surface taka the measurement. The latter capability can be
beneficial f soil profiles contain inclusions (i.e., gravel or cobble inclusions) that can
make testing difficult or even prohibit SPTs and CPTs. There are many Vs
measurement techniques, including doweholeasurements (ASTM International,
2014a), croskiole measuments (ASTM International, 2014b), suspension logging
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(Nigbor and Imai, 1994), and nonvasive methods (Stokoe and Santamarina, 2000).
Because noinvasive Vs tests do not provide soil sampsesne drilling and sampling
may still be required as part osabsurface investigation.

Andrus and Stokoe (2000proposean alternative method for calculating CRR using
shearwave velocityfivVso , which requires -totreetedcslzeblrc ul
wave velocityw and the evaluation of soil aging effect.

0.25
Vsi = Vs (E
; 7 sR =065 « [ o () pa s [ ) ()
= 0. | —— x| — |*rd *| —— | * (—
Vey g ay, MSF] ‘Ko
Vstesar = 7
rd =1 — 0.00765z if z<92m
Pa = atmospheric pressure (kPa); o'v effective vertical stress (kPa).
rd = 1.174 —0.0267z if z=92m

. . . Liao and Whitman (1986)
kalis the correction factor accounting for the age of the deposit

1

Time (years) Soil aging factor ( Kal) Ko =1-Coln ([L') =11 Co=———— <03
1 1.09 P 189—-3.1~ (%)
10 101 256
100 0.94 MSF = (MW>
1000 0.88 75
10000 0.83 Andrus and Stokoe (1997)
100000 0.78

1

2

VSlrSal)
CRR=0022+ (350 ) 428s(——— — —
( 100 VS] _VSL(.WI VSl

FSL =1.4%
Vs, is the limiting upper value of Vg (441 for eyclic liquefaction occurrence, CSR
which varies between 200-215 m/s depending on the fines content of the soil.

Juang et al. (2005)

Figure 3-9 Flowchart of the Andrus & Stokoe (2000) procedure for liquefaction triggering evaluz

Regardinghe Factor of Safetyluang et al. (2005) found tithe traditional FSL is
conservative for calculating CRR, resulting in lower factors of safety and over
prediction of liquefaction occurrence. Taccount for this, they introduce a
multiplication factor of 1.4 to obtaia more realistiestimate okafetyfactor.

Recently, &ier an 11years period of Vs site data collection and the development of
probabilistic correlations for seismic liquefactioecurrence, new correlations for
probabilistic/deterministic assessment of liquefaction micie from shear wave
velocity were proposed by Kayen et al. (2013xta coming from 301 liquefaction
field case histories in China, Taiwan, Japan, Greand theUnited States were
merged to previously published case histories to build a global catadbg22 case
histories of Vs liquefaction performance. Then, after Bayesian regression and
structural reliability methodsa probabilistic treatment of the Vs claigue for
performancebased engineering applications was developed.
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3.4.3 Deterministic vs Probahblistic Assessment of
Liquefaction Triggering

The most used relationships to evaluate the factor of safety (Robertson, 1998; Idriss
& Boulanger, 2008; Boulanger &diiss, 2014)are derived deterministically as
medians of case history databases. As suely, dhe affected by uncertainties arising
from the definition of CSR (model uncertainty on the triggering relationship) and the
quality and interpretation of invegttion (measurement or parameter uncertainty)
(Toprak et al., 1999; Cetin et al., 2004). Ajsing a database of 230 cases, Idriss &
Boulanger (2010) derive the following relation estimgthe conditional probability
of liquefaction for known values of$SRM=7.5,0'y=1atm andhe standard penetration
resistance corrected for the presence of faodl N1,60,cs:

0 0 B Y'Y g
o U 0 0 0
=y pB pPco G @ ca

L S 1
u U

X G YY g5 X Eg. 310

The authors find that a standard deviatsmg) equal to 0.13 correctly represents
variability.

An dternative to thestressbased approacheghu etal. (2015, 2017) provide
empirical functions tgredict liquefaction probabilitat a different scaleThe use of
readily accessible predictor variables (suchVago) led its success among the
insurance sector that takes advantage fronapipdicability to rapid response and loss
estimation over large areasdditionally, advantage of the Zhu et al. (2&) model
include the use of simple variables that do not require engineering judgment (except
the selection of ground moti®@hakeMaps or GMPES) and thessibility to relate the
outcome with the annual insurance rate that a landlord is supposed to invest

For a given set of predictor variables, the probability of liquefaction is given by the
function:

Eq. 311

UO(Qr]p o)

whereX is alinear function of the predictor variables accounting for the geology
and the expected seismicity of an area.
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The Zhu et al. (2015, 2017) geospatial liquefaction model (Glavhased on
globally availablegeospatial explanatory variables that are proXwms density,
saturationand dynamic loadingn particular, he Zhu et al. (2015was developed
afterlogistic regression of data considerifogir earthquakes from New Zealand and
Japan in whichiquefaction observations were spatially complete acrods esggon
In Zhu et al. (2017), thmodelwas updated bincluding 23 earthquakes from China,
Taiwan,Japanand the United States

3.5 Permanent Ground Deformation

Once the Factor of Safepgainst liquefactiomas been calculated at each depth,
the effectsof liquefactionat ground levelfree field) are normally predicted (e.g.
NZGS, 2016; DPC, 2017yith indicators of severity that empirically synthesize the
paramount factors dictating liquefaction in free field conditioAkhough with
differences amongach other, all ofhtem are computed as integral over fixed depths
of a function of the safety ¢#or f1(FS.) weighted with a function of depth from the
ground level w(z)Eqgn. 3.12:

‘00 00&®  "QOY 20 aQa Eq. 312

Table 3-4 reportsa list of the most common indexesamely thelLiquefaction
Potential Indexi L P (lwasaki et al., 1978); Ishihaiaspired Liquefaction Potential
Index i L RO (Maurer et al., 2015); re-dimensional volumetric remsolidation
settlemenfiww (Zhang et al., 2002).ateral Displacement Index L D (Zbang et.
Al.,2004)Li quef act i on IS®& NeamrBallkegooyNtam20edpespite
simplicity that makes these indicators appealing for an extensive assesragnt
suffer the implicit limitation of quantifying the subsoil response with a sum of
contributions from allpotentially liquefiablelayers (FSL<1) located at different
deg h s, i gnoring in this way any possible n
between susceptible layers located at different depths (Cubrinovski, 2017)
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Table3-4: Severity liquefaction indicators pposed in the literature

INDEX REFERENCE f1(FSL) w(z) z
. p &3, E&3,p . & T
LPI Iwasaki, 1978 - E&E | p P T Ch

p OYD QQ "OYD p, X OYD o
eI O Q Cd o o O

0 & | & cu

LPlish Maurer, 205

C OYD A GE )
a Oy 2 ¢® g "OYD P

P » Tt

Wv Zhang et al.2002 - - "O'Yp @ - 6 1 Agqio
PN 4 Q) T
LDI Zhang et al., 2004 r r O"Yq @b o ca
LSN van Ballegooy, L O pTTT d)‘*’ ”u

2014 a o S

3.5.1Liquefaction Potential Index (lwasaki et al., 1978)

The lwasaki et al. (1978)Liquefaction Potential Index LPI is the summation of
liquefaction severity in each soil layavhich in turn is a function of the Factor of
Safety (FSL), weighted by a depth factor that decreases linearly from 10 to O over the
top 20 m. The LPI value issbween 0 (representing no liquefaction expected) and 100
(representing extreme liquefactiorifeets expected to the ground surface). By
weighting soils to have an increasing influence on LPI as depth decreases, this
parameter can represent the beneficiBdots of an increasing nediguefied surface
layer thickness, or crust.

The authordefinedthe Liquefaction Potential Index (LPI) of a 20 m deep soil
profile as:

000 04 D GQad Eq. 313

where:
LG pm T
. p &3 E&3 p
U o ESB p
zis the depth below the ground sacg in metres;
FS (z) = the Factor of Safety against Liquefactadrine depth z
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3.5.2LPI Ishihara inspired (Maurer, 2015)

After Ishihara(1985)experiencewho recognized thenportant role of the upper
nonl i quefi abl e C ryu is tnotigating trei sulKionak Bgeefactiohl
manifestations Maurer et al. (2015) derived a new indax assess liquefactien
induced ground manifestatiartee Ishihara insped LPI, LPIsH, developed as a result
of the rebuilding efforts in Christchurcirhe modifications pposed to the LPI
framework trybetterto capture the trends in the Ishihara boundary curves, to include
the influence of the thickness of therAmuefied crust (i.e., ij on the surficial
liguefaction manifestationddaurer et al. (2015) defined LRIas:

00O ooy CT(qu Eq. 314
Where:
o~ p OY QQ OY p QX OY o
o'oY né ®Di w0l Q
0]
ad oY AgBb =
¢® @pp OY P
Where:

Hi is defined the samesdt; in the Ishihara (1985) procedure;
z is the depth to the layer of interest in meters below the ground surface
FS is the factor of safety against liquefact@ina given depttz,.

As compared to the lwasaki et al. (1978) LPI procedbsd,Plisy incorporates the
concept of a limiting cap thickness and utilizes a pelaer, rather than linear, depth
weighting functionLPIisy weighs the contribution of liquefaction triggering towards
producing surficial manifestation more for depths between 03amgand less for
depths between 3 and 17 ihcan be shown that LRK = 100 for a profile with F$
0 over the entire 20 m, and with groundwater at a depth of OBEcause of the power
law form of the depth weighting function, the authors recommeattdatninimum H,
of 0.4 m should be used in computing IsRl regardless of whether liquefiable soils
are present at shallower depths. The newskPlamework has beetested against
total of 60 liqguefaction case studies from the 1989 Loma Prieta (US394
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Northridge (USA), 1999 Kocaeli (Turkey), 1999 dbhi (Taiwan), 2010 Darfield
(New Zealand) and 201Christchurch (New Zealand) earthquaksisowing a better
performancean reducingfalsepositive predictions(casesvheremanifestationsvere
predictedbut not observed)

3.5.3Liquefaction-induced grounddisplacements

Liguefactioninduced ground settlements are essentially vertical deformations of
superficial soil layers caused by the densification and compaction of loose granular
soils following eathquake loadig. Several methods have been proposed to calculate
liquefactionrinduced ground deformations, including numerical and analytical
methods, laboratory modelling and testing, and ftektingbased methods. Semi
empirical approaches using datarh field tess are likely best suited to provide
simple, reliable, and direct methods to estimate liquefadtidaced ground
deformations for low to mediumsk projects and to provide preliminary estimates for
higher risk projects. The pektuefactionvolumetric stain can then be estimated
usingEqn. 3.15that corresporsito Figure3-10for a givenCPT sounding.

For sites with level ground, far from any free fgeay., riverbanks, seawalls), it is
reasonable to assume that little or neral displacement occurs after the earthquake,
such that the volumetric strain will be equal or close to the vertical strain. If the vertical
strain in each soil layer is intedgea with depth using the following equation:

0 - Ya Eq. 315

Where:

wy is the calculated liquefactieimduced ground settlement at the CPT location;

Ui is the postiquefaction volumetric strain for the soil sublayer i;

gz is the thickness of the sublayer i;

j is the number of soil sublayers the result should be an appropriate index of
potential liquefactiorinduced ground settlement at the CPT location due to the design
earthquake.

At each layer, the Factor of Safety ([F&nd the normalised tip resistance,gare
used to calculate the pasti quef acti on volumetric densif
strains are interpolated from the curves proposed by Zhang et al. (2002), except that
the CPT tip resistance is corrected tmowe the effect of overburden stress using the
iterative Idriss and Boulanger (2014) procedure.
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Figure 3-10 a) Relationship between palsti quef acti on vol umetri c
normalized CH tip resistance, gclkor different factor of safety; b) relationship between maxin
cyclic shear strain anfhctors of safetyor different relative densitiefZhang et al.2002;2004).

The Settlement indicator integrates the volumettie nsi fi cati on str
calculated using the Zhang et al. (2002) method, over the total depth of the CPT profile,
Z, using:

0 § - aQa Eq. 316
Where:
- U (2) is the volumetric densification strain at depth, z, based on Zhang et al.
(2002);

- Zisthe total depth of the CPT profile;
- zisthe depth in metres below tlgeound surface.

There are always volumetric densification stsawhen the excess pore pressure
rises during shaking, so strains are included for all factors of safety up.te E®
(i.e., including nonliquefied layers). Settlements calculated using this method for
deeper CPT profiles are typically greater thatilesments calculated for shallower
CPTprofiles. The calculated values are therefore not strictly comparable between CPT
profiles.

For sites where lateral displacement cannot be neglected.,( riverbanks,
seawalls),Zhang et al. (2004) propose a semiemspl approach to estimatie
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liquefaction-induced lateral displacemehy integrating the maximum cyclic shear
strains with depth (LDI) and amplifying it to account the geometrical effect.

000 i Eq. 317

Where

Z max [m] is the maximum depth below all tipotential liquefiable layers with a
calculated FS<2.0 (in any case minor than 23 m that is beyond the range of
liquefaction); omaxis the maximum cyclic shear strain, depending on Dr and FSL
(Figure3-10). Then, knowingtheground $ope (S) or/and free face height (H) and the
distance to a free face (lthe lateradisplacement (LD}s estimatedising either

00 Y@ DOO0Q I P Y o0& b Eq. 318
for gently sloping ground ithout a free face, or
) 8
00 <p06 DHO0Q it 00 1™ m Eq. 319

for level ground with a free faad Figure3-11.
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Figure 3-11 Measuredvs calculated lateal displacements for: a) gently sloping ground without a free
face; b) level ground with a free face; and c) gently sloping ground with a free face (Zhang et al.,

2004).
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The proposed approachnscommended within theanges of earthquak@operties
and gound conditionsnamely moment magnitude thfe earthquake betweéh4 and
9.2, peak surface acceleration between@alfil 0.6, and free face heights less than
18 m.

In otherwords, semiempiricalapproachesuse laboratory test results tefine a
limiting shear strain as a function of soil density and some measure of earthquake
loading integrate the limiting shear strain over the depth of the profile, and then
regress the result against case history data, usually as a function of sameaerof
slopegeometry.However, due to the simplicity and basis in actual lateral spreading
observations, practitioners mostly use empirical regression models to estimate lateral
spreadingnduced displacement®ne of the mogbopularwasinitially presented by
Bartlegt and Youd (1995andthen modified by Youd et al. (2002 heyrelated a
extensivedatabase of lateral spread case histories from Japan and the western United
Stateso manystatistically evaluated soil and earthquplgameterge.g.,SPT blow
counts N1)eo, thecumulative thickness of saturated laystspe geometryearthquake
moment magnitude and distance from the seismic sodtwe). With the same
principles used in babilistic seismic hazard analysgefined by the PEER
framework Franke and Kamer (2014)ntroduce a procedure to develop performance
based estimates of liquefactiomduced lateral spread displaceméntprovide an
update to design criteria and accotmthe significant level of uncertainty.

