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AC Asbestos Cement

AGI Associazione Geotecnica Italiana

AHEAD Archive of Historical Earthquake Data
AHR Average Head Ratio

ALARP As Low As Reasonably Practicable

AEL Annualized Earthquake Loss

AFE Annual Frequency of Exceedance

ASTM American Society for Testing and Materials International
BRT; Building Recovery Time (for the generic activity)
BTM Building Typology Matrix

CAD Computer-Aided Drafting

CALTRANS California Department of Transportation
CAV Cumulative Absolute Velocity

CcCs Consorcio de Compensacién de Seguros
CEN European Committee for Standardization
CEA California Earthquake Authority

CES Christchurch Earthquake Sequence

CGD Canterbury Geotechnical Database

CLE Limit Condition Emergency

CPT Cone Penetration Test

CPTe Electrical Cone Penetration Test

CPTm Mechanical Cone Penetration Test
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CPTu Cone Penetration Test with Piezocone
CRR Cyclic Resistance Ratio

CRS Coordinate Reference System

CSR Cyclic Stress Ratio

CcT Crust Thickness

CTL Cumulative Thickness of Liquefiable Layers
Csv Comma Separated Values

CTMS Commissione Tecnica per la Microzonazione Sismica
DCI Damage Consequence Index

DEM Gigital Elevation Model

DPC Department of Civil Protection

DTM Digitail Terrein Model

EDP Engineering Demand Parameter

EERI Earthquake Engineering Research Institute
EILD Earthquake Induced Liquefaction Disaster
EMEC European-Mediterranean Earthquake Catalogue
EPV Effective Peak Velocity

EQC Earthquake Commission

ESHMs European Seismic Hazard Maps

ESP Equivalent Soil Profile

ESRI Environmental Systems Research Institute
ETRS European Terrestrial Reference System

EU European Union

EWS Early Warning Systems
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FEMA Federal Emergency Management Agency
FGDC Federal Geographic Data Commettee

F, FS, Factor of safety against Liquefaction

FLT Functionality Loss Time

FORM First Order Reliability Method

FOSM First Order Second Moment

GDAL Geospatial Data Abstraction Library

GEM Global Earthquake Model

GeoTIFF Georeferenced Tagged Image File Format
GIS Geographical Information System

GMPE Ground Motion Prediction Equation

GNU General Public License

GRS Geodetic Reference System

GSM Guidelines for Seismic Microzonation
Herust Non-liquefiable crust thickness

HDPE High Density Polyethylene

Hiiq Thickness of Liquefiable Layer

HR Head Ratio

ICC International Building Code

ICMS Indirizzi e criteri per la microzonazione sismica
IM Earthquake Intensity Measure

INGV Istituto Nazionale Geofisica e Vulcanologia
INV_DAM; inventory losses for the business activity i
IR Implementing Rules
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ITRS Internation Terrestrial Reference System

JER Japanese Earthquake Reinsurance

JGS Japan Geotechnical Society

KML Keyhole Markup Language

LDI Lateral Displacement Index

LDP Liquefaction Demand Parameter

Li Loss of Income

LPI Liquefaction Potential Index

LPl;sy Ishihara-inspired Liquefaction Potential Index

LRFD Load and Resistance Factors Design

LRG Liquefaction Reference Guide

LSs Limit State

LSN Liquefaction Severity Number

MASW Multichannel Analysis of Surface Waves

MBIE Ministry of Business, Innovation and Employment (N. Z.)
MCEs Maximum Credible Earthquakes

MCS Macro Seismic Scale

MMI Modified Mercalli Intensity

MPVC Modified polyvinyl chloride

Mw Moment Magnitude

NAICS North American Industry Classification System
NCEER National Center for Earthquake Engineering Research
NERA Network of European Research Infrastructures for Earthquake Risk Assessment and

Mitigation
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NERIES Network of Research Infrastructures for European Seismology
NEHRP National Earthquake Hazard Reduction Program

NTC Italian National Building Code

NZGS New Zealand Geotechnical Society

OASIS Organization for the Advancement of Structured Information Standards
0OGC Open Geospatial Consortium

OMG Object Management Group

PBD Performance Based Design

PEBA Performance Based Earthquake Assessment

PEER Pacific Earthquake Engineering Research

PESH Potential Earth Science Hazards

PGA Peak Ground Acceleration

PGD Peak Ground Displacement

PGDf Permanent Ground Deformation

PGV Peak Ground Velocity

PL Probability of Liquefaction

Pis probability of exceedance of designated limit states
PRR Plans for Prevention of Risk

PSHA Probabilistic Seismic Hazard Analysis

RAIF Resilience Assessment and Improvement Framework
RC Reinforced Concrete

Rc Repair cost

RDBMS Relational Data Base Management System

RER Regione Emilia Romagna
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RR Repair Rate

RRI Rapid Risk Identification

S one-dimensional volumetric reconsolidation settlement
Sa Spectral Acceleration

SBT Soil Behavior Type

SCPT Seismic Cone Penetration Test

SHEEC SHARE European Earthquake Catalogue

SHM Map Map of Seismically Homogenous Microzones

SLM; Service Interruption Multiplier (for the generic activity)
SLS Serviceability Limit State

SM Seismic Microzonation

SORM Second Order Reliability Method

SPT Standard Penetration Test

saL Structured Query Language

SSI System Serviceability Index

TC4-ISSMGE Technical Committee for Earthquake Geotechnical Engineering of the International
1999 Society for Soil Mechanics and Geotechnical Engineering
TWG Thematic Working Group

UBI Uninhabitable Building Index

UBIi Upgrade Benefit Index

UL Utility Loss

uLs Ultimate Limit State

us United States

UTM Universal Transverse Mercator
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Vs Shear Wave Velocity

W3cC World Wide Web Consortium

WGS World Geographic System

WCS Web Coverage Service

WEFS Web Feature Service

WMS Web Map Service

ZAq Attention Zone

ZRq Respect zone

ZSq Susceptibility zone

amee maximum horizontal acceleration

Arms Root Mean Square Acceleration

CN Overburden correction factor

Dw Groundwater depth

Dr Soil Relative Density

Ds Shear-induced building settlement

Fc Fine content

Fs Sleeve friction

G Shear modulus

Ic Soil Behaviour Type Index

Ka Corrected term for influence of static shear stress
Ko Corrected term for overburden pressure

MSF Magnitude Scaling Factor

N1g SPT number of blows.
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(N160)cs Equivalent clean sand normalized number of blows
Pa Atmospheric pressure
Tip resistance in cone penetration test
Qc
(qcin)es Equivalent clean sand normalized cone tip resistance
Rd depth-dependent shear stress reduction coefficient
Ru Pore Pressure Ratio
S Soil Factor
Sa(T) Acceleration response spectrum
SSi Soil Structure Interaction
T Fundamental Period
U Pore pressure
Uc coefficient of uniformity
Vs Shear wave velocity
Vs1 Normalized shear wave velocity
Z Depth
Bk Damage standard deviation value
Au Excess pore pressure
&V Volumetric consolidation strains
€h Horizontal strain
elim Limiting tensile strain
n Damping correction factor
&sys Equivalent viscous damping
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A Excitation wave length

ov Total vertical stress

ov' Effective vertical stress

c Normal stress

tsoil Shear stress of soil column mass

ddeg Equivalent degraded friction angle of the liquefiable layer
1] State parameter

Y Shear strain

P Mass density of the soil

Pdyn Shaking-induced the settlement
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Although liquefaction is not dramatic and shocking like other effects of earthquake such as collapse of
structures, landslides and tsunamis, it is similarly harmful for the communities in terms of economic and
social impact. Liquefaction is usually considered a secondary hazard in the context of earthquake-induced
losses, but this condition absolutely does not diminish its importance. The extensive physical damage
produced on buildings and lifelines is just a part of the impact as injuries are aggravated by the prolonged
reduced serviceability of the critical infrastructures, i.e. systems and organizations that deliver goods and
services fundamental for the life of the society and for the economy of the productive asset (Macaulay et al.,
2009). The experience of real events has shown that damage usually occurs not only on the buildings, but
also the facilities connected directly or indirectly to the productive systems (roads, waterways, electric and
communication lines), in this way undermining for long time the whole social organization and the recovery
capacity of the communities.

The above concerns raise the need for improving the resilience and for involving all stakeholders
(governmental and regulatory boards, suppliers of services, citizens) in an unified process aimed at increasing
security, preparedness and survivability. Being resilient for a community means to assume a proactive
behaviour, being ready to survive disasters and maintain economic competitiveness or, in other words, move
beyond a just protective posture to an attitude that withstand crisis and deflect attacks. This behaviour
implies for the community to be aware of risks, vulnerabilities and of the current capabilities to deal with
them, in order to promptly make informed tactical and strategic decisions. A comprehensive assessment of
risks that correctly estimate losses addressing the distribution over the territory of hazard, vulnerability and
exposure becomes fundamental. It assists the decision-making of the stakeholders (city planners,
governmental institutions, emergency agencies, insurance companies, private investors and citizens) who
need to control their 'portfolio' of properties, undertake appropriate mitigation actions and optimize the
budget allocation.

The holistic assessment of liquefaction risk at different scales, from single structures to aggregates, and the
improvement of community resilience is the goal of Liquefact. Thanks to the spread of geoinformatics, rich
spatial databases can be nowadays created, empirical connections, mechanical based schemes or artificial
intelligence tools can be adopted to connect information and map the results of complex analyses. Applying
them to the assessment of liquefaction risk means to assemble into a unique geographical information
system seismic hazard, geotechnical properties of the subsoil, structural and functional characteristics of
buildings and infrastructures.

This deliverable illustrates how the above scope can be pursued on different systems, like urban aggregates,
industrial districts infrastructural networks. Difficulties and uncertainties that affect the assessment are
highlighted inspired from case studies where liquefaction has pervasively affected territory and community.
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1. INTRODUCTION

1.1 Scope

In the general scope of the project, aimed at defining an operative strategy to quantify and mitigate the
liguefaction risk on critical infrastructures, the Work Package WP7 has the role of validating the defined
procedures with the retrospective analysis of past events and of summarizing the outcomes into guidelines
that enable operators to implement methodologies for risk assessment and the EU Commissions to produce
technical standards. Bearing this goal in mind, the action has been focused on two complementary targets,
i.e. evaluate the liquefaction risk of a generic system and standardize the use of remediation technologies.

With specific reference to the first target, the assessment requires the characterization in terms of risk of the
system to be analysed, being it a community at different geographical scale (national, regional, municipal ...),
a subsystem like an industrial or sanitary district, or an infrastructural network. In all cases, the impact on the
resilience of the system must be evaluated identifying the fundamental nodes of the system (critical
infrastructures), quantifying hazard, vulnerability and loss of functionality due to liquefaction and finally
evaluating the impact of the considered seismic event on the whole system. Considering that this analysis is
normally performed on entities of variable territorial extension, the present deliverable defines the
procedures to set up the database in the appropriate Georeferenced Information System, to collect,
symbolize and store information, to overlap them for the computation of risk and to represent outcomes. A
GIS structure must be thus customized to the specific target including all factors necessary to quantify
liguefaction risk (seismic hazard, geological setting, geotechnical properties of the subsoil, groundwater
conditions, structural, economic and strategic characteristics of buildings and infrastructures etc.). In this
framework, a methodology is necessary to collect and store data, transform qualitative into quantitative
information and adopt a unified system of symbols for a harmonized representation.

Objective of this document is to frame the experience of the participants at the project and outcomes of the
different tasks into recommendation guidelines useful for the revision task groups of EU building standards
to produce technical standards that address liquefaction in the most complete and up-to-date form.
Considering this goal, the present document starts introducing the general principles of risk assessment and
with a preliminary recognition of the current procedures for Liquefaction assessment in the European
Standards or in other national/international codes. Aims and limitations of the liquefaction risk assessment
are then addressed, identifying the stakeholders interested to the process and specifying their different scale
and outcomes of interest. The risk assessment methodology is then developed introducing concepts, tools,
terminology and symbolization and describing the algorithms introduced in the toolbox software for the
different levels of analysis.

Liquefaction rarely produces the dramatic and shocking number of casualties typical of other earthquake
effects like building collapse, landslides and tsunamis. Only in few cases liquefaction affects massively the
territory, like in the flow failure examples occurred in 1964 in Alaska, that caused 32 casualties, or in the
more recent 2018 earthquake occurred in Indonesia (Figure 1-1). Flow failure occurs when the static shear
stresses on sloping ground exceed the frictional shear strength of the soil deteriorated by the pore pressure
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build-up. Displacements in this case can be very large, in the order of tens of metres or even more, and may
disrupt buildings and infrastructure over wide areas.

Figure 1-1: Examples of flow failure induced by seismic liquefaction in (a) Alaska (1964) and (b) Indonesia (2018).

However, even when such massive disruption does not occur, the effects of liquefaction are harmful as well
for the communities in terms of economic losses and social consequences. The fact that liquefaction is
considered just as a secondary hazard in the context of earthquake-induced losses by no means diminishes
its importance as it threatens all the fundamental assets of the community. Typical examples of damage
produced worldwide by liquefaction are reported in Figure 1-2 for dwelling buildings (Figure 1-2.a), industrial
buildings (Figure 1-2.b), bridge abutments (Figure 1-2.c), embankments (Figure 1-2.d), harbour docks (Figure
1-2.e), pipelines (Figure 1-2.f) and manholes (Figure 1-2.g).

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 (Figure 1-3),
i.e. those systems and organizations that deliver goods and services fundamental for the functioning of
society and economy (Macaulay et al., 2009).
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(f)

Figure 1-2: Examples of damage induced by liquefaction on private buildings (a. Adazapari, Turkey, 1999), industrial building (b.
Mirabello, Italy, 2012), bridge (c. Christchurch, New Zealand, 2011), embankment (d. Fukushima, Japan, 2011), harbour dock (e.

Port au Prince, Haiti, 2010), pipeline (f. Christchurch, New Zealand, 2011), manholes (g. Tokachi Oki, Japan, 2003), sidewalk (g.

Mirabello, Italy, 2012)
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Population, structures, utilities and socio-economic activities form together an integrated system of
interdependent entities. Therefore, damages affecting the building asset or the facilities (roads, waterways,
electric and communication lines) impact, directly or indirectly, onto the whole systems, undermine its
productive capacity and the whole social organization in a way that quality of life is jeopardized. The long
time necessary to restore original conditions plays the final negative role at a point that population may be
discouraged to undertake reclamation and persuaded to abandon the place.

Translational failure Flotation of buried structures  Ground settlement Bearing failure Lateral spreading Embankment failure

of slopes and undermining Tanks, pipes and manholes Ground loss due to cyclic Full or partial bearing failure Ground movement toward Full or partial bearing failure

of foundations and infrastructure. are buoyant in liquefied ground  densification and/or due to reduction in bearing free face of river bank, of ground beneath embankment
and disturb or break through to  erosion of sand ejecta capacity, resulting in differential  coast or man-made cutting. or levee leading to translational
surface. Pipes rupture, causing seftlement tilting or overturning.  Cracks along banks or cutting  or rotational failure and damage
flooding and contamination extend inland, damaging to infrastructure

buildings and infrastructure and
partial closure of waterways.

Figure 1-3: Effects of liquefaction on buildings and infrastructures (adapted from Mian et al., 2013)

The above concerns raise the need for improving the recovery capacity and resilience of the community,
involving stakeholders (boards, governments, regulators, suppliers of services) in an unified strategy aimed
at increasing security, preparedness and survivability. The international community has become
progressively aware that resilience is the key to describe earthquake engineering performance and that
technological units and social systems cannot be decoupled (e.g. Bruneau et al., 2003). The focus on
technological aspects applied to critical infrastructure must be broadened to include the interplay of multiple
systems —human, environmental, and others — which together add up to ensure the functioning of a society.

Being resilient for a community means to assume a proactive behavior, ready to survive disasters and
maintain economic competitiveness. In other words, the question is to move beyond a just protective posture
to an attitude that withstand crisis and deflect attacks. This behavior implies for the community to be aware
of risks, vulnerabilities and of the current capabilities to deal with them, in order to promptly make informed
tactical and strategic decisions. A comprehensive assessment of risks that correctly estimate losses
addressing the distribution over the territory of hazard, vulnerability and exposure becomes fundamental. It
assists the decision-making of the stakeholders (city planners, governmental institutions, emergency
agencies, insurance companies, private investors and citizens) who need to control their 'portfolio' of
properties, undertake appropriate mitigation actions and optimize the budget allocation.

The relevance of liquefaction over Europe is evident from the study carried out within the Work Package 2
(Deliverable D2.4 of Liquefact Project) that counts 920 recorded cases of liquefaction induced by 196
earthquakes. Figure 1-4 reporting the GIS-based catalogue of historical occurrences shows that liquefaction
is spread all over the seismic portion of the European territory practically with no exceptions. Fourteen
countries are involved in total, with an obviously greater frequency for the most seismic regions, primarily
Italy, Greece and Turkey, but with examples recorded also in the other countries. The phenomenon is related

5


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

This project has received funding
from the European Union’s
Horizon 2020 research and
innovation programme under
grant agreement No. 700748

LIQUEFACT
Deliverable 7.1

Manual for the assessment of liquefaction risk, defining the procedures to create the
database, collect, define, symbolize and store information in the Georeferenced
Information System and to perform and represent the risk analysis

not only to the shaking intensity, as the highest frequency of liquefaction events has been noticed for 6+6.5
magnitudes but depends fundamentally on the combination of the latter with the susceptibility of the subsoil

both affected by a significant spatial variability.

The challenge for risk assessment comes from the need to investigate different concurrent factors, seismicity

affecting the territory in the radius of dozens of kilometres from the epicentre and susceptibility of the

subsoil, i.e. the set of geological conditions by which recent deposits of saturated granular soils tend to

compact and develop excess pore pressures upon cyclic shearing, variable in the scale of dozens of meters.

A combination of different studies must thus be conceived conjugating information at largely different

geographical scales: seismic hazard dictated my macrophenomena producing effects at the regional scale;
lithological, stratigraphic, geotechnical and hydrogeological conditions.
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The question becomes more complex when considering that risk assessment involves buildings and
infrastructures whose vulnerability must be assessed firstly at the physical level, considering their structural
characteristics, then at the operability level implying to estimate their weight on the life of the community.

Proven that the most sophisticated tools are nowadays able to reproduce phenomena with good accuracy,
but also ascertained 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 assessment is
a matter of how precisely the predictive model is built. This need imposes to seek the maximum precision in
conjunction with the coverage of the studied area optimizing the investigation strategy. Investigation should
be thus preferably performed where risk exposure is not negligible and information should be interpreted
altogether, taking advantage of their spatial distribution.

Methodologies and approaches for the assessment of liquefaction potential are the subject of significant and
ongoing research, and this document tries to summarize part of the extensive body of technical literature in
this area to define a methodology for risk assessment. Considering the variability of possible situations, given
by different scopes of the analysis (e.g. loss estimates, urban planning, emergency management, etc.),
different 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 options.

1.2 End users of risk assessment

Earthquake is a multi-facet problem that involves several actors (stakeholders), each with a different
requirement. The main categories of subjects interested in liquefaction risk assessment are listed below:

— Urban and territory planners

— Owner/manager of lifelines /services
— Emergency planners

— Investors/Owners of building assets
— Insurance Companies

— Designers

Each category has a different specific interest, summarized by the question reported in Table 1-1. Very often
interests are interconnected and answers to multiple questions can be found in risk assessment.
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Table 1-1: End users of risk assessment

Stakeholder Question

Urban and territory planners Quantify hazard over the territory to plan the define land
use, plan urban/industrial development, ultimately
motivating people to abandon risky area

Owner/manager of lifelines/services Estimate economic losses and increase the reliability of
lifelines
Emergency planners Increase awareness of risk among the population. Identify

safe areas and verify their connectivity with the outer
communication lines under catastrophic events

Investors/Owners of building assets Determine seismic performance of their portfolio of
buildings

Insurance Companies: estimate losses Estimate losses to fix the premium of the insurance

Designers Assess safety and serviceability of buildings or

infrastructures and design remediation

1.2.1 Territory planning

Urban planning is an important component of earthquake risk mitigation. Engineering and scientific/technical
knowledge can overcome all difficult natural environment but this may imply important costs in design and
construction and be always a less equilibrated solution. Urban planning should define better uses of the
territory in view of all possible threats, setting limits to the types of construction, layouts and size or defining
more detailed seismic action for that environment, envisaging the possibility of excluding high level hazard
zones. Urban planning may establish the degree of intervention in an existing block of buildings, the need for
reinforcing, etc. But a great deal of application comes from integration into urban planning of land use
restrictions related to other effects beyond the direct ground motion, such as the influence of known active
faults, the induced phenomena of liquefaction and landslides, but also the tsunami flooding, flooding from
dam failure, etc.

An example of an important development of rules related to municipal urban planning has been carried out
in France by the Plans for Prevention of Risk (PPR), whose strategy is published in Commissariat General du
Plan (1997). An important number of municipalities have developed their own local Plan during the last few
years.

Therefore, Identifying the presence of areas possibly affected by liquefaction and evaluating risk is
fundamental to regulate land uses and urban transformation. The relationship between seismic hazard and
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the different settlement contexts must be considered for this purpose. A tool for urban planning in the Italian
territory is provided by the CTMS (2017) that specifies the Microzonation Studies previously defined by the
ICMS (2008). The latter document suggests proceeding with a three levels of in depth investigation defining
hazard at a progressively higher detail (Figure 1-5).

Three levels for Seimic Microzonation studies of increasing
complexity are determined

O
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Figure 1-5: Levels of microzonation studies and their use for urban planning and building design (extracted by CTMS, 2017)

In the guidelines for liquefaction, the same three levels of in-depth strategy is defined for the identification
of the areas potentially affected by liquefaction (Figure 1-6). In particular, three zones recalled in Table 1-2
as Attention (ZA.q), Susceptibility (ZS.q) and Respect Zone (ZR.q) are defined each affected by an increasing
hazard.

Table 1-2: Levels, maps and corresponding types of liquefaction zones

: P . . Elementi .
Livello di MS Carta Zone di liquefazione . . Metodi
informativi
1 MOPS Zone di Attenzione (ZALg) Minimi -
3 MS Zone di Suscettibilita (ZS1q) Specifici Semplificats (sensu AGI, 2005)
3 MS Zone di Rispetto (ZR1g) Specifici Avanzaty (sensir AGI, 2005)
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Then, depending on the zone, strategies are defined for each of the following urban categories and for
infrastructures:

- Built-up areas (recent or consolidated)
- Non-developed areas (with foreseen transformation)
- Non-urbanized areas (where limited transformability is foreseen)
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Figure 1-6: Flow chart describing the methodology for the identification of the Liquefaction zones (ZA,q, ZSiq. ZR1q) and example
of map (extracted by CTMS, 2017).

In view of this subdivision, the discipline of land use and transformation forecasts in the liquefaction zones is
divided into: urban planning indications, which define possible regulations from the urban planning
instrument also in terms of intervention categories, destination and methods of implementation; building
indications referred to the anti-seismic technical regulation, that define possible categories of intervention
and classes of use for existing and new buildings.

According to the previous definitions, the management of risk is coordinated with a hierarchy of roles among
the different institutions, namely State, Regional Governments and municipal authorities with the former
dictating the general criteria, Regions developing specific regulation and municipalities taking the
responsibility for carrying out the assessment.
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1.2.2 Lifelines and critical infrastructures

Societal functions in the developed countries are highly dependent on networked systems. Even the most
basic day-to-day functions involve interaction with a variety of critical infrastructure systems. “Critical
Infrastructures are the organizations delivering goods and services in an economy that is fundamental to the
functioning of society and the economy” (Macaulay, 2009). For example, millions of people around the world
use transportation infrastructure to get to work, school, or to run everyday activities. Telecommunication
infrastructure is used for a large variety of purposes going from financial transactions, exchange of non-
physical goods, social communication. Energy infrastructure is used to heat homes, power industries and
deliver fuel for transportation.

Any loss of functionality of a critical Infrastructure impacts somehow on the goods and services that people
use on a constant basis. The critical lifelines for a community can be categorized in the following sectors:

— Energy

— Communication
— Finance

— Health

— Food

—  Water

— Transportation
— Safety

— Manufacturing

With regard to seismic risk and, more particularly to liquefaction, the interest of the owners stems from the
need to estimate the potential losses and consequent repair caused by damage to the physical support of
the service (roads, pipelines, electric or communication cables etc.). Basically, the required output from risk
assessment is an estimate of the economic losses that should be faced in comparison with the expenditure
for mitigation.

Managers are interested in maintaining the operability of the system as continuously as possible at a
sufficient level without interruptions. They refer to the concept of “reliability of the infrastructure” as the
probability that a given element in a critical infrastructure system is functional at any given time” (Murray &
Grubesic, 2007). In other words, reliability of an element or system is a probabilistic measure of the ability of
the subject to resist or keep functioning, given a series of established benchmarks or performance guidelines.
For this purpose, damage on systems can be thus estimated with economic losses (e.g. missed income), or
with reductions of the performance (time delay, reduced number of served customer etc.).

In both cases, evaluation of risk on critical infrastructures means to determine the geographical distribution
of hazard over the served area, the physical fragility of exposed elements and the vulnerability of the
operative conditions. Steps may be largely different from case to case, but ultimately operators should able
to assess reliability of their service and plan improving strategies.
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The question becomes somehow more intricate when considering that systems are mutually interconnected
in a way that failure or malfunctioning of an infrastructure impacts on the others rendering them partly
inoperable. Figure 1-7 shows the relative importance and interconnection for US among the different sectors

cited above.

Finance | Food | Safety/Gov
Finance Food ergy Comms

omms l’l'nms lEnefgy

Energy M anf

Energy

Health

Comms
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Figure 1-7: U.S. Cl economic “use’” interdependency. White &%high-value inputs ($100 billion to a maximum value of $500
billion). Gray&¥%medium value inputs ($10-$100 billion). Black &%lower value of inputs ($1 million to $10 billion). Each sector
block is proportional to the size of its total value of economic inputs consumed by the sector. Each square within each sector

block indicates the proportional size of economic inputs in dollars. (Macaulay, 2009)

1.2.3  Emergency planning

Very often earthquakes have struck densely urbanised areas with severe consequences for the population.
This situation has clearly shown the importance of being prepared for a community by implementing
adequate emergency plans to face the post-earthquake scenarios. The main purpose of emergency is to
reduce the number of casualties, provide reasonable life conditions to the affected population and speed up
the recovery to normality. It is clearly demonstrated that speed, volume and quality of critical humanitarian

assistance increase when the following goals are pursued:

- Reach a common understanding of earthquake risk to ensure early action;

- Establish a minimum level of earthquake preparedness across clusters:

- Build the basis for a joint response strategy to meet the needs of affected people in the short and
medium period;

- Define considerations for detailed contingency planning on the basis of the worst-case scenario,

especially around access and logistics;
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- Minimize the consequences of secondary disasters after earthquake

For the above purposes, a primary advantage of risk assessment is that population are informed of the risk
that may incur during earthquakes, connected directly or indirectly to liquefaction. Awareness may prompt
to behave correctly in case of seismic events as well as to undertake remediation policies to reduce risk.
Civil Protection bodies are the agencies of larger public impact and visibility, responsible for the actions of
earthquake risk mitigation. Emergency preparedness is the direct consequence of a good definition of hazard,
vulnerability and risk assessment. Planning rescue operations, including transportation of injured, managing
homeless problems, providing basic services, etc., and managing post-events in all their ramifications is of
outmost importance for reducing the pain of the affected populations and in returning life to a normal
standard. Planning requires a prior definition of the seismic scenario or collection of seismic scenarios. For
each one, the effect of the simulated motion is treated and transformed into variables to be used in the
planning of all operations. Planning should consider the zones more prone to different occurrences, and
prepare logistic and field exercises to simulate situations that may happen in the case of a real earthquake.
Concerning this issue, a correct behaviour at the community scale is the establishment of emergency
strategies. For instance, the Italian Department of Civil Protection has recently promoted a manual for the
assessment of Limit Condition Emergency, also named CLE (CTMS, 2016). This procedure analyses the
response of an urban settlement in the limit condition that it is damaged at a level that any function, including
the residential one, is interrupted. Strategic emergency functions must be thus preventively planned,
defining safe areas for their installation, verifying accessibility of these areas and the connection with the
territorial context and with the outer transportation system (Figure 1-8.a).

This question implies to analyse risk over the territory and define suitable areas, i.e. safe in case of
earthquakes and to check the reliability of the road network kin order to guarantee mobility of the emergency
vehicles after earthquakes, identifying a number of candidate emergency paths and checking the possible
interference with buildings (Figure 1-8.b). Travel time methodologies are currently implemented to assess
the reliability of transportation networks, in some cases quantifying the probability that a given destination
can be reached at all, in other cases evaluating the probability that a given destination can be reached within
an acceptable time interval.

Modern technological developments can provide Civil Protection and other managing and security bodies
with new forms of mitigation such as the seismic Early Warning systems (EWS). These systems are essentially
of two types. The most widely accepted EWS takes advantage of real time modern seismology and deals with
the lead time one can gain after the onset of an event by identifying from the first seconds of the P-wave the
size of the S-wave which will arrive at a later stage. If the distance that the waves travel to a site is sufficiently
large, one can gain tens of seconds and be able to send information prior to the arrival of the large S-
amplitudes.

Depending on the gained time, this technique will allow launching of important actions, such as shutdown of
industries, closing networks, stopping dangerous activities, or preparing for active control of constructions.
These new ideas are already being practiced in several locations as test cases, the most known one being the
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system for stopping the Shinkansen train in Japan. Knowing the distribution of seismic, and particularly of
liguefaction enables to optimize strategies.

- LAY LN
A Infrastrutture di connessio
tra gli elementi della CLE

a“‘. SR u:\,

|y

(a)

(b)

/ / aggregato Interferente con l'area di emergenza

Figure 1-8: Example of accessibility and connectivity to an emergency area and interference with buildings (CTMS, 2016).
1.2.4 Owners of building assets/Investors

Liquefaction risk assessment finally attributes a level of hazard to the different areas within the urban context
in some way ruling the market of construction. Discrepancies arise for the owners of portfolios of properties
that may end in solutions consequences depending on the relative viewpoint. Low liquefaction hazard on
some area may motivate people to move to that places and generate a surplus for the demand of houses
with consequent increase of cost. On the other hand, the owners of buildings in highly hazardous areas might
be subjected to very restrictive regulations that impose technical improvement or modification of structures
and foundations. Figure 1-9 shows the example of Christchurch (New Zealand) where, after the Earthquake
Sequence of 2010-2011.