3.5.4Liquefaction Severity Number (LSN) (van Ballegooy et
al., 2014)

By combining the effect ofolumetric straingZhang et al., 2002) with a hyperbolic
weight function,lheL i quef act i on [SStbwasdevibpedidasseds the
performance of residential land in Canterbury in futuréhgaakesfter its validation
against the residential land damage obsemhadng the 2012011 Christchurch
Earthquake Sequendeor a given CPT profile, the LSN results frahe summation
of the postliquefaction volumetric reconsolidation strains castatl for each soil
layer divided by the depth to the midpoint of that layer

UVYUVUpTITITM TQQ Eqg. 320

being:
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U (2) is the volumetriadensification strain at depth, z, based on Zhang et al. (2002);
zis the depth in metres below the ground surface.
The value of LSN is theoretically between 0 (represgntmo liquefaction
vulnerability) to a very large number (representing extreme ligtiefavulnerability).
The hyperbolic depth weighting function (!
the groundwater table is very close to the ground suréack®il layers immediately
below the ground surface liquefy.
The general performancelafyers undergoing liquefaction with a description of the
effects from excess pore pressure and liquefaction is summarizegline 3-12.

EFFECTS FROM EXCESS
PERFORMANCE | PORE WATER PRESSURE | CHARACTERISTICS OF LIQUEFACTION CHARACTERISTIC
LEVEL AND LIQUEFACTION AND ITS CONSEQUENCES Fp, LPI

No significant excess pore water pressures FL>14
Insignificant (no liqguefaction). LPI=0
LSN <10
Limited excess pore water pressures; negligible FL>12
L1 Mild deformation of the ground and small settlements. LPI=0
LSN=5-15

Liguefaction occurs in layers of limited thickness

FL=10
small proportion of the deposit, say 10 percent
L2 Moderate Sthallprorort sk el LPI<5
or less) and lateral extent; ground deformation LSN10 - 25
results relatively small in differential settlements.
Liquefaction occurs in significant portion of the
deposit (say 30 percent to 50 percent) resulting in FL<1.0
L3 High transient lateral displacements, moderate differential LPI=5-15
movements, and settlement of the ground in the order LSN=15-35
of 100mm to 200mm.
Complete liquefaction develops in most of the deposit )
L4 Severe resulti?g in.large IaFeraI displacements of the ground, LLPI = ]'5
excessive differential settlements and total settlement
LSN > 30
of over 200mm.
Liguefaction resulting in lateral spreading (flow),
large permanent lateral ground displacements and/or
L5 Very severe gep g 2 4

significant ground distortion (lateral strains/stretch,
vertical offsets and angular distortion).

Figure 3-12 Geneal performance levels for liquefied deposits (NZGS, 2016).
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3.6 Settlement prediction

The main limitatiorof the previous empirical procedurisghat noneonsidesthe
influence of a building and seditructure interaction (SSI) on the extent of excess pore
pressure generation, the liquefactiwezard,and the esulting settlementsdowever,
this becomes verymportant near the built facilitiesn fact, for a givenhazard the
physical damagenduced by liquefaction ostructures and infrastructures depends on
their typology planimetric extension and capabilttyadsorb absolute and differential
movements. Tése aspects make thstimate ophysical impactorecomplex than
the assessment of liquefaction occurrence in the subsoil (Bird et al.,, 2006).
Uncertainties basically stem from the following reasons:

Couging of liquefaction and ground shaking

Identify damage mechanisms and defimedemand for liquiaction

Classify damage into levels

Categorize structure response into homogenous groups

The above concerns become even more relevant and problematiddorgsudue
to the larger variety of structural typologies and construction materials adopted
worldwide. The issue of combined ground shaking and liquefaction has been largely
debated. More often buildings that have undergone liquefaction do not exhibitigro
shaking damagejiving the ideahat a basesolationcould beinduced by the liquefied
soil on the building However, evidence of buildings damaged by both shaking and
liquefaction suggest thasevere ground shaking might take place before the
groundwvater pressure builds up. Bird et al. (2005) claim that the differential settlement
induced by ligefaction on framed buildings causes a drift of columnsddtil that
produced by shaking and thus structures previously affected by shaking are more
vulnerabé to liquefaction. Following this idea, these authors propose a cumulative
analytical methodologgonsidering permanent shaking deformation as a reduction of
the building capacity against liquefactiohe connection between the two
mechanisms is even maoegident for masonry structures.

Focusing solely on the effects of liquefaction, a list of poedibilding damages is
provided by van Ballegooy (2014pgether with the threshold movements defining
the level of damage. iberential settlement®r horizatal movementglictated by

62



Chapter 3 Prediction of liquefaction effects

inhomogeneous load distributionand stratigraphic conditions (e,g.inherent
variability of homogeneous subsoil apdundary between liquefied and rlquefied
soils) arerecognisedamong the rmast critical causes of damageRigid body
movements like uniform settlement, tilting and horizontal sliding may add,
increasingly decting aesthetic, serviceability and, ultimatelfhe stability of
buildings. The relative weight among mechanisms is mainly dictated by the stiffness
of the structural system with a paramount role of its foundation, whether made of
isolated footings, cdmuous beams or pads, pile reinforcemefiassification of
severity levels cumulative)yincluding shaking and liquefactiphas been proposed
by Bird et al (2006). They define four classes of damage, namely slight, moderate,
extensive and complete based on repairability of the building. However, as pointed out
by the same authors, general applicability of this criterionfectgfd by the strong
dependencyf the fixed limits on the type of structure, on the suitability of buildings
and foundation to sustain repair works, plus several other factors dictated by the local
practice. van Ballegooy et al2014) distinguishes damag according to the
deformation nechanisms activated on the building and the extent of settlement. A
more general classification of damage on buildings of different typology, not just
referred to liquefaction, is provided by Poulos et al. (2001) wherdiadiiisn is made
among the typef structure (framed, masonry, bridges) and level of damage. In all
cases, predicting the overall kinematics of buildings is not easy, moreover for large
scale assessment where geotechnical and structural information gedy lar
incomplete. Following a mbbdology adopted for the serviceability limit state
analysis of foundations under static loads (Grant e18¥4), differential settlements
guantified by the relative rotatismh b hav
the building.

Once the equivalence between absolute settlement and distortion is established, it
Is readily seen that the classificationtenia defined by van Ballegoast al. (2014
and Poulogt al. (2001)ead to similar limit values of settlemis.In both case@~igure
3-13), thedamage is triggered for absolute settlements in the ranrg@@m, being
severitydependent on the building type. Absolute setiints may thus be considered
as Engineering Demand Parameters for the estimate of daD®espite some popular
empirical procedures (e.g., Tokimatsu and Seed, 1987; Zhang et al. 2002, 2004) that
focus on thdreefield response of liquefied soils, centrife studies (e.gDobry and
Liu, 1994; Dashti et al., 2010b; Bertalot and Brennan, 2015) have highlighted that the
presence of loaded footings near the ground level significamftlyencesthe pore
pressuréouild-up and alters the mechanisms that gowkfiormation and settlements.
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In the following, three among the most recent mechanical based formulas to evaluate
the liquefaction induced absolute building settlements, namely the Karamitros et al.
(2013), Bay and Macedo (2017) and Bullock et al. (204&) briefly introduced.

a) b)
Type of structure Type of damage/concern Criterion Limiting value(s)
Type of Damage Minor | moderate | Major
Framed buildings and rein- Structural damage Angular distortion 1/150 — 1/250
Stretching forced load bearing walls Cracking in walls and partitions Angular distortion 1/500
(1/1000-1/1400) for end bays
» Oto 5to | eomm Visual appearance Tilt 1/300
- Smm | 30mm Connection to services Total settlement 50-75 mm (sands)
. 75— 135 mm (clays)
Hoes - Tall buildi Operation of lifts & elevators Tilt after lift installation 1/1200 -1/2000
e Structures with unreinforced Cracking by sagging Deflection ratio 1/2500 (L/H=1)
Oto 20t load bearing walls 1/1250 (L/H=5)
e © | S50mm Cracki . % . el
20mm | Somm cking by hogging Deflection ratio 1/5000 (L/H=1)
— 12500 (LIH = 5)
% Bridges — general Ride quality Total settlement 100 mm
Dishing Structural distress Total settlement 63 mm
Function Horizontal movement 38 mm
Oto | 20to | .o Bridges — multiple span Structural damage Angular distortion 1/250
_ 20mm | SOmm Bridges — single span Structural damage Angular distortion 1/200
Racking/Twisting .
0.1 ~——r 3
A oto | 0t | o - Grant, Christian & oo
0.01| Vanmarcke :
Tilting 3
%X XX X
oto [ 20t0 [ .o * X% &
20mm | S0mm x X x % §
Uem— g 0.001
Abrupt Differentiol Movement <
Oto 10to
el o Damaged -
4 -~ @ Damage
Giobal Settiement X No information available
oto | soto 0.00001 e ey
- 5omm | 100mm | >100m™ 1 10 100 1000 10000
Whmax (mm)

c)

Figure 3-13 Type and level of damage caused on buildings by liquefaction (van Ballegooy, 201
Classification of damage for different buildingpblogies (Poulos et al., 2001); ¢) empirical relatio
between maximum absolute settlement and angular distortiohddow and piled foundations
(Viggiani et al., 2012).

3.6.1Karamitros et al. (2013)

Based on the results ofie basieumericaland 18 parametrignalysegconsidering
different soil,excitation,and superstructure characteristjdsqramitos et al. (2013)
provide a simplified analytical formula for the computation of the seismic settlements
of strip and rectangle footings resting on liquefiable soil with a clay crust. Such
settlement is associatedtha 0 0 sbll iodcikndgd t y fdaduredhfroughthen c hi ng
clay crust and within the liquefied sand layer. The basic idea supporting their study is
that liquefactioAnduced settlements are correlated to the seismic excitation
characteristics and the pestaking degraded static factor of sgfeit the same time
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the effect of sheainduced dilation of the liquefied subsoil is alsonsideredThe
adopted model combines the bounding surface plasticity theory with a vanished elastic
region to predict alundamentahspects of the monotorémdthe cyclic responsand
liquefaction of sands.

The proposed expression for the dynamic settlemgini.e., the settlement during
shaking) is shown ifEgn. 3.2]1 beingc a foundation aspect ratio correctibuhere
¢ €0.003), aax the peak bedrock accedgion, T the representative period of the
motion, N the number of cycles of the excitatiom, the thick liquefiable sand layer,
B the structure width and ksgthe degraded static factor of safety of the foundation.

T e w L4 h
M (@) YO — O—— Eg. 3.21

© Geep phpWwO p fp dee
A 4. . DOAO

FSiegin EQn. 3.21can be calculated as the degraded bearing capaaifyg)(divided
by the bearing pressure (gkdn 3.22b). The foundation bearing capacity failure
mechanism is simulated by the Meyerhof and Hanna (1978) model for a crust on a
weak layer using the degraded friction angléElgn 3.2a) where  is the average
excess pore pressure ratio of the liquefiadd ad Uois the initial friction angleThe
superficial crust is beneficiahnd there is an upper bound beyond where failure occurs
entirely within the crust and does not get affected by the liquefiable layer.

. OWeEP 1 O0WE Eq. 3.2a

oY — Eq. 3.2b

Such methodology was evalied against results from many relevant centrifuge and
large-scale experiments, as well as against observations of the performance of shallow
foundations in theCity of Adapazari, during the 1999 Kocaeli Earthquake. Even if
good agreement was found amonuplgtical predictions and liquefactianduced
settlementsthe authors suggestspectingthe parameters of numerical analysis
future applications
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3.6.2Bray & Macedo (2017)

Moving from the ideathat a significant amount of settlements is inducedtlogy
distortional strains generated close to the foundation Bogy and Dashti (2014)
proposed to express the total settlememrtaras a sum of three contributiorshear
induced (w), volumeinduced (w) and ejectanduced (w):

Wmax = Ws +We + Wy Eq. 3.3

Based on twalimensional numerical analysd&ray and Macedo (201dgveloped
a probabilistic procedure for the settlement of structures due to tolwia
deformations.After performing a set of nonlinear dynamic SSI effective stress
analyses on 105 different modelsey suggeghatpractitionercompue the different
termsof Eq. 3.23as follows:

- integrate with depth the volumetric strain computehwthe procedure
suggested by Zhang et al. (2002) to compute wv;

- estimate the settheent due to sand ejectadwith an empirical function, built
from case histories, of liquefaction indicators like the Liquefaction Severity
Number LSN (van Ballegooy etl., 2014), the Liquefaction Potential Index
LPI defined by Iwasaki et al. (1978);

- compute the sheanduced settlemenisingthe following equationBray and

Macedo (2017)

a & B TH@MEH ™AL GHoOY Eq. 324
™ (D &0 WRQire T TT
WO mANTE £ -

where w is expressed in mm, Q is the unitary contact pressure on the foundation
(kPa), HL(m) the hickness of the liquefiable layer and B (m) the lower planimetric
dimension of the building footprint. CAY (g*s) is the cumulative absolute velocity
(Campbell & Baorgnia, 2011) and $& the spectral accelerationat T = 1.0 s (g). The
use of CAV for tle characterization of the seismic signal respondseooncept that
liquefaction is more dictated by the energy released by the earthquake rather than by
its peakintensity.

Relevancds assumed by the indeéx6 Y ——'Q gdcomputed integrating with
dept h the s h aa@hametfalg 2002 lielovothe fdlindation plane. It
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alsodictates the two coefficients c1 and c2, equal respectively.36 and 0.072 for
L BS G7.48 & 0.014 otherwise.

The term computed by Eqn..23) represent the median of the results of numerical
analyses. In fact, the authors suggest quantifying the uncertainty connected with the
use of a simplified formulation with a probabilistic normal funct@ving a variation
coefficientU = Oin tie naturklogarithmic units.

3.6.3Bullock et al. (2018)

In a recent study, Bullock et al. (201@esent a comprehensive predictive relation
for the settlement of shallofounded structures on liquefiable ground dgrin
earthquakes. The relation igrived interpolatig with a nonrlinear regression and
latent variable analysis the results of an extensive fully coupled-dmesnsional
numerical parametric study of sistructure systems, validated with centrifuge
experments and adjusted with casatiory observation® capture all mechanisms of
settlement below the foundation, including volumetric and deviatoric strains as well
as ejectaln particular, the studgonsidered 421 models, each subjected to 150 ground
motion records and he predicted itjuefactionrinduced settlement includes both
volumetric and deviatoric deformations beneath a structure on a mat foundéaigon.
initial predictive model was calibrated and adjusted with a case history database
consisting 060 cases of liquefactieimduced structural settiments from six different
earthquakes to correct the results for sedimentation and ejecta effects not effectively
captured by the numerical models.

The resulting probabilistic building settlement model mpovates the influence of
the sadl profile, the prasence and properties of the structure and the characteristics of
the ground motion, thus providing engineers with a comprehensive procedure for
predicting liquefactionnduced settlement of a medunded liilding. The formula is
written as:

~

113 £ AE £ Ol #!6 Eq.3.25

wherel 13 is the natural logarithm of the median predicted numerical foundation
settlement (mm) andsd fma and §: are functions that captureffects due to the
characterists of the soil profile, foundation and the structure, respectively.
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The first term is computed as:

Q0 B'OO; p -0 & OHa o Eq. 326
W Ohrh P&
"YiQ w wp Opr P® P& O PR
0 TWOf PR 0np
) n r pP&
"YiQ W O N 5 PP&E pp& N 5 pTA
® ¢ WO pTET N §

Qs OORAGE a GYO Tt

o

H-) is the Heaviside step function; U
H(-) equal to 1 for an argument of zero; FLPC is a flzaf is equal to 1 if a low
pemeability layer is present above the uppermost susceptible layegs;idNthe
corrected standard penetration test (SPT) blow count in"tHayer; qin: is the
correctednormalized cone penetration test (CPT) tip rasist in the ith layer; &l is

the thickness of thd"isusceptible layer; anddis the depth from the batin of the
foundation to theenterof the i, susceptible layer. The term related to the presence of
a low-permeability cap indicates that itsluénce is dependent on motionansity.