The landscape of the city was profoundly modified by the liquefaction induced by earthquakes and a part of
the city (red zone) was definitely abandoned. Estimate of the phenomenon severity over the territory led to
e reclassification that produced significant changes in the construction requirements.

In some cases, the large vulnerability of buildings may require mitigation actions, like the adoption of a stiffer
foundation system, reinforcement with piles, ground improvement that may increase the cost of new houses
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or the rehabilitation of old ones. On one side, this occurrence leads to an increased quality, safety and
serviceability of the buildings and as such money spent on mitigation turn into a higher value to the property.

One possible advantage could be the reduced premium to be paid for insuring the property. On the other

side, the increase of costs may reach a point that the house becomes out of market and this may motivate

people to prefer other less expensive areas for living. Owners are in the position to evaluate the economical

convenience of undertaking mitigation action or to downgrade their property. Provided that decision is
dictated by a combination of factors, including commercial issues not strictly related with seismic risk,
liguefaction risk assessment noticeably contribute to the definition of the property value.

Fencaen, | 038 N

o

Riccarton

_,L,T/ hillosiowd Linwood
1. Sockbum Maddieton |/ addington Waltham %
= Sydenham
Wooiston.

7/

Cental Cty

/f\

N
ricger

LM
}\4/

Yo v
[Kaiapoi & Northern Suburbs * sifuckd

Spencerville

Soreydon é Opawa el
— e mg\,/lﬁ/j&‘ At {oﬁ

Martins [ s Lutpp e S
ﬁ '4 mmn{rgﬁ\ﬂj iy g
cmmm\:}ummy P i \‘l\ (Redorts - ‘!““ S
B \ \ 2
I Vip % \ 5/ /

LEGEND
Residential Red Zone

Change in Liquefaction
Vulnerablility

Google Earth-

Figure 1-9: Map showing the change of liquefaction vulnerability severity classifications across the CES for 100 year return period
levels of earthquake shaking (Tonkin & Taylor, 2016)
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1.2.5 Insurance

In earthquake risk management, besides enhancing seismic provisions for new construction and retrofitting
existing structures and infrastructure (i.e. hard measures for seismic risk mitigation), insurance serves as a
valuable vehicle to mitigate financial risk (i.e. soft measure for seismic risk mitigation).

Insurance is a risk transfer instrument for economic/financial consequences and smoothes out
fluctuation/variability of a stakeholder’s asset caused by contingencies. A stakeholder pays premium to an
insurer and receives compensation, according to a pre-agreed contract, upon the occurrence of specific loss
events. In the context of earthquake insurance, the occurrence of seismic damage cost, exceeding a specified
deductible, triggers the pay-out from an insurer. A typical pay-out function includes deductible, cap, and co-
insurance factor. The earthquake insurance premium consists of pure premium, which is equivalent to the
expected damage cost, and risk premium (plus transaction cost). The risk premium is an overcharge
requested by an insurer for undertaking low-probability and high consequence events, and can be much
greater than pure premium. The appreciation of benefit from purchasing earthquake insurance coverage
varies significantly, depending on risk attitudes, financial status, personal experience, and many other factors
(Palm, 1995). Therefore, even when the overall premium is reasonably priced, not so many stakeholders
voluntarily purchase earthquake risk coverage.

Insurance companies are interested to know the potential impact of earthquakes, including possible
liquefaction phenomena, to decide is the insurance coverage may lead to profits, to fix rates of the policies
in relation with the location and probability of earthquake losses. Rates may be cheaper for less hazardous
zones and for less vulnerable properties. In the past, earthquake loss was assessed using a collection of mass
inventory data and was based mostly on experts' opinions. Today it is estimated using a Damage Ratio (DR),
a ratio of the earthquake damage money amount to the total value of a building (EERI, 2000). Another
method is the use of HAZUS (FEMA, 2003), a procedure for seismic risk assessment and loss estimation.

From a general viewpoint, insurance against earthquakes can be seen as a non-technical measure to face
losses, but policies differ largely from country to country, being insurance strongly promoted or even
compulsory in some countries, poorly adopted in some others.

A critical point for insurance companies when facing large scale disasters like earthquakes, flooding,
hurricane etc., is the fact that events will simultaneously affect many buildings in the same area and this may
lead to financial collapse of the company in case of catastrophic event. California residents purchase more
earthquake insurance than in any other state in the U.S. For this reason, a quasi-public (privately funded,
publicly managed) agency called the CEA California Earthquake Authority was created to comply the law that
forces companies to include earthquake coverage in home insurance with the resistance of insurers to
undertake the above described financial risk. Companies may voluntarily become members of CEA,
transferring earthquake premiums to the authority that covers claims from homeowners with a CEA policy
from member insurers.

The government of Japan created a similar authority named "lapanese Earthquake Reinsurance" in
1966. Homeowners may buy earthquake insurance from a company as an optional rider to a fire
16
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insurance policy. Insurers enrolled in the JER scheme who have to pay earthquake claims to homeowners
share the risk among themselves and also the government, through the JER. The government pays a much
larger proportion of the claims if a single earthquake causes aggregate damage of over about 1
trillion yen (about US $8.75 billion). The maximum payout in a single year to all JER insurance claim filers is
5.5 trillion yen (about US $39.4 billion); if claims exceed this amount, then the claims are pro-rated among
all claimants.

In 1945 New Zealand has created the Earthquake Commission (EQC), agovernment-owned crown
entity which provides primary natural disaster insurance to the owners of residential properties. In addition
to its insurance role, EQC also undertakes research and provides training and information on disaster
recovery. Figure 1-10 reports a scheme of insurance for New Zealand developed by EQC, showing for a
dwelling what is included and what is not in the insurance contract.

In all cases, risk assessment helps to manage these situation making stakeholders aware of the financial risks.

Insurances (public and private), differentiating the premium, may contribute to control the quality of design
and construction. Several models for the application of insurance are available and practiced throughout the
world. Essentially, one can have centralized bodies as practiced in Spain by the Consorcio de Compensacion
de Seguros (CCS, 2008), or a moderate centralized scheme such as the Solidarity Fund created in the EU in
the aftermath of the large Central Europe floods of summer 2002. But the most practiced case is the existence
of individual national or international companies with pools through international re-insurance.
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Figure 1-10: Scheme of insurance in New Zealand (EQC, 2012).
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1.2.6 Design of buildings and infrastructures

Risk assessment of liquefaction usually refers to large portions of the territory and thus cannot directly used
for the design of structures, as the latter regards a much smaller scale that deserves more specific studies.
However, notwithstanding the different scales and level of precision of the two analyses, the fundamental
guestions posed by design and risk assessment are similar as both concern safety and serviceability of the
structures. Despite it is never recommendable to use results of risk assessment for design, that should be on
the contrary based on specific investigations and analyses, considerable advantage may derive from knowing
risk on the area hosting their structure to anticipate issues related with liquefaction. An overview of the
design methodologies adopted worldwide is made in the next section to examine the applicability of different
possible approaches to risk assessment.

1.3 Liquefaction assessment in the international standards

Many international codes adopt principles and methodologies to assess liquefaction potential on structures
similar to those currently used for risk assessment. It is thus worth to overview the design practice in the
international standards to learn methodologies that can be borrowed to increase efficacy of the risk
assessment.

The assessment of liquefaction is part of several design codes although with meaningful differences from
case to case. In Japan the subject is not dealt by a unified code, but specific standards are developed by the
Authorities responsible for the different structures or infrastructures (harbour, road railway etc.) (Table 1-3).
In all cases, the assessment of liquefaction triggering below the structure is prescribed with deterministic
calculation where safety factors are computed combining the seismic action and the soil properties derived
from in situ tests (SPT tests or, more rarely, laboratory tests on undisturbed samples). Mitigation actions are
consequently prescribed in case the above assessment highlight safety factors lower than 1.
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Design codes snd standasdy Year
Title CCIC ST I )
1. Design standards for port andharbour facilities The Japan Port and Hashowr Assoniation i
2 Technical standards for port andbarbour facilities i Japan | ditio t '-"'c .
1. Seismic desagn mamual for lghway brdges Japan Road Assocenon -
4. Specifications for highway bodges, part § seumui dengn | &0 * T
5. Design standand for railway structures, foundation and Japas, Nanosal Radway \ 4
retasning wall 1 N
6. Destign standard for sanonal rutway structeres (fourdstion | Jepan Socety for Civil Enpineers EI——',—LS
and retaiming wall) 1 *
7. Deuign ereria of bulding foundation structures srd Archazctural Imstinate of Japas HEE ]
commentaries !
§. Recommendations for design of bulding foundations dimo Dv—j"—‘j_"'
9. Notification specaifying particulars of techmical stamdards | Mimastry of Home Affars, Fure Defense '
concerning control of harardous materialy Agracy :" e §
10. Recommended practice for LNG in-ground storage '!'h:h;mfmm_ I"-"U—Ir“—g

11. Guidelines for remedeal meanaes of water works facibities
agamst carthquakes

Japan Water Works Associstion

12. Specifications of coastruction of talings dems and Japas Mrmung [ndustry Associabon, 1
COMmmETHArY Ministry of international Trade and indusry LR
13 Gudehnes for remedsal measures of sewage works Japan Sewage Works Assocuamon Bt 13

facilses aganst earthquakes oy

L]
14. Desagn manual for common stility ducts Jepan Road Assocanon 1981 Gt 13
15, Highway carthwork series, maoual for soft ground &itio qul——— 14
remechation .
16. Tochmical guidelines for design of power | lapas Electne Association 9% O—— 15
plants o O—— 16

[JLiquefacton assessmment was miroduced in standards
A Standard was revised, but hquefaction assessmenl was not corected.
Q) Standard was revised (corrected)

The International Building Code (ICC, 2009), adopted in several U.S. States and Municipalities (Alabama,
Florida, Idaho, lowa, Maine, Massachusetts, Michigan, Montana, Las Vegas Nevada, New Hampshire,

New Jersey, New Mexico, North Carolina, North Dakota, Ohio, Oklahoma, Oregon, Pennsylvania, Rhode
Island, Utah, West Virginia, Wisconsin) specifies that liquefaction assessment is needed on buildings classified
as D, E or F in the seismic categorization given by ASCE taking into account the Occupancy Category of the
building (1, 11, I, 1V), the Mapped Acceleration Parameters (Ss and S1) and Site Class (A-F). In this case, specific
investigation is required to assess the potential for liquefaction and soil strength loss for site peak ground
acceleration, magnitude and source characteristics consistent with the design earthquake ground motions
and to estimate differential settlements, lateral movements and lateral loads on foundations.

A similar approach is adopted by the California Dept of Transportation (Caltrans, 2008). It requires a three-
steps analysis to evaluate the effects of liquefaction on bridge foundations: identify potentially liquefiable
soils, assess triggering under design earthquake motion, quantify permanent ground deformations. The
results of this analysis serve to evaluate the magnitude of forces acting on the bridge foundations due to
permanent ground displacement and finally to foresee an increase of costs (Table 1-4).
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Table 1-4: Strategy for liquefaction assessment on bridges foundation and estimate of cost increase (Caltrans, 2008).
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LIQUEFACTION SEVERITY vs ESTIMATED COST INCREASE
(FOR PLANNING PURPOSES)

TABLE 1
LIQUEFACTION SEVERITY LEVELS
Liquefaction Example of Subsurface Possible Effects on Bridge e .
Severity Conditions Foundation Mitipating Altcrnatives
. -
Negligible m:ﬁﬁ“"’“ not NIA N/A
* Acceleration levels high cnough »  Reduction in shear strength »  Strengthening of existing pile
Ly Case 1|'|,|w1"=¢.1.|1.m. ol quw:ﬁ:hh: sonls al'ﬁpﬂ.'a ﬁmndal.ilm |ilc|:|3rwb\: I\squm::L
s Surface and subsurface axial and lateral capacity of o Mew piles may need to extend
conditions not favorsble for the bridge foundations; desper to compensate for reduced
development of permanent lateral foundation performance may axial and lateral load-carrying
Liquefaction ground displacements b affected, capacity,
without s Permancnt horizomtal o Coumiermensures against reduced
Lateral displacements unlikely to axial and laternl capacity, as well as
Spreading devilop. potential down drag forces include
= Post-liquefaction scttlements larger pile gize, CISS piles or CIDH
will likely develop, piles,
Drepending on the subsurface
atratification, down drag
forces may devalop.
= Agceleration levels high enough * Reduction in shear strength »  Foumdation strenggthening reaquined,
to cause liquefaction. of liquefiable soils severchy «  Countermensures against reduced
Continuous liquefiable material affocts bateral and axial axial capacity, down drag forces and
across site, capacity of bridge lateral prossure include CISS piles or
*  Surface and subsurface foundations; foundation larpe dinmeter CIDH piles.
conditions favorable for the performance is congiderably s« Ground improvement may be
development of permancat lateral affected. considered in conjunction with
groumd displacernent such as: +  Permanent horzontal foundation strengthening.
«  Ciently sloping ground displacemenits will develop »  Bridge system may noed to be
Liguefaction surface, or level ground and adversely affect pile modified to allow larger permanent
with Lateral adjacent to 4 free face. fiumelations, pile caps and ground displacements without
Soveading + Sloping kase of liguefiable ahlmnuwa._lllgh soil pressure collapse.
b depuosil. on foundstions systems » Increase duetility of foundation to
= Approach embankments built expectod if a stiff, non- b estrmated permanent luleral
over liguefinhle material. liquefiable deposit overlies displacement.
ligueficd material. s« Bridpe relocation to an aktemate
+  Post-liquefaction settlements non-liguefiable site should e
miry be significant, Down comsidered,
drag forces wall affect axinl
load carmying capacity of pils
foumdations under serviee
Toaghing conditions,
TABLE 3

Estimated Bridge

Ligquefaction Foundations Cost Increase
Severity at Impacted Locations
(%)
Negligible Liquefaction 0
Liquefaction without Lateral Spreading 0 to 300
Liquefaction with Lateral Spreading 200 to 500
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Eurocodes 8 part 5 (EN1998-5: Foundations, retaining structures and geotechnical aspects) in its present form
prescribes the assessment of liquefaction for siting and foundations. Liquefaction susceptibility must be
evaluated for soils including extended layers or thick lenses of loose sand, with or without silt/clay fines,
beneath the water table level, and when the water table level is close to the ground surface. This evaluation
shall be performed for the free-field site conditions (ground surface elevation, water table elevation)
prevailing during the lifetime of the structure. The assessment is carried out in two steps: firstly, there is the
assessment of susceptibility based on earthquake magnitude, soil composition and groundwater table
position; then triggering is estimated computing a safety factor where seismic action (Cyclic Stress Ratio) is
compared with the resistance derived form in situ tests (e.g. SPT) (Boulanger & Idriss, 2014). Minimum safety
factors are given for different situations (1.25 for foundation, 2 for earth retaining structures). This analysis
preludes to undertake mitigation actions consisting of ground improvement or piling in case of negative
outcomes. Currently, Eurocodes are undergoing a complete revision process whose end is foreseen in 2020
and the liquefaction assessment will be updated.

In recent years, the New Zealand Geotechnical Society (NZGS, 2016) has issued a set of guidelines to
“promote consistency of approach to everyday practice and improve geotechnical-earthquake aspects of the
performance of the built environment” (NZGS, 2016). Guidelines aim to support rational design approaches
on the following issues:

- Geotechnical investigation for earthquake engineering

- ldentification, assessment, and mitigation of liquefaction hazards

- Earthquake resistant foundation design

- Ground improvement including Specification for residential properties in the Canterbury region
- Retaining walls

In particular, the strategy defined in Module 3 (ldentification, assessment, and mitigation of liquefaction
hazards) is articulated in a sequence of steps defined by the flow chart depicted in Figure 1-11. Within this
methodology the criteria reported in Table 1.5 are proposed to estimate severity of liquefaction. With regard
to this table, the authors provide the following series of warning that somehow limit the generality of the
criterion:

— Liquefaction of relatively thin layers of near-surface soils could be very damaging and may produce
effects equivalent to Performance Levels L3 and L4.

— A relatively thin liquefied layer with low residual strength could be responsible for lateral spreading
and consequent very severe effects (Performance Level L5).

— LPI (lwasaki et al., 1978) and LSN (van Ballegooy et al., 2014) are damage indices that quantify
liquefaction-induced damage by combining the effects of the severity of liquefaction (value of FL or
FS), thickness of liquefied soils and their location within the soil profile. The threshold values for these
indices shown in relation to the performance levels are only indicative values.

— these thresholds may vary and do not cover all liquefaction cases (scenarios and ground conditions).
These indices are typically applied for area-based screening, and in such applications have reasonable
predictive capacity, but may mis predict damage/performance for about 20 percent to 30 percent of
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the cases. Maurer et al. (2015) and van Ballegooy et al. (2014) provide significant insights on
liquefaction-induced land damage and its interpretation through land damage indices LPI and LSN.
All being equal (i.e. FL, thickness and location of liquefied layer), liquefaction consequences and
magnitude of liquefaction-induced ground deformation strongly depend on the density of the soil.
LSN quantifies this effect in a simplified manner. Severity of liquefaction effects decreases with
increasing density of the soils, and importantly the mechanism of ground deformation also changes
as the density of the soil increases (eg flow liquefaction, zero-effective stress liquefaction, and nearly
zero-effective stress transient liquefaction with cyclic mobility are characteristic types of behaviour
associated with very loose, loose to medium dense, and dense sands respectively).

The LPI and LSN should be considered in the context of particular ground conditions and structure of
interest. The ranges provided in the table are based on triggering calculations using Boulanger and
Idriss (2014) method, and analyses and interpretation of liquefaction effects in the 2010 -2011
Canterbury earthquakes.
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Figure 1-11: Overview of liquefaction vulnerability assessment (NZGS, 2016).
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Table 1-5: General performance of liquefied deposits (NZGS, 2016).

EFFECTS FROM EXCESS
PERFORMANCE | PORE WATER PRESSURE | CHARACTERISTICS OF LIQUEFACTION CHARACTERISTIC
AND LIQUEFACTION AND ITS CONSEQUENCES F;, LPI
No significant excess pore water pressures Fr =14
LO Insignificant {no liquefaction). LPI=0
LSN <10
Limited excess pore water pressures; negligible F =12
L Mild deformation of the ground and small settlements. LPI=0
LSN=5-15

Liguefaction occurs in layers of limited thickness

Fr=1.0
L2 Moderate {small proportion of the deposit, say 10 perc.erlt Li’l <t
or less) and lateral extent; ground deformation

) o . LSN10 =25

results relatively small in dif ferential settlements.

Liguefaction occursin significant portion of the

deposit (say 30 percent to 50 percent) resultingin 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 FL<<10

resulting in large lateral displacements of the ground,
L4 Severe : ’ r LPI =15
excessive differential settlements and total settlement LSN > 30

of over 200mm.

Liguefaction resulting in lateral spreading (flow),
large permanent lateral ground displacements and/or
significant ground distortion (lateral strains/stretch,
vertical offsetsand angular distortion).

LS Very severe

The above defined procedures for the assessment of liquefaction are based on a load-strength approach as
they rely on the computation of safety factor (CRR/CSR) along with the subsoil depth. This calculation can be
incorporated in the Load and Resistance Factors Design (LRFD) methodology adding different factors to
account for the uncertainties in seismic actions, soil properties etc.. On the other side, limiting deformation
is the most relevant requirements for building foundations or other structures. In normal practice, where
gravity loads are basically considered, settlements are checked at the Serviceability Limit State SLS assuming
that a footing meeting SLS and ULS criteria would prevent the instability of the superstructure. Extending this
practice to seismic assessment, and particularly to liquefaction, is not straightforward as deformation is
dictated by several factors (consolidation due to dissipation of excess pore water pressure, sedimentation
and re-solidification of soil, volume loss due to sand ejecta, lateral spreading) not fully predictable. Additional
complexity is given by the presence of the structure whose weight alters the initial stress level and trigger
further deformation.

Performance based design PBD is a different strategy that aims at optimizing the trade-off between
construction costs and building performance (NASEM 2016). It aims at a more comprehensive appraisal of
the building performance under various loading scenarios with a sophisticated modelling of the building
dynamic response (effects of non-linearity, quantification of damage etc.) that accounts for the uncertainties
related with earthquake loading, foundation performance and soil response. Analyses should incorporate all
possible earthquake ground motions (intensity and magnitude) together with their probable frequency of
occurrence and account for the variability of parameters necessary to characterize site and buildings.
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The uncertainties involved in the assessment of earthquake ground motions, system response, physical
damage, and losses make probabilistic methods for liquefaction consequence assessment central to PBD.
Fully probabilistic procedures considering the contributions from all potential levels of ground motion have
proven to produce more complete and logical estimates of liquefaction hazards in different seismic
environments compared with deterministic methods.

Procedures developed for liquefaction triggering have been recently extended to consequences such as
lateral spreading and post-earthquake free-field settlement and to test reliability of current procedures used
to estimate liquefaction hazards.

Advances in performance-based procedures for liquefaction problems requires improvement in the
understanding of the vulnerability of structures and facilities for given liquefaction-induced ground
deformation and improved understanding of the costs and time requirements to repair liquefaction-
associated damage.

Apart from the above difficulties, the requirement of computing capacity sufficient to perform the
voluminous calculations involved in probabilistic performance-based frameworks represents another
limitation for the spreading of this more rational approach.

For the above reasons, the adoption of a performance-based assessment for liquefaction risk is desirable
although additional difficulties are given with the larger uncertainty connected with the lower density of
information.

1.4 Basic concepts relevant for liquefaction risk assessment

Ground motion —movement of the Earth surface determined by the combination of source mechanism,
characteristics of the crossed medium and geotechnical properties of the soil at the studied site.

Hazard assessment — the probability that a certain ground motion parameter (MMI, PGA, Spectra) will be
attained or passed within a lifetime period.

Site effects — Modification of ground motion in amplitude, frequency content and duration determined by
the local condition.

Liquefaction effects - flow sliding lateral spreading settlement caused by the shear waves on susceptible soils.
Susceptibility - proneness of a soil to undergo liquefaction
Site-city interaction — Interaction between buildings of a city and its subsoil.

Vulnerability — Degree (level) of performance of a system (engineering structure, network, social group, etc.)
under a certain level of seismic action.

Fragility — Similar to vulnerability but where the performance is viewed in a statistical way.
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Damage (victims, casualties) — “physical damage”: deaths, injures (severe, light, etc.), homeless, damage to
buildings, economic impact; “indirect damage”: social impact; “immaterial damage”: psychological impact,
etc.

Damage scenario — Geographical distribution of damage for a given earthquake event or a set of events.
Risk — The convolution of hazard with vulnerability for a group of structures, a region, etc.

Zonation. Microzonation — Identification of geographical areas having homogeneous similar behaviour under
seismic action. Depending on the scale of work, we may consider only the regional differences derived from
seismic sources and path, as the case of a gross scale, or consider site effects if working at a detail scale.
Microzoning may include also other effects beyond the traditional seismic action parameters, such as
landslide, liquefaction, etc.

Networks (lifelines) — Systems of transportation (car traffic, water, gas, electricity, communications, etc.)
spread in a region, subjected to different levels of ground motion during a given event.

Critical infrastructures — Installations or equipment whose performance during an earthquake is decisive
under various different functions: to serve in the emergency operation, to avoid leakage of dangerous
products, or due to have a large concentration of population. These facilities, due to their importance should
be kept functional under severe or extreme conditions, depending on the expected consequences of failure.

Urban system analysis — An integrated system subsuming all possible consequences of the earthquake impact
in an urban center.

Direct, indirect, economic, commercial, business, social, etc., consequences of the earthquake are weighted
for a global index value.

Performance — The form a system responds to a given earthquake action in terms of measurement of the
functions assigned to that system.

Mitigation — Policies for reduction of consequences of earthquake activity within a lifetime period.

Codes —The most practical and efficient form of designing a structure to withstand seismic action, by defining
the minimum requirements (compulsory in some societies and recommendations in others) as far as
structural performance.

Structural reinforcement — The form of mitigation which considers that vulnerable constructions should
undergo reinforcement of their structural system in order to decrease that vulnerability. Recent technological
advances have enlarged the spectrum of action for better performance, by using base-isolation techniques,
damping devices or dynamic control of structures.

Emergency — Set of actions to be launched when the earthquake occurs. These should optimize the time of
intervention (rescue, hospital treatment, etc.) in the most efficient way to minimize the suffering of the
populations. Emergency to be fully effective at the needed time requires a great deal of preparation in a
great variety of fields of human activity.

Preparedness - preparation for the intervention.
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Alert — Possibility of expecting a certain level of impact in a region hit by an earthquake, preparing the
emergency system for action.

1.5 Overview of the guidelines

According to the above defined scope, the present guidelines provides a set of rules for implementing the
assessment of liquefaction risk.

In the second chapter the strategies for liquefaction risk assessment is introduced, giving an appropriate
terminology and particularizing it to different possible situations. Scope and limitations of the assessment
are a primary condition and the most typical are thus highlighted.

The third chapter defines the rules for creating a Geographical Information System in accordance with the
most recent standards. Procedures to create the database, symbolize and store information are defined
together with a number of possible ways to represent results of the risk analysis.

In the fourth chapter the criteria to assess liquefaction hazard are defined. Methods taken from previous
studies or specifically defined in the project are reported to quantify susceptibility, firstly at the geological
then at the geotechnical scale, to analyze triggering conditions and to quantify surface manifestation.
Synthetic schemes are provided at the end of the chapter summarizing the methodology for creating
databases.

The fifth chapter is dedicated to the methodology for the liquefaction risk assessment. The first part deals
with the characterization of the systems at risk, making explicit references to buildings, road and water
infrastructures. The criteria defined in the project to define fragility on each of these elements are described,
defining them as the probability that prescribed limit states are exceeded, and characterizing physical
damage consistently with the type of required function and with the loss of serviceability for each system.

The sixth chapter is dedicated to define a methodology to quantify losses and reliability of infrastructures.
Starting from the physical damage, methodologies to quantify direct and indirect financial are given for
buildings, road networks and water distribution systems.

The seventh and last chapter outlines the strategy for mitigation and for improving the system resilience. The
entire risk assessment process is reviewed to identify methodologies that operates at different level to
reduce the impact of liquefaction on the society.
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2. LIQUEFACTION RISK ASSESSMENT

2.1 Risk and uncertainty

The primary goal of seismic risk assessment is to facilitate a sound and efficient decision making in the facing
of earthquake (Tesfamariam & Goda, 2013). In general terms, risk is defined as the possibility of losing
something valuable. Determining the risks due to natural events implies to calculate the probability of
occurrence and potential consequences of hazardous scenarios. Risk may be thus evaluated as the probability
that a specified loss will exceed some quantifiable value during a given exposure time.

Currently the framework for seismic risk analysis addresses:

— multiple earthquake-induced hazards (strong ground shaking, surface ruptures, liquefaction,
landslides, and tsunamis)

— vulnerability of structural/non-structural components, and infrastructure systems (i.e. occurrence of
damage given hazard),

— consequences of damage (i.e. casualty and economic loss, including both direct and indirect costs).

In the last decade, remarkable progress has been made to develop frameworks that support decision making
for earthquake risk mitigation, prioritization of available options, pursue of reliability and economy (e.g.
Ellingwood 2001; Wen 2001; FEMA/NIBS 2003; Crowley et al. 2005; Baker and Cornell 2008; Goda and Hong
2008).

The knowledge of seismic phenomena unavoidably involves several uncertainties that make the assessment
less reliable. The determination of ground motion and its occurrence probability, the role of subsoil, the
fragility of building and infrastructure and the quantification of values (e.g. Crowley et al. 2005; Kwona and
Elnashai 2006; Goda and Hong 2008) all incorporate a noticeable degree of indeterminacy deriving from the
quality, or even validity, scarcity and variability of the underlying data (Walley 1991) and from the
simplification necessarily introduced with models. The above uncertainty factors can be broadly categorized
into:

— Aleatory, also defined as statistical, representative of unknowns that differ each time an experiment
is run. Uncertainty come out from the impossibility of precisely knowing all inputs of a phenomenon
that are thus dealt statistically.

— 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, approximation of models that neglect
certain effects, or because some data have been deliberately neglected.

The two categories can 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 input data due to imprecise knowledge leads to imprecise predictions; the most precise
knowledge of input information may lead to inaccurate prediction due to approximate modelling (Figure 2-1).
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One of the major challenges 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 inference of 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 surprises,
beyond the expected range of situation, must unavoidably be admitted. Although occurring in acknowledged
seismic regions, the earthquakes of February 22", 2011 in Christchurch (New Zealand), March 11t 2011 in
Tohoku Oki (Japan) and May 21 2012 in Emilia Romagna (ltaly) had some level of unpredictability. This
highlights the limitation of our current methodologies based on inference of statistical data and the necessity
of introducing extrapolation functions or relaxing axioms of classical probability (e.g. total sum of the event
probabilities equals one).

High Accuracy Low Accuracy
Low Precision High Precision

Figure 2-1: Precision and accuracy

Aleatory and epistemic uncertainties also affect the subsoil characterization, where noticeable effort must
be produced to balance completeness and accuracy with relatively limited amount of information. The
usually low number of investigations implies that geotechnical models, i.e. stratigraphic conditions and
constitutive models, are built introducing simplistic and generally conservative assumptions. In addition,
engineers are perfectly aware that, even with a great amount of information, the scattering of experimental
results coming from laboratory or site tests is much larger for soils than for artificial construction materials.

Owing to unavoidable uncertainties and complexities of seismic risk, assessment is also influenced by non-
physical factors, beyond characteristics of engineering materials and systems, like risk perception (e.g. expert
versus public), criteria (individual versus societal, or voluntary versus involuntary), political process, and risk
communication (Tesfamariam & Goda, 2013). Depending on history of past events and public
concern/reaction, objective risk assessment results may be disputed and on occasion overruled.

Evaluating the role of uncertainty in the assessment of risk is a special case of error propagation. The basic
idea is that uncertainties in the values of parameters propagate through the rest of the calculation and affect
the result. For example, an engineer might estimate a factor or a property (a seismic intensity measure, the
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parameters of a soil model etc.) use these in some cascade calculation process and use results to compute
risk. Each of these steps involves errors on its own, and uncertainties in the original estimate will affect the
numbers calculated at each subsequent step. The study of error propagation is aimed at dealing rationally
with this problem (e.g. Baecher & Christian, 2003). In cascade phenomena like earthquakes, uncertainty
arisen at a certain level propagates at the upper levels and methodologies are needed to evaluate effects
(e.g. Kaplan 1981; Paté-Cornell 1994; Bradley et al. 2009; Ching et al. 2009). Well-established reliability
methods, such as FOSM, FORM/SORM and Monte Carlo 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 failure.

Notwithstanding the above situation, it is important to develop quantitative decision support tools for
earthquake risk mitigation. Such tools are useful to quantify/compare seismic risks for different options and
to facilitate 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 thus
continuously considered as the reference goal along the whole process.

2.2 Qualitative vs quantitative assessment

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

Qualitative assessment is based on judgment and expert opinion to estimate proxies of risk and
consequences. ‘. .. @ man cannot, in general, tell what will happen, but his conception of nature of things,
the nature of the men and their institutions and affairs, and of the non-human would enable him to form a
judgment as to whether any suggested thing can happen’ (Zadeh, 1965). Qualitative methods offer analyses
without detailed information, are carried out with intuitive and subjective processes and may result in
different outcomes/conclusions depending on those who use them. Albeit suspected of leading to subjective
conclusions, they offer the possibility of considering factors hardly quantifiable, like those connected with
the human behaviour, and sometimes lead to adequate assessment of risk. An overview of the theories to
transform qualitative into quantitative assessment (e.g. imprecise interval probability, possibility and
evidence theories) is provided by Tesfamariam & Goda (2013).

By contrast, quantitative analyses rely on probabilistic/statistical methods and databases that quantify
probability and consequent values. Quantitative analyses generally provide a more objective and
unanimously acknowledged understanding but their efficacy relies fundamentally on the quality of available
information, i.e. numerosity and accuracy of data, representativeness of the variety of possible situations.

When possible, a quantitative approach must be preferred being more objective and examining the system
in greater detail, but an integration with qualitative analyses should be considered as well. A combination is
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appropriate to sum the advantage of both approaches, becomes fundamental when not all factors can be
parametrized.

2.3 Risk perception and acceptance

Unavoidably any decision based on risk assessment must end with tolerating some risk. Perception of the
consequences is thus fundamental, and sometimes critical, for decision making and risk management. This
“feeling” determines the satisfaction that is gained from a decision. If it deviates from an objective and fair
assessment of the true risk (whether it exists in reality or not), the perceived benefit of alternative options
may vary significantly. Performance Based Design offers a way to quantitatively estimate the consequences
of risk acceptance, balancing the costs of construction and repair during the lifecycle, and thus leading to an
optimal choice.

More frequently, risk perception is rooted in cognitive limitation of human beings that is not easy to eliminate
or even to alleviate. It entails consideration of health, safety, and welfare of citizens (Paté-Cornell 1994;
Hayes 1998; Hall and Wiggins 2000; May 20044a,b). A consequence of this is that the public may fail to receive
the correct message from risk analysis and may make suboptimal choices. Abundant evidence of suboptimal
decisions is remarked by Kunreuther (1996) in natural disaster insurance. Politicians, city planners, and
experts should be well aware of the public’s risk perception, as failure to meet the public demand might
result in political turmoil.

A widely used method for defining what risk connected with earthquake is acceptable is given by the F-N
curve (Temfamariam & Goda, 2013) plotting for earthquakes their probability of exceedance (F) against the
number of caused deaths (N). The F-N curve identify acceptable, as low as reasonably practicable (ALARP),
and unacceptable regions (Melchers 2001) (see Figure 2-2). As previously pointed out, the number of
fatalities connected with liquefaction is generally very low than for other earthquake related phenomena
and thus the adoption of the F-N curves would lead to consider acceptable a high probability of exceedance
that could end in huge economic losses. However, the principle expressed by the curves holds true if the
number of fatalities is replaced by some indicator of the economic and social losses.
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Figure 2-2: Risk acceptance criteria (from Temfamariam & Goda, 2013).

The above questions are tightly connected with risk communication, i.e. those activities aiming at increasing
the public’s knowledge and awareness. Participation of the public (stakeholders) in the management of risk
and policy-making process is fundamental to promote holistic strategies as decisions cannot be made by
technical experts and public officials only. Risk communication implies a continuous interaction among
parties — risk experts, policy makers, and stakeholders (see Chapter 1). This is particularly true for highly
uncertain events like earthquakes determining potentially catastrophic loss for the society. In this field,
scientific/technical assessments among the experts vary significantly and public risk perception can be
considerably far from the estimates of experts. Significance of risk communication in the context of
earthquake risk management should not be overlooked.

2.4 Seismic risk assessment

While the more scientific field of earthquake engineering deals with the physical mechanisms induced by
earthquakes, i.e. spectral-dependent 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, both for what concerns the built environment, building and infrastructure
assets, or human factors related with the community. In this respect, seismic hazard establishes one key
component of any assessment. In order to estimate the risk to a certain region, in terms of expected damages
and losses, three integral components must be quantified (Figure 2-3):

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

Hazard | % Vulnerability 1 X Exposure
g | S e S i o e X R R

Figure 2-3: Components of risk assessment

Software packages exists, some of which publicly available, that enable a complete assessment of the seismic

risk based on a modular structure. The components of earthquake loss estimation adopted by HAZUS (FEMA,
2003) are depicted in the flow chart of Figure 2-4.

From the operative viewpoint, the methodology implemented in HAZUS is articulated as follows:

Selection of scenario earthquakes and PESH inputs

Selection of appropriate methods (modules) to meet different user needs
Collection of required inventory data, i.e., how to obtain necessary information
Costs associated with inventory collection and methodology implementation
Presentation of results including appropriate terminology, etc.

Interpretation of results including consideration of model/data uncertainty.

Authors point out that one of the main differences in the types of risk assessment procedures consists the

time, effort and level of expertise needed to carry out analyses, 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 complexity:

Default Data Analysis requiring minimum effort by the user, input obtained by government agencies

or published information, providing crude output as initial loss estimates to determine where more
detailed analyses are warranted.
User-Supplied Data Analysis that requires more extensive inventory data and effort and expertise by

the user aimed at providing 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 high level of expertise with an extensive
participation by local utilities and owners of special facilities.
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Figure 2-4: Risk assessment methodology defined in HAZUS (FEMA, 2003).

A similar approach is defined in SELENA, a software for SEismic Loss EstimatioN using a logic tree Approach,
produced by NORSAR. The structure of this software is depicted in Figure 2-5. SELENA allows for three
analysis types which differ in the way the seismic impact is described: (1) deterministic analysis; (2)
probabilistic analysis; and (3) real-time ground motion data.

In general, spectral ordinates of seismic ground motion at different reference periods have to be provided
for each geographical unit (i.e., census tract), in order to allow the construction of a 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 building stock is computed by the application one of the selectable Capacity Spectrum-based 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 fatalities is conducted. Additional loss outputs are shelter
demands (temporary housing) as well as debris estimates. Damage results are given in terms of cumulative
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probabilities of being in or exceeding one particular state following the classification scheme given by HAZUS-
MH into none, Slight, Moderate, Extensive and Complete damage.
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Figure 2-5: Risk assessment methodology defined in SELENA (NORSAR, 2003).

2.5 Deterministic vs Probabilistic Assessment

A common method of estimating the seismic performance of a system is to perform deterministic analyses.
In this approach, strong ground motion involves assigning a Maximum Credible Earthquake to a specific fault.
Once location (e.g. epicenter) and magnitude of the scenario earthquake are defined, an appropriate
scenario earthquake location can be defined for instance from a database of seismic sources (faults) or
specifying an event based on a database of historical earthquake epicentres. Then a specific attenuation
relationship is assumed to determine the PGA at the project site based on the geographic location of the
study region and on the type of fault. For example, Hazus code (FEMA, 2003) assumes (1) strike-slip (SS)
faults, (2) reverse-slip (R) faults, (3) normal (N) faults (4) Interface (IF) events and (5) Interslab (IS) events.

Amplification of ground shaking to account for local site conditions is usually based on site classes and soil
amplification factors. The 1997 NEHRP Provisions (FEMA, 1992) define a standardized site geology
classification scheme and specify soil amplification factors for 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 for all seismic sources that contribute significantly to the ground motions
at a site. Uncertainty in the resulting ground motion estimates can be assessed by incorporating the standard
deviations in both seismicity rates and attenuation relationships. The advantage of this approach is that both
the intensity of ground shaking (PGA) and the duration of the motions, as related to the earthquake
magnitude, are known. The primary disadvantages of this approach include; (1) the PGA values do not
necessarily reflect the cumulative, or aggregate, hazard in the region, and (2) assessing the influence of
uncertainties in factors such as earthquake magnitude or source-to-site distance on the resulting PGA are
accounted for by performing additional parametric studies of each variable.

In this way only the largest reasonably possible earthquake associated with a source is accounted for. The
recurrence interval of this Maximum Credible Earthquake and the temporal aspect of the seismic hazard are
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not specified (Dickenson, 2005). Deterministic analyses can accommodate seismicity rates associated with
individual sources by incorporating the exposure interval of interest (e.g 500 or 1000 years) and estimating
the magnitude of the event having this return period. This method of seismic hazard analysis was common
up through the 1970’s and many practitioners continue to regard deterministic PGA analyses as independent
of exposure interval. In contemporary practice, deterministic analyses are rarely performed without at least
an indirect accounting for the exposure time of interest.

An alternative method to estimate PGA is based on the probabilistic approach that combines the
contributions of all sources 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, seismicity
rates, and ground motion 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 propagation and predominant style of faulting can be incorporated 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 sources the ground motion parameter of interest expected at 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, throughout a region allows for the creation of contour maps of the ground motion parameters for
specified exposure intervals. These maps have been referred to as “uniform” or “aggregate” hazard maps as
the contributions of all sources have been incorporated into a single ground motion value.

Once the Probabilistic Seismic Hazard Analysis (PSHA) 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 its lifecycle, risks of any nature can 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):

P(L) = f P(L|D) = p(D) Equation 2-1
D

The application of Equation 2-1 to the assessment of liquefaction risk should separately disclose and quantify
the uncertainties on:

— potentially critical scenarios

— models describing the response of the system
— quantification of relevant parameters

— risk evaluation

For seismic risk, Equation 2-1 can be expressed applying the performance-based earthquake assessment
(PEBA) cascade methodology defined by the Pacific Earthquake Engineering Research (PEER) Center (Cornell
and Krawinkler, 2000) and depicted in Figure 2-6.
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Figure 2-6: Probabilistic definition of risk assessment (Cornell and Krawinkler, 2000).

Equation 2-1 is transformed as follows where the function p(D) is exploded considering the different factors

defining the cascade phenomenon:

P(L) = f f f P(VD|DM) x p(DM|EDP) % p(EDP|IM)  p(IM) Equation 2-2
IM YEDP DM

p(IM) is the probability that a seismic event of intensity 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 1M,
p(DM|EDP) is the probability that a physical damage occurs on the structural component of the system for a
given EDP and P(VD|DM) is an 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;

Mitrani-Reiser et al. 2006).

2.6 Liguefaction risk assessment

Liquefaction is a seismic phenomenon and as such involves different factors in a cascade process (Figure 2-7)
that starts with the release of energy associated with rapid movement on active faults, the propagation of
waves through media of different properties, the coupling of the shaking with the soil-water system, the
physical impact on structures. Then the impact moves from a physical level (structural damage) to the losses
for the community that involve serviceability consideration. Assessment may thus proceed stepwise,
considering the response of each element of the chain separately from the others or grouping two or more

altogether in a coupled analysis.
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Figure 2-7: Factors determining seismic liquefaction

A similar example for ground motion selection is provided by Bradley (2013). Here two broad approaches are
available to compute the seismic performance of a structure located at a particular site, as shown in Figure
2-8. In the first approach (Figure 2-8.a), seismic rupture, wave propagation, local site and structural response
are considered in a coupled fashion, and the seismic response (denoted by EDP) is computed. The second
uncoupled approach (Figure 2-8.b) treats the same problem in two (or possibly more) parts by introducing a
conceptual boundary between the domains of (i) earthquake rupture and wave propagation; and (ii)
engineering response of the local soil and structure. The uncoupled approaches have numerous benefits, the
most important of which is the ability to use different methodologies for each task.
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Figure 2-8: Coupled vs uncoupled computation of seismic response (Bradley, 2013).

In particular, it may be impractical to perform simulations that involve earthquake rupture and wave
propagation simulations for the problem under consideration due to a lack of expertise, input information
(i.e. fault rupture details as well as seismic velocity structure of the propagation medium), and the perceived
limitations of such models (often, the adequate simulation of high-frequency ground motion). Consequently,
(simple) empirical ground motion prediction equations (GMPEs) are often used to provide the distribution of
various ground motion intensity measures (represented by a intensity measure vector, IM) at the site of
interest (e.g. peak ground acceleration). Most importantly, however, such GMPEs provide only the
distribution of ground motion intensity measures, but not ground motion time histories. Hence, in such cases
the problem becomes how to select ground motion time histories based on the obtained distributions of
ground motion intensity measures.

Coupled approaches have the indubitable advantage of being more realistic as they account for the backward
influence of each factor. The question can be seen from Figure 2-9 that shows a coupled hydro-mechanical
analysis carried with the Finite Difference Code FLAC 2D (Itasca 2016) simulating the response of sand with a
non-linear model (PM4Sand by Boulanger & Ziotopoulou, 2012) that accounts for the strain accumulation
due to repetitive loading. The simulation inspired by a stratigraphy of San Carlo reveals that the onset of
liguefaction in the lower sandy layer (r,=Au/c’\.=1) modifies the acceleration time history in the upper layers,
generating a reduction of the short period spectral acceleration and preventing the further increase of pore
pressure.
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Additionally, the presence of buildings at the ground level determines an initial shear stress distribution that

influences the deformation and pore pressure generation in the soil. The case reported in Figure 2-10 shows

a numerical analysis similar carried out with the same code used above, applied to a three-layer deposit, with
two clayey layers at the top and bottom and an intermediate layer of sand. Two case are examined subjected
to the same seismic scenario. Figure 2-10.a reports the case of free field condition, with no load at the ground

level, while Figure 2-10.b reports the case of building at the ground level, schematized with a 10 m wide strip

foundation (the analysis is carried out in plane strain conditions) carrying 50 kPa loading. As clearly seen, the

presence of buildings forces liquefaction to occur on the two side of the building.

(a)

(b)

Figure 2-10: Numerical analysis of seismic wave propagation in a three-layer deposit subjected to the same seismic scenario (a.

free field; b. with 10 m wide footing at the ground level carrying 50 kPa loading).
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More frequently assessment of liquefaction hazard is carried out with the uncoupled approach, i.e. assigning
seismic input at the ground level, computing the response of soil separately from the building. Despite lacking
accuracy (epistemic uncertainty), this approach has the advantage of being faster and simpler and thus more
easily applicable to extensive assessment like those performed at the urban scale.

Each element of the liquefaction chain includes uncertainties that unavoidably affect the outcomes of risk
assessment. The uncertainties affecting liquefaction risk assessment concern Intensity and duration of the
ground motion, in-situ properties of the soil (composition, density, fabric, aging), groundwater levels. For
sites covering large distances, the degree of uncertainty associated with all these quantities may be
meaningful and a simple binary conclusion e.g. ‘liquefaction/no liquefaction’ represents an over-
simplification. However, the majority of methodologies present in the literature, whether based on empirical
evidence or numerical modelling, assess the liquefaction potential with such a deterministic approach.
Assessment consists in estimating the triggering of liquefaction at some depth. Then severity is quantified by
different proxies, e.g. lwasaki et al. (1978), Zhang et al., (2002), van Ballegooy et al. (2014). In spite of
simplicity and speed of calculation, this approach ends with the conclusion that mitigation becomes
compulsory beyond certain values of the outcomes. It does not offer any possibility to assess the economical
convenience of mitigation.

Probabilistic approaches quantifying probability based on the randomness of the empirical data are
becoming more and more popular (e.g. Juang et al., 2005; Cetin et al., 2004; Moss et al., 2006) . They provide
a very useful framework for taking into consideration the uncertainty in input parameters and presenting the
results in the form of a probability of liquefaction (PL). These methods express the probability of liquefaction
as a function of both loading terms (peak ground acceleration and moment magnitude Mw) and resistance
terms (e.g. SPT blow counts, fines content and vertical effective stress). However, these reliability-based
probabilistic methods are not fully probabilistic methods as the ground motion hazard is not considered in a
probabilistic manner. Since in most cases ground motion hazard is assessed and defined probabilistically
using probabilistic seismic hazard analysis (PSHA), this leads to some inconsistency and confusion.

As design procedures move towards a performance-based approach (Kramer & Mayfield, 2007), it may be
appropriate to determine the probability of liquefaction at a given site subjected to ground motions at a
range of hazard levels, and to understand facility performance if these levels are exceeded. There are several
methods that combine probabilistic ground motions with conventional liquefaction potential procedures
(Mayfield, 2007; Juang et al., 2013). In these approaches the standard liquefaction assessment follows a PSHA
in which the joint probability distribution of the two key input parameters of the conventional liquefaction
assessment, PGA and earthquake moment magnitude for earthquake scenarios, is determined. Fully
probabilistic methods for liquefaction potential evaluation should take into account uncertainties in both
ground motion (i.e. earthquake occurrence and ground-motion intensity) and soil resistance (i.e. material
properties, ground profile, etc.). These methods also employ outcomes of a PSHA, in the form of a seismic
hazard curve and associated disaggregation results, to account for the joint probability distribution of ground
motion parameters and moment magnitude of earthquake scenarios. The joint probability distribution is
then integrated with reliability-based liquefaction evaluation procedures. The outcome of such a fully
probabilistic analysis is a direct estimate of the return period of liquefaction, rather than a factor of safety or
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probability of liquefaction conditional upon ground shaking for a specific return period. Whether probabilistic
or deterministic approaches are used, there is always a need for engineers to rigorously manage the
uncertainties in their calculations. Within a deterministic framework, engineering judgement can be used to
assign qualitative ratings to the probability of liquefaction. For example, the simultaneous occurrence of
several low-probability scenarios that would give rise to liquefaction, would have a very low probability of
occurrence (Idriss & Boulanger, 2008). On major infrastructure projects, it is often considered appropriate to
use probabilistic approaches in conjunction with deterministic ‘sense check’.

Considering the sequence of subsystems involved in seismic liquefaction (see Figure 2-11), the PEBA
methodology can be expressed quantifying the uncertainties on earthquake intensity, ground motion,
structural response, physical damage, and economic or human losses. The scheme of Figure 2-11 shows that
the above formula can be applied to the whole system or to subsystems composed of one or more elements,
provided demand and vulnerability are properly defined. Changing the position of the lines bordering the
vulnerable system (on the right column of the Figure 2-11), different definitions of hazard and risk are
obtained. In particular, the earthquake can be considered as the primary hazard factor and liquefaction
occurs if the soil has specific characteristics, namely a grain size distribution composed of sand with limited
fine content, sufficiently low density and saturation. Therefore, the combination of earthquake and subsoil
response determines the demand for the structure positioned at the ground level. However, physical damage
for the latter can be computed considering the subsoil-structures as a unique coupled system or evaluating
the response of the two components separately. In the first case the earthquake intensity measure IM
becomes also the engineering demand parameter EDP and the vulnerability function p(DM|EDP) quantifies
the response of the subsoil-structure system for the given seismic input. In the second case, the soil response
provides the demand function p(EDP|IM) for the structure and physical vulnerability is computed considering
the p(DM|EDP) function for the sole structure. HAZUS code (FEMA 1998) adopts this second approach
considering soil liquefaction in a group of secondary hazards called ground failures affecting building assets
and infrastructure networks.

Following the sequence depicted by Figure 2-11, physical damage 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, the latest level of risk assessment concerns the community: it is
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.
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Figure 2-11: Definition of risk assessment for seismic liquefaction.

The terms of Equation 2-2 can be quantified in different manners, sometimes with probabilistic inference of
statistical observations, sometimes applying theoretical models with stochastically variable inputs,
sometimes with less objective procedures. For instance, it is customary to express 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.

2.7 Seismic input

One main question arises on the Intensity Measure relevant for liquefaction. Studying the performance of
different IMs on liquefaction versus advanced numerical calculations, Karimi and Dashti (2017) observed that
the evolutionary settlements of structures depend on intensity, duration and frequency content of the
ground motion and concluded that cumulative energy is a more appropriate to represent intensity measure,
more than peak variables. They propose the cumulative absolute velocity (Campbell & Bozorgnia, 2012) as a
potential candidate as also recently assumed by Bray and Macedo (2017) and Karamitros et al., (2013). Other
authors (e.g. Youd et al., 2002; Youd & Perkins, Bardet et al., 2002; Rauch & Martin, 2000) combine
magnitude, distance from the rupture and peak ground acceleration. Tokimatsu & Seed (1987) adopt the
cyclic stress ratio CSR introduced by Seed & Idriss (1971) corrected (e.g. Idriss & Boulanger, 2010) for
magnitude values.

As for any other seismic assessment, the characteristic seismic input at the rigid base can be retrieved on
hazard zonation maps (e.g. www.share-eu.org) that generally provide seismic spectra for different return

periods T.. Therefore, given a lifecycle of the considered structure, the probability associated to each event
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can be computed as function of T.. Possible amplifications must then be considered for the specific site,
referring to the subsoil types defined in the standards (e.g. Fardis et al., 2005) and considering maps giving
information on the subsoil (e.g. https://earthquake.usgs.gov/data/vs30/) or, preferably, adopting seismic

microzonation studies. Alternatively, a seismic response analysis can be performed on the site to be studied.
Lately, the scenario earthquakes can be obtained in terms of response spectra, artificial, recorded or
simulated accelerograms quantifying IM for each of them. The choice essentially depends on the quality of
available data for subsoil characterization, connected with the extent of the studied area.

2.8 Subsoil response

The quantification of subsoil response moves along three subsequent steps (e.g. Bird et al., 2006): determine
susceptibility to liquefaction based on qualitative criteria; evaluate the conditions for liquefaction triggering
by the scenario earthquake; predict the expected demand for the structure (ground deformations or other
proxies of damage).

The first step is normally accomplished at the geological level, involving larger portions of the territory and
considering broad subsoil classifications like the one proposed by Youd & Perkins (1978). This criterion
emphasizes the depositional environment and age of the deposit observing that liquefaction susceptibility is
rather high for Holocene or more recent (e.g. artificial) deposits, low or very low for Pleistocene or older
ones. A remarkable example is the strong correlation noticed in Figure 2-12 between the distributions of
paleo-rivers and liquefaction manifestation during the 2012 seismic sequence in Emilia Romagna. The
overlapping is particularly evident between the mucipalities of Sant’Agostino and Mirabello. Historical
documents report that the Reno river was crossing this zone for a period of three hundred years, from the
half of fifteenth to the half of eighteen century, releasing sediments with very high rates (10+30cm/year).

Once the above conditions are ascertained, the co-existence of paramount factors, i.e. grain size distribution
and water level must be determined at a smaller scale with a more refined investigation. To estimate
triggering, many standards worldwide (e.g. NZGS, 2016; Yasuda e Ishihawa, 2018; DPC, 2017) adopt relations
between in situ soil density and cyclic shear stress induced by ground shaking. For a given soil profile, the
triggering of liquefaction at different depths is evaluated computing a safety factor (FSL) given by the ratio
of the cyclic stress ratio t/c'v producing liquefaction (CRR) and the one induced by the earthquake (CSR).
Robertson & Wride (1998), Idriss & Boulanger (2010) and Boulanger and Idriss (2015), provide empirical
formulations of the Cyclic Resistance Ratio based on the survey of liquefaction and the results of common
geotechnical in-situ tests (CPT, SPT, Vs profile).
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Figure 2-12: Distribution of liquefaction damage caused by the 2012 earthquakes in Emilia Romagna (Italy).

The above relationships are derived deterministically as medians of case history databases. As such, they are
affected by uncertainties arising from the definition of CSR (model uncertainty on the triggering relationship)
and from the quality and interpretation of investigation (measurement or parameter uncertainty) (Toprak et
al., 1999; Cetin et al., 2004). Analysing a database of 230 cases, Idriss & Boulanger (2010) derive the following
relation to estimate the conditional probability of liquefaction for known values of CSRM=7.5,@'=1atm and
the standard penetration resistance corrected for the presence of finer soil N1,60,cs:

Equation 2-3

(NDsoes | (Nsoes\” _ ((Neoes) , ((Nieocs\"
[ 4.1 +( 126 ) _( 23.6 ) +( 25.4 ) =267 = In(CSRy—7.5.6)=1atm)
PL((Nl)SOCsr CSRM:ms,:;{,:mtm) = ‘D|_ St |
I ! |

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

Even considering with probabilistic models the uncertainty associated with the ground-motion estimation
and the likelihood of liquefaction triggering, the above procedures are affected by other uncertainties related
with measurement biases of in situ data (Baecher & Christian, 2003). In spite of a tendency to discipline the
execution and interpretation of subsoil investigation for improving consistency, quality and reliability (e.g.
NZGS, 2016), the major part of data presently available for risk assessment have been obtained in previous
times with out of date standards. An attempt to fill this gap is proposed by Madiai et al., 2016 who performed
an experimental study to convert the results of mechanical CPT into equivalent electrical CPT data.
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Inconsistency of investigation is one of the major causes of error in interpolating information over the areas.
Tests performed at mutual distance of few meters may give markedly different estimates of important
parameters. Geostatistical tests (Chilés and Delfiner, 2012) are very helpful to identify singularities, e.g.
where experimental results differ too much from the spatial trend inferred from contiguous investigations,
and to quantify uncertainty of the estimate in each position. From the viewpoint of the probabilistic risk
assessment, this result quantifies the reliability of the estimate and the uncertainty associated with the
subsoil characterization and provides a criterion to plan optimal campaigns to integrate information.

As an example, Figure 2-13 shows the map of liquefiable layer thickness over San Carlo Emilia (ltaly), a village
struck by severe liquefaction during the 2012 earthquake. The Figure 2-13.a reports the map built with all
available CPT tests, the Figure 2-13.b shows the same map obtained after removing some inconsistent tests
(CPT positions are marked with dots). The estimate of liquefiable layer is affected by the water table position,
that was here taken from a study of (RER, 2012). The exam to evaluate consistency/inconsistency is based on
the difference between variables estimated directly from the test and from interpolation of contiguous data.
CPT logs for which this difference exceed 5% and 95% fractile of the error distribution were removed. This
operation slightly modifies the map, but the contour lines that quantify the estimate error show an improved
quality of the information. The remaining error is mainly connected with the density of information (in the
present case, CPTs were mostly performed close to damaged buildings), and thus a criterion is obtained to
select areas where investigation is more needed.
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Figure 2-13: Liquefiable layer thickness over San Carlo Emilia drawn from all CPT tests (a) and after removing inconsistent data
(b) (Contour lines represent the standard deviation of error).

The effects at ground level are normally predicted (e.g. NZGS, 2016; DPC, 2017) with indicators of severity
that empirically synthesize the paramount factors dictating liquefaction in free field conditions. They are
computed as integral over fixed depths of a function of the safety factor f(FSL) weighted with a function of
depth from the ground level w(z).
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INDEX = f f(FSL) *w(z)dz Equation 2-4
zmax

Table 2-1 shows a list of the most common indexes. In spite of simplicity that makes these indicators
appealing for an extensive assessment, they suffer the implicit limitation of quantifying the subsoil response
with a sum of contributions from all susceptible layers (FSL<1) located at different depths, ignoring in this
way any possible mechanical and hydraulic cross-interaction between susceptible layers located at different
depths (Cubrinovski, 2017) (see Figure 2-9).

This phenomenon affects the reliability of assessment with simplified methods in the case of multilayered
systems and thus a preliminary check is necessary to verify if the schematization with three layers (base,
liqguefiable layer and crust) is applicable to the studied case and if more sophisticated models must be
adopted. Millen (2019) propose a test based on CRR to verify the equivalence of soil profiles derived from
CPTU tests with three layers models described by the combination of depth (Hcryst), thickness (Hiiq) and mean
CRR of the liquefiable layer. This test gives positive results for all CPT performed in San Carlo Emilia, basically
because the liquefiable layer in this case is induced by a continuous depositional event occurred over a
limited time period. Figure 2-14 shows a view of the three-dimensional model of San Carlo.

Table 2-1: Severity liquefaction indicators proposed in the literature

INDEX REFERENCE f1(FSL) w(z) y/

. 1 — FSL ifFSL < 1 B Zyin = 0

LPI Iwasaki, 1978 0 IFFSL > 1 10 — 0.5z Zo s 20m
(A-FSL if FSL<1nH1- m(FSL) < 3
0 otherwhise

LPlish Maurer, 2014 2556 Zmin = H1

5 2 Zonax = 20m
FSL) = <—) -1
m(FSL) = exp\5e et —Fsy

w Zhang et al., 2002 & =&, (FSL,qc1Ns) - me’:i&;dgpth

Znin =0
LDI Zhang et al., 2004 Ymax = Ymax (FSL,qc1N) - Zm;:”; 23m

1000 Zmin = 0
LSN van Ballegooy, 2014 & =&, (FSL,qc1Ng) Zmax = 20m

z
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Figure 2-14: Three-dimensional subsoil model of San Carlo Emilia (green and brown surfaces represent respectively top and
bottom surfaces of the liquefiable layer — the vertical scale is five times larger than horizontal one).