The second term is computed as:

Kol o 0% Eq. 327
M Q Qaa Qo N QoY d QIhd a GOyl
Q0 QA& Ooum 116 Q 016 QO

where q is the bearing pressure of the foundation (in kPa), B is the width of a
rectangular foundation (m); L=B is its unitless lengtkwidth ratia and D is the
depth from the surface to the bottom bé tfoundation (m). B is the depth to the
centre of the uppermost susceptible layer witladiess than 17.2 blows {qless han
140.2). The exponential decay term included 4rrefduces the influence of g for
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profiles where there are no loose suscelptl e | ayer s within the fo

influence. This decay term, determined to mazannodel performance with respect

to the numerical database, engages for layer depths greater than B (taken here as the

depth of influence), rather than 1.2 Bef Tokimatsu et al., 20) or 1.5B (per

Bousshnesqdés solwution), which were based on t

footing. Using a threshold of B rather than either of these values offered improved

model R2 and reduced bias for models with dagprs and multiple layers. This slight

difference may be the result of a highly Aorear and elastoplastic soil response

consideed in this numerical study, which contradicts simplifying assumptions used by

previous researchers in their formulationadthf oundati onés zone of
The form ad intensity threshold captured the effects of the foundation dimensions

well (as demastrated later in this paper). The orders of scaling (natural logarithm

squared for B and linear for L=B and)Dwvere deternmed by inspection to minimize

residuals.

The third term is:
M Q0 QAHUWD O "QaQEd Tp mip Eq. 328

where R is the effective height of the structure (mahd My is the inertial mass of
the structure (kg). The orders of the terms in thisaéiquo reflect the expectation that
the buildingds effect i vsratomaingeeahdviow vhichner t i a
in turn influences settlement. An upper and a lower bound are given to CAV are
included to allow the functional form to capture thends discussed in points (e), (f),
and (i) in the previous section describing trends imtlnaerical model.

3.6.4Discussion of settlement prediction methods

One main question arises on the Intensity Measure relevant for liquefaatard,;
to this regardkramerand Michell(2006) argue that because of the complexity of the
liquefaction process, an ideal ground motion parameter does notAdthisigh with
different hypothess, each of these analytical formulas agrees in defining the seismic
input throughcumulative intensy measuresiVhile traditional liquefaction triggering
analysis evaluate the CSR by combining peak ground acceleration and ma@ngude
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Seed and Idriss, 1971in recent studieKarimi and Dasht(2017) obseredthat the
evolutionarysettlements of stictures depend on intensity, duration and frequency
content of the ground motion and concluded that cumulative energy is more
appropriate to represent intensity measure, more than peak vanahigs are
commonly used in free field ligfection triggeringanalyses They propose the
cumulative absolute velocity (Campbell & Bozorgnia, 2044 n potential candidate

as also recently assumed by Bray & Macedo (2@1i#)e standardized form CAVdp
and Bullock et al. (2018).

Table 3-5 and Table 3-6 resume the most known peak and cumulagmergy
variables used as seismic Intensity Measutd®ut them,Luco and Cornell (2007)
formally defined the quality of an INbr predictinga DPin er ms of def fici el
Asufficiency. O An efficient I M resul ts i
predictions of theengineeringdemand paramete(i.e., smaller uncertainty in
probabilistic predictive mode)sA sufficientIM results in pojectionsof DP unbiased
on all earthquake source, path, and site parameters that affect fhertiver,Bullock
et al. (2019) highlight the importance of considering both predictive performance
(efficiency and sufficiency) and predicthly in IM selection when developing
probabilistic models applicable to future scenario analy&eslictability refers tohe
availability and efficiency of ground motion models (GMMSs) for predicting a given
IM. In this context, some IMs can be predictadthe availablesGMMs (e.g.,0 "0OH
0 O Xpothers require additional effort (e.gY,@v @andd 0 ¢3). A complete and more
exhaustive dissertation about them can be fourBlliock et al. (201%).

Table3-5 Definition of a subset of the princippeaktransient and duration relatehtensity

Measures
IM Definition Units
PGA - Peak Ground Acceleratior I A@dos g
PGV- Peak Ground Velocity i A@os cm/s
PGDi PeakGrourd I A@os cm
Displacement
EPVi Effective Peak Velocity Y'Y  p T
SA - Spectral Acceleration "YOYi g
TP - Predominant Period YI A QYO S
D595i1 Significant Duration 0 T8 U0 O T8t 0 S
lc T Characteristi Intensity w8 o 8 cmtbs25
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Table3-6 Definition of a subset of the principal ground motion Cumulative Measure

IM Definition Units
la - Arias Intensity (Arias 5o Qb cm/s
1970) cQ
CAV - Cumulative Absolute v cm/s

woNo
Velocity
CAV,dpi Standardized o L g-s
version of the Cumulative OV 00 ™8T L WoK0
Absolute Velocity (Campbel
and Bozorgnia, 2011)

. 8 . cm
SIT ResponsesSpectrum 0°Yé T8UEY FQTY
Intensity(Housner, 1959) 8

TN .

anax1 °N - (Karamitroset al., “ D OO m
2013)
Saavg - mean of the log o . . g-s
spectral accelerations at a s b I Yz "y
of periods of interest

¥ g
ams- Root Mean Square i WO Qo
Acceleration(Vanmarcke Py

and Lai, 1977)
WhereO YUY

Looking at the fundamental mechanisma driving the absolute settlements
Karamitros et al. (2013) regnize the shear deformation of the foundation soil, which
accumulates during shaking because of the inertia forces developing in the foundation
subsoil, following a Newmarkype slidng-block mechanism. Thisypotehsigliffers
from Tokimatsu and Seed (1BBand Ishihara and Yoshimine (199yperiences
which attributed their freéield settlements to posthaking excess pore pressure
dissipationcausing thedensificationof soil. Covering only deviatoric mechanisms,
Bray and Macedo (2017) suggest combjtine evaluated shearduced settlement to
the volumetric deformation term calculated with the Zhang et al. (2002) procedure.
However, van Ballegooy et al. (2014) observed that gi@ettlement associated with
sand ejecta accounted for nearly 90% ofitimel damage in residential neighborhoods
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resulting from the 2011 earthquake in Christchurch, New Zealand. This contribution
Is difficult to quantify with traditional indicator©n the contrary, Bullock et al. (2018)
perform acomprehensiveseries of 3D aalyses coveing both (volumetric and
deviatoric) deformation mechanismg-inally, theyaccountfor sedimentation and
ejecta contributiorffects by correlating with an extensive cagsories database.

Concerning the subsoil modellindgCaramitros et al.(2013) emphasize the
beneficial role of a notiquefiable soil crust in both reducing the seismic settlements
and increasing the paeshaking static bearing capacity.a practical pplication, Bray
and Macedo (2017) schematize the subsoil as a-thyeeprofile whose thickness of
theliquefiable layer (H) is estimated as the summation of the layers with safety factor
against liquefaction lesser than 1.0. This implies preliminary liquefaction triggering
analysis of available CRprofiles.Bullock et al. (2018 introduce a multiayer subsoil
modelling whid exacerbates the contributido the total settlement afhe top
susceptible liquefiable layer and the presence of gpemneability silt crust above it
which may increase settlement by slowing ddhadrainage and amplifying the pore
pressure, strengtloss and deformations in the sdbifferently from the previous
modeb, the Bullock et al. (2018)proceduredoes not require an initial liquefaction
triggering analysis (e.gYoud et al., 2001; Boutayer & Idriss, 2014%¥ince theextent
of soil softenig andthe likelihood of triggering below the foundatiare explicitly
accounted by introducing the structural inertial effects.

Another debated question concerns the role of structural inertial effdadfirst
existing empirical procedures evaluatesettlementsaccount for structures onbs a
surcharge load or only consider the foundation widtielation to the thickness of the
liquefiable layer (e.g. Liu &Dobry, 1997)like Karamitros et al. (@13) do. To
overcome this limitation, By & Macedo (P17)developed a probabilistic procedure
for the settlement of structur@edlowing practitioners to combinghe predictions of
this model with estimates of volumettigpe deformations and ejecta to pret the
total settlementof structures.After experimentsand case history/physical model
studies(Sancio et al., 2004; Karimi et al., 2QM8hich haveshown that the building
dynamic properties that controhertial interaction caninfluence pore pressar
generati on and,setttermat and partiecularly tiltipbtehtiaBudjotks
et al. (2018) explicitly introduced the role of buildingass,stiffness,and heightn
their formula.
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Table3-7 Main features of the above defined method faquefaction induced settlemeavaluation.

INDEX | REFERENCE IMs SUBSOIL BUILDING
MODELLING MODELLING
} dyn Karamitros et A 4. Threelayer Foundation bearing
al., 2013 o~ . . | model pressure.
LOOA O
Ws Bray and CAVgp, Sal.o Threelayer Building geometry,
Macedo, model depth and contact
2017 pressure on
foundation.
Sadj Bullock et CAV Multi-layer Building geometry,
al., 2018 model. inertial mass,
Accounts to the | foundation
presence of a | embedment depth,
Low/High foundation contact
permeability pressure.
cap.

3.7 Procedures and Software

In Hazus (FEMA, 1999), a procedure to estimate liquefaction hazard based on
geological data concerning the depositional environment and age of the subsoil is
proposed and aomplished with the following stepsFirstly, the geological
susceptibilityis evaliatedwith a qualitative rating based upon general depositional
environmentand geologic age of the deposit is given following Youd and Perkins
(1978) Estimate the probalify of liquefaction combining susceptibility of the soill,
amplitude and duratiorf ground shaking and depth of groundwater with the following
formula:

OAE@AOBﬁﬁ Eq. 3.2
+ O

Lo 0. .
0, ENOA £AAOGE

__I-n‘
-_Zl

where the conditional liquefaction probabilit9 , E N OA A£&A O EA id
expressed for the aboggven susceptibility categories based on the sib{gractice
empirical procedures, as well as the statistical modelling cériiy@rical liquefaction
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catalogue presented by Liao et al. (1986) fanagnitude7.5 earthquake and an
assumed groundwater dbpif five feet.Correction factors to accoumt for moment
magnitudes (M) and groundwater depfthg different than respectiwelr.5 and 5 feet,
are given byEquations 3.8 and 3.3L (Seed and Idriss, 1982; Seed et. 4885;
National Research Council9&5)and regresentedjraphically inFigure3-14:

0 Mg TEgHx TR O cBp Yy Eq. 330

' Eq. 3.3
V] T8¢ 1o

Where M and @ respectively are the earthquake moment magnitude and the
groundwater depth.

For a given subsoil category, liquefaction is unlikely to occur overnthele
portionof thegeologic map, and this should be considered in assessing the probability
of liquefacton at any given locatiorConsidering thahon-susceptible portionare
expectedo be smaller for highesusceptibilities a probability factor thagantifies the
proportion of a geologic map unit deemed susceptible to liquefaction (i.e., the
likelihood of susceptible conditions existing at any given location within the imit)

inserted For the varioususceptibility categories, default valuesgr@vided inFigure
3-14.
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LIQUEFACTION
SUSCEPTIBILITY

Prediction of liquefaction effects

/

P [Liquefactiong ]

P [Liquefactionsc]| PGA=a]

Bt

where:

Kn- Kw

P [Liquefactionsc| PGA = a] is the conditional liguefaction probability
for a given susceptibility category at a
specified level of Peak Ground Acceleration

Kw is the moment magnitude (M) correction factor

Kw is the ground water correction factor

Pwi proportion of map unit susceptible to liquefaction

P[LIPGA=a]

o
S
b

0.0
0 10

20

4 5 6

Depth to the Groundwater, dw (feet)

Earthquake Magnitude, M

40

d)

_ Very High

____High

__Moderate
Low

_ _ VeryLow

04 0.5 0.6

Peak Horizontal Ground Acceleration, PGA (g)

Susceptibility Category P [Liquefaction [PGA = a]
Very High 0<9.092-082<1.0
High 0<7.67a-092<1.0
Moderate 0<6.67a-1.0<1.0
Low 0<557a-1.18<1.0
Very Low 0<4.16a-1.08<1.0
None 0.0

c)

Mapped Relative Susceptibility | Proportion of Map Unit
Very High 0.25
High 0.20
Moderate 0.10
Low 0.05
Very Low 0.02
None 0.00

Figure 3-1471 a) Liquefactiongeological susceptibility Map (Youd & Perkins, 1978); b) Conditional

e)

liquefaction probability for a given susptibility class; c)Conditional liquefaction probability for a
given susceptibility category at a specified level of peak ground accelerdfigroundvater depth
and Moment Magnitude (Seed and Idriss, 1988)rection Factos for Liquefaction Probabity
Relationshig; e) Proportion of the map susceptible to liquefaction (Power et al., 1982).

75




Chapter 3 Prediction of liquefaction effects

The HAZUS procedure allows to estimate tla¢eral Speading Permanent Ground
Displacements with the following relationship (provided by Youd and Perke8&y)
with the groundnotion attenuation relationship developed by Sadigh et. al. (1986) as
presented in Joynand Boore (1988):

%' $ +yM0' $0' 10, A Eq.3.2

where%0 ' $0 ' 10 , A is the expected ground displacement for a given
susceptibility category under a specified level of normalized ground shaking
(PGA/PGA(t)), PGA(t) is the threshold ground acceleration nepedsainduce
liquefaction Figure3-15).

100

12x-12  for 1< PGA/PGA(H)<2 Susceptibility Category PGA(t)
80 18x-24  for 2< PGA/PGA(1)<3 Very High 0.09g
70x - 180 for 3< PGA/PGA(t)< 4 — »

High 0.12¢
Moderate 0.15g

Low 0.21g
Very Low 0.26g

None N/A

60

40

20

Displacement (inches)

PGA/PGA (t)

Figure 3-15: Lateral spreading displacement relationship (after Youd & Perkins, 1978; Sadigh et al.,
1986) and threshold grouratceleration PGA(t)) corresponding to zero probability of liquefaction.

KD is the displacement correction factor introduced to account for Moment
magnitudes different than 7.5 (Seadd Idriss, 1982) expressedy Eqn. 3.3 and
plotted inFigure 3-16.

+ TIMEYE TWOPT T QwY Yo U Eg. 3.3

HAZUS also report a simple methodology to estimate ground settlement associated
with liquefaction. The latter is assumed to be related to the susceptibility category
assigned taan area according to Tokimatsu and Seed (1987) that indicate strong
correlations between volumetric strain (settlement) and soil relative density (a measure
of susceptibility. Considering that experience has shown that deposits of higher
susceptibility tead to have increased thicknesses of potentially liquefiable soils, the
ground settlement is computed multiplyirggcharacteristic settlement amplitude
appropriate to the susptibility category (Figure 3-16) with the probability of
liquefactioncomputed withfor a given ground motion level
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Displacement Correction Factor
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Figure 3-16: Displacement correction factor, KD for Lateral spreading displacement relationship
(after Seed & Idriss, 1982); Ground settlementypétudes for liquefaction susceptibility categories
(after Tokimatsu & Seed, 1987).