2.9 Structural damage

For a given hazard, the physical damage induced by liquefaction on structures and infrastructures depends
on their typology, planimetric extension and capability to adsorb absolute and differential movements. The
estimate of losses is by far more complex than the assessment of liquefaction occurrence in the subsoil (Bird
et al., 2006). Uncertainties basically stem from the following reasons:

— Coupling of liquefaction and ground shaking

— Identify damage mechanisms and define a demand for liquefaction
— Classify damage into levels

— Categorize structure response into homogenous groups

The above concerns become even more relevant and problematic for buildings due 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 exhibit ground shaking damage, giving the idea that a base isolation
could be induced by the liquefied soil on the building. However, evidences of buildings damaged by both
shaking and liquefaction suggest that severe ground shaking might take place before the groundwater
pressure builds up. Bird et al. (2005) claim that the differential settlement induced by liquefaction on framed
buildings causes a drift of columns additional to that produced by shaking and thus structures previously
affected by shaking are more vulnerable to liquefaction. Following this idea, these authors propose a
cumulative analytical methodology considering permanent shaking deformation as a reduction of the
building capacity against liquefaction. The connection between the two mechanisms is even more evident
for masonry structures.

Focusing solely on the effects of liquefaction, a list of possible building damages is provided by van Ballegooy
(2014) together with the threshold movements defining the level of damage. Differential settlements or
horizontal movements dictated by inhomogeneous load distributions and stratigraphic conditions (e.g.
inherent variability of homogeneous subsoil and, moreover, boundary between liquefied and non-liquefied
soils) are recognised among the most critical causes of damage. Rigid body movements like uniform
settlement, tilting and horizontal sliding may add, increasingly affecting aesthetic, serviceability and,
ultimately, 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, continuous
beams or pads, pile reinforcement. A classification of severity levels cumulatively including shaking and
liguefaction has 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, a general applicability of this criterion is affected by the strong dependency of 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 al. (2014) (Figure 2-7) distinguishes damage
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according to the deformation mechanisms activated on the building and on 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) where a distinction is made among the type of 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 are largely incomplete. Following
a methodology adopted for the serviceability limit state analysis of foundations under static loads (Grant et
al., 1974), differential settlements quantified by the relative rotation [ have been related to the absolute
settlements of the building.

Once the equivalence between absolute settlement and distortion is established, it is readily seen that the
classification criteria defined by van Ballegooy (Figure 2-15) and Poulos (Figure 2-16) lead to similar limit
values of settlements. In both cases, damage is triggered for absolute settlements in the range 10-100 mm,
being severity dependent on the building type. Absolute settlements may thus be considered as Engineering
Demand Parameters for the estimate of damage.

Dwelling Foundation Damage Categories
Type of Damage Minor | Moderate |  Major Type of Damage Minor | Moderate | Major
Stretching Tilting
sor:: Btslr:\orn >%0mm Zg:m sz:r.::\ RS0
i — —
Hogging = Abrupt Differential Movement
zg:’m 5200"::' >S0mm 1gr:\°m Zloorr::\ >20mm
Se— detr—
Dishing : Global Settlement
23::1\ szoorv: 230mm 5g:m 1‘5)8::" >100mm
R — ——
Racking/Twisting ) -
— zr 1g:m ;oon:’n L
shom—

Figure 2-15: Type and level of damage caused on buildings by liquefaction (van Ballegooy, 2014).
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Figure 2-16: Classification of damage from Poulos et al. (2001) (a), empirical relation between maximum absolute settlement and
angular distortion (b) for shallow and piled foundations (Viggiani et al., 2012).
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2.10 HAZUS methodology

In Hazus, a procedure is proposed to estimate liquefaction hazard based on geological data concerning the
depositional environment and age of the subsoil. The procedure is accomplished with the following steps:

Estimate susceptibility with a qualitative rating based upon general depositional environment and
geologic age of the deposit is given following Youd and Perkins (1978) (Figure 2-17)

Likelihood that Cohesionless Sediments, — .
Ganaral dis- When Saturated, Would Be Susceptible Likelihood that Cohesionless Sediments,
ibuti te Liguefaction (by Age of Depaosit) . When Saturated, Would Be Susceptible
o o R Pre- General diz- to Liquefaction by Age of Deposit)
cohesioniess Prea- tribution of _—quefaction 10y A9 kIR
Type of sadiments Pleis- pleis: cohesionless Pra-
deposit in deposits <500 yr Haolocene tocana tosene Type of sadimens Pleis- pleis
(1) 12) (3) (4] 151 5] deposit in deposits =500 yr | Hologene | tocena tocene
{a) Continental Deposits i (1) 2) (3 4] 151 {6}
River channel Locally variable | Wery high | High Low Very low o () Coastal Zone o
Flood plain Locally variable | High Moderate | Low Very low Delia Widespread Very high | High Low Very low
Alluvial fan and Esturine Locally variable | High Moderate Lavw Very low
plain Widespread Moderate | Low Low Very low Beach
Marine lerraces High wave
and plains Widespread - Low Very low | Very low energy Widespread Moderate | Low Very low | Very low
Delta and fan- Liow wave
delia Widespread High Moderate Low Very low energy Widesprend High Moderaie Low Very low
Lacusirine and Lagoonal Locally variable | High Moderate Low Very low
playa Variabla High Moderatc | Low Very low Fore shore Locally variable | High Moderate | Low Very low
Colluvium Variable High Moderate | Low Very low —
Talus Widespread Low Low Very low | Very low ) () Artificial
Dunes Widespread High Moderate | Low Very low Uncompacted fill | Variable Very high — 1 = _
Loess Variable High High High Unknown Compacted fill Variable Low o . _
Glacial wll Variable Low Lo Very low Very low =
Tuff Rare Low Lo Very low Very low
Tephra Widespread High High ¥ 7
Residual soils Rare Low Low Very low | Wery low
Schka Locally variable | High Moderate Low Very low

Figure 2-17: Liquefaction Susceptibility of Sedimentary Deposits (from Youd and Perkins, 1978).

Estimate the probability of liquefaction combining susceptibility of the soil, amplitude and duration
of ground shaking and depth of groundwater with the following formula:

) _ P[ Liquefactiong.|PGA = a]
P[ Liquefactiong ] = P Equation 2-5
Ky - Kw

where the conditional liquefaction probability P[ Liquefactiong.|PGA = a] is expressed for the above given
susceptibility categories based on the state-of-practice empirical procedures, as well as the statistical

modelling of the empirical liquefaction catalogue presented by Liao et. al. (1986) for a M =7.5 earthquake
and for an assumed groundwater depth of five feet (Figure 2-18).
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P [Liquefactiun ‘PGA = a]
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Moderate 0<6.67a-1.0<1.0
Low 0<557a-1.18<1.0

Very Low 0=416a-108<1.0
None 0.0

Figure 2-18: Conditional liquefaction probability for a given susceptibility category at a specified level of peak ground

acceleration.

Correction factors to account in Equation 2-5 for moment magnitudes (M) and groundwater depths (dw)
different than respectively 7.5 and 5 feet, are given by Equations 2.4 and 2.5 (Seed and Idriss, 1982; Seed, et.
al., 1985; National Research Council, 1985) and represented graphically in Figure 2-19.a and Figure 2-19.b:

Ky = 0.0027M3 — 0.0267M? — 0.25M + 2.9188

Ky = 0.022d,, + 0.93

Equation 2-6

Equation 2-7

51



This project has received funding
from the European Union’s
Horizon 2020 research and
innovation programme under
grant agreement No. 700748

LIQUEFACT
Deliverable 7.1

Manual for the assessment of liquefaction risk, defining the procedures to create the
database, collect, define, symbolize and store information in the Georeferenced
Information System and to perform and represent the risk analysis

20 1
I I
- — -
L ———
EREES ———
I ——
[ 11]
4 5 6 7 g
Earthguake Magnitude, M
20 5
2 10 —
'
00 t + t !
0 10 20 30 40
Depth to Groundwater, dw (feet)

(b)

Figure 2-19: a. Moment Magnitude (Seed and Idriss, 1982) and b. groundwater depth Correction Factor for Liquefaction

Probability Relationships.

For a given subsoil category, liquefaction is unlikely to occur over the whole portion of the geologic map, and

this should be considered in assessing the probability of liquefaction at any given location. Considering that

non-susceptible portions are expected to be smaller for higher susceptibilities a probability factor that
guantifies 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 unit) is inserted. For the various susceptibility

categories, default values are provided in Figure 2-20.

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 2-20: Proportion of the map susceptible to liquefaction (Power et al., 1982).
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The HAZUS procedure allows to estimate the Lateral Spreading Permanent Ground Displacements with the
following relationship (provided by Youd and Perkins, 1987) with the ground motion attenuation relationship
developed by Sadigh, et. al. (1986) as presented in Joyner and Boore (1988):

E[PGDsc] = K, - E[PGD|(PGA/PLg¢) = a] Equation 2-8

where E[PGD|(PGA/PLgc) = a] is the expected ground displacement for a given susceptibility category
under a specified level of normalized ground shaking (PGA/PGA(t)) (shown in Figure 2-21), PGA(t) is the
threshold ground acceleration necessary to induce liquefaction (Figure 2-21).

100
_ 12x-12  for 1< PGA/PGA(1)< 2
3 807 18x-24 for 2< PGA/PGA()< 3
& 70x - 180 for 3< PGA/PGA(D)= 4
= 60T
2 407
=
&
a o7
0 :
0 1 2 3 4 5
PGA/PGA(f)
Susceptibility Categal'\' PGA(t)
Very High 0.09g
High 012g
Moderate 0.15g
Low 021g
Very Low 0.26g
None N/A

Figure 2-21: Lateral spreading displacement relationship (after Youd & Perkins, 1978; Sadigh et al., 1986) and threshold ground
acceleration (PGA8t) corresponding to zero probability of liquefaction.

KD is the displacement correction factor introduced to account for Moment magnitudes different than 7.5
(Seed & Idriss, 1982), expressed by Equation 2-9 and plotted in Figure 2-22.

Ky = 0.0086M3 — 0.0914M?2 + 0.4698M — 0.9835 Equation 2-9

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 to an 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
tend to have increased thicknesses of potentially liquefiable soils, the ground settlement is computed

53



LIQUEFACT

Deliverable 7.1

Manual for the assessment of liquefaction risk, defining the procedures to create the
database, collect, define, symbolize and store information in the Georeferenced
Information System and to perform and represent the risk analysis

This project has received funding
from the European Union’s
Horizon 2020 research and
innovation programme under
grant agreement No. 700748

multiplying a characteristic settlement amplitude appropriate to the susceptibility category (Figure 2-23) with
the probability of liquefaction computed with Equation 2-3 for a given ground motion level.

(]

Displacement Correction Factor
-

Earthquake Magnitude, M

Figure 2-22: Displacement correction factor, KD for Lateral spreading displacement relationship (after Seed & Idriss, 1982).

Relative Susceptibility Settlement (inches)
Very High 12
High 6
Moderate 2
Low 1
Very Low 0
None 0

Figure 2-23: Ground settlements amplitudes for liquefaction susceptibility categories (after Tokimatsu & Seed, 1987).

The above described procedure enables to estimate probability and, with a relatively high uncertainty, the
effects of liquefaction, but at a very large geographical scale. Considering that subsoil characterisation is
based on geological information (environment 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 into site specific relationships. HAZUS provides just a series of
comments related with this issue in order to drive user defined risk assessment procedures (called Expert-
Generated Ground Failure Estimation) based on the collection of geotechnical data.

2.11 LRG methodology

Liquefaction Reference Guide is a software toolbox developed in Liquefact project. It implies a stepwise
analysis, summarised in the flowchart of Figure 2-24. The analysis can be carried out in three subsequent
steps:
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— Hazard assessment
— Risk assessment
— Risk assessment and mitigation framework
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[ Mitigation Framework and Impact on Community Resilience Reduction

Figure 2-24: Flowchart of the LRG procedure for risk assessment.

Liguefaction geological susceptibility should be preliminary evaluated (over a regional scale) in order to
addreess further more detailed studies. Then, accounting for the geotechnical features of the study area (i.
e. a region, city, aggregate or individual structure), the liquefaction susceptibility level can be defined
considering the thicknesses of the non-liquefiable crust and of the potentially liquefiable layer.

In the following steps, geotechnical tests (CPT, SPT and Vs profile) need to be combined with the specific
seismicity of the area to estimate the liquefaction hazard. This is commonly assessed through liquefaction
severity indicators, evaluated by applying several simplified stress-based approaches. The output of
liguefaction hazard assessment is represented by maps of liquefaction severity indicators, obtained from
geostatistical interpolation of the punctual results.

Liquefaction hazard can be defined for a generic structure as the probability that a given value of the
liguefaction severity indicator (demand) will be produced during the lifetime of the structure. The practice
of characterizing liquefaction hazard through these indicators is applied in many countries to quantify risk on
structures and infrastructures present in a given territory (e.g. DPC 2017, MBIE 2016, Yasuda and Ishikhawa,
2018).
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Moreover, liquefaction severity indicators can be seen as proxies of the permanent ground deformation
(PGDf) (Bird et al.,2006) or, more generally, of damage and as the “liquefaction demand” for the assessment
of the response of the overlying structures and infrastructures, characterized by their own vulnerability.

By combining seismic and liquefaction demand with the specific vulnerability of the structures, the physical
expected damage can be estimated for a given scenario. To do this, structures and infrastructures present in
the study area must be grouped and characterised with appropriate fragility models. Fragility functions are
defined as log-normal probability distributions, representing the conditional probability of reaching or
exceeding a damage level for a given value of the demand. Depending on the goal of the analysis, three types
of vulnerability models can be defined. In the first two, ground shaking and liquefaction vulnerability are
separately considered, while the third one considers a model accounting for both ground shaking and
liguefaction. Seismic and liquefaction-induced physical damage on buildings and lifelines are than combined.
Such combined physical damage is than converted into earthquake (direct/indirect) economic and social
impact after the introduction of adequate economic and resilience models. This step is required since the
physical damage is only a part of the impact of liquefaction on a community.

Finally, the mitigation framework and impact on community resilience reduction is obtained after the
evaluation of the performance (in reducing such total impact and improving the community resilience) of the
available mitigating action. This goal is achieved by applying benefit-cost analysis criteria. The obtained
results are shown with maps that show the spatial distribution of the estimated damage levels for the
selected scenario. These maps can be either produced by the user in any GIS environment or directly by the
software (standalone version) (Figure 2-25).

STANDALONE

VERSION

AscilFORMAT - «——— |NPUT DATA PREPARATION G S Y pentey

T

DATA PROCESSING

J y

R
OUTPUT GISH- .
l SPATIAL A;IALVSIS INES
ENVIRONMENT
SPATIALANALYSIS

Figure 2-25: Flowchart of the general LRG procedure. To perform the analysis two options are available: the users can run the
software as a standalone version or as an application of a Geographical Information System.
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3. GEOGRAPHICAL INFORMATION SYSTEMS

3.1 Introduction

The current models for decision-making against risk rely on tools capable to handle analyses characterized
by a spatial multiscale approach. In addition to the description and location over the territory, the
information required for this analysis must consider the spatial relationship between territory elements and
phenomena involving human activities. The Geographical Information Systems (GIS) provide an efficient
solution for public authorities and private companies, firstly to collect, define and store information, then to
perform and represent the output of risk assessment.

Advanced software and hardware platforms nowadays allow to analyse geographical information at any
resolution level, combining different types of data (raster, vectors, tables, ...) and providing a dynamic and
interactive representation of the results. This flexibility enables also to integrate different disciplines
(geology, geotechnical, structure, economic, ...) to interpret complex problems and to extend the analysis to
wider fields of application.

The creation of GIS project for the management of spatial data is ruled by several standards defined at
international and national levels. According to them, spatial data and geographical information should be
preserved and updated in standardised formats. In this case, data are analysed and represented in a common
framework, information can be shared in order to speed up the performance of analyses and to support
authorities for the management of risk and the implementation of mitigation strategies.

3.2 GIS software

The currently available GIS software has rapidly evolved in recent years, improving its own functionality and
reaching an excellent level of maturity, also for the open-source versions. This category of software is now
able to fulfil many needs from different institutions and companies that face the necessity to handle
geospatial data. The most common free and open Source Software! and those licensed under the GNU
General Public License? are listed in Table 3-1.

1 Free and open-source software (FOSS) is software that can be classified as both free software and open-source software. That means
that anyone is freely licensed to use, copy, study, and change the software in any way, and the source code is openly shared so that
people are encouraged to voluntarily improve the design of the software. This is in contrast to proprietary software, where the
software is under restrictive copyright licensing and the source code is usually hidden from the users.

2 The GNU General Public License is a free, copyleft license for software and other kinds of works. The GNU General Public License is
intended to guarantee your freedom to share and change all versions of a program to make sure it remains free software for all its
users. The Free Software Foundation, use the GNU General Public License for most of our software; it applies also to any other work
released this way by its authors. The General Public Licenses are designed to ensure to distribute copies of free software, and source
code, to change the software or use pieces of it in new free programs. The GNU GPL protect the rights with two steps: assert copyright
on the software, and giving legal permission to copy, distribute and/or modify it. The precise terms and conditions for copying,
distribution and modification define by Copyright © 2007 Free Software Foundation, Inc. https://fsf.org/.
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Table 3-1: Example of open source GIS software

GRASS GIS Geographic Resources Analysis Support System (GRASS) is originally
‘ developed by the US Government in 1984. Is written in C, C++, Python, Tcl.
q

https://grass.osgeo.org/

Quantum Geographical Information System (QGIS) is written in C++,
Q\! G I S Python, Qt, developed by the QGIS Development Team (from 2002).

https://qgis.org/
Slm System for Automated Geoscientific Analyses (SAGA) is written in C++,
developed by the Department of Physical Geography, University of
Gottingen, Germany, SAGA User Group Association (from 2005).

| Systemlor Automated
" Geescientific Analyses

http://www.saga-gis.org/
g gvSIG is an interoperable GIS software written in Java, developed by GvSIG
association in October 2004.

http://www.gvsig.com/

Together with the above there are also commercial software, like the ArcGIS developed by Environmental
Systems Research Institute (ESRI) in 1999 (https://www.esri.com).

The choice of GIS software is quite independent on the approach, the problems to be solved and the
workflows described in the following. Obviously, procedures and operational commands change from case
to case. This document illustrates the main objectives and methodologies to be implemented for liquefaction
risk assessment in a generic GIS platform.

3.3 GIS Standards

Together with the dissemination of open data, nowadays available in an astonishing abundance, the
development of tool for geographical information software and analysis of spatial data have required to
strengthen the technologies able to manage such large amount of data.

The use of standards in GIS technology is recommended to facilitate the development, sharing and use of
data, software and services, for the management and the analysis of geographical information and spatial
data. Rules are defined in technical documents and guidelines that include requirements and
recommendations for products, systems, processes or services. Standard allows to reduce
misunderstandings, harmonize technical specifications for developers, business partners and users and
improve quality.
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There are several organisations in charge of developing new standards and updating existing ones. Two of
them, the Federal Geographic Data Committee (FGDC) and Open Geospatial Consortium (OGC) have
produced copyrighted but free of charge standards.

Standards are normally established at the international level, e.g. European level, then are implemented at
the national level. The standardization process in EU Member State includes three different levels (Figure
3-1).

ISO TC/211 0GC W3C/OMG

Geographic Open Geospatial | |
information/Geomatics Consortium OASIS

-l

CEN TC/287
Comité Européen INSPIRE

Normalisation

National implementation

i

Figure 3-1: The structure of standardization process (Bartha and Kocsis, 2011)

The standard for geographical information has been elaborated by ISO Technical Committee (TC) 211 as
Geographic information/Geomatics standard based on the proposals of Open Geospatial Consortium (OGC),
World Wide Web Consortium (W3C), Object Management Group (OMG), Organization for the Advancement
of Structured Information Standards (OASIS) (1ISO/TC 211 Advisory Group on Outreach, 2009). The ISO 19100
series (Table 3-2) was selected as international standard for the technical base for INSPIRE by the European
standardization organization Comité Européen Normalisation - CEN TC/211.

The INSPIRE Directive (Infrastructure for Spatial Information in the European Community) sets the minimum
conditions for interoperable sharing and exchange of spatial data across Europe as part of a larger European
Interoperability Framework and the e-Government Action Plan that contributes to the Digital Single Market
Agenda. The INSPIRE proposal (https://inspire.ec.europa.eu/) was adopted as Directive 2007/2/EC of the

European Parliament and of the Council, the Directive was published in the official Journal on the 25th April
2007. The complete implementation of the INSPIRE project is foreseen by 2019.
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Table 3-2: Series of ISO Standard for Geographical Information

6709 Standard representation of latitude, longitude and altitude for geographic point locations
19101 Reference model

19101-2 - Reference model - Part 2: Imagery

19103 Conceptual schema language

19104 Terminology Introduction

19105 Conformance and testing

19106 Profiles

19107 Spatial schema

19108 Temporal schema

19109 Rules for application schema

19110 Methodology for feature cataloguing

19111 Spatial referencing by coordinates

19112 Spatial referencing by geographic identifiers

19113 Quality principles

19114 Quiality evaluation procedures

19115 Metadata

19115-2 Metadata - Part 2: Extensions for imagery and gridded data
19116 Positioning services

19117 Portrayal

19118 Encoding

19119 Services

19120 Functional standards

19121 Imagery and gridded data

19122 Qualifications and Certification of personnel

19123 Schema for coverage geometry and functions

19124 Imagery and gridded data components

19125-1 Simple feature access - Part 1: Common architecture

19125-2 Simple feature access - Part 2: SQL option

19126 Profile - FACC Data Dictionary

19127 Geodetic codes and parameters

19128 Web Map server interface

19129 Imagery, gridded and coverage data framework

19130 Sensor and data models for imagery and gridded data

19131 Data product specifications

19132 Location based services possible standards

19133 Location based services tracking and navigation

19134 Multimodal location-based services for routing and navigation
19135 Procedures for registration of geographical information items
19136 Geography Markup Language

19137 Generally used profiles of the spatial schema and of similar important other schemas
19138 Data quality measures

19139 Metadata - Implementation specification

19140 Technical amendment to the ISO 191**Geographic information series of standards for

harmonization and enhancements
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To ensure that the spatial data infrastructures of the Member States are compatible, the INSPIRE Directive
requires common Implementing Rules (IR) to be adopted in different specific areas:

e |Metadata

e Data Specifications

e Network Services

e Data and Service Sharing

e Spatial Data Services

With regard to Monitoring and Reporting for Data Specifications, the Technical Guidelines specify common
data models, code lists, map layers and additional metadata on the interoperability to be used when
exchanging spatial datasets. These documents describe detailed implementation aspects and relations with
existing standards, technologies, and practices. Their implementation included 34 themes subdivided into
three groups and included into the INSPIRE directive in three annexes (Table 3-3, Table 3-4 and
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Table 3-5). For each theme, Technical Guidelines have been developed by the Thematic Working Group
(TWG). This document provides guidelines for the implementation of the provisions laid down in the
Implementing Rule for spatial data sets and services of the INSPIRE Directive. It also includes additional
requirements and recommendations that, although not included in the Implementing Rule, are relevant to

guarantee or to increase data interoperability.
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Table 3-3: INSPIRE Data Specification - Technical Guidelines — Annexes |

INSIPRE Data Specification on Addresses — Technical Guidelines

INSPIRE Data Specification on Administrative Units — Technical Guidelines

INSPIRE Data Specification on Cadastral Parcels — Technical Guidelines

INSPIRE Data Specification on Coordinate Reference Systems — Technical Guidelines

INSPIRE Data Specification on Geographical Grid Systems — Technical Guidelines

INSPIRE Data Specification on Geographical Names— Technical Guidelines

INSPIRE Data Specification on Hydrography — Technical Guidelines

INSPIRE Data Specification on Protected Sites — Technical Guidelines

INSPIRE Data Specification on Transport Networks — Technical Guidelines

Table 3-4: INSPIRE Data Specification - Technical Guidelines — Annexes Il

INSPIRE Data Specification on Land Cover — Technical Guidelines

INSPIRE Data Specification on Orthoimagery— Technical Guidelines

INSPIRE Data Specification on Elevation — Technical Guidelines

INSPIRE Data Specification on Geology — Technical Guidelines
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Table 3-5: INSPIRE Data Specification - Technical Guidelines — Annexes Ill

INSPIRE Data Specification on Utility and Government Services — Technical Guidelines

INSPIRE Data Specification on Agricultural and Aquaculture Facilities — Technical Guidelines

INSPIRE Data Specification on Area Management/Restriction/ Regulation Zones and Reporting
Units — Technical Guidelines

INSPIRE Data Specification on Atmospheric Conditions and Meteorological Geographical Features

— Technical Guidelines

INSPIRE Data Specification on Bio-geographical Regions— Technical Guidelines

INSPIRE Data Specification on Buildings — Technical Guidelines

INSPIRE Data Specification on Energy resources — Technical Guidelines

INSPIRE Data Specification on Environmental Monitoring Facilities — Technical Guidelines

INSPIRE Data Specification on Habitats and Biotopes — Technical Guidelines

INSPIRE Data Specification on Human Health and Safety — Technical Guidelines

INSPIRE Data Specification on Land Use — Technical Guidelines

INSPIRE Data Specification on Mineral Resources — Technical Guidelines

INSPIRE Data Specification on Natural Risk Zones — Technical Guidelines

INSPIRE Data Specification on Oceanographic geographical features — Technical Guidelines

INSPIRE Data Specification on Population Distribution — Technical Guidelines

INSPIRE Data Specification on Production and Industrial facilities — Technical Guidelines

INSPIRE Data Specification on Sea Regions — Technical Guidelines

INSPIRE Data Specification on soil — Technical Guidelines

INSPIRE Data Specification on Species Distribution — Technical Guidelines

INSPIRE Data Specification on Statistical Units— Technical Guidelines

il
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3.4 GIS structure

The structure of GIS platform is characterized by three elements: geodatabase, geoprocessing and geo-
visualization (Figure 3-2). The geodatabase represents the spatial database, where the geographical
information model and data information are organized with thematic layers. This represent the fundamental
aspect of the GIS project as it provides an organization of data, useful for understanding complex scenarios
(e.g. risk connected damage of structure or infrastructures). The geoprocessing contains a set of tools used
for the analysis and processing of geospatial data, able to generate derived datasets. The geo-visualization
allows to create geographical representations whose purpose is not only to distinguish the elements on the
territory, but also to highlight their spatial relationships. This feature includes the possibility to express
gueries in interactive maps, three-dimensional scenes and to analyse network relationships.

Geoprocessing

Maps Database

Figure 3-2: GIS structure (ESRI,2001)
3.5 Coordinate system

The creation of the dataset is a critical step and is closely related to the ability in georeferencing data. It
primarily consists in the need to know the original position of the data, in terms of coordinates (longitude,
latitude, altitude or by other geocode systems). The coordinate systems create a common coordinate
framework aimed at performing various integrated process such as overlaying of data layers from different
sources.

A coordinate system is a refence system used to represent the location of geographic features, imagery, and
observation with a common geographic framework, defined by:

— the type of framework: geographic (spherical coordinates are measured from the earth's center) or
planimetric (the earth's coordinates are projected onto a two-dimensional planar surface);
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— the unit system: typically, decimal degrees for latitude-longitude, feet or meters for projected
coordinate systems;

— and other descriptive information as projection system for projected coordinate systems, spheroid

of reference, a datum, standard parallels, a central meridian, and possible shifts in the x- and y-

directions.

The common coordinate systems used in GIS platform are:

— global or spherical coordinate systems, such as latitude-longitude, define as geographic coordinate
systems (such as WGS84);

— projected coordinate systems, such as universal transverse Mercator (UTM), which provide various

models to project maps of the earth's spherical surface in a two-dimensional Cartesian coordinate

plane. Projected coordinate systems are referred to as map projections.

The vertical coordinate systems define the reference system for the elevation and the depth values (z-values).
The unit of the measure is linear and define by the international standard (feet or meters). The z-axis direction
is positive “up” for elevation and positive “down” for depth.

The two vertical coordinate systems are illustrated in the Figure 3-3. The mean sea level is used as the zero

level for elevation values and the mean low water is a depth-based vertical coordinate system.

—"
+6.3 r\\

fmean sea leve

Figure 3-3: Reference system for Vertical Coordinate Systems

mean low water

+5.8 l +é.0

The vertical coordinate system on a dataset can be define without a corresponding geographic or projected

coordinate system.

The INSPIRE Data Specification on Coordinate Reference Systems — Technical Guidelines provides a

harmonised data specification for the spatial data theme Coordinate Reference Systems. This specification

establishes:

— The geodetic datums and coordinate reference systems to be used, unless otherwise required for
data of a specific theme.
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IR Requirement
Annex Il, Section 1.2
Datum for three-dimensional and two-dimensional coordinate reference systems

For the three-dimensional and two-dimensional coordinate reference systems and the horizontal
component of compound coordinate reference systems used for making spatial data sets
available, the datum shall be the datum of the European Terrestrial Reference System 1989
(ETRS89) in areas within its geographical scope, or the datum of the International Terrestrial
Reference System (ITRS) or other geodetic coordinate reference systems compliant with ITRS in
areas that are outside the geographical scope of ETRS89. Compliant with the ITRS means that
the system definition is based on the definition of the ITRS and there is a well documented
relationship between both systems, according to EN ISO 19111:2007.

The WGS84 system designates a full set of geodetic standards, in which successive realisations of a
unique TRS has been provided. The most recent WGS84 realisations are in agreement with the ITRF
at the level of a few centimetres. In consequence, the WGS84 products (as concerning TRS issues)
are considered as realisations of the ITRS. The WGS84 is linked to the ITRS.

Three-dimensional CRS are used to express both, the horizontal and the vertical components
of geographical locations. This may be performed by means of:
o Cartesian CRS, where X, Y, and Z coordinates are used to define the location, or;
o Three-dimensional geodetic CRS, where latitude, longitude and ellipsoidal height
define the location.

IR Requirement
Annex Il, Section 1.3
Coordinate Reference Systems

Spatial data sets shall be made available using at least one of the coordinate reference systems
specified in sections 1.3.1, 1.3.2 and 1.3.3, unless one of the conditions specified in section 1.3.4
holds.

1.3.1. Three-dimensional Coordinate Reference Systems

— Three-dimensional Cartesian coordinates based on a datum specified in 1.2 and using the
parameters of the Geodetic Reference System 1980 (GRS80) ellipsoid.

— Three-dimensional geodetic coordinates (latitude, longitude and ellipsoidal height) based on a
datum specified in 1.2 and using the parameters of the GRS80 ellipsoid.

(--)

Two-dimensional CRS are used to express the horizontal component. This may be performed
by means of:
o Two-dimensional geodetic CRS, where latitude and longitude on a reference ellipsoid
are used to define the horizontal location;

or
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o Plane CRS (suitable map projections), where a pair of coordinates - either (N, E) or
(Y, X) - defines the horizontal location through the projection

IR Requirement
Annex ll, Section 1.3
Coordinate Reference Systems

Spatial data sets shall be made available using at least one of the coordinate reference systems
specified in sections 1.3.1, 1.3.2 and 1.3.3, unless one of the conditions specified in section 1.3.4
holds.

()

1.3.2. Two-dimensional Coordinate Reference Systems

— Two-dimensional geodetic coordinates (latitude and longitude) based on a datum specified in
1.2 and using the parameters of the GRS80 ellipsoid.

— Plane coordinates using the ETRS89 Lambert Azimuthal Equal Area coordinate reference
system.

— Plane coordinates using the ETRS89 Lambert Conformal Conic coordinate reference system.

— Plane coordinates using the ETRS89 Transverse Mercator coordinate reference system.

(.

Plane coordinates reference systems (map projections) adopted and recommended for different

purposes. Map projections are used for geo-referencing spatial information in plane coordinates

: Recommendation1 For pan-European spatial analysis and reporting, where true area
representation is required, the ETRS89-LAEA is recommended

: Recommendation 2 For conformal pan-European mapping at scales smaller than or equal to
. 1:500,000, the ETRS89-LCC is recommended

Recommendation 3  For conformal pan-European mapping at scales larger than 1:500,000, the
Transverse Mercator ETRS89-TMzn is recommended

Recommendation 4 It is recommended that the projections referred in section 1.3.2 of Annex |l
of Commission Regulation (EU) No 1089/2010) are available in INSPIRE
transformation services.

For regions outside continental Europe, for example overseas MS territories, the MS shall define a map projection
they consider most suitable for the application. The ETRS89-LAEA projection in INSPIRE is recommended for
spatial analysis and reporting.

The Transverse Mercator (ETRS89-TMzn) is identical to the Universal Transverse Mercator (UTM) grid system for
the Northern hemisphere when applied to the ETRS89 geodetic datum and the GRS80 ellipsoid. The UTM system
was developed for worldwide application between 802 S and 842 N.
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The data organization is based on the logical model inherited from the Computer-Aided Drafting software
(CAD) which divides the information into overlapping layers (Figure 3-4). These Layers can be compared to
each other using the overlapping technique because they are georeferenced with respect to a coordinate
system. This technique allows to manage and query geographic information simultaneously on various levels

and extract information based on their position.

3.6.2 Data formats and attribute information

Vector

Punctual information

Parcels

Elevation

Land usage

Earth’s surface

Figure 3-4: GIS thematic layers (Spacagna and Modoni, 2018)

Transport infrastructure

In the GIS platform, the geographical information is shared in two major categories of format: raster and
vector. Data reading and writing operations are managed by libraries, released by the Open Source
Geospatial Foundation®. For the raster format is used the GDAL Library* and for vector forma is used the OGR
Simple Features Library, which is part of the GDAL source tree.

The geographical information can be store in three main way:

o file: the geodata is stored on disk in a file with a user-defined path;
o folder: the geodata are represented by a specific folder, with a well-defined file structure;
e database: the geodata are store in relational database (RDBMS) with spatial functionality to which

the GIS software can connect.

3 The Open Source Geospatial Foundation (0SGeo), is a non-profit non-governmental organization whose mission is to support and

promote the collaborative development of open geospatial technologies and data (www.osgeo.org).
4 Geospatial Data Abstraction Library (GDAL) (www.gdal.org).
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In addition to this storage mode, GIS services are used to transfer spatial data in remote access stored on a
web server, define by the OGC. They allow users to interact with data, usually through browser web, in rapid
way and in real time. This contains visualization maps, access and querying of data, running analysis and
download of spatial data. Supported services are for example:

—  WMS: Web Map Service for sharing maps in image format such as PNG, GIF or JPEG
— WHFS: Web Feature Service for sharing feature of vector data.
— WCS: Web Coverage Service for sharing raster vector.

3.6.2.1 Vector format

The vector feature is frequently used for the representation of geographic objects, well suited for
representing features with discrete boundaries such as wells, streets, rivers, states and parcels. The vectors
features are objects for which the location is stored as one of the properties. These features are spatially
represented essentially as points, lines or polygons (Figure 3-5) and are organized into classes with acommon
spatial representation and set of attributes. For example, the point feature class is used for wells and the line
feature class is used for rivers.

Points Lines Polygons
Point Single part __Single part
= L - -

| -
N F T

Multi-points Multi-part Multi-part
— — T T T
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. ") f o/o/\/h C/\
o -

| i |
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Figure 3-5: Common vector feature representations (extract from ESRI, 2001)

Several geographical features are adequately expressed by a precise range of geometric elements: points
(dimensionless elements used for the simple location within an aerial representation); lines and polylines
(one-dimensional elements used for the localization of linear elements); polygons (two-dimensional
elements used for the representation of geographic elements having characteristics such as to cover a
particular area of the soil surface).

The most common vector format is:

1. ESRI Shapefile: The shapefile format is an open digital vector format for storing geometric location
and associated attribute information. It is the most popular geospatial vector data format for GIS
software. It is developed and regulated by the Environmental Systems Research Institute (ESRI).
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3.6.2.2

A shapefile represents one single vector layer in the legend of the GIS software and it is characterised
by a unique feature (point, line or polygon). A shapefile actually consists of several files. The following
three are required:

— .shpfile containing the feature geometries
— .dbf file containing the attributes in dBase format
— .shxindexfile

Shapefiles also can include .prj file, which contains the projection. Although this file is not mandatory,
it is essential to have information about coordinate system and projection system used.

For each shapefile layer is available a specific table of database, call attribute table, in which each
record (row) corresponds to a specific geographic object contained in the layer.

Keyhole Markup Language (KML): Express geographic data, labels, and symbology in 2D and 3D for

web map and globes. This GIS format is XML-based and is primarily used for Google Earth, developed
by Keyhole Inc and later acquired by Google. KMZ (KML-Zipped), compressed version, replace KML
as being the default Google Earth geospatial. KML/KMZ became an international standard of the
Open Geospatial Consortium in 2008.

Comma-separated values (CSV) is a text format containing the coordinate X and Y of the

georeferenced feature, easily imported into the GIS software.

Raster format:

The raster is used to represent continuous layers, such as elevation, vegetation, ecc. The raster consists on a

matrix of cells (or pixels) to which the value of the represented quantity is associated. Rasters are most

commonly used for the storage of digital or scan maps, satellite imageries, digital aerial photographs (Figure

3-6).

The raster format most common are:

1.

GeoTIFF, Georeferenced Tagged Image File Format, is an open file format, based on the standard of
the TIFF format and incorporate geographical references. It can include projections, ellipsoids,
datums, coordinates, and all that is needed to establish the exact spatial reference for the file.
GeoTIFF is in wide use in NASA Earth science data systems. The GeoTIFF Standards are developed by
Working Group at the Open Geospatial Consortium (OGC).
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Figure 3-6: Storage mechanisms of Raster (extract from ESRI, 2001)

2. GeoJPEG 2000 is an open format derived from the format developed by the Joint Photographic
Experts Group committee (JPEG). This format is a wavelet-based image compression standard (ISO
specification (ISO/IEC 15444), particularly efficient for remote sensing images. Although the standard
JPEG 2000 format does not include geocoding, this format supports metadata in XMK format which
includes geographic metadata such as projection used or geographic coverage of data in GMLformat.
So GeoJPEG2000 or GeoJP2 is an improved JPEG2000 file with additional geocoding information.

3.6.3 Geodatabase

The term database refers to Relational Data Base Management System (RDBMS). This system allows to
manage data based on the relational model. Basically, the database is structured in tables, each subdivided
into fields and records that describe the geographical objects. In GIS, each vector information layer
corresponds to a table for storing attributes. The information contained in the attribute tables can be of
various types: string (for example the name of geological lithology), number (for example the deep of the
borehole), logical or Boolean (true/false), or date. The information of the attribute table can be interrogated
(query) based on the SQL database language (Structured Query Language). The query allows to extract from
the database in a reduced set of elements that can be consulted both within the geographical area and in the
table.

Geodatabases have a comprehensive information model for representing and managing geographic
information. This comprehensive information model is implemented as a series of tables holding feature
classes, raster datasets, and attributes. In addition, advanced GIS data objects add GIS behavior; rules for
managing spatial integrity; and tools for working with numerous spatial relationships of the core features,
raster, and attributes (Figure 3-7).
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Geodatabase

Figure 3-7: Geodatabase structure

The most common geodatabase are:

e PostGIS, the spatial extension of PostgresSQL, is OGC standard format able to manage vector data
and raster data;

e  MySQL spatial, the spatial extension of widespread database MySQL;

e Oracle spatial, the geographical component of the well-known relational database Oracle;

e Spatialite, is OGC standard extension of SQLite.

e Geopackage, an OGC standard, is an recent (2014) extended SQlite 3 database file (*.gpkg)
containing data and metadata tables with specified definitions, integrity assertions, format
limitations and content constraints.

3.6.4 Metadata
Metadata are data that provides information about other data. The geographic metadata standards are:

e |SO 19115-1:2014: Geographic information -- Metadata -- Part 1: Fundamentals
e |SO 19115-2:2019: Geographic information -- Metadata -- Part 2: Extensions for acquisition and
processing

Standards give the structure for creating and organizing metadata in a consistent terminology for catalogs
and global search. They define how to describe geographical information and associated services, including
contents, spatial-temporal purchases, data quality, access and rights to use. It is preserved by the ISO/TC 211
committee.

The INSPIRE Implementing Rules on Metadata (IRs) specify the needs to be considered at a generic level,
while the non-binding Technical Guidelines specify how legal obligations could be implemented. In particular,
the INSPIRE Metadata Implementing Rules: Technical Guidelines based on EN ISO 19115 and EN 1SO 19119.

The information required for metadata implementation concerns:

— ldentification (Table 3-6),
— Geographic location (Table 3-7),
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— Classification of spatial data and services (Table 3-8),

— Temporal reference (Table 3-9),

— Conformity (Table 3-10),

— Responsible organisation (Table 3-11),

— Quality and validity (Table 3-12),

— Constraints related to access and use (Table 3-13),
— Metadata on metadata (Table 3-14).

The tables indicate a summary description of the metadata elements. The detailed description is given in the

INSPIRE Technical Guideline.

Table 3-6: Metadata elements for Identification (INSPIRE Technical Guideline)

Metadata element name

Description

Resource title

Resource abstract

Resource Type

Resource Locator for data sets
and dataset series

Resource Locator for Services

Unique resource identifier

Coupled resource

Resource language

Characteristic, and often unique, name by which the resource is known. The title
is the most informative element of a metadata record and usually the highest
priority as search engines go to this element.

Brief narrative summary of the content of the resource. The abstract provides a
clear and concise statement that enables the reader to understand the content of
the data or service.

This is the type of resource being described by the metadata and it is filled in with
a value from a classification of the resource based on its scope. The choice of
Resource Type will be probably the first decision made by the user and it will
define the metadata elements that should be filled.

The Resource Locator is the ‘navigation section’ of a metadata record which point
users to the location (URL) where the data can be downloaded, or to where
additional information about the resource may be provided. Setting up the correct
resource locators is important for the connection between the data and the
services that provide access to them or for providing additional information
concerning the resource.

The Resource Locator for Services, if available, provides the access point of the
service, that is an Internet address containing a detailed description of a spatial
data service, including a list of endpoints to allow an automatic execution

This element is a value uniquely identifying the resource. Value uniquely
identifying an object within a namespace

If the resource is a spatial data service, this metadata element refers to, where
relevant, the target spatial data set(s) of the service. It is implemented by
reference, i.e. through a URL that points to the metadata record of the data on
which the service operates. It helps therefore linking services to the relevant
datasets.

It refers to the language(s) used within the resource (dataset, series, or service if
relevant).
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Table 3-7: Metadata elements for Geographic location (INSPIRE Technical Guideline)

Metadata element name Description

Geographic bounding box This is the extent of the resource in the geographic space, given as a bounding
box. Defining the coordinates of a rectangle representing the resource area on a
map allows the discovery by geographical area

Table 3-8: Metadata elements for Classification of spatial data and services (INSPIRE Technical Guideline)

Metadata element name Description

Topic category Main theme(s) of the dataset. The topic category is a high-level classification
scheme to assist in the grouping and topic-based search of available spatial data
resources. A correct categorization is very important to help users to search and
find the resources they are looking for.

Spatial data service type A service type name from a registry of services. This is a classification to assist in
the search of available spatial data services. The list of language-neutral values
as in Part D3 of the INSPIRE Metadata Regulation 1205/2008/EC includes:
discovery, view, download, transformation, invoke and other.

Keyword value The keyword value is a commonly used word, formalised word or phrase used to
describe the subject

Originating controlled Name of the formally registered thesaurus or a similar authoritative source of
vocabulary keywords

Table 3-9: Metadata elements for Temporal reference (INSPIRE Technical Guideline)

Metadata element name Description

Temporal extent The temporal extent defines the time period covered by the content of the
resource. This time period may be expressed as: an individual date, an interval of
dates (starting date and ending date), a mix of individual dates and intervals of
dates

Date of publication This is the date of publication of the resource when available, or the date of
entry into force.

Date of last revision This date describes when the resource was last revised, if the resource has been
revised.
Date of creation This date describes when the resource was created.
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Table 3-10: Metadata elements for Conformity (INSPIRE Technical Guideline)

Metadata element name Description
Degree Indication of the conformance result (true, false, or null)
Specification Citation of the product specification or user requirement against which data is

being evaluated

Table 3-11: Metadata elements for Responsible organisation (INSPIRE Technical Guideline)

Metadata element name Description

Responsible party Identification of, and means of communication with, person(s) and
organization(s) associated with the resource(s)

Responsible party role This is the role of the responsible organisation

Table 3-12: Metadata elements for Quality and validity (INSPIRE Technical Guideline)

Metadata element name Description

Lineage According to the Implementing Rules for Metadata, Lineage is “a statement on
process history and/or overall quality of the spatial data set. Where appropriate
it may include a statement whether the data set has been validated or quality
assured, whether it is the official version (if multiple versions exist), and whether
it has legal validity. The value domain of this element is free text.”

The process history may be described by information on the source data used
and the main transformation steps that took place in creating the current data
set (series)

Spatial resolution Spatial resolution refers to the level of detail of the data set. It shall be
expressed as a set of zero to many resolution distances (typically for gridded
data and imagery-derived products) or equivalent scales (typically for maps or
map-derived products).

An equivalent scale is generally expressed as an integer value expressing the
scale denominador. A resolution distance shall be expressed as a numerical
value associated with a unit of length
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Table 3-13: Metadata elements for Constraints related to access and use (INSPIRE Technical Guideline)

Metadata element name Description

Limitations on public access Access constraints applied to assure the protection of privacy or intellectual
(access constraints) property, and any special restrictions or limitations on obtaining the resource
Limitations on public access Other restrictions and legal prerequisites for accessing and using the resource or
(other constraints) metadata

Limitations on public access Name of the handling restrictions on the resource

(classification)

Conditions applying to access Restrictions on the access and use of a resource or metadata
and use

Table 3-14: Metadata elements for Metadata on metadata (INSPIRE Technical Guideline)

Metadata element name Description

Metadata point of contact The date which specifies when the metadata record was created or updated
Metadata date This is the role of the responsible organisation

Metadata language This is the language in which the metadata elements are expressed

3.7 Geoprocessing
3.7.1 Tools for spatial analysis

Geoprocessing is a GIS operation implemented to manipulate spatial data. A typical geoprocessing operation
considers an input dataset, performs an operation on that dataset, and returns an output dataset (Figure
3-8).

Stratigraphy Loose sand
i deposit
Study Area of subsoil p
Administrative —l
boundary
Groundwater Sand deposit
level in the > Intersect » susceptible of
study area liquefaction
Groundwater
level

Figure 3-8: Example of geoprocessing procedure
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Common geoprocessing operations include geographic feature overlay, feature selection and analysis,
topology processing, raster processing, and data conversion. The most used processing tools are reported
and illustrated in the Table 3-15 (https://gisgeography.com/geoprocessing-tools/).

Table 3-15: Common geoprocessing tools

Tool Description
' Buffers are proximity functions. It creates a polygon or collection of cells that
within a specified proximity of a set of features. Buffers can have fixed and
=S variable distances.

The clip tool is an overlay function that cuts out an input layer with the extent
of a defined feature boundary. The result of this tool is a new clipped output
layer.

The merge geoprocessing tool combines data sets that are the same data
type (points, lines or polygons). When you run the merge tool, the resulting
data will be merged into one.

The Intersect Tool is very similar to the clip tool. The Intersect Tool performs
a geometric overlap. All features that overlap in all layers will be part of the
output feature class — attributes preserved.

Intersect
' The Union Tool maintains all input features boundaries and attributes in the

output feature class. The Union tool spatially combines two data layers. It

C; preserves features from both layers at the same extents.

Union
The Erase Tool removes features that overlap the erase features. This
; o geoprocessing tool maintains portions of input features falling outside the
erase features extent. The result is a new feature with the erase feature
extent removed.
Difference

Moreover, thanks to the remarkable potential of the GIS tool, spatial analyses can be performed through the
adoption of specific statistical and modelling methods, developed in external applications.
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3.7.2 Geostatistical analysis

From sampling data, it is possible to describe and represent a phenomenon over the whole area interpolating
information using the structure of the data distribution. Natural phenomenon, as the stratigraphy of subsoil
is, in fact, characterized by a structural character, which depends on the genesis of the phenomenon itself.
The discipline known under the name of geostatistics has been developed since the early sixties to define the
dimension and extension of mineral deposits. The theory behind this discipline takes into account the spatial
dependence between the variables of interest, and is called the "theory of regionalized variables" (Matheron,
1962). The structural characteristics of the phenomenon are sought on the measured data, sometimes also
counting on additional qualitative information in order to improve the knowledge of the phenomenon. The
variables are called “regionalized variables”, because they are related to their location in the field.

3.7.2.1 Instrument for modelling the structure of data

The value assumes by the regionalized variable in a point dependent of the value measured in another
location. In particular, values measured in neighbouring points are more related than values measured at
distant points. This spatial correlation constitutes the structure of the regionalized phenomenon and is
analyse by mean of the variogram. The inference of the variogram is performed from a series of experimental
data. The regionalized variable z (x) is considered as a realization of the random function Z (x). The variogram
is written as follows:

1
y(h) = m}\;)[z(xa) - Z(Xﬁ)]z Equation 3-1

where N(h) = {(a, B):xq —xp = h} and |N(h)| number of pair.
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Figure 3-9: Example of experimental variogram calculation. a) map of the location of the measuring points (the dimension of the
point indicates the entity of the value of the variable); b) variogram cloud (cross), lag intervals (dashed lines) and experimental
variogram (line) (Spacagna and Modoni, 2018)
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The calculation of the experimental variogram is based on considering the differences of the regionalized
variable values in two different locations, separated by a distance h (Figure 3-9.a). A procedure needs to be

implemented as follows:

e plot the squared increments between each couple of measured data as function of the distances (h)
between the sampling points (Figure 3.b); the obtained graph is called variogram cloud.

e define a number of intervals with an amplitude (lags, number of lags)

e compute the average values falling within the intervals, defining in this way the experimental

variogram (Figure 3-9.b).

In this way, the expected value for a couple of points with a distance each other equal to h can be expressed

by the following arithmetic expression:

1
y(h) =5 E{1ZGx + h) — 21}

Equation 3-2

The experimental variogram is a discrete series of points, it is not defined for all distances h, and cannot be
used directly. Therefore, it becomes necessary to infer a theoretical variogram, as similar as possible to the
experimental variogram. This theoretical variogram brings in all the structural features of the regionalised

variables describing the phenomenon. This modelling is called structural analysis or variografical analysis,

fundamental stage in geostatistics. A bad modelling can produce bad results.

The main characteristic of the variogram are:

e the behaviour at the origin indicates the degree of regularity of regionalization;

e the presence or absence of the sill, remembering that the presence of the sill is symptom of second
order stationarity. In this case, the covariance function is deduced from the variogram by the

following relationship:

y(h) = C(0) = C(h)

cor-od, sill y(e0)

y(h)

~ > |h|
range a

Figure 3-10: Covariance C(h) and Variogram (h) (Spacagna and Modoni, 2018)

Equation 3-3
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The variogram y (h) describes the link between two values of the variable measured at a distance equal to h.
In general, the difference grows with h, indicating that the variability increases with distance, until reaching
at a certain distance to a limit value y (=) called “sill” C. In this case the random function is stationary of order
2, and the sill C and the variance are equal. The distance within which the equal sign occurs is called “range”
a (Figure 3-10). Two values Z(x) and Z(x+h) are related if the length of the vector h is less than the distance a.
The range translates the notion of “area of influence” of a value. Beyond to a, the variogram assumes a
constant value equal to the sill C, and the variables Z(x) and Z(x+h) are no more related (independent).

In the literature, there are several variogram models (Chiles and Delfiner, 1999). Figure 3-11 shows the
most common models for regionalized variables studied.

Spherical Exponential
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c
Figure 3-11: Main variogram model

The spherical model is the most common model. The polygonal expression increases to a certain distance
after which the value stabilizes. The tangent at the origin intersect the sill C abscissa 2a/3.

As for the spherical model, the exponential model has a linear behavior for small values of h. The exponential
model only asymptotically reaches the sill C. At constant sill, it is observed that the exponential model,
compared to the spherical model, growing faster initially but then increase more slowly until you get the
same value of C. They are however very similar models. The difference lies in understanding how, how fast
it degrades the value within the range of influence.

The nugget effect represents changes in small-scale and / or measurement errors. This discontinuity at the
origin derives from the experience in mineralogy (mines gold) and has been proposed by G. Matheron
(Matheron, 1965). The nugget effect model translates a phenomenon of absence of correlation between the
values of variables even next to each other.

3.7.2.2 Estimation

The Geostatistics method allows to estimate the values from a limited number of points (sampling points),
and to quantify the reliability of the estimation. The global estimation covers the entire area where is
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necessary to characterize the variable, which describe the phenomenon. The value in a non-sampled point is
evaluate using a weighted linear combination of the measured values of the sampled points. The weights
should take into account the spatial dependence of the data such as the correlations between values of
different sites, bases on the variogram model previously defined. The directional analysis of the spatial
structure of the data allows to find any anisotropy, highlighting a characteristic of the phenomenon under
study.

The linear interpolator use in Geostatistical analysis is called Kriging. This interpolator offers several
advantages compared to conventional interpolation techniques. In fact, the kriging consent to:

— estimate without distortion the value of the variable, taking into account the geometrical nature of
the data (number and configuration of data) and structural information contained in the variogram;
— appreciate quantitatively the accuracy of the estimation by mean of the estimation variance.

The punctual kriging estimates the value of the variable in each nodes of regular grid. The estimation of the
variable Z at the point xois given by the following equation (Chilés and Delfiner, 1999):

n
Z"(xo) = Z AaZ(xq) Equation 3-4
a=1
The expected value of the error estimation is written:

n

E[Z*(xy) — Z(xo)] = Z Ao EIZ*(x9)] — E[Z(x9)] =m (Z Ao — 1) Equation 3-5
a=1

a=1

In the case of the punctual ordinary kriging, where m is unknown, to ensure the absence of error distortion
is to impose the following condition, called universality condition:

n
Z Ay =1 Equation 3-6

a=1

The variance of estimation-error Var[Z*(xy) — Z(xy)] is minimized under the condition of the absence of
distortion.

The weights A, of kriging are evaluated considering:

e the distances between the points to be estimated and observed points;
e the geometric configuration of the observed points;
e the spatial structure of the regionalization described by the variogram vy.
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The weight and variance estimation do not depend on the values of the data but only on the kriging layout
and on the model of the variogram. Therefore, the accuracy of the estimation can be evaluated knowing the

configuration of the measuring points, and the variogram model.

The map of the estimated values of generic variable (Figure 3-12 a) should be associated to the map of the

standard deviation of the error of the estimation (Figure 3-12 b). In that case it is possible to assess the quality

of the estimation, setting a threshold of the standard deviation error of the estimation, for which the

estimate no longer has a good quality. The error of the estimation is higher both in areas with a reduced

number of sampling data and where nearby points have very different values (outliers).

Figure 3-12: Example of geostatistical interpolation a) Map of estimated variable, b) map of standard deviation error of the

estimation.

Statistical methods and geostatistical tools allow to identify the presence of outliers in order to improve the

structure of the spatial data, the model of the variogram and consequently the quality of the estimation,

following the procedure of the Figure 3-13.
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Figure 3-13: Procedure for data filtering

The cross-validation analysis compares the predicted value and the measured value at the same location

(Figure 3-14). The error of the estimation is evaluated by mean of the difference between the predicted value
and the measured value. Thanks to the box-plot statistical tool (Figure 3-15), it is possible to identify the
sampled point with high error of estimation. The Figure 3-14 shows an example of the results of the cross-
validation of the estimation performed in the Figure 3-12. The outlies are indicated with red dot. These
sampled points are then removed from the dataset and the procedure is repeated, in order to obtain a
validated map to the estimated values.
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Figure 3-14: Example of cross validation result
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Figure 3-15: Box plot analysis

The Figure 3-16 shows the result of the application of the procedure of data filtering applied on the dataset
used to performed the estimation illustrated in Figure 3-12. Setting the same threshold, the map of standard
deviation of the error of estimation (Figure 3-16 a) presents lower values. The quality of the estimation is
clearly improved according to the results of the cross-validation (Figure 3-16 c).
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Figure 3-16: Example of geostatistical interpolation after the application of the procedure of filtering data a) Map of estimated
variable, b) map of standard deviation error of the estimation c) cross-validation of interpolation.

3.8 Geo-visualization

Geo-visualization refers to a set of tools and techniques supporting the analysis of geospatial data through
the use of interactive visualization. In particular, maps represent an efficient tool for communication,
analysis, synthesis, and exploration, of geographic data and information (Lawson et al, 2001).

The traditional visualization are static maps with limited exploratory capability. GIS and geo-visualization
allow to access to more interactive maps, including the ability to explore different layers of the map, to zoom
in or out, and to change the visual appearance of the map, usually on a computer display.

The GIS visualization techniques focus on the presentation of points, lines and polygons (Table 3-16) in static

maps, such as, paper-based maps (Figure 3-17).
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Table 3-16: Patterns for visualization

Pattern Description

Point Display the data point, such as the location of in situ test. The shape, the
dimension and color of the point give information on the represented
element.

Line Display vectors or lines such as roads, lifelines. The type, the width and the
color of the lines give information on the represented element.

Area Display a polygon such as the administrative boundary or dimension of
building. The filling, the color give information on the represented element.

° .-\.x‘.. ° ..,—”’ .,“,,.4,

o

Figure 3-17: Example of map with location of in situ test (points), roads (lines) and buildings (areas).

The choose of the pattern, the color, the size and the class intervals is fundamental aspects for the map
presentation. Those aspect have a very impact on the interpretation of the information presented on the
map (Yasobant et al., 2015). The INSPIRE Technical Guidelines provide a common implementation for
improve the interoperability of spatial datasets, based on existing standards, technologies, and practices.

Moreover, the Geovisualization tools allows to combine different information in three dimensions (Figure
3-18), providing a useful representation for the analysis of complex phenomena, such as risk assessment of
natural disaster, considering the strong interaction between the various elements.
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Figure 3-18: Example of 3 D representation of in situ test, soil stratification, ground elevation and buildings of selected area
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4. HAZARD

The proposed strategy for assessing liquefaction hazard, outlined in the scheme of Figure 4-1, implies a
number of analyses to be carried out in a sequence. The first step is to estimate susceptibility of subsoil to
liquefaction and this analysis is carried out firstly at the large scale based on geological studies, estimating
the tendency of geological formation to undergo liquefaction, then at the local level with geotechnical

analyses where the detailed stratigraphy is analyzed. The further step is to estimate the tendency of

developing liquefaction under a given seismic input (triggering).

Liquefaction Susceptibility

Geological scale

- Characterization of the lithologies susceptible to liquefaction.
- Catalogue of the liquefaction manifestations across Europe.

Geotechnical scale

/- Level of susceptibility as a function of the non-liquefiable crust thickness and of the cumulative thickness )
of thickness of liquefiable layers (according to the criteria defined in the seismic Microzonation of S.
Agostino (FE) Municipality).

- Classification of CRR, according to the Equivalent Soil profile Method.
\C Granulometric distribution. J
Liquefaction Triggering Analysis

CRR (z)
CSR (z)

Evaluation of the Factor of Safety against liquefaction FSL: FSL (z) =

CSR evaluation, for: CRR evaluation methods:
- Scenario Earthquake;
- Pre- defined (Uniform) seismic Hazard; SPT- and CPT- based (Boulanger and Idriss, 2014);

- User- defined Seismic Hazard. Vs- based (Andrus and Stokoe, 2000).

Liquefaction severity indicators

Liquefaction Potential Index “LPI” (lwasaki et al., 1978);

LPI Ishhara inspired “LPlish” (Maurer, 2015);

Settlement “s” (Zhang et al., 2002);

Liquefaction Displacement Index “LDI” (Zhang et al., 2004);
Liquefaction Severity Number “LSN” (van Ballegooy et al., 2014);
Equivalnet soil profile LSN “LSN_esp” (Millen, 2019).

Figure 4-1: Strategy for liquefaction hazard assessment
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This analysis can be performed with different methods, simplified when based on empirical or sound
theoretical relations, or analytical if based on the reproduction of the mechanical phenomena taking place
in saturated soil under seismc excitation (e.g numerical).