The @ovedescribed procedure enables to estimiie probability and, with
relatively high uncertainty, the effects of liquefaction, but at a very large geographical
scak. Considering that subsoil characterisation is based on geological information
(environmet and age of the deposit), the results do not allow to distinguish the
situation at the scale of buildings or even on aggregates. The challenge for the user is

to translate regional/local

data, experience and judgment intospsiefic

relationships. HAZS provides just a seri@ comments relatetb this issue to drive
userdefined risk assessment procedufealled ExpertGenerated Ground Failure
Estimatior) basedn the collection of geotechnical data
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Chapter 4. MULTILEVEL RISK ANALYSIS

4.1 Abstract

Population, structures, utilities, and seeiconomic activities form together an
integrated system ointerdependent entities. About them, the extensive physical
damage produced on buildings and lifelines is only a part of the impact of liquefaction,
as injuries are aggravated by the prolonged reduced serviceability of the critical
infrastructures, i.e.hbse systems and organizations that deliver goods andeservi
fundamental for the functioning of society and economy. This implies that the
challenge for liquefaction risk assessment on buildings comes from the need to
investigate the concurrent factonsliquefaction triggering (namely the seismicity and
subsoai response) and the purpose of quantifying the liquefadctidaced physical
impact and the consequent economic loss. To this aim, adequate fragility and economic
models must be introduced depermgan the building structural typology and intended
use. Inthis chapter, a procedure to assess the liquefaction risk on buildings is defined,
highlighting the nomegligible role of geostatistics tools and error propagation in
evaluating such risk over wah areas.
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4.2 The cascade process of liquefaction

Liguefaction is a seisminduced hazard andsa secondary seismic hazard, it
involves different factors in a cascade process that starts with the release of energy
associated with rapid movement active faults, the propagation of motion through
layers of dfferent properties, the generation of esgs pore pressure in the shallower
subsoil portions and finally to the damage on structures and infrastructures. The
liquefaction impact oronstructiongnoves from a physical level (structural damage)
to the losse for the community that involve servicdélp consideration.All these
aspects form the logical scheme depicteBligure4-1, whose elements act in a way
that the output of the lower levelrfas the input of thepper level. This chain scheme
may be applied from bottom to top to compute the holistic risk or interrupted at
intermediate levels to assess risk on specific subsystems (ground, physical asset,
service, community).

In any case, theesponse of each elemtemust be characterized, defining a
correlation between input and output variables, individually or in conjunction with the
closer elements depending on the relevance of the interaction between the two systems.

LEVEL DEMAND VULNERABILITY
Society m Community
harmfulness DV|DM Application of Loss Factors and
- evaluation of annual loss
Loss o
Service ﬁ = Q funtionality Service I
delivery nm = harmfulness DM|EDP Physical damage assessment
(Fotopoulou et al. 2018)

Buildings  [-------- ! Z"“““ra' Physical T
Infrastructures ' amage vulnerabilit
1 1 ¥ Evaluation of liquefaction-induced
Il

Lifelines H
differential settlement, which is the
Ground input of the fragility model
damage EDP|IM
Subsoil Liguefiable layer Subsoil
liquefaction Evaluation of liquefaction-induced building
Base layer susceptibility Y, settlement (Bray & Macedo, 2017)
Bedrock | Sejsmic input ™M
[ Seismic scenarios characterization ]
| —

Figure 4-1 The ascade scheme ingshented for liquefaction risk assessiremd the PBEE equation ¢
here specified to the evaluation of risk on buildings.
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Considering the intrinsic nature of tiphenomenon together with tlsauseand
effect diagram governing initiation and development of liquefaction, the PBEE
approachi{Cornell and Krawinkler, 200®f Egn. 3.2can be adapted

00 . . . 0L®WQ®DzR 00000z 00FoH 2z 00  Eq.4l

Following the Igic of the systemic riskthe earthquakeepresentghe primary
hazard factgrand liquefaction occurs if the soil has specific characteristics, namely a
grain size distribution composed of sand with laditfine content, sufficiently low
density and satation. Therefore, the combination of earthquake and subsoil response
determines the demand for the structooatedat the ground level. However, physical
damage for the latter can be computed considehnagubsotstructures as a unique
coupled systenor evaluating the response of the two components separately. In the
first casethe earthquake intensity measure dMobecomes the engineering demand
parameter EDP and the vulnerability function p(DM|BQRantifies the response of
the subsotstructuresystem for the given seismic input. In the second case, the soil
response provides the demand function p(EDPJ|IM) for the struauack physical
vulnerability is computed considering the p(DM|EDP) funcfimnthe sole structure.

The resultingphysical darage represents the demand for the delivery capability of the
system whose vulnerability is defined by a function that relates the loss of
serviceability to the different levels of damage. Finally, thestatevel of risk
assessment concerns the communityis harmed by the loss of safety and
serviceability and risk can be assessed in terms of deaths, injuries, loss of incomes,
damage to cultural and environmental heritage.

The terms ofEgn. 4.1 can be gantified in different manners, sometimes wath
probabilistic inference of statistical observations, sometimes applying theoretical
models with stochastically variable inputs, sometimes with less objective procedures.
For instance, it is customato expessthe severity of damage in terms of financial
losses based on expert judgement, qualitative estimates or even rules of thumb that
make the process unavoidably subjective.

In Figure 4-1, the fundamental aspects of multilevel gse are implicitly
introduced since for each entity.de subsoi| structureinfrastructure) it is possible
to evaluatethe risk by defining the convolutional integral of the PBEIce the
element understudy has been identified (characterized byulterability to the
liuefaction phenomenon), the inpefpresents the demaficke., everything is below
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the selectedelementin the cascade procgs®n the other handhe output repesents
the risk for the selected element amd turn, the hazardfactor if looking at the
following item. Considering liquefactigrtherisk for the ground represerttehazard
for buildings and infrastructuresndthe physicaldamage of the buildingepresents
the hazardor the loss of functionality which in turn repesgsthe hazardor the loss
of functionfrom a social point of view.
Although the risk can be asses$edking ateach entity, the next paragraphs will

focus on urban aggregates

4.3 Risk Assessment

The assessmenf liquefaction riskcarried out over lage areas implies to identify
on a local basis the different factors forming risk (hazard, vulnerability and egposur
and, for each type of analysis, characterise the mechanisms defining and quantify the
most suitable representative parameteogking atthe building/city block resolution
level, the analysis of liquefactianducedpermanent ground deformation becoraes
preparatory phase to assess the, riskce it moves from the susceptibility to the
expected liquefaction severity in free field condiso

For buildings subjected to liquefaction, the sequence depicted in the right part of
Table4-1, which terms will be explained in the following paragraplemployed. Te
basic steps in a liquefaction risk assaentare:

Hazard Analysis that includes the identiiimn of earthquake sources, modelling
of the occurrence of earthquakes from these sources, estimation of the attenuation of
ground motions between these sources and the study area, evaluationteftiecs
of soil amplification, evaluation of liqua€tion propensity, triggering and
liquefactiorinduced permanent ground deformations (PGDf).

Inventory Collection (depending on the study detail levatentification of
strudures and infrastructurexposed to damage, classification of the basset
according to their vulnerability to damage, classification of the occupancy of the
buildings and facilities.

Damage Modelling: modelling of the performance of the inventory classes
underground shaking drseismic liquefaction, development of damagections the
relationship between levels of damage and corresponding demand), estimation of the
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combined damage to the inventory by introducing relationships between damage and
a series of earthquake inteysmeasures (IMs) or Liquefaction Severity Iratiors.

Loss Estimation: estimation of direct losses due to damage repair costs, estimation
of indirect losses due to loss of function of the inventory, estimation of casualties
caused by the selected scenaaiod estimation of social impact on the whole
community.

4.3.1Hazard Analysis

Liquefaction hazard can be defined for a generic structure as the probability that a
given value of the liquefaction severity indicator (demand) will be produtex
specific timeinterval (e.g.the lifetime of the structujeThe practice of characterizing
liquefaction hazard through these indicators is applied in many countries to quantify
risk on structures and infrastructures present in a given territoryQ&&-LI1Q 2017,

MBIE, 2016, Yasuda and Ishikhawa, 2018preover liquefaction severity indicators

can be seen as proxies of the permanent ground deformation (PGDf) (Bir@@d&y.,

or, more generally, of damage and as the 7
theresponse of the overlying structures and stftactures, characterized by their own
vulnerability.

As described inChapter3 and summarized in the Flowchart Eifjure 4-2, the
output of liquefaction hazard assesent is represented by maps of liquefaction
severity indicators, obtained from geostatistical interpolation of the punctual results.
Despite such indicators are derived from the safety factors albinghe investigated
profile and can be formally referdeto a common structuresde Eqn.3.12), each
indicator differs from the othefMhus a different performance is expected when
applying them to estimate liquefaction hazard over the investigated area.

The classical LPI (lwasaki.978) index adopts a lineaveight function of the
complement of FSL to 1, reaching zero at a depth equal to 20 m. According to this
formulation there is no contribution where FSL>1. The modification introduced to
this indicator by Ishihara (e.g. Maur@Q15) considers the presee of a crust and
adopts a hyperbolic weight function, giving in this way larger importance to the
shallower liquefiable strata. The settlement(#hang et al., 2002) puts the function
f1(FSL) equal to the vertical deformaticaxpressed as a functionthie safety factor
and the normalized CPT resistance. Differently from the previous two, this method
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computes a contribution even when FSL>1. The Liquefaction Severity Index (LSN)
(van Ballegooy, 204) adopts the same functiof(FSL) of Zhang et al., (2&) but
introduces a hyperbolic weight function.

Therefore,theobjective of validation is to evaluate the predictive capability of the
adopted indicatarcomparing the value assumed in an investigated profile with the
effects obsrved in the surroundingea after an assigned earthqudkehe following,
the abovedescribed procedur@igure 4-2) is applied onwo different examples,
respectively the case studies 28" February2011 Christchurch (New Zealand)
Mw=6.2 and the event oMay 20" 2012 in Terre del Reno (Italy) W&6.1
Earthquakes.

Subsoil Groundwatermodelling Determination of
DATABASE Characterization (specific event seismic input at the
CREATION Collection of the groundwater level CPT position

available insitu tests
(the procedure has been

applied on CPT profiles)

\ J
Y

Liquefaction SusceptibilitAnalysis

A Robertson (1998) criterion
A Equivalentoil Profile method
(Millen et al., 2020)

(from specific event
ShakeMas)

DATA
PROCESSING J v

Evaluation of liquefaction sevety indicators

LPI (lwasaki et al., 1978)
W (Zhang et al., 2002)
LSN (van Ballegooy, 2014)
LPlish (Maurer, 2015)

LDI (Zhang et al., 2004)

o Do I Do Do

Mapping of Liquefaction Severity Indicators

SPATIAL - :
Geostatisticainterpolation of punctual values
ANALYSIS
Outliers filtering
ﬂ Validation
Validation tests focusing only on areas where the
VALIDATION _
knowledge is adequate

Figure 4-2 Flowchart for liquefaction hazard analysis and validation of the obtamedlIts.
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4.3.2A generalized indicator for combined liquefaction and
lateral spreading

Since almost all the indicators account to 1D topographic conditions, a preliminary
study is heren carried out about lateral spreadihgteral spreadings a particular
liquefactiorinduced phenomenathat typically occurs in sloping grousdr level
ground close tevaterways/open fasde.g, riverbanks, streamsjyvherethis slopemay
drive the lguefied soil mass (heavy liquid) to move in the deslope direction. The
processwill continue until equilibrium is reestablishedor resisting forces readhe
level ofdriving forces.

This means that thiemporal evolution of lateral spreading is @lysrelated to the
development okxcess pore water pressures and soil liquefaction in the spreading
deposit. Whilespreading due to the biased seisloads might be initiated at the early
stages oftrong shaking during the pore pressure bupdthe mgnitude of lateral
spreadinglisplacements will increase substantially once the soils liquefy, because soil
liquefaction will dramatically reduce thafftess and strength of soils and will reduce
their shear resistance to levels below the amplitudeeo@itiving shear stresses. The
spreading may continue even after the strong shaking has diminishedrdiugrced
by a number of factors such as tivaitable soil resistance (soil propertesd insitu
state), driving stresses (topography, and grouatiam characteristicsjlissipation of
excess pore water pressures (dynamic permeability and watecdiogitions) and
magnitude of lateral displacemsr{change of overall soil voluntiring spreading).
Trying to enumerate the factors affecting latenadeading, the following aspects
should not be neglected (Cubrinovski et al., 20E2)complex interplay of the
topography, soil characteristiemd condions, temporal and spatial development of
pore pressures and strains in greund during cyclic loadig, residual strength and
stiffness of liquefied soilszonditions for dissipation of excess pore water pressures,
mode of deformation andharacterists of ground motion (earthquake loads).

The modelingof such a complex phenomenon, influenced by nuosaspects,
collides with the practical need to have a synthetic and reliable indicator capable of
predictingthe triggeringof lateral spreadingAlso, the use of traditional indicators of
liquefaction severity (LPI, LSN, W) can lead to a significant uesiémation of the
consequences of lateral spreading since alaib$teseindicatorsonly accountor 1D
geometricakconditions.From the perspectivef semiempirical approaels, Zhang et
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al. (2009 propose an expeditious approdohestimate liqguefactieinduced lateral
displacements. The authors combined S&1T CPT- based methods to evaludte

liquefaction potential with laboratory testsdstimate the potential maximum cyclic

shear strains for saturated sandy soils under seismic |cadliren amigication factor

accounting to the topographyn their procedureZhang et al. (2004) suggest
calculating a | at er al intebiatthg theancagimuenrcyclici n d e x
shear strains with depth; then, empirical amplification functions derived ¢asa

histories are applied to characterize the site geomatgribable tdhree different

conditions: gentle sloping ground without a free fagently slopng ground with a

free face and level ground with a free face.

The lateral displacement indeRk L ® defined by Zhang et al.(2004) is
dimensionally a length (L)Therefore it can only be usednd tested againshe
prediction of lateral disptzement. However, in practicaituatiors, a punctual
validation of the forecast is difficulto be achievediue to the lack of punctual
horizontaldisplacement measure®n the contraryin cases where measuremeoits
horizontal displacemengse availableadhoc studies should larried outo evaluate
the horizontal correlation distance, j.the maximum witin which the measured
effects can be attributed to the surveyed vertical.

Furthermore, due to the small number of worldwide case histibia¢snplies the
processing of a small number of CPT/SPT profiles and a limited numib&sA$, the
authors do not novide a classification range describing the severity of possible
manifestations, like the ones proposed by Iwasaki €t@r.8 andSénmez2003) for
the LPI. The proposedtopographic functionsonly reflect a limited number of
geometies (12 sites for getly sloped without free facend4 with a free face).

Despite the Zhang et gR004) framework is robust since it accoufasthe soil
relative density Dr (%), lmservers may thus argue tlitas only applicable in a limited
number of situatiors and emgineering judgment and additional data are required
respectively in interpreting the results or trying to custorttizd_Dindicatorto further
scenariosFilling this gap i.e, to generalize the Zhang et §004 frameworkby
introducinga novelindicaor capable of predictg the whole range of liquefactien
induced surficial manifestations, including lateral spreading, is the purpose of the
present study.

Taking advantagef the Zhang et a2004 experience and preserving therfal
structure of themost adopted among the liquefaction severity indicators (Eqn. 3.12),
the functional form of the her evinfkgnpr opos e
4.2:
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', $46& I Zy aQa EqQ.4.2

Where:

2 is the shear strain (expressedhaecimal) computed (as féigure3-10b) asa
function of the normalized CPT resistance:f and the ligiefaction safgt factor
FSLandTF is the topographic factor computesl(z) is the weight function.

The correcting factor TBf Eqn. 4.2xpresses the influence of the local topography
on the liquefaction hazard. It is deriviegladaptingheZhang et al(2004)topographic
factor, in a way that provides a value equal to 1 when 2D conditions are not verified.
The analytical formula iseported inEqgn. 4.3 respectivelyfor the case oSoped
ground and free fasdFigure3-11):

4 & p& 3 for sloped ground Eq.4.3a
8
4& p @O- for free face with L/B#40 Eqg.4.3b
4 & p if S =0 orL/H>40 Eqg.4.3c
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Figure 4-3 Post liquefaction volume strain (a) and maximum cycle shear stain (b) as functic
relative densityand Liquefaction Safety Factor (FSL) (modified from Isheh&rYoshimine, 1992)

S inEqgn. 4.3arepresents the slope steepness, expressegeasentage. Hand L in
eq. 4.3b are the height of the free face and the distance from the e tbea c e 6 s
Concerning the topography, the factor TF applied in the GLDiéraorkmaintainsa
similar mathematidaormulation to the Zhang et gR004) LDI, sinceit plays a role
in determining lateral spreading tine presence of sloped ground (Eqgn. 4.3a) or free
face (Eqn. 4.3b)onversely, in the case asubhorizontal gound surface (S=0) and
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absence of frelaces (L/H>40), no topographic amplification is required (TF,3w)
this does not imply that liquefaction is unlikely to ocdiastly, whenboth the effects
(of S and H) are found over a site, the topographic factor should be evaluated by
applying boh Eqgn. 4.3a and Eqgn. 4.3b and taking the maximum among them.

On the other hand, the introduction of the weight function w(z) of Egh.
represats an innovative terificompared to the Zhang et dR004) originalapproach.

0« P —-JWO We— Eq. 44

Where:

Z is the ith layer depth (m);

Zmax is assumetd equal 20 m;

nl, n2 respectively equal to 5 and 20 in a way that emphasizes both the severity of
liquefaction if happemg in the upper 10 mets and decreasing the surficial
manifestations for deeper triggering.

w (z)

0 0.1 0.2 0.3 04 05 06 0.7 0.8 0.9 1

-- LPI weight function
—GLD weight function

18 i ---LSN, LPlish weight
function

20 Vi

Figure 4-4 Comparison among the adopted weight functions in evaluating liquefaction seve
indicators.
A comparison among the adopted weighted functions w(z) is showedure 4-4.

Despite with diferent bws (i.e, Iwasaki et al. in the IPI propose a linear attenuation
law, while van Ballegooyet al. (2014)and Maureret al. (2015agdopt hyperbolic
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functions in defining their LSN and LPlish), all of them are consistent in exacerbating
the relevancef liquefactioninduced effects when ligefiable layers are shallow, say
<5-6 m considering hyperbolic functions, considering negligible the liquefaction
induced manifestations if the phenomenon is triggered at greater depth5p)2

The procedure tovaluate the GLDI on a given CPT profile summarized in
Figure 4-5: similarly to any other liquefaction severity indicattine integral of the
maximum shear straiis evaluated an@veighted by the deptt.astly, it is multiplied
by the topographic factor TEyaluateds show in Figure4-6, dependently from near
profile geometric conditiongH, L and S)which can bedetermined from th®igital
Elevation Model of the area.
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Figure 4-5 Schematic procedure to assess the integral of the maxishear strain from a gene
CPT profile.

In conclusion, the new indeXLD preserves the logical structure betZhang et
al. (2004)ALDo extending its application to a wider variety of conditions, not only in
cases where lateral spreadingcurs Simiarly to other prediction variables, its
computation in a fixed geographical position requireséiemic inputlefinition, with
expected Magnitude and Peak Ground Acceleration PGA, the CPT tip resistance and
sleeve friction profiles necessary to compe®t., (Oc1n)csand consequently Finally,
topographic characteristics like maximum slope steepiiesbgight ofthe possible
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free face and distance of the considered point from the toe are also needaskof
S = 0 or L/H>40, the herein adopted ¢gpaphic factor is placed equal to ds a
consequence of the functional correlations sthawFigure 4-3, this providesGLD
values proportional to the Zhargg al. (2004) iLDI0 and the van Ballegoogt al.
(2014)ALSNO.

In the following Chapters, examples of application and testing of therpenfce
of the GLD indicator wilbe presentedppliedto real case studies.

i [ ] um<ao

H /
L
E
4//41/ &
H CPT 2
O

CPT1

CPT2
CPT1

TF = 1+6-(L/H)P® TF=1
Figure 4-6 evaluation of the topographic factor TF (modified afitvang et al., 2004).

4.3.3Vulnerability of buildings

A fundamental issue for the application of Egn. (1) is the definition of vulnerability
that passes through the identification of a representative parameter, EDP in the
equation, andhe expression of the p(EDP|IM) and p(DM|EDP) functions. The
physical damagaduced by liquefaction on buildings depends on the intensity of the
ground shaking and pore pressure buitd coupled with the capability of structures
to adsorb absolute andffgirential movements. As a preliminary step of the analysis,
it should be cosidered that prioto experiencing settlements buildings affected by
earthquakes undergo shaking that may produce additional damage. The coupling
between ground shaking and ligaetion effects on buildings form the subject of
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previous studies carried oah empirical or theoretical basis. Some events, like the
one occurred in Adapazari, Turkey, after the 1999 Kocaeli Earthquake (Bakir, 2002),
showed that the buildings damaged iopéfaction suffered limited effects of shaking

and vice versa. This evidemsuggests that the liquefied soil may act as a sort of natural
seismic isolator for the shaken buildingdso raising the extreme idea of inducing
liquefaction into selected sddyers to reduce the more severe damage of shaking (e.g.
Mousavi et al., 206). This conceptual scheme implies the idea that shaking prevails
in the initial phases of the earthquake whereas liquefaction overlaps in a second phase,
with the result thata combination of both giveshe whole earthquake damage.
However, while liquefation reduces the effects of shaking, the consequence in the
opposite directions less evident, with the practical consequence that the estimate of
liguefaction damage can be parhed autonomously from shaking. Concerning the
definition of EDP, Bird et la (2006) theoretically and van Ballegooy et al. (2014)
empirically focus on the differential settlements as the major cause of damage. This
option matches closely with the defioih of damage given by Boscardin and Cording
(1989) and adopted in desigastiards, e.g. the Eurocode PrEN J99CEN 2008),

that express the serviceability performance of buildings in terms of distortion. A recent
study by Fotopoulou et al. (2018) uskf$erential settlement as EDP into the definition

of four liquefaction frgility curves for buildings, each referred to damage limit states
(Table 4-1). Fragility curves are statistical tools that quantify thebpholity thata
system undergoes a given performance state (e.g. damage level) as functions of the
engineering demand parameter. A fundamental requirement for their definition is the
taxonomic classification of buildings into classes that group homogesieoents,

i.e. buildings having similar typology, extension, structural stiffness and weakness
(e.qg. Brzev et al., 2013). In choosing the buildings classificai@mompromise must

thus be unavoidably sought between particularization and available kryswled

fact, amore particular classification would give to more reliable prediction but at the
expenses of a deeper knowledge of the building characteristics, rarely viable in
territorial analyses. The fragility criterion defined by Fotopoulou €28l18) chosen

for the present study represents a compromise between immediateness and accuracy.
It refers tolow codereinforced concrete buildings, i.e. designed without specific
seismic regulation, resting on shallow isolated footings. They have been didtame
statistcal analyses of the results of ntmear numerical calculation considering two
possible failure mechanisms, flexural damage of beams and shear failure of columns,
induced by random differential displacements applied at the foundation.akmpéx

of fragility curves for two stories buildings is givenkigure4-7, while atable of the
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parameters (median A and dispersiprof the lognormal distributiorfor 2, 4 and 9

storey buildingss reported inTable4-1.
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Figure 4-7 Example of fragility curvefor a two stories low code framed building (adapted fro
Fotopoulou et al., 2018).

Table4-1 Median and dispersion of differential settlements associateifferent damage levels for
low code reinforced ewrete buildings of 2, 4 and 9 stories (from Fotopoulou et al., 2018).

Level of damage

Slight Moderate Extensive Complete
A(m) b | AM | b | Am) b A(m) b
2 0.034 | 054 | 0.124 | 054 | 0210 | 054 | 0.307 | 054
Number of 4 0.027 | 050 | 0.098 | 050 | 0.176 | 050 | 0.305 | 0.50
storeys
9 0.022 | 050 | 0.083 | 050 | 0.156 | 050 | 0.270 | 0.50

Damage evaluation with the above curves implies to estimate the differential
settlements of earthquakelicitedbuildings. This evaluatiors normally affected by
significant uncertainty, being dictated by the nonhomogeneous subsoil conditions
(Ishihara ad Yoshimine, 1992), distribution of loads and structural properties of the
buildings. Knowing these factors in detail is difficult, even tloe study of a single
building under static conditions, and thus alternative simplified approaches are
pursued, tat base the estimate of differential settlements on the values of absolute

91



Chapter 4 Multilevel Risk Analysis

settlements (e.gGrant et al., 1974; Viggiani et al., 2012).e€Téstimate of differential
settlements is moreover difficult when dealing with large scale analyses where
information become somehow vaguer. However, data on age and structural typology,
plan dimensions, height and numberstdriesof buildings obtainedrbm databases

can be exploited to perform a preliminary risk assessment. With this aim;sewo
calculation is ppposed in the present study, extending to liquefaction assessment the
previously recalled procedure adopted for static conditidirstly, absolute
settlements are quantified with a simplified formula that includes the dependency on
seismic input, subsottharacteristics and simple building properties; then a relation
between differential and absolute settlements is inferred from the reSp#sametric
numerical calculations where the coupling betweeterogeneousgguefiable subsoll

and structures hawg variable flexural stiffness is accounted for.

4.3.4Absolute vs Differential Settlements

The factors influencing differential settlements adilings recalled in the
Eurocode 7 PREN 1997 CEN, 2008) include occurrence and rate of settlements;
variation ofground properties; loading distribution; construction method and sequence
of loading; stiffness of structures.

Compared tBray and Maced@2017) and Bullock et al. (2@), which provide
estimates of thabsolute building settlement, Bullock et al. (2@f)9ropose three
differentapproacheto calculate th@robabilistic distribution of buildingesidualand
peak transientilts depending orihe available informatiorin the present study, the
role of the above factors on the differential settlements is quantified with a specific
calculation. Neglecting the effects tfie construction sequence, not related to
liuefaction, and considering f@implicity a uniform loaddistribution on building
foundations, the effects of settlement rdtee variation of subsoil properties and
stiffness of the structure have been evaluated performing a parametric numerical
analysis (ITASCA V2D, 2016). The perfoed analysis shows that, hie the
settlement distribution depends on different factors like seismic motion, subsoll
layering and properties, foundation width, doiindation contact, building inertia etc.
(e.g, Karimi et al., 208; Ramirez, 2019; Tokimtsu et al., 2019), the ratbetween
distortion and absolute settlements depends mainly on the stiffness of the structure
foundation complex and the variability of subsoil properties.

The studied subsoil scheme consists of tstesta Figure 4-8), an intermediate
liquefiable layer whose stressrain response has been simulated with the critical state
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based plasticity model (PM4 sand; Ziotopoulou & Boulanger, 2013), a lower base and
an upper cruswvhose stresstrain response hégen simulated with hysteretic models
coupled with MolCoulomb (MC) failure criterion. For the sake of validation, the
model has been inspired to the case study of a building in Terre del Reno {Emilia
Romagna, ltaly) strck during the earthquake of Mag'® 2012 (M, 6.1). Figure4-8
shows a summary of the model characteristics, geometrical, medhconstitutive
parameters. Further @eéfs can be found in Modoni et al. (2019).thefirst series of
analyses, the flexural stiffssof the buildingfoundation system is pointed out. The
studied scheme, depictedhrigure4-8, includes a 10 m long plate of variable flexural
stiffness modulus EI (from 0 to 260 MN*m), carrying a uniform load KB@). To
estimate the influence of seismic input, the calculation is performed for threemiffere
acceleration time histories, the one recorded during the M&yeaethquake in Emilia
Romagna antheother two scaled times 0.7 and ,Ir&spectively The plot of Figure

4-9b , reporting the an dgigdred-b.a) dsiasuncton ofthen b ( d
maximum settlements wax shows a clear correlation between the two variables. Both
depend significantly on the seismic input, but the angular distortion can be
significantly restrainedincreasing the slab stiffness. It is also worth noting that the
dots repreentative of EI=0 matches closely the curve proposed by Grant et al. (1974)
that represerd the upper bound of observation under static conditions. Multiple
analyses performed wita different set of characteristics (e.goil relative density,
layers thcknesses, foundation widtktc.) have shown a limited influence of these
factos o n - wmkrelation.

20m

H3

Figure 4-8 Numeical model implemented to study the absolute vs differential settlement rela
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Table4-2 General properties defined in the numerical modelling.

} ¢ s oi IK:bdlenmodulusGy shear modulusn: porosity k: soil permeability;: : friction
angle;c: cohesion.

General Properties
poewa | e ‘ ° ‘
Layer o P3 MPa n
(MPa) (m/s) ©) (kPa)

Clayey crust 1250 65.8 14.1 0.48 8.15E12 - 50
Deeper

1330 388 83 0.55 1.02E13 - 50
clayey layers
Sandy Layer 1449 13.79 29.88 0.44 2.00E06 33 -

Table4-3 Damping and PM4 Sand parameters.

L, andL2: soil damping parameter®;: relative density; @ smallstrain shear stiffnesdpo: plastic
modulus calibration parameterandilatation surfacecalibration coefficientn®: bounding surface
calibration coefficient Aqo: dilatancy @libration coefficient.

Damping PM4 Sand
Layer L1 L2 Dr Go (Mpa) heo nd nP Ado
Clayey crust -3 0.5 - - - - - -
Deeper claye
P ey 2.2 0.3 - - - - - -
layers
SandyLayer - - variable 500 0.4 22 0.1 0.1
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=5 EI=0 MN*m

Herust=4m

0.01 e
o EI=16.25 MN*m

B EI=32.5 MN*m
e EI=65 MN*m

EI=130 MN*m

S, El=260 MN*m

a b

Figure 4-9 (a) Scheme adopted for the numerical calculatiangl (b)angular distortion vsmaximurr
settlement for variableeismic input and flexural stiffness of the foundation raft.

The second considered factor is the variability of subsoil properties, claimed by
Ishihara & Yoshimine (1992) as one of the main causediftgrential settlements.
This issue has been investigatag introducing in the above numerical modbé
spatial variability of relative density in the liquefiable soil layer and performing
random field analyse$-énton & Griffiths, 200Q)The definitionof spatial variability
requires an autocorrelation function that reproduces the spatial dependehnicy wit
relatively short distances and a stochastic function characteristic of the spatially
uncorrelated variability, i.eat larger distances. These funas have been derived
from the investigation carried out in Terre del Reno (Italy). Therefore, th&algpa
correlated variability has been modeled with an anisotropic exponential function
having vertical autocorrelation distance equal to 0.77 m, fouitld & maximum
likelihood criterion (Honjo & Kazumba, 2002) on the profiles of CPT téggsire
4-10; the horizontal autocorrelation distance has be&ergiconsidering literature
indications (Studlein et al., 2012) that suggest values variable between 2 and 5 m
depending on the depositional history of the depdaiven thatthe differential
settlements directly related to the ratio between the charasticlengthof foundation
and the correlatiodistancea value equal to 2.0 m (i.e., the lower defined by Studlein
et al., 2012has been assumetthe presergtudy to maximize the soil heterogeneity
The Mar kov corr el at i fedbythe singlicityofrth@ smodel,lh oi c e
primarily due to the definition of a process where the future only depends on the
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present and not on the entire history, whids fivith almost allthe engineering
applications.