The last step implies to evaluate the effects at the ground level. At this stage analyses are conducted in free
field conditions, neglecting the presence of buildings or infrastructures and their possible interaction with
the subsoil, and thus indicators are adopted to broadly quantify the severity of liquefaction.

A possible methodology is described in this chapter showing the different possibilities proposed in the
literature or developed in the present project.

4.2  Susceptibility

The initial step of the liquefaction hazard evaluation is to characterize the liquefaction susceptibility based
on the soil/geologic conditions of a region or subregion. No specific information on the earthquake is required
at this level.

Past studies (Youd & Perkins, 1978; Galli & Meloni, 1993) and ground observations after recent seimic events,
as the My, 6.1 Emilia — Romagna (ltaly) 2012, Christchurch (New Zealand) 2010-11 and 2017, My, 9.0 Tohoku
(Japan) 2011 Earthquakes, have shown that liquefaction-induced phenomena are not randomly localized, but
are tightly related to the geology of the territory. For this reason, geologic maps and direct survey provide
an useful basis for depicting the liquefaction susceptibility. A distinction must be done between methods
operating at the continental or regional scale. Such tools are usually employed as guidance for more detailed
studies.

4.2.1 Geological Liguefaction Susceptibility

4.2.1.1 Macrozonation Scale

For a considered subsoil type, the distribution of saturated cohesionless sediments in the deposit and the
likelihood to liquefy is related to the age of the deposit by Youd and Perkins (1978). These authors rated the
the liquefaction susceptibility of geologic units, from very low to very high, as shown in Table 4-1. These
criteria can be used to further develop qualitative maps of liquefaction potential referred to entire regions.

Soils susceptible to liquefaction consist substantially of saturated uniform grain size distributions deposited
in loose states, having nil to low plasticity and low to moderate permeability. Under a strong enough seismic
shaking, these soils can be prone to liquefy. On the other hand, liquefaction resistance increases with the soil
aging (Schmertman, 1991).

Available data to assess liquefaction susceptibility at the continental scale include: Quaternary Geology,
Hydrogeological Maps and Digital Elevation Model (DEM) of the selected area. This study of liquefaction
susceptibility, even if often accomplished in a qualitative way, is sometimes used as a preliminary risk
response in catastrophe models.
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Table 4-1: Liquefaction susceptibility of sedimentary deposits (from Youd and Perkins, 1978)

Likelihood that cohesionless sediments when saturated would
General be susceptible to liquefuction
distribution (by age of deposit)
Type of deposit of cohesionless
sediments in
deposits <3500 yr Holocene Pleistocene Pre-Pleistocene
Modern <11ka 11 ka -2 Ma =2Ma
(a) Continental Depaosits
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 Widespread - Low Very Low Very Low
plains
Delta and fan-delta Widespread High Moderate Low Very Low
Lacustrine and plava 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 - -
Residual soils Rare Low Low Very Low Very Low
Sebkha Locally variable High Moderate Low Very Low
(b) Coastal Zone
Delta Widespread Very High High Low Very Low
Estuarine 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 - - -~

worw WOUW  20UW _ 0gv  @eUT  awovE  wove wove wove ove

R LmHoLoaY
: Stream network §
A i I B Cloys sands
o High : 5100
B ow: 263
BOTUN- o
. . sancs, ctays
— —
B Sance, gravels
Bande, iravate, v
- s, cays
oo Sits, sands
s 000"
-
Lerowm
-
— il
I—
wwoon]
ps0om ey
wooon .
JR—
-
oon
—
w——
oo )
o " W5 1500 e
e = —— b

Figure 4-2: a) Stream network derived from Shuttle Radar Topography Mission Digital Elevation Model (SRTM DEM) of European
area; b) Lithologies susceptible to liquefaction for the European territory are showed in the Map.
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Combining the geological and hydrogeological information, a map of the potentially liquefiable lithologies for
the European territory can be obtained (Figure 4-2). Such a map shows the spatial distribution of potentially
liguefiable lithologies. As can be seen, susceptible subsoil typologies are widely distributed over the continent
(Iberian Peninsula, Italy, Balkan region, Greece, Turkey, but also in the Baltic area. Obviously, this result does
not imply the occurrence of liquefaction, being the phenomenon dictated by the seismicity of the area.

Among the activities of WP2, an interesting outcome is the creation of the GIS-based catalogue of European
manifestations of seismic liquefaction, obtained by collecting all the recorded liquefaction manifestation
after the historical earthquakes in Europe. It also includes the main seismological features of the seismic
events: date, location, depth, macro-seismic intensity (MCS scale), magnitude. Concerning sites where
liquefaction occurred, location, epicentral and hypocentral distances, macro-seismic intensity and type of
liguefaction observations (according to Galli, 2000) were stored in such database.

At present this catalogue includes approximately a thousand liquefaction manifestations, mostly located in
the Mediterranean area, due to earthquakes of moderate magnitude (Mw ranging from 6 to 6.5).
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Figure 4-3: Distribution of liquefaction manifestations included in the catalogue across Europe. The colour of the circles is
proportional to the event moment magnitude

4.2.2 Liguefaction Susceptibility on the Microzonation Scale

Within the Italian “Guidelines for Seismic Microzonation” (GSM, 2008; Gruppo di Lavoro MS, 2008; English
version: SM Working Group, 2015), seismic microzonation (SM) is defined as “the assessment of local seismic
hazards by identifying the zones of a given geographic area with homogeneous seismic behaviour”. The
strategy outlined in this document identifies three subsequent levels for the seismic microzonation,
characterised by an increasing detail of investigation and analysis. SM identifies and characterises the zones
in a specified context (a region, city or district) as stable, stable but prone to develop local amplification and
prone to instability”.
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Subsequently a specific document has been produced with regard to liquefaction. The document entitled
“LAND USE GUIDELINES FOR AREAS AFFECTED BY LIQUEFACTION (LQ), version 1.0” (Technical Commission on
Seismic Microzonation, 2018) represents a modification and integration of the “Guidelines for Seismic
Microzonation” prepared accounting for the experience of the Emilia-Romagna earthquake that struck in
2012 the area of Po Valley and Reggio Emilia and to incorporate the studies produced in its wake. The primary
objective of these guidelines is the definition of general criteria and operative procedures, in coordination
with State, Regional and Local Entities, to:

— gather accurate information about the risks induced by the presence of soils susceptible to
liguefaction;

— manage risk in undeveloped areas (with or with no plans for development);

— mitigate risk in developed areas.

Regarding the data that can be used for this purpose, the GSM (2008) states that the Map of Seismically
Homogenous Microzones (SHM Map) can be prepared at the Level 1 of the study using pre-existing
information when sufficient. In the majority of cases, the “minimum informative elements” (this is how pre-
existing information are defined) consists of basic data such as the description of lithological units based on
visual inspections, water table levels surveyed during perforations, etc. For this reason, the susceptibility to
liguefaction in Level 1 SHM Maps is estimated based on immediately available information — gathered in situ
—or present in literature or public databases.

On the contrary the level 3 Map of Seismic Microzonation requires the accomplishment of specific
investigations and in-depth studies necessary to define soil characteristics. These Guidelines state that
methods for data processing must be based on available technical-normative documentation (NTC - Italian
National Building Code, 2018 and AGI - Guidelines of Italian Geotechnical Association, 2005) and scientific
documentation, while the verification of innovative methodologies must be of proven validity.

The diagram represented in Figure 4-4 is applicable to all possible seismic instabilities (landslides,
liguefactions, active and capable faults and differential settlements). It summarises the activities, expected
results and type of zone susceptible to instability at the different levels of study of seismic microzonation.
Also worth of mention is the opportunity of standardising the identification, significance and denomination
of zones susceptible to instability that, as the diagram shows, are of three types:

— Attention Zones (AZ) in SHM Map studies;
— Susceptibility Zones (SZ) in SM Map studies;
— Respect Zones (RZ) in SM Map studies.

93



LIQUEFACT

Deliverable 7.1

Manual for the assessment of liquefaction risk, defining the procedures to create the
This project has_received funding database, collect, define, symbolize and store information in the Georeferenced

from the European Union’s
Horizon 2020  research  and

o e cgraeeareh e Information System and to perform and represent the risk analysis

grant agreement No. 700748

Level 1 +

SHM Map

I Evaluation of Existing Data ]

Identification of zones potentially
susceptible to instability

——
‘\—~

Attention Zone (AZ) N
Level 3 R
SM Map A
Analysis of newly acquired data and integrated |
interpretation using previous data
Simplified Analysis JA
Eventual variations to AZ geometries |
Possible exclusions of AZ (part or all of the zone)
Preliminary evaluation of risk owing to instability N
Susceptibility Zone (SZ) T
Analysis of more newly acquired data and E
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Figure 4-4: lllustrative diagram of instability zone types in SHM Maps and SM Maps. Data gathering and analyses permit a
reduction in uncertainties from Level 1 to Level 3 (Technical Commission on Seismic Microzonation, Land Use Guidelines for
Areas Affected by Liquefaction (LQ), version 1.0, Rome, 2018.).

Among the activities of Task 2.6 of this project there is the “Validation of the European Liquefaction Hazard
Map by detailed analysis at the four testing areas”. For this scope a microzonation procedure which its first
step is the characterization of a geological and geotechnical model (Figure 4-5, Figure 4-6), has been defined
and applied in WP2 for the Cavezzo municipality (Emilia-Romagna).
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Identification of source layers for liquefaction

g Conceptual model
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-Geomorphological map == * Geomorphological units
-Superficial geological map
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-Survey map: Lithological classes (LC) (2) —)
i

Boreholes
Boreholes > simplification
CPTe Strati .
CPTm s Ic analysis (3) ratigraphic

-Depth to water table profile

3D Geological model (4)

Figure 4-5: Scheme of the procedure to identify layers prone to liquefaction, as defined in WP2 (Task 2.6)

The geological and geotechnical model is aimed at the identification of source layers for liquefaction as much
as the definition of zones having homogeneous stratigraphy. Geomorphological and surface geological Maps
describe the geomorphology of the area, highlighting the presence of sandy and silty lithologies and of
relevant geomorphological elements, such as rivers, levees/paleo-levees and paleochannels. On the other
hand, information about the land use, thickness of man-made deposits and the existing survey maps are
required to understand the urban development of the study area and to reconstruct the subsoil profiles.

To evaluate the local site effects on ground motion and to assess the liquefaction potential for a given area,
a geotechnical model must be defined on the basis of: topography (DEM, DTM), monitoring activities
(piezometers, wells), in-situ geotechnical (e.g. Boreholes, SPT, CPT) and geophysical investigations (SASW,
MASW, Cross-hole, Down-Hole, Micro-tremors...) and laboratory tests.

In areas where microzonation for liquefaction susceptibility is performed, a convenient number of
representative geotechnical vertical profiles should be individuated. The choice of the profiles will depend
on the lateral discontinuities and variation of the soil types and their properties, and on the lateral variability
of the surface topography. Particular attention should be taken during this phase to be sure whether one-
dimensional models are adequate or, instead, two/three-dimensional models should be adopted. In fact,
two-dimensional geotechnical models are recommended in valleys and basins where a significant
amplification must be expected due to topographical effects.
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Since liquefaction occurs in loose saturated sandy deposits, a detailed study on the hydrogeology is needed.
In particular, the fluctuation over an entire year of the groundwater level should be investigated with in-situ
tests performed in different periods (Figure 4-5).

A mw 29/03/2018 - 03/04/2018

18/01/2007 14/10/2009 10/07/2012 06/04/2015 31/12/2017
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Figure 4-6: Example of main data source to define the geological and geotechnical model, according to the microzonation
procedure (WP2); a,b) Superficial geological and surveys map of Mirabello district, c) a campaign of measures and the freatic
level fluctuation analysis allowed to identify the position of water table in different seasons

4.2.2.1 Liquefaction susceptibility levels

To quantify liquefaction susceptibility at the geotechnical level, the criteria defined by the University of
Ferrara (2014) for the seismic microzonation of S. Agostino (FE), can also be applied. This criterion is based
on the evaluation of a non-liquefiable crust thickness (CT) and of a cumulative thickness of liquefiable layers
(CTL). As a function of these two parameters (CT and CTL), a level of liquefaction susceptibility can be defined
for the soil profile as defined in Table 4-2. Such level of susceptibility is proportional to the thickness of the
liguefiable layer and inversely proportional to his depth. Thickness and depth of potentially liquefiable layers
can be evaluated from in-situ tests (boreholes and CPT).
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Table 4-2: Punctual level of liquefaction susceptibility (“CMS”- University of Ferrara, 2014).

Crust Thickness (m) Thickness of liquefiable layer (m) Susceptibility level
<5 >0.4 L1
5-10 >1 L2
10-15 >2 L3
15-20 22 L4
220 0 N

4.2.2.2 Borehole —based method to assess the liquefaction susceptibility

The term borehole indicates a continuous or a core destruction drill in the soil (ASTM, 2011). The former is
aiming at characterizing the stratigraphy of a profile, as well as to take samples for laboratory investigation;
logs appropriately divided into segments and stored in boxes in order to carry out identification and other
possible mechanical (Figure 4-7).

TOPSOIL; dark brown. Moist. CT=1m

I

| Fine sand; grey. CTL=2m

| Organic silts and organic silt-
clays of low plasticity.

Figure 4-7: a) Example of instument to carry out a probing hole; b) the obtained carrots are stored in a box to define the
stratigraphy. C) Common report of a borehole stratigraphy; depending on the groundwater level and the soil characteristics, the
crust thickness and the cumuklative thickness of saturated sandy layer are indicated.

Simultaneously with a borehole, Standard Penetration Tests “SPT” can be also carried out (ASTM, 2011a,b).
Despite a continuous effort to standardize SPT procedure and equipment, there are still problems associated
with its repeatability and reliability. However, SPT are very popular because many considerable studies
(Meyerhof, 1956; Palmer and Stuart, 1957; Yoshida and Kokusho, 1989; Cubrinovski and Ishihara, 2002) and
empirical correlations between Nspr and soils properties (Dr, friction angle, Vs) exist.

4.2.2.3 CPT—Based method to assess the liquefaction Susceptibility

The Cone Penetration Test (CPT) and its enhanced versions such as the piezocone (CPTu) and seismic (SCPT),
have extensive applications in a wide range of soils. One of their major applications (Robertson, 2015) is for
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soil profiling and soil type. The CPT cannot provide accurate predictions of soil type based on physical
characteristics, such as, grain size distribution but they provide a guide to the mechanical characteristics
(strength, stiffness, compressibility) of the soil. However, interpretation criteria exist (e.g. Robertson &
Wride, 1998) of CPT data that provide a repeatable index of the aggregate behaviour. Hence, prediction of
soil type based on CPT is referred to as Soil Behaviour Type (SBT), obtained through the index Ic defined by
Robertson (1990). One of the most known procedures to evaluate the Soil Behaviour Type index from a CPT
profile is summarised in Figure 4-8.

gc: tip resitsance, fs: local friction
ovl, ovil)’, in-situ vertical total and effecctive stress
Units: all in kPa

Initial exponent: n = 1 and calculate Q, IFand Ic
If Ic <1.64,n=0.5
If 1.64< Ic < 3.30, n = (Ic-1.64)0.3+0.5
If Ie 2 3.30,n = 1
Iterate until the change inn, An < 0.01
If ovi’ > 300 kPa, let n = 1for all soils
Jy v

100+ 5,
CN=(G ,)
vo
Y
_ (QC_UUG)* — —fs
Q= 100 CN F= (4c—0v0) *100

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

Figure 4-8: Schematic flowchart to evaluate the Soil Behavior Type index (Robertson, 1998).
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Figure 4-9: Normalized CPT Soil Behavior Type (SBTn) chart, Qt — F; (Robertson, 1990)

Table 4-3: 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 soils — clay >3.6

3 Clays —silty clay to clay 2.95-3.6
4 Silt mixtures — clayey silt to silty clay 2.60-2.95
5 Sand mixtures — silty sand to sandy silt 2.05-2.6
6 Sands — clean sand to silty sand 1.31-2.05
7 Gravelly sand to dense sand <1.31

8 Very stiff sand to clayey sand N/A

9 Very stiff, fine grained N/A

To assess the liquefaction susceptibility, Robertson and Wride (1998) propose a default cut-off of the soil
behaviour type index (Ic) equal to 2.6. Beyond this value, the soil can be assumed as non-liquefiable (i.e. not
susceptible to liquefaction) being too fine-grained (Liquefiable soils belong to classes 5 or >5 in Figure 4-9).
Although this cut-off criterion is generally accepted, it is also acknowledged that soils with Ic > 2.6 may
undergo liquefaction under certain circumstances.

Robertson and Wride (1998) define a procedure to obtain the Ic profile relating the tip resistance and the
sleeve friction to the in-situ tensional state. Accounting also for the groundwater level, the non-liquefiable
crust thickness and the cumulative thickness of the potentially liquefiable layers can be evaluated exclusively
depending on the lithology (Figure 4-10).
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Figure 4-10: Example of qc, fs/qc (%) and pore pressure measures and soil behavior type characterization from CPT.

4.2.2.3.1 Possible corrections of CPT profiles

Even if the application of the electrical Cone Penetration Test (CPTe) and its enhanced versions such as the
piezocone (CPTu) and seismic (SCPT), has increased in recent years, many existing databases still include data
from mechanical CPTs (CPTm). Considering the amount of data from CPTm and the importance of such
databases and also considering that the most common simplified procedures (e.g. Boulanger & Idriss, 2014)
are based on electrical CPTs, it is important to identify how critical is the application of these methods to
CPTm. The main differences between CPTe and CPTm include:

— Different geometry of the tip, in the application of stab strength and acquiring the information;

— The different size of the investigated soil volume (CPTm measures are spaced 20 cm, while CPTe 2
cm);

— A possible uncontrolled inclination from the initial vertical position for the CPTm.

Based on data from 44 couples of mechanical and electrical CPT profiles performed 1-3 m far each other,
Madiai et al. (2016) proposed a procedure to calibrate the results obtained from CPTm and use them for the
evaluation of Liquefaction Potential. Based on the analysis of more than 4000 couple of points measured to
the same depth, the authors propose to correct the normalized tip resistance (qcins) and the Soil Behaviour
Type index Ic as shown in Figure 4-11.
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Figure 4-11: a) Ic values calculated from CPTm and CPTe data and best regression model adapted to mechanical CPT data; b)
gcln,cs values calculated from CPTm and CPTe data by following the procedure of Boulanger & Idriss (2014) and best regression
models.

Additionally, the comparison between boreholes and CPT profiles sometimes shows that strata having Soil
Behaviour Type index (Ic) slightly higher than 2.6 can be more properly considered as liquefiable.

An example is shown for instance in WP2 for Cavezzo Municipality. Here, a set of boreholes with grain size
curves was available. Then a specific - empirical calibration of Ic vs borehole evidence (Lo Presti et al., 2016)
was used to correlate the Ic range and the Soil Behaviour Type to the Soil classification (AGI, 1994) which also
accounts for the fine content. Then, after interpretations of Ic (Robertson, 2009) obtained from CPTU were
compared to borehole stratigraphy, the following relationships were introduced to correct Ic:

AIC(qt) = 0.59 qt0‘35 Equation 4-1
Ifgt <2 MPa Iccorr (cpruy = I€(cpTu) — DlCerror

If gt > 2 MPa ICcorr (CPTu) = IC(CPTu)

IfIc > 3.5 Iccorr (cpTuy = IC(cPTw)

It is implicit that the above correction should be derived from case to case and not generalised.
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Figure 4-12: Empirical calibration of Ic from CPTu vs Ic from borehole and data regression obtained for Cavezzo Municipality.

4.2.2.4 Example of liqguefaction susceptibility assessment based on CPT

To assess the liquefaction susceptibility of an area, all the existing surveys and tests should be collected in
vector format file (shapefile) indicating for each of them an identification number (ID), type of the survey,
date of execution, location (coordinates according to a system defined in chapter 3 of the present
deliverable), investigated depth, link to the raw data, database where data is derived (if publicly available).

Table 4-4 shows an example of data collected from the Emilia-Romagna geognostic database
(https://geoportale.regione.emilia-romagna.it/it; https://geo.regione.emilia-romagna.it/geocatalogo/).

Following the recent major seismic events that produced significant liquefaction damage, such as the 2010-
2011 and 2016 the 2012 Emilia-Romagna (ltaly) earthquake, the 2016 Kumamoto (Japan) earthquake, the
scientific community has decided to support reconstruction strategies by establishing databases in order to
facilitate the data sharing among the stakeholders and to support the post-earthquake, political and
economic evaluations. One of the most important examples is the Canterbury Geotechnical Database CGD,
established and founded by the New Zealand Government (MBIE) and the Earthquake Commission (EQC),
after the 2010-2011 Christchurch earthquake Sequence that was characterized by 5 major shocks with
extensive evidence of liquefaction. For the Emilia-Romagna Region, a large amount of geological-technical
data was already available in numerous and fragmented archives of public and private property, collected to
support cognitive investigations of various nature. In recent years, the Region encouraged the collection of
the existing data and their loading into numerical archives, that are constantly updated. After the May-June
2012 seismic sequence, a considerable amount of new geotechnical information and surveys, coming from
the other platforms (as “Mude Platform”, established to manage the reconstruction of private buildings),
have been added to the already existing information. The Geognostic Database includes, at January 2018,
more than 85 000 publicly available tests.
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Data processing phase consists of a semi-automated process to evaluate CT and CTL for each soil profile. For
automated processing, all the available information for in situ tests (from the GIS environment) should be
organized into a table. In addition to the ID, the folder where all the files are stored needs to be defined. On
the other hand, each soil profile (borehole, CPT, SPT, Vs) must be provided in “csv” standardized format.

An example of liquefaction susceptibility, for Christchurch City (New Zealand) and Terre del Reno Municipality
(Italy), is represented in Figure 4-13 as cumulative thickness of liquefiable layers evaluated from the CPT
profiles available in the existing public databases.
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Figure 4-13: Example of geotechnical liquefaction susceptibility. The maps show the cumulative thickness of potentially
liquefiable layer for Christchurch City (a) and Terre del Reno district (b).

According to Ishihara (1985), the non-liquefiable crust thickness has been assumed equal to the depth of the
first liquefiable sandy layer (if there is a surficial cohesive soil) or equal to ground water depth if it is located
within the sand deposits, while the cumulative potentially liquefiable layer is obtained by summing the
thickness of all the saturated sandy layers present in the first 20 meters depth.

4.2.2.5 CRR_ESP METHOD

Gerace (2018) analysed the performance of different parameters to defining the strength of a liquefiable
layer. In the work package 3 of this project a new semi-automated procedure to derive an equivalent three
strata model from a CPTu profile has been proposed. In such a methodology, the Cyclic Resistance Ratio
“CRR” (Boulanger and Idriss, 2014) is used as a comparison term. The procedure proposed by WP3 consists
of computing every possible three-layered profile and to minimise the difference between the real CRR values
and the equivalent three-layered profiles, as schematically illustrated in Figure 4-14.
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Table 4-4: List of the available geognostic tests from the Emilia-Romagna Region database (https://geo.regione.emilia-romagna.it/geocatalogo/).

GisID| SIGLA [Quc i?']l: ”l DATA ESEC TETTO GHI TIPO_PROVA | COMUN | CTR| ATTEND U [RISERVATE| X
12105 <Null> Irivellata manuale [ARIANO NEL POLE |1870 [alta osliche/187/187020T034 44516 64240
12107 187020T0 <Null> trivellata manuale |ARIANO NEL POLE 1870 |alta 3 187/187020T036.pd 45473 660444
12/06/1990 22|prova CPT con punta meccanica MONTECHIARUGOL. glone emilia-romagna itgstatico/documenti/p 10972 47783
12/06/1990 1.6/prova CPT con punta meccanica MONTECHIARUGOL 2000 [alta i egione emilia-romagna it/gstatico/docume 10038 08367
17/04/1992 1.5|carotaggio continuo BBIANO alta 18670.121300
per acqua SANTILARIO D'ENZ 2000 16015 326828
acqua SANT'ILARIO D'ENZ 2000 17669.042019.
con punta meccanica FERRARA 1851 9 9 0 he/185/185160C281C pdf 704700.000685
con punta meccanica [PARMA 1990 |alta lpubblico | geo reg agna it/gstati prove_geog he/199/190040C4228B pdf 602604 735208
con punta meccanica |PARMA 1990 |alta i he/199/199040C423A pdf 602658 799457
con punta meccanica |.P_AE.MA 1990 |alta Dl one.emilia tico/d liiprove_geognostiche/199/199040C440.pdf 604303785326
dinamica a PARMA 1990 |alta hitp.// ione emilia. L7 ico/documenty/ Inostiche/199/199040D094 pdf 601651.533869
prova dinamica generica PARMA 1990 ana g 199/1990400096 pdf 601679.505208
PT con punta meccanica CADELBOSCO Di S 2000 he/200/200040C091D pdf 628817.14852
PT con punta meccanica CADELBOSCO DI S 2000 pubblico | http //geo regi nostiche/200/200040C091F pdf 628832 14783
PT con punta meccanica CADELBOSCO Di S |2000 pubblico _&J_lge_o__gpne emllamw_ Nggmtmmmm_m_@__@gg@i@7 pdf 628710.84094’
PT con punta CADELBOSCO DI S zooo pubblico 9e0gnostiche/200/200040C100A pdf 62642151031
PT con punta meccanica LBOSCO DI $/2000 [ata  pubbiico _|h Nostiche/200/200040C102A pdf 62661668843
PT con punta meccanica CADELBOSCO DI S/2000 [alta  [pubblico | e inostiche/200/200040C106A pdf 626355 638376
PT con punta meccanica CADELBOSCO DI S |2000 |alta pubblico | http //geo re prove_geognostiche/200/200040C108A pdf 630370.326639
PT con punta elettrica REGGIO NELL'EMILI2000 |alta [pubblico__|http //geo regione emiia-romagna igstatico/documenti/prove_geognostiche/200/200040E010.pdf 63004061295
sondagglo a distruzione CADELBOSCO DI $ /2000 |alta ubblico | http /i one emilia na it/gstatico/documenty 626293 016074
carotaggio continuo CADELBOSCO Di $12000 |alta bbiico | http / jone emilia na itgstatico/document 625552 209583
|prova CPT con punta meccanica MONTECHIARUGOL!2000 |alta bblico | http /I ione emilia- na it/ o/documenti/ 607114.719878'
}w;’ on punta meccanica MMMJ OL|2000 |alta pubblico | http //qeo regione emilia-romagna.it/gstatico/documenti/prove_geoq 609275 306663
prova CPT con punta meccanica MONTECHIARUGOL|2000 |alta pubblico __|http.//qeo regione emilia-romagna iVgstatico/documenti/prove_geoqnostiche/200/200050C085. 610058.54155
|prova dinamica generica OL2000 |aita pubblico hitp //geo. renlooe emilia na it/gstatico/documenty/ nostic! 610039 27115,
Iprova dinamica generica [MONTECHIARUGOL/2000 [alta pubblico | http //qeo regione emilia-romagna n/laucoldocwnen prove 611026.413384
prova dinamica generica [MONTECHIARUGOL2000 [ata pubblico _|http //geo regione.emilia-romagna.it/gs umenw ove 610949791037
0.7 |prova dinamica generica MONTECHIARUGOL|2000 [alta______|pubblico | nggllgeg @lone emila:mna MMKDI
|prova dinamica generica MONTECHIARUGOL|2000 [alta_____|pubbiico
|prova CPT con punta meccanica FERRARA 1851 (alta pubblico
CPT con punta meccanica FERRARA 1851 |alta pubblico
prova CPT con punta meccanica FERRARA 1851 [alta pubblico | http // eo
}pmva ica gen 1851 |alta pubblico h_lm_lmv_eg___‘ emiia-m_ gsﬂl: oldocwme geognostiche/185/185160D039A pdf
finamica 1851 |bassa pubblico | http //geo regione. emi e:mla-m_mgna_nlggat umenti/prove_geognostiche/185/185160D161C.pdf
pubblico http //geo.regione emilia-romagna itigstatico/documenti/prove_geognostiche/199/199040D4228.pd 0] 602714 7342 734276
pubblico | http //geo. realone emilia na it/gstatico/doc 199/199040D424A pdf 602588.240131
pubblico | http //qeo regione emilia-romagna it/gstatico/documenti/prove_geognostiche/199/199040P139 pdf 601709 503883
pubblico _|htip /igeo regione emi M'GME.M o/documenti/prove_geognostiche/199/199040P142.pdf 501909.147084
pubblico | http //qeo regione.emilia-romagna itgstatico/documentiprove_geognostiche/199/199040P147C.pdf 604210915463
pubblico __|http //geo loneemuna omagna It/gstatico/documenty/prove _geognostiche/199/199040P153A pdf 604163.480154
pubblico http://g gione emilia-romagna it/gstatico/documenti/prove g he/199/199040P157C pdf 604093 108407
20/11/1985 pubblico | http /geo regione emilia-romagna. m tatico/documenti/prove iche/186/186050P617.pdf 711427808431
. 14/12/1979 sondagqio elett vertica ubblico 715282 62871
8 1.2|perforazione per ricerca idrocarburi pubblico 609056.941174
82 0.2 |perforazione per ricerca idrocarburi pubblico 608900.886004
94 erfora er ricerca idrocarburi 608701801363
952 0 K HIARUGOL. 609560 480972
93
pdf
10513 he/185/185160D165A pdf 706851 774925
10515/185160D16 0 na llllzllcoldotulwrl he/185/185160D165C pdf 706841 77538
10539185160L15] 20 2 omagna it/gstatico/documenti/p he/185/185160L158.pd 707349680475
| 10546(185160P04: 3|28/11/198 ) distruzi E jputbico _Inio:igeo.reqlons emita-ronagna st icoldocumentiprove Geognostiche/185/185160P04GA pdl 708851 744517
10547 |185160P04] 3/28/1 1/1985 distruzione F Ipubblico __|nttp-//geo regione. omagna i/gstatico/documenty/prove_geognostiche/185/185160P0468.pdf 708851 744527
14952|199040P16 76.4 4.1/01/03/1990 235 |pubblico http //geo Ioneemlla omagna it/gstatico/documenti/prove 604037 798371
14966 [199040P16 79 39(01/03/1990 2550 [PARMA 1 pubblico | hty egione emilia-romagna {t/gstatico/documenti/prove 603560008152
12115(187020704 3 0.9[<Null> |ARIANO NEL POLE pubblico ttp./ egione emilia-romagna it/gstatico/documenti/prove_geognostiche/187/187020T044 pdf 745538 782588
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Figure 4-14: Scheme of the procedure to implement the CRR-fitted method and liquefact soil profile classification criteria

Z(CRRcalc,i - CRRfitted,i) *AH

§ =

CRRnonliq *Hiotal

c) Select the profile with the minimum error;

2 €

d) Classify the equivalent soil profile accounting for
the size, position and the resistance of the potentially
liquefiable layer.
CRR,,s | Weak | Mid I Strong I
1 1 1 1 1
0.0 0.15 0.25 0.45

Ho [ R

0.5m 3m 7m
D.. Shallow. Mio-depth Deep
Vo Ty S L
Oom 2m 7m

Equation 4-2

The calculation of the normed error (Equation 4-2) is sensitive to the choice of CRR limit value set for the

non-liquefiable soil and the maximum depth of the profile. The CRR limit was set by the authors equal to 0.6,

taking the common value suggested in simplified procedures (e.g. Youd et al., 2001; Boulanger and Idriss,

2014). Higher values imply that soil layers with higher CRR would generate some error during fitting (Gerace,

2018). The maximum depth was taken as 20 metres, since surficial consequences of liquefaction below such

depths are considered as negligible (Maurer et al., 2015). The increment of depths and CRR should be set

small enough that they are not influential on the results. The depth increment was set to 0.1 m and the CRR

increments were determined by setting the equivalent cone tip resistance for clean sand to range from 0 to
175 kPa in increments of 5kPa to give a CRR range from 0.061 to 0.6.