After verifying the goodness of fithe random variability of relative density has
been modelelly assigning a lognormal probability function wéalmean equal to 0.36
based on the interpretationtbeCPTs available in the study ar@Robertson & Wride,
1998; Idriss & Boulanger, 2008Figure4-10). The standard deviation found in this
specific case is equal to 0.07, but this value has been parametrically vatitarén
analyses for theake of generalityModoni et al., 2019)The lognormal distribution
of the relative densitggrees with both the study of Fenton (1999) and mdbewéal
geotechnical situations, where variables are not symmetrically distritatgtcbut not
the least negative values of geotechnieariableslike the soil relative density that
may result from a normal distribution do not have a physical meaning.

Fields of relative density like the one depictedrigure 4-11 can be randomly
generated with the local average subdivision method (Fenton & Griffiths, 2000) and
considered as input for calculation of settlements.

qc (kg/emq)
N4 60 80 100

0

' RFEM (Fenton and Griffiths, 2000)

_ Log-Nermal | ! . )
Distribution K QO Esperimental autocorrelation
os-
i o — Theoretical aufocorrelation
1 E]
=
1 3T .
L
04

002 j‘l 1
B =
o 10 2 0 0 80

-
3

H

Frequency
g

Depth (m)

Figure 4-11 example of random field of relative density for the liquefiable layer.

The numerical analyses have been performed assigning random fieldsioé relat
density to the liquefiable layer in the liquefaction schemEigfire4-8, a 10 m wide
slab witha uniform unit load equal to g = 50 kPa. Nil flexural stiffness (El = 0) has
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been assigned to the slahinger the most conservative condition according-tgure
4-9.b, i.e, the one that amplifies differential settlements. As before, the seismic input
has been assigned scaling times 0.7,dn@ 1.6the acceleration timeigtory of May
20", 2012 eventin Terre del Reno. The variability of subsoil properties has been
parametrically variedassigning different variation coefficients to the -fogrmal
random distribution (CV = 0.1, 0.2nd 0.3).Together with the low assumedlues
of autocorrelatiomistancesthese quantitieshould provide conservative estimates of
the differential settlement (see Studlein et al., 2012). For each combination of factors,
twenty random fields of relative density have been generated andtsubje the
numerical calculatin. This number has been chosen considering the time necessary
for one calculation. Absolute and differential settlements have been estimated from the
deformation of the slalas shown in the sketch &fgure4-12.a. The plot ofFigure
4-12.b readily shows thatlespite a large variation aettlements generated by seismic
inputs of largely different intensity, a direct proportionality can berned between
differential (may) and absolute (may values.

Based on this observation, the following linear relaimadoptedetween these
two variables:

1 | Eq. 4.5

Figure4-12.b shows the statistical distribution of the coefficiditfrom which a
normal distribution havig mean value equal to 0.53 and standard deviation equal to
0.08 is inferred.

180 e 0.12
160
140 > 01
g 120 $0.08
3
Exmo () 50.06
8 80 =
“© 60 0.04
40 0.02
20
0 0
0 100 200 300 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Wmax (mm) Smax/wmax

Figure 4-12 (a) Differential (ghay vs absolute(wmay settlements from the parametric random fiel
analysis and (b) statistical distribution of the coefficieatdefined inEqn. (5)
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4.3.5Loss model

The computation of losses associamth damage (DV|DM) is the lastegt of the
assessment procedure depicte#igure4-1. Several studies have proposed to define
damage/losse relations based on seconomic consideration (e,gLee and
Mosalam, 2006; Moehle, 2003; Comerio, 20B®awinkler, 2005; MitraniReise et
al., 2006).Focusing for simplicity on the repair losses,,ireglecting other indirect
costs, a deterministic evaluation scheme defined in Hazus (FEMA, 2003) has been
adopted in the following. This scheme introducesrfdifferent damage limit stes
(Slight, Moderate, Extensiyand Complete) and associates to each of them a loss cost
(rci)) expressed as a percentage of the total demolition and reconstructioRGhpst (
The ratios (c/RQ)i are defined in the code f@3 different building categorse Table
4-4 shows an example for residentsadd industriabuildings.

Combining the loss factors with the probability of reaching each of the foumedefi
damage states (Rienabls to compute the Mean Damage Rate (MDR) as follows:

DOY B0 z i #&6 Eq. 4.6

The economic losses due to the combination of physical damage and the loss of
serviceability can be determined following the Hazus (FEMB0Q3) procedure.
Considering the generic building, the method proposes to calculate the total loss by
adding the repaicost to the loss of income arising from the fume of the building.

The repair costtot_ra, results from the structal and norstrucural damagerc),
including thoseelated tahe business inventoryNV_DAM), if present.

In general, asumed théotal demolition ad reconstruction cofGC and estimated
the annual gross product of the Comp&ROD, the total loss due to the phydica
damage and loss of business inventayld be evaluated as follows:

O i 1 O 00 &b
ve 5 o) @
o v Yo
0ie6Q 0 O'O0I1 ¢ Q0B QR &Q Eq. 4.7
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Where (rci/RG), (INV/PROD) and the fraction of damaged stocks aséed in
Table4-4; for each of the building typology defined in Hazus Brélis the probability
of reaching predefined damage limit states.

An additional ternthat correspond® the total loss accounisr the building kck
of functionality and is related to the time needed for building restor&tidn The
latter diffels according to théuilding use;in this calculationthey were considered
equal to the costs of renting afternative structure for housing and to the loss of
income for industrial activities.

6a B "O0 &OO "W
Eqg. 4.8
The loss of functionality=LT; (expressedn day9 associated with each damage
limit state was assessed as a product of the time necessary to restore the generic
function of the buildingBRT and a reduction factor linked to the possibility of
transferring the activity elsewher®@lM (FEMA, 2003)

00 "Y 6 'Y"OY0D Eq.4.9

Table 4-4 reports the loss factors values considered i dbovedescribed
procedure.

Table4-4 Loss factors introduced in the risk assessment procedure, as reported in the étiezus ¢
(FEMA, 2003).

Slight Moderate Extensive Complete
rc/RC 0.02 0.10 0.45 1.00
RES1 INV/PROD - - - -
Residential INV_damage - - - -
buildings BRT(days) 5 120 360 720
SIM 0 0.5 1.0 1.0
rc/RC 0.02 0.10 0.355 1.00
IND INV/IPROD 0.05 0.05 0.05 0.05
Industrial INV_damage 0.0 0.0 0.0 0.50
buildings BRT(days) 10 90 240 360
SIM 0.5 1.0 1.0 1.0
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4.3.6Remediation

The decisiommaking to mitigate risk applies to the abedefined holistic model
including the multiscale connections outlined Rkigure 4-1. Briefly recalling the
fundamental steps, liquefaction is triggered when a relatively high set@marl
combines with susceptible subsoil. The phenomenon may turn or nthetamage
of buildings and infrastructuredepending on their physical fragility. Damaged
systems become progressively unable to withstand their fupatidrthus, depending
on its severityphysical damage turns intdack of serviceability. The consequences
for sodety depend on the relevanoéthe function provided by the infrastructure for
the served community, on the repairability/replaceability of this function or, in more
general terms, on the preparedness of the community to withstand its absence.
Interrupting this chain is the scope ofitigation, acting separately on one component
of the systemor undertaking a holistic strategy aimededue the overall impact on
society.

The Japan Geotechnical Society (JGS, 1998) envisages three different intervention
classeqFigure4-13), acting respectively on auxiliary facilities supporting/replacing
the function of the concerned infrastructure, on the physicaforeement of the
structures or of the ground. In general, mitigation actions can bevsidxlirto two
main categories, strategic or atacthnical when aimed at improving the functionality
of the considered system with the creation of auxiliary faclibe with modified
management to face critical situations, or technical when operatintigeophysical
systems with structural reinforcement or ground improvement.

> Prepare auxiliary facilities]
Str at(eJg@Se sl 9 > Strengthen the structures]
> Improve the soil ]

Figure 4-13 Strategies fotiquefaction risk mitigéon.

Non-technical strategies generally require an analysis obéhaviorof a system
under critical scenarios and to prepare a series of actions able to reduce the impact on
the ommunity and improve its resilience. Framtechnical viewpoint, being the
liquefaction phenomenon ruled by the concurrence of different factorspneplastic
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soil in a loose state, saturation, hampered drainage, various mitigation techniques may
be carried out to interrupt the chain of mechanisms responsible for the phenomenon
Soil susceptibility may be reducég decreasing the contractive tendency upon cyclic
loading, e.g. utilizing dynamic compaction (Mayne, 1984), vibratory techniques
(Kirsch and Kirsch, 2016) or blasting (Lyman, 1B4or adding a finer plastic material
(El Mohtar et al., 2013) to reduce the mobility of grains upon shaking. Triggering may
be avoided by preventing the excess pore pressure-Uquildith induced partial
desaturatin (Mele et al., 2018) or facilitating its exhaust with horizontal and vertical
drains (Chang et al., 2004). Other possible countermeasures aufrigigsiting the
impact on the superstructure by reinforcing foundations with piles, columnar or lattice
wall inclusions created with jet grouting (Yamauchi et al., 2017), deep soil mixing
(Nguyen et al., 2012pr stone columns (® ppdonia, 1954). Reinforcements have
the twofold scope of reducing shear strains in susceptible soils and transfer loads to
deepemon-liquefiablestrata.

A list of possible ground improvement solutions desnoglprinciples, drawbacks
and costs is provided by the JGS (2011). From a purely mechanical viewpoint, the
function of ground improvement can be classified as follows, beinginigée ground
improvement technique able to reach one or more of the follogoats:

Densification: reducing the volume contraction tendency of the soil upon shaking

Stabilisation: reducing the mobility of grain and volume contraction tendency of
the sol upon shaking

Drainage: reducing the pore pressure bujtd

Desaturation: preanting the pore pressure builg

Reinforcement: reducing the shear strain into liquefiable soil and transferring loads
to more competent strata

Fromatechnical viewpoint, Olde et al.(2017)show the importance of evaluating
holistically the potential tradeoff of liquefaction mitigation, which on the one hand
may reduce foundation settlements and rotations and, on the other hand, may increase
ground shaking intensity, resulf in more signifcantdrifts and structural damages.
These authorperformed a series of centrifuge tests to rank the effectiveness of three
liquefaction countermeasures (i.e., densifications, dragwage inground structural
reinforcemerg) in preventng the liqguefactio-induced damage on assory steel
moment frame structurén parallel, Ramirez et al. (2019) conducted 3D, nonlinear,
solid-fluid, fully-coupled, effective stress, dynamic finite element (FE) simulations in
the objectoriented, opersouce, finite elemen (FE) computational OpenSEES
platform (Open System for Earthquake Engineering Simulation, Mazzonj 2006)
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to evaluate the influence of prefabricated vertical drains (PVDs) on the performance
of soil-foundation(mitigation)structue (SFMS) systems.

Olarte et al. (2019ound that settlement and rotation of the foundation strongly
depend on the drainage conditions, soil propera@sl seismic motignand each
mitigation strategycan reducethem. On the other handhe adopted techues
differently impackdthe generation of excess pore pressures in the undeslyiinghe
foundation accelerations, and transient rotations. Ground densification reduces excess
pore press generation, permanent foundation settlearanhtilt, butalsoamplifiesthe
aceelerations and forces experienced in the superstructure. Prefabricated vertical
drains reduce the duration of large excess pore pressures in the underlying soll,
minimizing the permanent and transient foundation settlement and tilt hzorether
mitigation methods, while amplifying the seismic demand and flexural deformations
in the superstructuréViore enormous excess pore pressures and liquefaction that
boosted the foundation's permanent settlement and tilt than other mitigation snethod
have been recoed! due to the presence ofgnound walls that limited the water flow
and amplified accelerations.

Given the abovethe choice of the optimal solution must come out for each
application from a series of consideration involvimg onlytechnical efficiencybut
also:the feasibility of treatmentsoncerninghe scope of the project and the existing
boundary conditiongaking into account also environmental issues and, last but not
least, coseffectiveness. A classification of the conseltimethods considering all
these aspects summarizedn Table4-5 where a score is given to each tecleiq
This classification serveasa primary judgment on the suitability of the different
techniques to diffemt possible situations and as a tool for the first selection of
mitigation strategies following a risk analysis. Therefore, a grade and a relatiyet
are first given to the following fields, considering their relevance for the project:

- Site conditiors, considering if the ground improvement concerns free field or
is addressed to existing buildings/infrastructures, distinguishing in this case if
the structure is in operation or out of order;

- Subsoil characteristics, distinguishing the type of soil toréated (with the
presence of fine component), stratigraphy (crust ofliquefiable soil), depth
of the portion to be treated (<3m12 m; 1218 m; 1825 m);

- Extension of the ground to be treated (<1069 10065000 nt; >5000 n3);

- Foundation type otte building/infrastructure under concern (shallow or deep);

- Constraints likethe presence of buildings nearby (presence of buildings or
utilities);
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- Environmental restraints;

- Cost.

Then the considered ground improvement methods have been evaluated
consideing each of the above issues. Fostance, impacting techniques like deep
dynamic compaction or blastiraye discouraged near existing buildings giving a nil
grade. Finally, each grade given to a technique with reference to a specific issue is
weighted fo the relevance of the issue. Inghway, a score is obtained for all the
techniques it drives the stakeholders (managers, technical and-teonnical
personnel) to get oriented on the most suitable solution.
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Table4-5: Evaluation of groundmprovement methods for liquefaction mitigation (D7.4, Liquefact, 2019).