The equivalent soil profile found with the above procedure is then classified as in Figure 4-15, where 22 ESP

classes are defined accounting for strength, size and position of the potentially liquefiable layer.

105



LIQUEFACT
Deliverable 7.1
Manual for the assessment of liquefaction risk, defining the procedures to create the

Ths profect s recsved fundng database, collect, define, symbolize and store information in the Georeferenced
e wograen g Information System and to perform and represent the risk analysis
Resistant Strength - Size - Position
CRR,s Weal: M:d' .Strongl : - Weak | Mid. |Strong|Resist
o | Shatiow| WLS | MLS
0.0 0.15 0.25 0.45 8| Mid. | WLM| MLM ] SLX
- r ~'| Deep | WLD | MLD
Huql 1 f"df‘z’. La:ge ' 8| shalow | WMS[MMS
wn s
©| Mid. |WMM|MMM| SMX | RXX
0.5m  3m m =| Deep |WMD|MMD
- Shallow |WTS |MTS
D, B Shallow  Mid-depth Deep é‘ Mid. [WTMIMTM | STX
Ll ey 1
| Deep |WTD |MTD
Om 2m 7m

Figure 4-15: Liquefact soil profile classes, as defined by WP3 (D3.3 of this Project). Threshold values for CRR, thickness and depth
of liquefiable layer are highlighted in the left part of the Figure

4.2.2.6 Granulometry of liquefiable soils

Liquefaction resistance increases when the grain size becomes coarser due to improved drainage, but also
increases as the grain size becomes finer due to increased soil plasticity. Therefore, granulometry plays an
important role on the liquefaction susceptibility of soil. For instance, the Eurocode 7 identifies two
granulometric zones for soils prone to liquefaction as a function of the coefficient of uniformity Uc: the
former is defined for Uc smaller than 3.5 and the latter for Uc greater than 3.5 (Figure 4-16).

When available, the grading curves can be referred to these plots to derive susceptibility. Outside the
highlighted zones (Figure 4-16) liquefaction susceptibility is considered negligible, and no further liquefaction
analyses are required to estimate triggering.
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Figure 4-16: Boundaries for potentially liquefiable soils if Uc <3.5 (a) and Uc > 3.5 (b), from the Italian Standards (NTC 2018, 7.11).
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4.3 Triggering

The fact that a soil is susceptible to liquefaction does not imply that liquefaction will be triggered during an
earthquake. Hence a specific analysis is needed to find if the conditions for triggering are fulfilled.

For a given soil profile, the triggering of liquefaction at different depths can be evaluated by applying several
approaches. One of these is the cyclic stress approach, which implies the calculation of a liquefaction safety
factor (FSL) obtained by dividing the cyclic stress ratio /o'y producing liquefaction (CRR) with the one induced
by the earthquake (CSR). According to this method, seismic liquefaction is triggered in a susceptible soil when
the seismic demand (expressed as Cyclic Stress Ratio “CSR”) exceeds the resistance of such soils (expressed
as Cyclic Resistance Ratio “CRR”).

The Cyclic Resistance Ratio is a representation of the ability of the soil to resist liquefaction demand and is
related to its relative density and Fines Content (FC). It is also recognized that the stress conditions (confining
pressure, cyclic shear and initial static shear stresses) play an important role in the liquefaction behaviour of
soil, the type of failure mechanism and the mode of development of soil deformation, especially in the case
of slopes of sandy deposits.

Site characterization for liquefaction triggering analysis includes collection of information to accurately
estimate the values of CRR and earthquake-induced CSR at the site.

The goal of a liquefaction triggering analysis is to evaluate whether liquefaction is expected to occur at a site
under a given seismic load. An FSL less than 1.0 is generally assumed to indicate that liquefaction is expected
to trigger at that depth. The factor of safety against liquefaction, however, does not give insights into the
associated uncertainties and variability related to the calculation of CRR and CSR. In practice, a minimum
required FSL for design as low as 1.0 has been required when coupled with an extreme ground motion level.
Typical minimum values used in practice are between 1.1 and 1.3.

4.3.1 Ground motion definition

A key point in any seismic risk assessment is the provision of seismic ground motion (level and spectral
characteristics of earthquake shaking), Figure 4-17. Ground motion estimates are represented by: (1) contour
maps and (2) location-specific values of ground shaking demand. For computational efficiency and improved
accuracy, earthquake losses are generally computed using location-specific estimates of ground shaking
demand. Contour maps are also developed to provide pictorial representations of the variation in ground
motion demand within the study region. When ground motion is based on either probabilistic hazard maps
or user-supplied maps, location-specific values of ground shaking demand are interpolated between PGA,
PGV or spectral acceleration contours, respectively.

Elastic response spectra (5% damping) are used to characterize ground shaking demand. All these spectra
have the same “standard” format defined by a PGA value (at zero period) and spectral response at a period
of 0.3 second (acceleration domain) and spectral response at a period of 1.0 second (velocity domain).
Ground shaking demand can be also defined in terms of peak ground velocity (PGV).
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The characterization of a scenario-based approach requires the incorporation of the available information
collected in a geological, seismotectonic and geotechnical database of the site of interest as well as advanced
physical modelling techniques to provide a reliable and robust deterministic basis both for design application
and risk analysis.

The choice of one or a set of scenario earthquakes is a central concept in seismic and liquefaction risk analysis.
It includes the following steps:

— Basis for ground shaking

— Selection of hazard parameter(s) to characterise the impact of an earthquake

— Attenuation model for ground shaking

— Incorporation of site effects, and near-field and potential directivity/focusing factors
— Definition of the earthquake(s) scenario

| SEISMICSOURCES |

IDENTIFICATION OF SEISMOGENIC GEOMETRY AND FOCAL
ZONES AND CAPABLE FAULTS MECHANISM

| ATTENUATION MODEL |

| GENERATION OF SHAKEMAPS |

SITE CONDITIONS TOPOGRAPHICALAND
(SHEAR WAVES VELOCITY) DIRECTIVITY EFFECTS

SCENARIO EARTHQUAKES
PARAMETERS

Figure 4-17: Information to characterize a seismic scenario

According to the Manual for Zonation on Seismic Geotechnical Hazards (revised version), prepared by The
Technical Committee for Earthquake Geotechnical Engineering (TC4) of the International Society for Soil
Mechanics and Geotechnical Engineering (TC4-ISSMGE 1999) three levels of increasing complexity for ground
motion microzonation can be performed.

The first level of zonation (“general zonation”) is used for preparing maps with scale in the range
1:1.000.000~1:50.000. Local site effects are evaluated through compilation and interpretation of existing
information available from historic documents (i.e. compiled data on the distribution of damage induced
during past destructive earthquake), published reports and other available databases (i.e. macroseismic
intensities), or by direct reference to the site surface geology.

The second level of zonation (“detailed zonation”) requires the execution of geotechnical investigations. To
minimize the effort and expense, existing geotechnical engineering reports from governmental agencies and
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private companies should be collected and compiled. Therefore, this level of zonation can usually be achieved
at reasonable cost and permits a substantial upgrading of the zonation maps to scales of about 1:100.000 to
1:10.000. Such maps are prepared using simplified approaches, including the use of ground classification,
microtremor measurements, and shear-wave velocity.

By using complete geotechnical investigations and ground response analyses, the third level of zonation
(“rigorous zonation”) is achieved, which allows to produce maps with a scale of 1:25.000-1:5.000. This is a
very high and detailed zonation level, which is generally expensive.

4.3.1.1 Basis for ground shaking

Ground motion estimates are generated in the form of contour maps and location-specific seismic demands.
Ground motion is characterized by: (1) spectral response, based on a standard spectrum shape, (2) peak
ground acceleration and (3) peak ground velocity. The spatial distribution of ground motion can be
determined using one of the following methods or sources:

— Scenario Earthquake analysis (Methodology calculation);
— Probabilistic ground motion maps (e.g. Share.eu);
-  Other probabilistic or deterministic ground motion maps (user-defined maps).

Deterministic seismic ground motion demands are calculated for user-specified scenario earthquakes. For a
given event magnitude, attenuation relationships are used to calculate ground shaking demand for rock sites,
which is then amplified by factors based on local soil conditions. This requires Vs profiles, supplied by the
user.

Probabilistic ground motion maps include for instance the SHARE PSHA (http://portal.share-

eu.org:8080/opencms/opencms/share/model/) that represents the current state of knowledge with all its

uncertainties and which is subject to updates in future. The new maps include estimates based on the
collected information on fault moment release and the dipping geometry of subduction zones. Secondly, the
maps include estimates of ground shaking that is caused by the seismic waves propagating though the earth’s
crust and along the surface.

The amplitudes of seismic waves caused by each earthquake vary with magnitude and distance from the
rupture and also depend on the faulting type. Ground motion amplitudes decay with increasing distance from
the causative fault; such decay is described with empirical relations, referred to as Ground Motion Prediction
Equations (GMPEs), determined from previously measured ground motion.

User-supplied peak ground acceleration (PGA) and spectral acceleration contour maps may also be used. In
this case, the user must provide all contour maps in a pre-defined digital format (as shapefile or csv). In such
case it is assumed that user-supplied maps already include soil amplification.

4.3.1.1.1 Scenario Earthquake Analysis

For deterministic definition of a scenario Earthquake, the user specifies the location (e.g., Latitude and
Longitude of the epicentre), the magnitude of the earthquake and the fault mechanism. Several options to
define an appropriate scenario earthquake location are available: the user can (1) define an event based on
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the European faults catalogue or (2) on a database of the historical earthquakes epicentres, or (3) chose
arbitrary the epicentre.

An example of seismic scenarios characterization is shown in the Table 4-5. The main earthquakes of the
2012 Emilian seismic sequence, having M,, greater than 5, are described through the location and depth of
the hypocentre, the magnitude and the type of fault mechanism.

Table 4-5: Example of general input file for seismic scenarios characterization. By default, the strike and dip of the fault are set

equal to 0.
ol i Lo Lo Lispiuiesuie L o L ikin
1 44.89 11.23 0: north 0: horizontal Inverse
2 44.86  11.37 5 5.1 0: north 0: horizontal Inverse
3 44.83 11.49 4.7 5.1 0: north 0: horizontal Inverse
4 44.85  11.09 10.2 5.8 0: north 0: horizontal Inverse
5 44.89 11.01 6.8 5.3 0: north 0: horizontal Inverse
6 4483 10.95 5.4 5.2 0: north 0: horizontal Inverse
7 44.9 10.94 9.2 Bodl, 0: north 0: horizontal Inverse

43.1.1.1.1 Seismic sources Database

In cases where risk assessment concerns earthquake scenarios that may occur on an area, a study of the
seismo-genic faults is required. In particular, the European database (EDSF; http://diss.rm.ingv.it/share-

edsf/), which includes a compilation of fault sources deemed to be capable of generating earthquakes of
magnitude equal to or larger than 5.5 in the Euro-Mediterranean area, can be used. A “capable fault” is a
fault with a significant potential for relative displacement at or near the ground surface.

The selection of the scenario earthquake(s) focused on the largest (magnitude) earthquakes expected from
each source. These earthquakes traditionally are called maximum credible earthquakes (MCEs). The use of
the MCE ensures that effects from all other magnitudes are explicitly considered. In other words, by virtue
of designing a structure to withstand the MCE, it will automatically withstand all other (smaller) earthquakes.
The focus on large magnitudes is justified, because the destructive potential of earthquakes primarily
depends on its energy content (proportional to the magnitude) and the transfer of this energy into a
structure.

4.3.1.1.1.2 Historical Earthquake Database

In addition to the capable faults catalogue, the SHEEC - SHARE European Earthquake catalogue has been
compiled. It includes harmonized moment magnitude My estimates and provides uncertainty estimates. The
SHARE European Earthquake Catalogue, compiled in the frame of the SHARE (http://www.share-eu.org/)

project (Task 3.1), consists of two portions:

— the SHARE European Earthquake Catalogue (SHEEC) 1000-1899 compiled under the coordination of
INGV, Milan, building on the data contained in AHEAD (Archive of Historical Earthquake Data) and
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with the methodology developed in the frame of the 13, EC project "Network of Research
Infrastructures for European Seismology" (NERIES), module NA4.

— the SHARE European Earthquake Catalogue (SHEEC) 1900-2006 compiled by GFZ Potsdam. This part
of the catalogue represents a temporal and spatial excerpt of "The European-Mediterranean
Earthquake Catalogue" (EMEC) for the last millennium (Griinthal and Wahlstrom, 2012) with some
modifications, which are described in Grinthal et al. (2013).

In addition, the SHARE earthquake catalogue for Central and Eastern Turkey (SHARE-CET), complementing
the SHARE European Earthquake Catalogue (SHEEC) has been compiled. For the time-window 1000-2006 the
catalogue lists over 30.000 earthquakes in the magnitude range 1.7 < My < 8.5.

4.3.1.1.2 Probabilistic Seismic Hazard Maps

The available probabilistic seismic hazard contour maps for Euro-Mediterranean Region, developed by the
Share consortium, can be used as basis to ground shaking in probabilistic analyses. In fact, SHARE project
produced more than sixty time-independent European Seismic Hazard Maps (ESHMs) spanning spectral
ordinates from PGA to 10 seconds and exceedance probabilities ranging from 107! to 10 yearly probability.
An example of SHARE-developed seismic hazard Map is shown in Figure 4-18, in terms of PGA having 10%
exceedance probability in 50 years.

The hazard values are referenced to a rock velocity of V.3 = 800 m/s at 30 m depth. SHARE models
earthquakes as finite ruptures and includes all events with magnitudes Mw=24.5 in the computation of hazard
values. SHARE introduces an innovative weighting scheme that reflects the importance of the input data sets
considering their time horizon, thus emphasizing the geologic knowledge for products with longer time
horizons and seismological data for shorter ones.

10% Exceedance Probability in 50 years

Figure 4-18: - Seismic hazard map depicts the 10% exceedance probability that a peak ground acceleration of a certain fraction of
the gravitational acceleration g is observed within the next 50 year
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4.3.1.1.3 User-Supplied Seismic Hazard Maps

A methodology as much flexible as possible must allow the end user to characterize each specific seismic
scenario. This can be defined by providing PGA maps and spectral acceleration contour maps of ground
shaking in a pre-defined digital format (i.d. shapefile or csv format). This option allows the user to develop a
scenario event that could not be described adequately by the available attenuation relationships, or to
replicate historical earthquakes. In this case, maps of PGA and spectral acceleration (periods from 0.1 to 5.0
second) must be provided, also accounting to the soil amplification, Figure 4-19.

Rigorously, as defined by the WP2 microzonation procedure, within the Liquefact project procedure these
user-defined maps should result from a local seismic response analysis, corresponding to the third level of a
microzonation model for ground shaking.

Latitude Longitude PGA(g) Sa(T=0.1s)  Sa(T=0.2s)  Sa(T=0.35)  Sa(T=0.4s)  Sa(T=0.55)  Sa(T=0.75s) Sa(T=1.0s)  Sa(T=1.55)  Sa(T=2.0s)  Sa(T=2.55)  Sa(T=3.0s)  Sa(T=5.05)
59.959075 11.037236 0.1664  0.291 0.3741 0.3375 0.2886 0.2559 0.207 0.1744 0.1162 0.0872 0.0697 0.0581 0.0349
59.959075 11.040013 0.1793 03144 0.4045 0.3617 0.3081 0.2724 0.2188 0.1831 0.122 0.0915 0.0732 0.061 0.0366
59.959131 11.042987 0.1917  0.3368 0.4336 0.385 0.3269 0.2882 0.2302 0.1915 0.1277 0.0958 0.0766 0.0638 0.0383
59.959136 11.046358 0.2073  0.363 0.4668 0.415 0.3512 0.3086 0.2447 0.2021 0.1348 0.1011 0.0809 0.0674 0.0404
59.959114 11.049509 0.2213  0.3875 0.4983 0.4423 0.3734 0.3274 0.2584 0.2124 0.1416 0.1062 0.085 0.0708 0.0425
59.959175 11.05353 0.2386  0.4182 0.5379 0.4733 0.3985 0.3485 0.2737 0.2238 0.1492 0.1119 0.0895 0.0746 0.0448
59.959224 11.057067 0.255  0.4473 0.5756 0.5028 0.4222 0.3685 0.2879 0.2342 0.1562 0.1171 0.0937 0.0781 0.0468
59.957658 11.037612 0.2759  0.4849 0.6242 0.5407 0.4527 0.3941 0.3061 0.2475 0.165 0.1238 0.099 0.0825 0.0495
59.957636 11.041798 0.2947  0.5185 0.6678 0.5767 0.4818 0.4185 0.3236 0.2604 0.1736 0.1302 0.1041 0.0868 0.0521
59.957647 11.046568 03188  0.5609 0.7224 0.626 0.5215 0.4518 0.3473 0.2776 0.1851 0.1388 0.111 0.0925 0.0555
59.957686 11.052836 03415 0.601 0.774 0.6696 0.557 0.4819 0.3604 0.2943 0.1962 0.1472 0.1177 0.0981 0.0589
59.95768 11.057132 03727 0.6559 0.8446 0.7243 0.6022 0.5208 0.3986 03172 0.2115 0.1586 0.1269 0.1057 0.0634
59.955651 11.05711 0.4017  0.708 0.9122 0.7764 0.6447 0.5568 0.4251 0.3372 0.2248 0.1686 0.1349 0.1124 0.0674
59.955673 11.051944 0.4401  0.7792 1.0053 0.8531 0.7066 0.609 0.4625 0.3648 0.2432 0.1824 0.1459 0.1216 0.073
59.955772 11.045698 0.4766  0.8424 1.0862 0.9269 0.7664 0.6594 0.4988 0.3918 0.2612 0.1959 0.1567 0.1306 0.0784
59.955866 11.041082 0.5339  0.9386 1.2084 1.0313 0.8522 0.7228 0.5537 0.4343 0.2895 0.2171 0.1737 0.1448 0.0869
59.955976 11.037546 0.585 1.0302 1327 1.1254 0.9307 0.801 0.6063 0.4766 0.3177 0.2383 0.1906 0.1588 0.0953

Figure 4-19: Example of input file for user-defined seismic scenario

If only PGA contour maps are available, the user can develop the other required maps based on the spectral
acceleration response factors (as established in the Standards).

4.3.2 Intensity measures

Performance-based design of civil engineering structures and seismic risk assessment require the
identification of critical indices of damage. Since building performance is traditionally assessed in terms of
seismically induced permanent displacement, many procedures (e.g. Makdisi and Seed, 1978; Bray et al.,
1998) relate them with earthquake intensity measures.

P(D > d) = f PD > dIIM) - () Ny (M)

im Equation 4-3

-fff(imIM,R)-f(m)-f(r)-dmdr] dim

m r

where P(D>d) = probability of the displacement D exceeding a test value d; Ni(Mmin) = the rate of earthquakes
above magnitude Mpi, for the i*" source, im and IM = Intensity Measure, m and M = magnitude, r and R =
distance, f(x) = probability density function for the random variable X.
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In National standards, the design basis forces are typically derived from linear-elastic response spectra,
accounting for some damping of the structure. These are adjusted by load correction factors for the required
application. The anchor point (of a response spectrum for pseudo-spectral accelerations) for scaling a generic
design spectrum (often normalised to 1 g) is at a certain high frequency (typically around 33 Hz) and the final
design spectrum commonly used by engineers is scaled by peak ground acceleration (PGA). In the past, PGA
values were derived from intensity attenuation equations and therefore closely related to observed damage;
indeed, it is known that intensities (as a damage characteristic) correlate much better with peak ground
velocity (PGV) or with the spectral acceleration corresponding to the first natural frequency of structures.

Concerning the liquefaction triggering analysis, one main question arises on the Intensity Measure relevant
for liquefaction. Studying the performance of different IMs on liquefaction versus advanced numerical
calculations, Karimi and Dashti (2017) observed that the evolutionary settlements of structures depend on
intensity, duration and frequency content of the ground motion and concluded that cumulative energy (Table
4-6) is a more appropriate to represent intensity measure, more than peak variables (Table 4-5). They
propose the cumulative absolute velocity (Campbell & Bozorgnia, 2012) as a potential candidate as also
recently assumed by Bray and Macedo (2017) and Karamitros et al. (2013). Other authors (e.g. Youd et al.,
2002; Youd & Perkins, Bardet et al., 2002; Rauch & Martin, 2000) combine magnitude, distance from the
rupture and peak ground acceleration.

The existing semi-empirical procedures to evaluate liquefaction triggering (e.g., Seed and Idriss, 1971; Youd
et al., 2001) rely on ground motion IMs that may not be optimum in terms of their ability to reduce variability
in the predicted response or their independence from source characteristics. In these procedures, the peak
ground acceleration at the surface in the free-field is often used in combination with earthquake moment
magnitude (M) to characterize the intensity and duration of seismic loading, which are compared with a
measure of soil resistance to obtain a factor of safety against liquefaction triggering (FSL) at the site. The
same IMs or the resulting FSL are used to evaluate liquefaction-induced soil settlement in the free-field (e.g.,
Ishihara and Yoshimine, 1992; Tokimatsu and Seed, 1987). The estimation of PGA at the surface of a highly
nonlinear soil profile (e.g., susceptible to liquefaction) introduces a great deal of uncertainty in evaluating
the liquefaction hazard and the resulting settlements. Further, the influence of traditional IMs (e.g., PGA, FF-
Surface) on the variability of the predicted response (e.g., excess pore pressure generation or settlement) is
not well understood. Lastly, none of the previous empirical procedures consider the influence of a building
and soil-structure interaction (SSI) on the extent of excess pore pressure generation, the liquefaction hazard,
and the resulting settlements, which are important near the built facilities.

Table 4-6 and Table 4-7 resume the most known peak and cumulative-energy variables used as seismic
Intensity Measures.
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Table 4-6: Definition of a subset of the principal Intensity Measures present in literature.

M Definition Units
PGA- Peak Ground Acceleration m{;\X(Ia(t)I) G
PGV- Peak Ground Velocity mgix(lv(t)l) cm/s
PGD — Peak Ground Displacement mgax(ld(t)l) Cm
EPV — Effective Peak Velocity SV (T, =1)/2.5
(ATC, 1978)
SA - Spectral Acceleration SA(Ts) G
lc — Characteristic Intensity (Ang, ak < (Dsgs)0® cm s 23
1990)
To— Predominant Period T (max(SA)) S
Dsgs — Significant Duration t(0.95Ia) — t(0.051a) S

(Trifunac & Brady, 1975)

Table 4-7: Definition of a subset of the principal ground motion Cumulative Measure

M Definition Units
T ([ cm/s
la - Arias Intensity (Arias 1970) Z—J [a(t)]?dt /
9Jo
@ cm/s
CAV - Cumulative Absolute Velocity j la(t)|dt /
0

CAV,dp — Standardized version of the N i
Cumulative Absolute Velocity (Campbell Z(H(PGAi —0.025) f la(t)|dt)
and Bozorgnia, 2011) i=1 i-1

S| — Response Spectrum Intensity 2.5 _ Cm
(Housner, 1959) jo_l PSV (¢ = 0.05,T;)/dT
amaxT°N - (Karamitros 2013) nzf lv(t)|dt M
avgSa - mean of the log spectral 1 N g-s
accelerations at a set of periods of interest NZ InSa(c; * T;)
(Kazantzi and Vamvatsikos, 2015) i=1
T2 G
arms - Root Mean Square Acceleration i f [a(t)]?dt
95
T1

4.3.3 Attenuation model

For deterministic analysis the spectral ground-motion parameters produced by the scenario earthquake can
be evaluated by a selectable ground motion prediction equation (GMPE), accounting for the attenuation of
the ground shaking with the distance from the source.
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These relationships define ground shaking for rock conditions based on earthquake magnitude, M, and other
parameters. They provide estimates of the PGA and spectral demand at 0.3 and 1.0 seconds, and with the
standard response spectrum shape, fully define 5%-damped demand spectra for a given location.

Since each GMPE is dependent on the particular distance, different types of distances should be computed
(Figure 4-20):

— epicentral distance Repi,

— hypocentral distance Rhypo,

— “Joyner-Boore” distance Rjb (shortest distance to the vertical surface projection of the fault rupture
plane),

— source-to-site azimuth RX (sites located on the hanging wall have positive azimuths ranging from 0°
to 180°, while sites located on the footwall have negative azimuths ranging from -180° to 0°),

— the depth-to-top of rupture ZTOR, and

— the shortest distance to the subsurface fault rupture plane Rrup.

surface projection R
prel X 7 SITE

of the rupture plane \ -« Rﬂ’ >

Zror |

rupture plane

Figure 4-20: Geometric illustration of earthquake source and distance measures using a vertical cross-section through a fault
rupture plane.

A considerable number of well-established ground motion prediction equations exists; in addition to these,
the user can implement any additional GMPE. It should be noted that, when using the elastic design spectra,
all provided prediction relations refer to rock site conditions and thus compute ground motion amplitudes
without soil amplification since this is covered in a separate (subsequent) calculation step. On the other hand,
when the site-specific response spectra are used, the soil conditions are considered in the ground motion
prediction equation and no further amplification is therefore necessary.

4.3.4 Code Design Response spectrum

To describe the seismic action, two different types of design spectra are provided within Eurocode 8 (CEN,
2004a). This is mainly done to account for the differing level of seismic hazard in Europe and the different
earthquake types susceptible to occur. In case that earthquakes with a surface-wave magnitude M, > 5.5 are
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expected, it is suggested to use Spectrum Type 1, else (M, £ 5.5) Type 2. The question which spectrum type
to choose for a specific region should be based upon “(...) the magnitude of earthquakes that are actually
expected to occur rather than conservative upper limits defined for the purpose of probabilistic hazard

assessment”.
Sa(T) = ag-S-[1+—-(-25-1)] forT < Ty
B

Sa(T) = ag-S-m-2.5 forTg <T < T,

T Equation 4-4
Sa(T)=ag-S-n-2.5-[T—] forTe <T <Tp

C
Sa(T) = ag-S-n-Z.S-[TCT'ZD] forTp <T <4.0s
where:

— Qg - design ground acceleration (here: PGA) on soil type A ground;

— Ts, Tc - corner periods of the constant spectral acceleration branch (plateau);
— Tp - corner period defining the beginning of the constant displacement range;
— S-soil amplification factor;

— n-damping correction factor (n=1.00 for 5% viscous damping).

The shape of the design spectrum is thus determined by the corner periods, soil amplification factor, and the
level of input ground motion. Both, corner periods (Ts, Tc, and Tp) as well as soil amplification factor S are
dependent on ‘ground type’, which is mainly distinguished by the average shear-wave velocity of the
uppermost 30 m (vs 30) and hence categorized into 5 different soil classes (Table 4-8). Both, soil amplification
factor and corner periods for the different soil classes are given in Table 4-9 and Table 4-10 for Type 1 and
Type 2 design response spectra, respectively. Figure 4-21 illustrates the corresponding sets of normalized
elastic design response spectra.

Given that sedimentary soil materials are present at a site, the seismic ground motion at the ground surface
is modified both in amplitude and frequency content. Respective amplification factors and/or corner periods
which basically describe the shape of the design spectra for the different soil classes are given in the
corresponding code provisions; in many standards (Eurocode 8) soil classess are commonly classified as a
function of the shear waves velocity (Vs 30).

Table 4-8: Ground types provided by Eurocode 8

Ground type Description of stratigraphic profile Shear wave
velocity vs,30[m/s]
A Rock or rock-like geological formation, incl. at most 5 m of >800
weaker material at the surface
B Deposits of very dense sands, gravel, or very stiff clay 360-800

(at least several tens of m in thickness) characterized by a
gradual increase of mechanical properties with depth
C with thickness from several tens to many hundreds of m 180-360
D Deposits of loose-to-medium cohesionless soil (with or <180
without some soft cohesive layers), or of predominantly soft-
to-firm cohesive soil
E Soil profile consisting of a surface alluvium layer with vss3o n.a.
values of type C or D and thickness H varying between 5-20 m
underlain by stiffer material with vs30> 800 m/s
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Table 4-9: Values of the parameters describing Eurocode 8 — Type 1 spectra

Ground Type Soil factor S Ts[sec] Tc[sec] To[sec]
A 1.00 0.15 0.40 2.00
B 1.20 0.15 0.50 2.00
C 1.15 0.20 0.60 2.00
D 1.35 0.20 0.80 2.00
E 1.40 0.15 0.50 2.00

Table 4-10: Values of the parameters describing Eurocode 8 — Type 2 spectra

Ground Type Soil factor S Ts[sec] Tc[sec] To[sec]
A 1.00 0.05 0.25 1.20
B 1.35 0.05 0.25 1.20
C 1.50 0.10 0.25 1.20
D 1.80 0.10 0.30 1.20
E 1.60 0.05 0.25 1.20

6 T T T T T T T 6 T T T T T T T
Type 1 Ground type: A —— Type 2 Ground type: A ——
5F B weusues . 5 B .
C .
+ D :

Normalized spectral acceleration

Normalized spectral acceleration

1

0 05 1 1.5 2 25 3 35 4 0 05 1 15 2 25 3 35 4
Period T [s] Period T [s]

Figure 4-21: Elastic design spectra of Type 1 and Type 2 for ground types A — E.
4.3.4.1 Site-specific (scenario-based) elastic response spectrum

Site-specific elastic response spectra can be either derived from a deterministic earthquake scenario or a
probabilistic seismic scenario. In the first case, attenuation relationships are applied to compute the
corresponding ground motion estimates using average shear-wave velocity V3o in order to amplify the
ground motion. This Vs 3 value must be supplied as input file.