LEGEND List of G.I. technologies:
Good 3 Deep dynamic compaction
Medium i i
APPLICABILITY 2 Vlbr({ cumpactmrz
Low 1 Blasting compaction
Not applicable 0 Compaction grouting
Very important 4 Low pressure grouting
Important 3 Earthquake drains
RELEVANCE Medium important 2 Induced partial saturation
Less important 1 Vibro replacement
Not applicable 1] Deep soil mixing
Jet grouting
ive| DEEP DYNAMIC VIBRO COMPACTION BLASTING EOMPACTIONY 1.0W PRESSURE EARTHQUAKE DRAINS INDUCED PARTIAL SATURATION VIBRO
" h Shallow / . : . ) j . j DEEP MIXING | JET GROUTING
. weight | COMPACTION Deep COMPACTION GROUTING GROUTING Vertical Horizontal Vertical Horizontal REPLACEMENT
Question [RELEVANCE Replacement
%) Welghted Welghted Welghted Weighted Weighted Weighted Welghted Welghted Weighted Weighted Welghted Welghted Welghted
seore seore seore seore seore seore seore seore | seore seore seore Y| seore seore
1.1) Free field 3 48 3 48 3 48 3 48 3 48 3 48 3 48 3 48 3 48 3 48 3 48 3 48 3 48
1.2) Existing buildings in operation 0 0 0 o 0 0 0 0 1 16 1 16 1 16 3 48 1 16 3 48 0 0 0 0 1 16
1. Site iti 4 16.0
1.3) Existing buildings out of order 0 0 0 0 0 0 0 0 2 32 2 32 2 32 Ej 48 2 32 3 48 0 0 0 0 2 32
2.1) Gravel soils 2 32 2 32 2 32 2 32 2 32 3 48 1 16 1 16 2 32 2 32 1 16 1 16 B 48
2.2) Sandy soils 3 48 K 48 K 48 2 32 3 48 3 48 3 48 3 48 3 48 3 48 2 32 2 32 3 48
2. Soil type _ ) 4 16.0
2.3) Inorganic silts, clays silts of low
n e 1 16 0 ] 0 0 0 0 1 16 0 0 1 16 1 16 1 16 1 16 3 48 3 48 2 32
to medium plasticity
3.1) Soil crust 1 8 2 16 3 24 1 8 3 24 3 24 3 24 3 24 3 24 3 24 2 16 3 24 3 24
3.2) No soil crust 3 24 K 24 K 24 3 24 Ej 24 3 24 Ej 24 Ej 24 3 24 3 24 K 24 3 24 3 24
3. Stratigraphy 2 8.0
3.3) Layered lig/non lig soils 1 8 2 16 K 24 1 8 1 8 3 24 Ej 24 0 0 3 24 3 24 K 24 3 24 2 16
4. Depth of the zone to be 4.1)<3m 3 48 ] 48 ] 48 2 32 1 16 1 16 1 16 2 32 3 48 1 16 ] 48 3 48 2 32
4.2)3-12m 3 48 3 48 1 16 3 48 3 48 3 48 2 32 3 48 3 48 3 48 3 48 3 48 3 48
treated (based on case 4 16.0
histories) 4.3) 12-18 m 1 16 2 32 0 0 2 32 3 43 3 48 3 48 2 32 3 48 2 32 2 32 3 48 B 48
4.4) 18-25 m 0 0 1 16 0 0 0 0 2 32 2 32 2 32 1 16 3 48 1 16 1 16 2 32 3 48
5.1) Small (<1000 m’) 0 0 0 [ 3 12 0 0 3 12 3 12 3 12 3 12 3 12 3 12 0 0 3 12 B 12
5. Size of area to be improved |5.2) Medium (1000-5000 m’) 1 40 1 4 1 4 2 g 1 4 3 12 3 12 3 12 2 g 3 12 2 g 1 4 3 12 3 12
5.3) High (>5000 m") 3 12 3 12 1 3 12 3 12 3 12 3 12 1 4 3 12 1 4 3 12 3 12 3 12
5. ion type 6.1) Shallow i 1 40 0 0 El 12 El 12 1 4 5 12 3 12 5 12 5 12 3 12 3 12 El 12 3 12 B 12
i} 5 6.2) Deep foundations _ 0 0 1 4 0 0 0 0 1 4 3 12 3 12 1 4 3 12 3 12 0 0 3 12 2 8
7.1) Low overhead clearance 0 0 0 0 0 0 0 0 2 16 3 24 2 16 3 24 2 16 3 24 0 0 0 0 2 16
7. Project constrains 7.2) Adjacent structures 2 8.0 0 0 0 [ 1 8 0 0 3 24 3 24 3 24 2 16 3 24 2 16 0 0 3 24 3 24
7.3) Existing utilities 0 0 0 0 1 8 0 0 2 16 2 16 2 16 2 16 2 16 2 16 0 0 0 0 2 16
8. Presence of subsurface obstructions 2 8.0 0 0 0 [1] 0 0 0 0 2 16 2 16 2 16 3 24 2 16 3 24 0 0 1 8 2 16
9. Environmental compatibility 2 8.0 3 24 K 24 K 24 1 8 2 16 2 16 3 24 3 24 3 24 3 24 K 24 2 16 2 16
10. Cost (per sq. m. of treated area) 3 12.0 3 24 3 24 1 8 3 24 1 8 1 8 2 16 2 24 2 16 2 16 3 24 1 8 1 8
Total] 100.0
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4.3.7Cost/benefit analysis

In risk assessmenthe effectiveness of mitigation should alseevaluated from
the cost/benefit viewpoint. This impk to compare on a financial basis the budget
spent on mitigation with the reduction of losses. Considering that mitigation, when
undertaken, is a cost while losses depend on the probability of ligoefaccurrence,
the benefit/cost analysis should berformed on an annual basis considering the
residual lifecycle of the structure/infrastructure under concern.

There are different criteria to compute the annualized cost of mitig&anof the
most adopted is to equally distribute the invested capual the lifecycle of the
structure adding the interest rate (fixed or variable). The question can be seen as
equivalent to borrow the capital necessary for mitigation from a banketcarate
mortgageand pay it back with a constant annual amount. In this thayannualized
cost sustained for mitigation is the amount paid by the borrower every yeamnsoats
that the loan is paid off, in full of interest, &etend of its term.

This cost should be compared with the annualized benefithesearthquake losses
saved per yeawhich for a probabilistic assessmerst computedby integrating the
prodwct between losses given by earthquakes of different inyeasd their annual
occurrence probabilityln the hypothesis of 100% efficiency of mitigation in
preventing the liquefactiemduced damage, benefit/cost analyses are performed
considering severalnitary treatmentosts For each of them, the annual magg rate
is compared with the reduction in the annualized total loss, which is calculated as
defined by the PBEE methodology.

0¢& €& 60cEdi iB0OoOD06 0 Eq.410

In the case of newbuilding constructionthe annual loss is calculated to evaluate
different design approaches to choose the most convenient solution (Blockley, 2013).

4.3.8Methodology

The above relations form the sequence of steps summarized in the flow chart of
Figure4-14, conceived to estimate losses on a portfolio of buildings.pFbeedure
impliesidentifying and characterize each building with reference to the implemented
calculation, i.e.determinng thegeographical coordinates thfe centroid,its structural
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typology, extension and the number of staes the latter necessarty identify the
appropriate fragility function and estimate unit load. The subsolil is determitied
the depth, width and relative soil density of the liquefiable layer, whiatplies
processing all available investigat®ifboreholes, CPT profilesas described in
Chapter 3Conjugating this information with the base seismic input, the local seismic
response can be analyzed at the building position to determine the parameters
necessary for tha n a | yusthesssfeps. They consisf estimating the masmum
absolute settlement of the building wildlgn. @.23, transform it into a differential
settlement withEqn. 4.5 and computing the probability associatigh each damage
level throughthe procedure describedkilgure4-7 andTable4-1.

Finally, the estimate of losses can be obtaibgdmultiplying each of these
probabilities with the cost assatedwith the corresponding damage levEb(.4.6).
The physicaldamage computed on each building is a fracfibibRo of the total
demolition/reconstruction cosDepending on the building use, the skion of
physical damage into economic loss regsiintroduéng a reconstruction and
relocation/temporary rental costs (respectiveyi of Eqn. 4.7 andNCi of Eqn. 4.8)
and defimng the annual business revenue PRODi (Eqn. 4.7).

Building identification: Subsoilcharacterization: Determination of
9 structural 1 Thickness of the seismic input at the
typology liguefiable layer building position
1 centroid 1 Thickness of crust
position 1  Groundwater level
1 width
N /

\/

Calculation of absolute (Ech23 and differential settlements (Edrb).

'

Calculation of probability corresponding to each damage level (Figdr€able4.1).

}

Compute mean damage rate and loss @E@andTable 44).

Figure 4-14 Flow chart for the estimate of losses on a building.

The alculation can be performed for a selected seismic scenarignassithe
corresponding seismic input, or for the entire lifecycles of the building. In this second
case, the seismic input must be defined in probabilistic terms, considering the seismic
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hazard of the areahe resulting annual loss (evaluated through.Eqgh0) represents
the benefit in the following benefit/cost analysis.

4.4 Data management and Uncertaing

Earthquakanduced liquefaction disastel8LD has oftenstruckdensely urbazed
areas with severe consequences for the populatidthough not beig the only event
of such a size, the case thie February 2011 (Mw6.2&}hristchurchEarthquakeas
probably the most impressive example of liquefaction induced damaaye urban
environment.Due to the widespread liquefaction, a diffuse and unprecedent
economiclosswas experienced by most of the Regimwplving thecommunity in a
slow, tiring, and still ongoing reconstruction procesbis and other recent events such
as theMw9.0 2011 Tohoku(Japan)Earthquake, the Mw6.1 2012 Emil{@taly)
EarthquaketheMw 7.3 2016 Kumamotd¢Japan) Earthquakeave clearly shown the
importance of beingnepaedfor a community by implementing adequate emergency
plansto facethe postearthquake scenarioghose main purpose is to reduce the total
loss, provide reasale lving conditions to the affected population and speed up the
recovery to normality To this aim, Local Authorities and the Scientific Community
recognkzed the usefulness of organizing {@nesting data and postarthquake surveys
into Geodatabases facilitate emergency management and -gdai@ing among the
stakeholders.Taking advantageof the previous experienceglevelopng of a
community database of liquefactioelated phenomenand case histories haseen
recently initiated by the Pacific Edmjuake Engineering Resear(Btewart et al.,
2016) . P E E Gedesatidd equetaction (NGL) projectakes advantagef the
partnership between PEER and various public ageficigbe United States, Japan,
New Zealand, and Taiwaito build a robust codiction of worldwide liquefaction case
histories includinglaboratorytests physicalmodeling and numerical studies on key
aspects of liquefaction triggeringnd related phenomendinally, the current
approaches fatecisioamakingagainst risk rely otools capablefcthanding analyses
characterized by a spatial multiscale m@eh in a way that emphasizes both the
spatial distribution of the phenomena and the spatial relationships witbrthery
elemens and human activities. To this aim, the mod&eographical Information
Systems (GISprovideanefficient supporting tol in any risk assessment procedures.
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For liqguefaction risk assessment procedures, a GIS Platform allows the following
activities:

- The management of geographical information ated#int resolution levels
which in turn enablethemto constantly update the amount of georeferenced
data coming from different public/private stakeholders;

- The combinationof different data format (rastemages vectors, tables,
spr eads he e tnshe ésily asdedsadd armdeombinedto process
the input datautomatically

- The possibility of postprocessing the obtained results throwtymamic and
interactiveMaps, which allow performng quantitativespatial and reliability
analyses.

Suchflexibility in their structuretheir wide range of applicationand the existence

of different opensource GIS Platforms have encouratted interaction among
different disciplines (geology, geotechnisaiuctural egineering insurance..) and
stakeholders &wing not onlyto manage posEarthquake emergenciésit alsoto
extend the analysis to wider fields of applicaioffhese aspects resulted in the
development of consolidated Platforms, whose datpuisition, implementatigrand
presentatioraregoverne by national and International Standards,,eélg INSPIRE
Directive (Infrastructure for Spatial Information in the European Communmtyich

sets the minimum conditions for interoperable shaand exchange of spatial data
acrosskEurope(https://inspire.ec.europa.g@uOn the other hand, the above concerns
imply deaing with a huge amount of data from different sources, added in different
periods andcontinuously updatecdsuchdata availability represengs advantageous
situation to the processing purpose, but it inevitably introduces significative
uncertainty factors whose control can be partially managed through statistics and
geostatistics methods

4.4.1Uncertainty in data measurements

Even considering wittprobabilistic models the uncertainty associated with the
groundmotion estimation and thikelihood of liquefactiontriggering, the above
procedures are affected by other uncertainties retategasurement biases of in situ
data (Baecher & Christian0R3).Despitea tendency to discipline the execution and
interpretation of subsoil investigatida improve consistency, qualityand reliability
(e.g, NZGS, 2016)a major part of data presently available for risk assessmeant ha
been obtained in previodsnes without of date standards. An attempt to fill this gap
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is proposed by Madiai et g2016, who performed an experimental study to convert
the mechanical CPiiesultsinto equivalent electrical CPT datdased on thanalysis

of more than 4000 coupl& points measured to the same deftlk, authors propose
to correct theequivaleninormalized tip resistanceciay) and the Soil Behaviour Type
index Icas shownn Figure4-15.
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Figure 4-15a) Ic values calculated from CPTm and CPTe data and best regression model ad
mechanical CPT data; b) gcln,cs values calculated from CPTm and CPTe data by followil
procedure of Boulanger & Idriss (2014) and best regression models.

4.4.2Geostatistical Analysis of Data

Regionalizedohenomena, i.ewhose characteristics refer tpage and present a
spatial structure or organization, cannbedelkedthrougha geostatisticapproachhat
definesa regionalized variable z(x) as the realization of the random distribution Z(x).
It can bemodeled through the fitting of a spatial analgtitunction called variogram.

In geostatistics (Matheron, 1965), the value of a variable in a generic point of the
map is computed as a linear interpolation of the values obtained on the investigated
profiles. A series of actions (displayed Figure4-16) consisting in the mathematical
definition of the spatial structure governing the investigated variable is preparatory to
the geostatistical interpolatiorFirstly, considering pirs of sampes, the squared
difference between the valuescalculated The resulting dissimilarities are plotted
against thedistance amongmple pairs i h i geographical spacdorming the
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variogramcloud Thesubsequent step concerns sficedof the variogram cloudhto
classesccording to separation in spadée average dissimilarities in eadassform
the sequence of values of the experimental variogiagan be observed that the
average disimilarity between values increasesoportionally to the increase in
spacing between the pairs of sample points. For ldigiancs, the experimental
variogram reaches a stlhatcan be equal tdatavariance.A relevant aspect is the
behavior at the rigin of the variogramwhich indicate the type of continuity of the
regionalized variable: differentiable, continuous but not differentiable, or
discontinuous. This last case is a symptom of theafled nuggeteffect, meaning that
no spatial correlatio exists among the measured pointequivalently that the values
of the variable change abruptly atracroscopicscale, like gold grades when a few
gold nuggets are contained in some samples. On the contrary;zamosiope of the
variogram near thermin indicates spatial structure. Aabrupt change in slope
indicates the passage to a different structuration of the values in Jpeczetical
variograms, based on the analytical model, and the kriging interpolator allow the
model to describe such trsitions and visualize the differengatial associations of the
values separately as maps.

The mapdglisplayedin the followingchapterdave beembtained byinterpolating
the theoretical variograms through ordinary kriging. Among the different types of
kriging, it gives the optimal prediains under the ssumption that the process is
secondorder statioary and is distributechormally. That observed values are a
realization of a stationary stochastic process of a simple structure. This model is the
weighted linear combination of the obsergatwith thewhite nose process. Thus, the
optimal predictor will be accepted by minimizing theanesquared prediction error.
The observed values are first used to estimate the unknown parameters of the process
and compute the empirical semivariograme3é observed values, parameters, and
semivariogram are used to produce the best linear unbiaskctpref the unobserved
point. For each variable, thetandard error mafobtained as a bgroduct of the
kriging operation) is overlapped to the predictiorap, providing a quantitative
measure of the uncertainty. Obviouslye tsmaller the variance, thetterwill be the
results. On the contrary, in the lack of new data, areas characteriaduigbyievel of
uncertainty will be discarded from the analysis
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Dataset description and
dissimilarity measure
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Figure 4-16 Subsequent steps in the modellirig regionalized variable according to the geostatisti
method (modified frotvackernagel1998).
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Definitely, garting from the dataset of measusasnplingsxi, for anydistanceh

andanyN(h) pairs of distant points h, the variogranodeling process can be achieved
in two steps:

Building the experimental variogram through the function

rQ

—B ‘o Q ao Eq. 4.11

wherel) "Qsnumber of pair
Find a mathematical function capable of best fitting the experimental variolgram.

Figure4-17, themost appliednterpolators in regionalized variatdeudies (namely
the spherical and exponential models) are showed (Chilés and DelfigéY,
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Figure 4-17 Example of analytical functions used to fit the variogram.

The difference with a straight interpolation with mathematical functions, (e.g.
polynomial) consits of the fact that estimates are considessdstatistical variables
and thus a standard error temuhich is a proxy of the standard deviatimassociated
with them. The main advantage of this information is that the reliability associated to
the edimate is known (a large standard deviatiorplies a greater uncertainty and
lower reliability). In this way, th@ n a | ywalityscénsbe improveaonfining it to
the zones where estimates are more robRstgarding geotechnical and site
characterizatio problems, it is immediate to understand gtandard deviation drops
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where more investigations are close to each other, while it assumes intolerable values
wheretheinvestigation is limited or totally missing. Hentlee standard deviation map

can be iewed as a tool to increase completenessefanalysis, filling the gap of
information with additional investigation.

A paramount difficulty of risk assessment for systems spread over large territories
is evaluatiig variables (e.g.subsoil properties)rébm the investigatioroutcomes
performed in aliscrete number of positionSometimes, the original information is
affected by inconsistencies, likeor example largely differentvariable valuesare
measuredeven for boreholes close to each other. P@ssibasons for such a
discrepancy can ought in different directions, likéor instancedifferent standards
adopted in the execution of tests, to a wrong location of the borehbis.
inconsistency of investigatiomepreserg one of the major caused error in
interpolating information owethe areasresulting in punctual values of a given
variable which markedly differ fromthe spatial trend inferred from contiguous
investigations To identify such singularitgnd quantify uncertaintgf the estinate in
each position, geostatistical tes(Chiles andDelfiner, 2012) arebeneficial In
territorial studies ofiquefaction, geostatistical tools have beeo@ed for instance
by Baker and Faber (28D to compute the distribution of liquefaction potential
indicators in the city of Adapazari (Turkey), by Pokhrel et al., (2015) to map the
Liguefaction Potential Index (Iwasaki et al., 1978) from SPT results irtithieof
Urayasu (Japan) and by Zhu et @017) toquantify the probability of liquefaction
based on CRTdata

Geostatistical tools can be recurrently used to assess the quality of available
information and filter lowguality onesAn issue relatedotthe collection of subsoil
information overarge areas is that investigations are rarely performed with the same
standardand data are not always consistent each oltés.inconsistency frequently
stems from different execution, reporting, interpretatandards, other sources like
mispositicning the investigation sites over the map, &eostatistical based tests like
the boxplot (Montgomery et al., 2012) enable to evaluate the quality of data from the
continuity of information estimated from nearbpvestigation. A boxplot test
represents an expeditious but @obitrary criterion to filter anomalous datéeing
possible to analyze and manage data in a fully automatic way, i.e. without the need for
the operator to pick singularly data and drive outesnOnce problematic data are
identified, it is possible to verify the origin of inconsistency, correct errors or
eventually discard the datum. The beneficial effects can then be measured with a
reduction of the estimate standard error.
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For a given variale, a boxplot shows the thregiartiies on a rectangular box
representing respectively the 25, 50 (i.e. the median value) and 75 percentiles. The
interquartile range IQR is defined as the difference between the third and the first

quartiles:

00Y 0

Eq. 4.12

Each pointfalling outside from the intervaf:-1.5*IQR and Q@+1.5*IQR is
assessed aspotential outlier, extreme outlier if considering the inte@al3.0*IQR

and Q+3.0*IQR.
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Figure 4-1871 a) Box plot test and identification of outliers; b) Exampleroés validation to remove
inconsistentlata for a givervariablex.

In the present case, the tolerability criterios baen fixed considering the 25 and
75 percetiles of thestandard deviation of estimatad discarding the dasssessed as
outlier through the boxplot criterion, red pointsFafure4-18.

4.4.3Error Propagation Theory

Evaluating the role of uncertainty in the assessment of risk is a special case of error
propagation. The basic idea is that uncertainti@ggat parameters propagate through
the rest of the calculation and affect the resultexample, an engineer nhigestimate
a factor or a property (a seismic intensity measure, the parameters of a soil model
etc.) use then in some cascade calculation progessl use results to compute risk.
Each of these steps involves errors on its owd,umcertainties in theriginal estimate
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will affect the numbers calculated at each subsequent step. The study of error
propagation aimto deal rationally with this problem (e,gBaecher & Christian,
2003). In cascade phenomena likpiefaction the uncertaintythatarises ata certain

level propagates at the upper leyalsd methodologies are needed to evaluate effects
(e.g, Kaplan 1981; PatéCornell 1994; Bradley et gl2009; Ching et al2009). Welt
established reliability methods, such as FQSMDRM/SORM and Monte @rlo
simulation, provide useful techniques for quantifying the propagation of uncertainty at
the upper level (Nadim, 2007) and reveal which parameters contribute most to the
uncertainty and probability of failurén the Frst OrderSecond Moment approach
(Ang and Tang, 1984), thanalytical approximations for the mean and standard
deviation of a parameter of inter@seprovidedas a function of the mean and standard
deviations of the various input factors, and their correlatignmaean of the first term

of a Taylor series. The FOSa&pproximation only provides estimates of the mean and
standard deviation, which are not sufficient by themselves for evaluating the failure
probability. To estimate the failure probability, one musuase thes af ety mar gi n¢
distribution function or the safety factor beforehaidmpared to the previous FOSM
method, the piogering work of Hasofer and Lind (1974) provided a geometric
interpretation of the reliability index as a measure of the distanaginfhensionless
spacepetween the peak and multivariate distribution of the uncertain parameters and
a function defining the failure conditiomheir approximation implies transforng a
general random variable into a standard Gaussian vector; to ltheatpoint of
maximum priability density within the failure domain and estimate the probability
of failure. SORM analyseslefine thelimit state function ashe FORM for compete
information, althoughapproximaing themwith a seconebrder function (Breitug,

1984) However, br geo-problemsthe probabilities of failure obtained wiBORM

are very close toF O R M@atues (Lacasse and Nadim, 199%he Monte-Carlo
simulation is a procedure, whigimulatesstochastic processes bgpeatingmany
timesdeterminstic analyses.e, cdculation wherenput valuesare randomly selected

in proportion to their joint probability density function. It is a powetkdthnique,
applicableto both linear and nehlinearproblemsbutcan requirananysimulations to
provide reliable distributionfdhe response (Nadim, 2007).

Notwithstanding the above situatidhis essentiato develop quantitative decision
support tools for earthquakelated risks mitigation. Suchtools are helgful to
quantify/conpare risks for different options and to faate informed decision
making. Reducing uncertainties within tolerable levels and evaluating reliability of
conclusions is of paramount importance for a successful risk assessment and must be
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thus continuouslyconsidered the reference goal along the whotegss.Taking
advantage of the existing literatuiaecher & Christiai2003), themainassumptions
of the FORM methodare first introduced and themntextualized to théquefaction
chain phenomenon.

Thestudyof Baecher & Christiaii2003)starts byrecognizing that the result of the
calculations can be considered a functigo of the several input parameters and
variables (X, X2, . . .,%) evaluated at some poafixy, X2, . . . , X):

QO Qoo o Eq. 4.13

If only one independent variable X appears and the valiigait known for some
value of X, sayw, then the value of g can be found for any other value x by using the
Taylor serieshowed in Eqn. 4.14.

However, in the study of error propagationore than one independent variable
usually appearand thereforea generalization diqn. 4.14s needed. In this cagbe
initial value of each independent variable Xi is usually taken equal to its mean value,

eXi. An equivalent form of the Taywylor
4.15.
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Eq. 4.5
If all the termgxi 1 € X are small, their squares, cubard higher powers will be

even smaller and thus can be ignorekis means thabnly the firstorder terms are
included Hencemethods based on this assumptawa called First Order Reliability

116

er



Chapter 4 Multilevel Risk Analysis

Methods (FORM)anNd derive fronthe HasoferLind (1974) approeh. Fromthe first
order termsdoptionthe approximatiomf Eqn. 4.16 is derived.

ofhigEn O ofofe 2 o ‘o #—
pA W

Eq. 4.5

Consequently, the expected valfiec @and the variancé t of g can be found
through Equations 4.17 and 4.18.

: Q' ol dB ® Eq. 4.7
" OB w ‘0w — Eq. 4.B

Then,multiplying the expression in brackets by the probability density function and
integrating over the complete range of probabilities leads to an expression for the
varianceln this casgcare must beaken to multiply out the terms before interchanging
theorder of integration and summation. The result is showed in Eqn. 4.19.
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Eq. 4.19

Equation 4.19 requires the valuesf some partial derivativesalthough aly
sometimes it is possible to differentiate the functibgd and evaluate the
corresponding terms exactly. In the more common situation, the partial derivatives
must be found numerically. The easiest way to doishis use central differences that
implies to evaluate the function g with each of the variables set at its mean value
(esti mat en4d?d. Intum, be partid derivative for each variable is found
by increasing and decreasing the variable Isynall amount, finding the difference
between the two resulting valuesigb, and dividing the difference by twice thaall
increment.
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Example of error propagation in the liquefaction induced physical
damage

With reference to the cascade process sumetty the convolutive integral of
PBEE, the evaluation of the uncertainty in the term p(EDP|IM) of Eqn. 4.1 is a special
case of error propagation. In particuléne EDP corresponds to the liquefaction
induceddifferential settlemengvaluated at thbuilding centroidfor a given intensity
measure IM of theeismicscenarioSince inthe herein defined approach, differeaiti
settlements are correlated to the absobriesbased omumerical analyseéEqn.

4.20), the evaluation of building differential settlement implies a cascade process
starting from the definition of the geotechnical subsoil model as well as the spatial
interpolation of representative variables consisting in the 1D-ljppsfaction
settlemenhand the contribution of ejecta material (respectively terms Wv and We of
Eqn. 4.21).
10 | 2
Eq. 420

where Wmaxis the total absolute building settlement calculated witHBitasy and
Macedo(201) f or mul a and U is the scaling facto

WA WL OwQ Wi
Eq. 421

As pointed out by Bray and Dashti (201®@he absolutesettlement has been
calculated by the sum of volumetric deformation (Zhang et al., 2002) and shear
induced deformations evaligal through the Bray and Macedo (2017) form{ign.
4.22)assumed as independent variablaghis phase, the contribution okeetasand
material has been neglected in the lackbaflding-by-building records of ejecta
liquefied material.
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Eq. 422
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It can be observed thaigsificative uncertainties in the estimate of differential
settlements arise from:

the spatialvariablity of geotechnical variablesvhich includesboth the subsoil
properties (relative density, measured CPT tip resistance and sleeve friction, evaluated
indicators of liquefaction severity) and the characterization of the geometric
stratigraphic mdel (meaing the assessmeot a crust thickness and thicknesstoé
liquefiable layer)

the building characterizatiori.e., geometry (plan regularity/irregularity), load
distribution, building mass, inertial effects, foundation typesl depth.

Concening the former issuegeostatisticsnterpolationtools (like the kriging
showed in Par. 4.6.2)low to spatially characteze a given variable through its mean
and normed errqor standard deviationyvhich isa proxyof theerror estimateAbout
the dratigraphy,the application of the ESP method (Millen et al., 2020hasein
recommendedo build the geotechnical model tife subsoil since its normed error
allows to prove the consistency with the hypothesis of three strata model. On the
contrary engneering judgment should be introduced in defining the subsoil model
when the normed error is found greater than a criticaievaf 0.15, as suggested by
the authors.

Despite a rigorous application of the FORM method would recarireexplicit
evaluation © the error made in defining the building contact pressure otihe
foundation,many National and International Standards (NTZD18; CEN-2004n)
agree in the use of a sepriobabilistic approach assessgthe buildings loads, which
are defined in terms ofharacteristic values accounting to all the uncertainties in
materials, actions.

Lasty, thecalculation method employed to dwate the sheanduced deformation
Is usually affected by an error since it is obtained from data regression among
numerical moding and observationg.o capture this contributio®ray and Macedo
introducein their studya normally distributedandom variable epsilgotavingzero
mean and 0.50 standard deviation in logarithmic units.

The application of Eqn. 4.19 to the absolualk settlement, leads to calcuhaf
t he v a’wihadasexpresded in Eqn. 4.Z%spitein more common applications
the aboved e f i ne d Ago f un c (buteartial ideyivatesontust ber act a b
numerically evaluatédin this situationit is possble to differentiate the functiommax
and evaluate the corresponding terms exactly
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Wherethe recalled partial derivates have been calculated as follows
- =1 Eq. 424
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Eq. 4.27
Finally, the differential settlementst each building centroidare evaluated by

applying Egn. £0. At this step, the error propagation theaitlows evaluaing not
only a deterministic value of differential settlemdéetg,t he mean Joua | u e

alsoto characteriz¢he variance® ( &), which can be evaluateds showed in Eqgn.
4.28.

Eq. 428
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Where U i s nojrshadngdneandalue equal to@Eaaddstandard
deviation equal to 0.08n the other hand, ax in Eqn. 4.28 represents a median
absolute settlement of a moal distribution, as demonstrated by the introduction of

t he U(BrayendnMacedo, 2017Yhis assumption is justified by numerical
analyses (see Chapter 4) that showed a statistical independe bet ween U
maximum liquefactiorinduced absolutesttiement Wax.

The aim of the previoussteps of calculations to define for each building a
probabilistic distribution of differential settlements induced bgetectedseismic
scenaripwhich also reflects the level of uncertainty in the geotechnicaletiong of
the subsoil.lt is evidentthat: the lesss the error in the estimate of the subsoll
properties and spatial variability, the less will be the evaluated standard deviation of
differertial settlement and the more accurate the prevision modelbilln this
context, the application of the FORM method in both evaluating the liquefaction
induced building absolute settlement and relating it to the differential one allows
defining for a gven earthquake scenario thewSsian distribution of differeiatl
settlements (defined by the mean and standard deviation calculated as per Eqn. 4.20
and Eqgn. 4.28).

Proven thatfor a normal distribution(having meari e 6 and standard

i 0 ahp95.5% an®9.7% of the entire datasespectively rangm‘ ¢, and'

o, , (seeFigure4-19), anexample of cumulative distribution functions cusing
the 95.5% bthe entire differential settlementsdistributioninduced by a predefined
seismic scenario is shodein Figure 4-20.a According tothe adoptedmodel
(Fotopoulou et al., 2018), the curvesHijure4-20.a relate the evaluated differential
settlements to their probabilitf exceedance.

However, inthe logic of the cascade schenadiquefactiorinduceddifferential
settlementepresentgor a buildingboth theresultof a gven seismic inputindthe
building structural demanédlisoclassified as engineering demand parameteil E D P 0
responsibledr structural/norstructural damagén this situation, fragilitymodelslike
the Fotopoulou et al. (201&re normally introduced toquantify theliquefactior
induced physical impact: theyink differential settlementt four predefned damage
limit states.Although fragility curvesrepresent a probabilistic estimate of building
damagea more rigorouapplication ofthe error propagain theory implies to joitthe
fragility model considering the whole range of possible EDPs andhtueggeach
value by its probability of exceedandemeans that for a buildinghe probability of
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undergoing a given damage limit state, which accounth&entire rangefgossble
EDPs, can be determined through Eqn. 4.29.
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Figure 4-19 Areas under the normal curve that lie between 1,®3%standard deviation on each si
of the mean.

Figure 4-20.b highlights the dirence between twgossible approachesn
evaluating the physical impactthe former estimaes the term P(D>d)
deterministiclly, i.e., only considering one value of the EDP (ethe median value
of thedifferential settlerart, or a defined quantilelt is represented by the black line
of Figure4-20.b. The latterintroducesall the EDP values rangirfgr instancen *
¢, , each of themweighted byits density probability function This approach is
displayed through the eas below eactiamage state fragility curve Bfgure4-20b.

Figure 4-20 Probability of exceedance of a liquefactimmuced building differential settlement for a gi
scenario; b) evaluation of liquefactienduced fysical impact on buildings, namely in a determinist
(solid line) and probabilistic (areas below each cyrways.
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