In the second case, when a probabilistic scenario is selected, the ground motion provided in the input files is
amplified using the soil amplification factors provided by NEHRP (ICC, 2006) by assigning a soil type that
agrees with the V; 3o value read from the input files.
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Ground Amp. Profile m Soil (V530 m/s)

VP-0001 42.3534 11.56788

Figure 4-22: To amplify the seismic action accounting for the stratigraphy, values of Vs30 must be assigned to some profiles
within the study area

Few international seismic building codes address the topic of topographic amplification effects. In general,
each of these provisions tackles this topic in a very simplified way by solely adding a period-independent
topographic amplification factor to the elastic design spectrum. This factor, often called AT or ST, requires
that the topographic relief can be represented as a simplified 2D feature. Each of the respective design codes
mention that irregular complex shapes will require specific studies.

Eurocode 8 (EN 1998-5:2003, CEN 2004b) provides some simplified topographic amplification factors, called
ST. Factors ST are considered independent of the fundamental period of vibration and are used as a constant
scaling factor for the ordinates of the elastic design response spectrum. These should be used in cases that
the slope belongs to 2D topographic irregularities, such as long ridges and cliffs of heights H > 30 m.

Table 4-11: Topographic amplification factors according to Eurocode 8 (EN 1998-5:2003, CEN 2004b).

Description Building location Topographic amplification factor ST
flat or average slope angles of less - 1.0
than ~
isolated cliffs and slopes Near the top edge >1.2Y
ridges with crest widths significantly Near the top of the slope >1.4 Y for angles greater than 30°
less than the base width >1.2 Y for angles 15° to 30°

Y Increase by 20% in presence of a loose surface layer.

The value of ST may be assumed to decrease as a linear function of the height above the base of the cliff or
ridge, and to be unity at the base.

4.4 Earthquake induced Cyclic Stress Ratio

For a given soil profile, the triggering of liquefaction at each depth can be evaluated by applying simplified
methods. The most popular implies the calculation of a liquefaction safety factor (FSL), obtained by dividing
the cyclic stress ratio 1/c'y producing liquefaction (CRR) with the one induced by the earthquake (CSR). A
simplified method to estimate the CSR profile was developed by Seed and Idriss (1971) based on the
maximum ground surface acceleration (amax) at the site.

Ovo (z)

) *14(2) Equation 4-5

a
CSRyrs (2) = 0.65 ( ’;‘”‘) ] (

Where:

ovo(z)’

Ovo, Ovo'= vertical total and effective stress at depth z, amax/g = maximum horizontal acceleration (as a fraction
of gravity) at the ground surface, and rq is the shear stress reduction factor that accounts for the dynamic
response of the soil profile.
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The cyclic stress ratio required to initiate liquefaction (i.e., the liquefaction resistance, CRR) decreases with
increasing number of cycles of loading; therefore, the seismic loading must be associated with a number of
loading cycles. Earthquake magnitude is used as a proxy for the number of loading cycles because the
duration of shaking and the associated number of loading cycles correlate with earthquake magnitude. The
CSR is adjusted using a magnitude scaling factor (MSF) to compute an equivalent CSR for a reference M = 7.5.

a ovo(z) 1
= 0.65 * < r;ax) * (()'::(ZZ)'> * T‘d(Z) * M—SF Equation 4-6

CSRy=7s (z) = CSRy=m (z) * MSF

The magnitude scaling factor (MSF) accounts for duration effects (i.e., number and relative amplitudes of
loading cycles) on the triggering of liquefaction. Several formulations (Andrus and Stokoe, 1997; Idriss and
Boulanger, 2008) have been proposed to evaluate the Magnitude Scaling Factor, after the first developed by
Seed and Idriss (1982), Figure 4-22.

For instance, the MSF for sands used by Boulanger and Idriss (2014) was developed by Idriss (1999), who
derived the following relationship:

MSF = 6.9 - exp (T) —-0.058<138 Equation 4-7
An upper limit for the MSF is assigned to very-small-magnitude earthquakes for which a single peak stress
can dominate the entire time series. The value of 1.8 is obtained by considering the time series of stress
induced by a small magnitude earthquake to be dominated by single pulse of stress (i.e., ¥ to 1 full cycle,
depending on its symmetry), with all other stress cycles being sufficiently small to neglect.

A ()  Seed & ldriss (1982)
===  Tokimatsu & Yoshimi (1983) | |
A Ambraseys (1985)

N
N 0 O  Arango (1996)
F \\ o — = Cetin et al (2004)
2 =D  [driss (1999) H
~
I I

MSF =6.9 exp[#)— 0.058

T~
-~

-
~—

Magnitude scaling factor, MSF
-~

5 6 7 8 9
Earthquake moment magnitude, M

Figure 4-23: Magnitude scaling factor (MSF) relationships.

After parametric site response analyses, Idriss (1999) concluded that the shear stress reduction coefficient,
T4, can be calculated using two functions of the depth, z, within the soil profile, namely a(z) and (z), and the
earthquake magnitude, M.
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ra = expla(z) + f(z) - M]

Equation 4-8
. Z
a(z) = =1.012 — 1.126 sin(7 73 + 5.133) Equation 4.9
. Z
B(z) = 0.106 + 0.118 sin(77 2 + 5.142) Equation 4.10

The depth-dependent shear stress reduction coefficient, r4, accounts for the nonrigid response of the soil
deposit (characterized in the small strain regime by the shear wave velocity [Vs] profile at the site) as well as
for the characteristics of the earthquake waves traveling through the soil. Seed and Idriss (1971) initially
proposed a relationship between rq and depth developed from a limited number of dynamic response
analyses for a range of generic site conditions. Using additional site response analyses, Idriss (1999) modified
the Seed and Idriss (1971) r4 relationship, introducing also the magnitude. The Idriss (1999) relationship is
used to develop the triggering relationships of Idriss & Boulanger (2008) and Boulanger & Idriss (2014), Figure
4-24,

Stress reduction coefficient, r,
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
L e e o e I LA s o o e e R

1l

[ @® Average of Range Published
8 by Seed & ldriss (1971)

2010 7 7 //
8

Magnitude: M=5% M=6% M=7% M=

AR

PO SRAVN SFSAVE FERNIFIN APAFETAVEL PSAVATI FRVATATS ARPR

Depth below ground surface (m)
3 ]
|
FENENE RN

Figure 4-24: Shear stress reduction factor, rd, relationships (Boulanger and Idriss, 2014).

The 0.65 factor found in Equation 4-5 was originally proposed as a way to relate the number of loading cycles
from an irregular earthquake loading to the number of loading cycles from uniform cyclic loading. Although
this value is somewhat arbitrary and was unnecessary once MSFs were introduced, 0.65 is still the standard
due to historical precedent.

CSR evaluation requires estimates of PGA, My, and 14; since the required PGA is at the ground surface, it
must account for the effects of the near-surface soil conditions on ground shaking.

4.5 Cyclic Resistance Ratio “CRR”

Several empirical procedures (Robertson, 1998; Boulanger and Idriss, 2014) were proposed to evaluate the
CRR starting from geotechnical and geophysical in-situ tests (CPT, SPT and Vs profile). In particular, Boulanger
and Idriss (2014) provide an empirical formulation of the Cyclic Resistance Ratio based on the survey of
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liguefaction and the results of the most common in-situ tests (CPT and SPT), while Andrus and Stokoe (2000)
propose a method to evaluate the CRR starting from Vs profiles.

Therefore, calculation of the CRR requires geotechnical and geophysical in-situ tests (measurement of the
profile of SPT 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 required to define a stress- and energy-corrected SPT resistance (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 due to soil disturbance and may result in abnormally low
blow count values. The SPT provides measurements at widely spaced intervals (often 1.5 m, but never less
than the length of the split spoon sampler, 0.45 m), which limits the ability to use SPT measurements to
identify thinner layers or detailed variations within a soil profile. On the contrary, the CPT provides
continuous measurements along a profile, representing a very powerful mean to characterize thinner layers
and detailed variations within strata. Pore-pressure data from piezocone penetration testing (CPTu) can
provide additional information, both qualitative (e.g., whether soil is dilatant or not) and quantitative (e.g.,
the steady-state porewater pressure).

Depending on the method of measurement, Vs may be used to identify thin layers and variations within
strata, even if it has not the detail and the resolution of the CPT.

Arigorous soil type characterization is required to perform liquefaction triggering analyses. Rigorously, since
CPT and Vs methods do not provide a direct measure of soil type, additional boring and sampling, or sampling
using 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 earthquake-induced CSR from site
response analysis (e.g., Andrus and Stokoe, 2000; 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 include all three characterization techniques: borings with SPT sampling (with hammer
energy measurements—a stricter requirement than use of the automatic hammer) to obtain blow counts
and soil type; CPT soundings to obtain detailed profiles of in situ resistance; and Vs profiles to accurately
assess the earthquake-induced CSR and to provide additional insights into the CRR.

45.1 CPT-Based liquefaction triggering analysis

One of the most popular CPT-based procedure to evaluate the Factor of Safety against liquefaction at each
depth of a soil profile is the Boulanger and Idriss (2014), which is summarized in Figure 4-25.

Boulanger and Idriss (2014) calculate the Cyclic Resistance Ratio (CRR) from the measured CPT tip resistance,
qc, the CPT sleeve friction, fs, and the effective vertical stress, o'y, in the soil. These are used to estimate an
overburden correction factor, CN, and correct the tip resistance to account for the overburden stress, qc;.
The normalized overburden stress, qci, is qci divided by the atmospheric pressure (pa=100 kPa). During the
iteration (usually about 3 cycles), qc; is always based on the measured tip resistance, gc, while CN is based
on the iteratively updated value for qcin. A second correction is made for the fines content, FC. With the
assumed flat ground or uniform surcharge for the regional-scale analysis, the correction for the effects of an
initial static shear stress ratio is Ka=1.
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To characterize the soil behaviour type (SBT) and to evaluate the percentage of fines content, FC, the
empirical correlations defined by Robertson (2015) are used.

Q1 = Cy *qc
qeiv = G /Pa

Pa
Cy = ()" =17
a v
m = 1.338 — 0.249 * (q.,y)*?%*
Pa = atmospheric pressure having same units as qc

Fine Content evaluation (FC)
Fc =80 (Ic + Cy¢) — 137
Where: Ic is evaluated according to Robertson, 1998
Cre = —0.29,0,+0.29
(where CFC is a fitting parameter that can be adjusted based on site-
specific data when available)

AGery = (11,9 + T2 163 -7 _ (187
q‘”"_( : +14.6)""“’(' Fevz \Fevz))

(gcan)es = qean + Acin

_ GeiNes JeciNes 2 GeciNes 3 AeiNes u
CRR = exp(73 +(1000) ( 140 ) +( 137 ) %8

FSL =

Amax Ty 1 1
CSR = 0.6 —_max Ll srd # | — —
0-65 *( g )*(O'rv)* *(MSF)*(KO'

CRR

a=-1.012 — 1.126sen(:

n(rd) = a+ M
z
11.73

+5.133)

F4
B =0.106 - 0. 11356n(ﬁ +5.142)

MSF =69 exp(

o
Ko =1 —Co‘ln(—") <11

pa
1

T4
Idriss and Boulanger (2008)

CSR

Figure 4-25: Flowchart of the Boulanger & Idriss (2014) CPT-based procedure.

CPT-IDProfie  Lattude Llongtude GWT(m)  Crust Height (m) Liquefaction Height (m)
185130B501  44.802650 11.408300 4.9900 5.0800 3.1000
185130B502  44.804691 11.406930 3.7800 3.8000 5.0000
185130B503  44.804199 11.408890 5.0700 5.7000 4.9000
185130B504  44.806499 11.410870 4.5000 4.6000 3.7300
185130C002 44.801060 11.405810 4.8200 5.1000 2.4000
185130C003  44.801418 11.407500 5.2900 5.4000 0.8000
185130C004  44.803791 11.413930 2.9800 3.0000 3.2000
185130C006  44.800610 11.414470 2.7000 4.0000 1.4000
185130C007  44.806042 11.414130 4.6500 5.2000 0.6000

M
)— 0.058

(o0=————————— <03
37.3 — 8.27 = qc1N22%*

Depth (m)

3.7954545, 16.534447

~ Tip resistance — Sleeve friction

3 4 5
(MPa)

T
7 8

Figure 4-26: Example of input table for CPT-based liquefaction hazard evaluation. For each CPT, the tip resistance, sleeve friction
and pore pressure must be provided in ASCIl format

4.5.2 SPT-Based liquefaction triggering analysis

Boulanger and Idriss (2014) also propose a SPT-based procedure to evaluate the CRR (Figure 4-27) starting
from the number of blows N1g, normalized with respect to the atmospheric pressure Pa and increased to
account for the fine content. In this case, the soil behavior type index Ic can be evaluated with numerous

empirical correlations between in-situ tests and geotechnical parameters.
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Equation 4-11

where CN is the correction factor to adjust the blow count to a reference stress of one atmosphere; CE is a
correction factor for the kinetic energy of the hammer (i.e. hammer weight and height of fall); CB is 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; and A(N1)eo is the correction factor for

the fines content. There is uncertainty in the computed FS from a stress-based analysis not only because of

the uncertainty in the location of the CRR relationship but also because the values of the parameters in the

CSR and (N1)socs €quations are not known precisely. In fact, explicit consideration of uncertainty associated

with a correction factor may even increase the uncertainty associated with the liquefaction potential

assessment.

(N1)eo= Cy * Ngo

Pa
Cy =(—)" <17
v =G

m = 0.784 — 0.0768 * \/ (N1)s0cs

Fine Content evaluation (FC)
Fc =80+ (Ic + Cpp) — 137
Cpe = —0.29,0,+0.29

CFCis a fitting parameter, while Ic is evaluated according to Mayne (2006)
2

Ic = —=0.7174 * In (m

) + 6.3211

Vs = 100.59 = N3

Modified after Palmer and Stuart (1957)
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Figure 4-27: Flowchart of the Boulanger & Idriss (2014) SPT-based procedure for liquefaction triggering analysis.

ID-001 44.80376 11.406520 2.00
1D-002 44.80470 11.410773 1.80
ID-003 44.804765 11.410672 3.50
ID-004 44.804765 11.410502 3.00
ID-005 44.804659 11.410680 2.80
ID-006 44.800881 11.408108 2.50
ID-007 44.804154 11.409344 1.00

19.00
19.00
19.00
19.00
19.00
20.00
20.00

3.50 5.00
4.00 3.00
3.50 2.00
10.00 4.00
9.00 2.20
6.00 1.50
2.00 3.00

Figure 4-28: General input file for SPT-based liquefaction triggering analysis

123



LIQUEFACT
Deliverable 7.1
Manual for the assessment of liquefaction risk, defining the procedures to create the

Ths profect s recsved fundng database, collect, define, symbolize and store information in the Georeferenced
e on g Information System and to perform and represent the risk analysis
grant agreement No. 700748
Nser (Z)
N ser
0 10 20 30 40
0
2
SPT (1D — 000) GWT
a L]
z[m] Nspr Upper boundary [m] Lower boundary [m] = 8 e
35 25 3.5 4 5 8
6 23 5 9 3 10 °
10 18 96 1
13 19 125 135 ” .
15 28 14 17 14
[ ]
18 31 18 21 i
18 L]

20

Figure 4-29: Example of SPT input file for liquefaction triggering analysis.
4.5.3 Vs-based 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 earthquake) propagates through the ground. The
speed of wave propagation depends on the density of the soil, the directions of wave propagation and
particle motion, and the effective stresses in those two directions. Vs, by convention, refers to the shear
wave speed at very small amplitudes. Vs is related to the shear modulus of the soil at small strain, Gmayx, and
the mass density of the sail, p, by the equation:

G
Vs = max Equation 4-12
p

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

Vs measurements are economical and non-invasive, since they do not need to penetrate the ground surface
to make the measurement. The latter capability can be beneficial if 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 downhole measurements (ASTM International, 2014a), cross-hole
measurements (ASTM International, 2014b), suspension logging (Nigbor and Imai, 1994), and non-invasive
methods (Stokoe and Santamarina, 2000). Because non-invasive Vs tests do not provide soil samples,
however, some drilling and sampling may still be required as part of a subsurface investigation.

Andrus and Stokoe (2000) define an alternative method for calculating CRR using shear-wave velocity, Vs.

2
CRR = [0.022 (Vs1 ) +28 (% — 1* )] Equation 4-13
100 51— Vst s1

in which: Vg is the stress-corrected shear wave velocity; Vg is the limiting upper value of Vg, for cyclic
liguefaction occurrence, which varies between 200-215m/s depending on the fines content of the soil.
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Pa = atmospheric pressure (kPa); o'v effective vertical stress (kPa).
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which varies between 200-215 m/s depending on the fines content of the soil.

Juang et al. (2005)

Figure 4-30: Flowchart of the Andrus & Stokoe (2000) procedure for liquefaction triggering evaluation

To evaluate the soil behavior type index, the procedure proposed by Mayne (2006) can be applied:

Ic =-0.7174In[Vs? / (9.81:2)]+6.3211 Equation 4-14

Then, the fine content FC can be evaluated by appling the following correlation (Robertson and Fear, 1995):

FC (%)= 42.4179 -1c-54.8574 Equation 4-15

About the Factor of Safety, Juang et al. (2005) found that the traditional FSL is conservative for calculating
CRR, resulting in lower factors of safety and over-prediction of liquefaction occurrence. To account for this,
they introduce a multiplication factor of 1.4 to obtain a more realistic estimate of the factor of safety.

After an 11-years period of Vs site data collection and the development of probabilistic correlations
for seismic liquefaction occurrence, new correlations for probabilistic/deterministic assessment of
liguefaction potential from shear wave velocity were proposed by Kayen et al. (2013).

Data coming from 301 liquefaction field case histories in China, Taiwan, Japan, Grece and the United
States were merged to previously published case histories to build a global catalog of 422 case
histories of Vs liquefaction performance. Then, after Bayesian regression and structural reliability
methods a probabilistic treatment of the Vs catalog for performance-based engineering applications
was developed.
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| Vs-IDPROFILE  latitude  Longitude  GWT(m)  Soil Ageing years)
ID-001 44.80376 11.406520 2.00 1000
ID-002 44.80470 11.410773 1.80 1000
ID-003 44.804765 11.410672 3.50 1000
ID-004 44.804765 11.410502 3.00 1000
ID-005 44.804659 11.410680 2.80 1000
ID-006 44.800881 11.408108 2.50 1000
ID-007 44.804154 11.409344 1.00 1000

Figure 4-31: General input file for Vs-based liquefaction triggering analysis

Vs Profile (1D — 001) Vs (2)
Vs [m/s]
z{m]) Vs [m/s] 0 50 100 150 200 250 300
3.17 101.02 0
a17 112.23
5.17 123.37
6.17 114.84
7.17 108.46 5
8.17 113.49
9.17 132.45
10.17 196.06
11.17 232.14
12.17 219.81 10
13.17 211.78
14.17 220.19 .
15.17 255.18 £
16.17 249.06 g1
17.17 251.2 &
18.17 270.59
19.16 260.83
20.16 204.6 20
21.16 255.75
22.16 248.21
23.16 222.26
24.15 217.96 25
25.2 212
26.2 204.2
27.2 204.3
27.8 204.3

30

Figure 4-32: Example of Vs Profile

4.6 Liquefaction Severity Indicators

Once the Factor of Safety (FSL) has been calculated at each depth, synthetic indicators of the liquefaction
severity on the ground (free field) can be evaluated. These integrate the contribution to the liquefaction of
each layers, generally for the first 20 meters of depth, giving a measure of the liquefaction severity on the
surface (free field).

In general terms, a liquefaction severity indicator (Eq. 4.16) can be defined as the integral of the product
between a function of the Factor of Safety against Liquefaction f;(FSL) and a weight function that emphasizes
the severity of liquefaction at a lower depth, Table 4-12.

INDEX = fi(FSL) * w(z)dz Equation 4-16

zmax
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Table 4-12: The most widespread indicators, except the LDI which was defined for lateral spreading, quantify the damage to the
ground by integrating the estimated effects of liquefaction in the first 20 m depth

INDEX REFERENCE f1(FSL) w(z) z
. 1—FSL if FSL < 1 Zmin = 0
LPI 'Was‘l"‘g;gt al. 0 ifFSL > 1 10 - 0.5z
Zmax = 20m
{1 —FSL if FSL<1nH;-m(FSL) <3
0 otherwhise
Where: Zynin = Hy
LPlisy Maurer, 2015 5 25.56
FSL) = (—) -1 z Z =20
m(FSL) = exp 25 s6@ —Fsiy max = S0
Zhanget al. Zmin =0
S ! &, = & (FSL, dcin ) -
2002 v v CS Zmax = Mmaxdepth
Zomin =0
Zhangetal,, _
LDI 2004 Ymax = Vmax (FSL, qcin ) - Zmax < 23m
Ball 1000 Fin =0
van Ballegooy _
LSN et al., 2014 =& (FSL' dcines ) VA Zmax = 20m

Various liquefaction severity or damage potential indicators were proposed in literature to provide a measure
of the liquefaction-induced surficial evidence, based on the cumulative liquefaction response of a soil profile.

The most used of them are: Liquefaction Potential Index “LPI” (lwasaki et al., 1978); Ishihara-inspired
Liquefaction Potential Index “LPlisy” (Maurer et al., 2015); one-dimensional volumetric reconsolidation
settlement “S” (Zhang et al., 2002); Lateral Displacement Index “LDI” (Zhang et. al, 2004); Liquefaction
Severity Number “LSN” (van Ballegooy et al., 2014).

Such indicators are defined and discussed in the following sections.
4.6.1 Liguefaction Potential Index LPI (lwasaki, 1978)

The Liquefaction Potential Index LPI is the summation of liquefaction severity in each soil layer, which in turn
is a function of the Factor of Safety (FSL), weighted by a depth factor that decreases linearly from 10 to 0
over the top 20 m. The LPI value is between 0 (representing no liquefaction expected) and 100 (representing
extreme liquefaction effects expected to the ground surface). By weighting soils to have an increasing
influence on LPI as depth decreases, this parameter is able to represent the beneficial effects of an increasing
non-liquefied surface layer thickness, or crust.

Iwasaki et al. (1978) defined the Liquefaction Potential Index (LP1) of a 20 m deep soil profile as:

127



LIQUEFACT
Deliverable 7.1
Manual for the assessment of liquefaction risk, defining the procedures to create the

Ths profect s recsved fundng database, collect, define, symbolize and store information in the Georeferenced
e on g Information System and to perform and represent the risk analysis
grant agreement No. 700748
20m
LP] = f Fl(Z) -W(z)dz Equation 4-17
0
where:
W(z) =10-0.5z
Fi(z) = {1—FOS ifFOS<1}
0 if FoS>1

z = the depth below the ground surface in metres;
FoS(z) = the Factor of Safety against Liquefaction FSL (z).

There are no LPI adjustments when the CPT profile is less than 20 m deep. Iwasaki proposed four classes to
quantify the liquefaction risk to the ground, ranging from no-very low to very high (Table 4-13).

Table 4-13: Iwasaki observed that LPI values can range from 0 to 100, with the following indicators of liquefaction induced

damage.
LPI Range Liquefaction Risk
LPI=0 Very low
LPI<5 Low
5<LPI<£15 High
LPI >15 Very high

4.6.2 LPllIshihara Inspired

Ishihara (1985), recognized the important role of the upper non-liquefiable crust’s thickness (H1) in mitigating
the surficial liquefaction manifestations. The thinner the crust near the ground surface, the more the pore
water pressure from the underlying liquefied sand deposit will be able to disrupt it, resulting in sand boils
and cracks. Plotting observations of liquefaction surface effects where the thicknesses of the non- liquefied
capping layer (H1) and the liquefied strata (H2) were known, Ishihara (1985) proposed boundary curves for
predicting liquefaction manifestation as a function of H;, H, and peak ground acceleration. These boundary
curves indicate that for a given PGA, there is a limiting H1 beyond which surface manifestations do not form
regardless of H,. It means that the liquefied deposit needed to be both sufficiently thick and close enough to
the ground surface for the resulting excess pore water pressure to erupt at ground surface.

Moving from Ishihara experience, Maurer et al. (2015) derived a new index to assess liquefaction-induced
ground manifestations: the Ishihara inspired LPI, LPl;sy, developed as a result of the rebuilding efforts in
Christchurch. The modifications proposed to the LPI framework try to better capture the trends in the
Ishihara boundary curves, to include the influence of the thickness of the non-liquefied crust (i.e., Hi) on the
surficial liguefaction manifestations.

Maurer et al. (2015) defined LPls+ as:
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20m 25.56 .
LPIisy = F(FS) dz Equation 4-18
0 Z
Where:

1-FS if FS<1nH;-m(FS)<3

F(FS) ={ 0 otherwhise Equation 4-19
(FS) (—5 ) 1 Equation 4-20
— - uation 4-
m “XP\25.56(1 - FS) °'
Where:

— H;is defined the same as Hj in the Ishihara (1985) procedure;
— zis the depth to the layer of interest in meters below the ground surface
— FSis the factor of safety against liquefaction, FSL (z);

As compared to the Iwasaki et al. (1978) LPI procedure, LPlisy incorporates the concept of a limiting cap
thickness and also utilizes a power law, rather than linear, depth weighting function. In Figure 4-32, the depth
weighting function used in the existing LPI framework is compared to that proposed herein. LPlsy weighs the
contribution of liquefaction triggering towards producing surficial manifestation more for depths between 0
and 3 m, and less for depths between 3 and 17 m.

It can be shown that LPlisy = 100 for a profile with FS = 0 over the entire 20 m, and with groundwater at a
depth of 0.4 m. Because of the powerlaw form of the depth weighting function, the authors recommend that
a minimum H; of 0.4 m should be used in computing LPlsy, regardless of whether liquefiable soils are present
at shallower depths. The new LPlisy framework has been validated using a total of 60 liquefaction case studies
from the 1989 Loma Prieta (USA), 1994 Northridge (USA), 1999 Kocaeli (Turkey), 1999 Chi-Chi (Taiwan), 2010
Darfield (New Zealand) and 2011 Christchurch (New Zealand) earthquakes. Case histories were selected from
the literature based on the availability of CPT soundings in digital-format; Factors of Safety against
liguefaction (i.e. FS) were evaluated according to the CPT based liquefaction evaluation procedure of
Robertson and Wride (1998), using the Ic to identify the Soil Behavior Type (SBT) and assuming a cut-off value
of 2.6, because soils having Ic>2.6 were considered too plastic to liquefy.

Depth Weighting Function, w(z)
0 5 10 15 20

Depth (m)

Figure 4-33: Comparison of depth weighting functions used in the LPI and LPIISH procedures (Maurer et al., 2014).
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For the 2010-2011 Christchurch Earthquake Sequence case study, after liquefaction triggering assessments
of selected CPT profiles, LPlisi was found to be consistent with observed surface effects showing improvement
over the existing LPI procedure, especially in reducing false-positive predictions (cases where manifestations
were predicted but not observed), as shown in Figure 4-33.
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Figure 4-34: Example of CPT data for a site that showed no surficial manifestations of liquefaction during the 2010 Darfield
earthquake (Maurer et al., 2015).

4.6.3 Liguefaction-induced ground settlements

Liquefaction-induced ground settlements are essentially vertical deformations of superficial soil layers
caused by the densification and compaction of loose granular soils following earthquake loading. Several
methods have been proposed to calculate liquefaction-induced ground deformations, including numerical
and analytical methods, laboratory modeling and testing, and field-testing-based methods.

The expense and difficulty associated with obtaining and testing high quality samples of loose sandy soils
may only be feasible for high-risk projects where the consequences of liquefaction may result in severe
damage and large costs. Semi-empirical approaches using data from field tests are likely best suited to
provide simple, reliable, and direct methods to estimate liquefaction-induced ground deformations for low
to medium-risk projects and also to provide preliminary estimates for higher risk projects. The post-
liquefaction volumetric strain can then be estimated using Equation 4-20, that correspond to Figure 4-35, for
every reading in the CPT sounding.

For sites with level ground, far from any free face (e.g., river banks, seawalls), it is reasonable to assume that
little or no lateral 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 integrated with depth using the following
equation:

J

— Z Epi 'AZL' Equation 4-21

i=1
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Where:

— Sis the calculated liquefaction-induced ground settlement at the CPT location;

— & is the post-liquefaction volumetric strain for the soil sublayer i;

— Az is the thickness of the sublayer i;

— jis the number of soil sublayers the result should be an appropriate index of potential liquefaction-
induced ground settlement at the CPT location due to the design earthquake.
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Figure 4-35: Relationship between post-liquefaction volumetric densification strains, €v, and the normalized CPT tip resistance,
qclN, for selected factors of safety, FS (Zhang et al., 2002).

At each layer, the Factor of Safety (FS) and the normalised tip resistance, qcin, are used to calculate the post-
liquefaction volumetric densification strain, Ev. These strains are interpolated from the curves proposed by
Zhang et al. (2002), except that the CPT tip resistance is corrected to remove the effect of overburden stress
using the iterative Idriss and Boulanger (2014) procedure.

if FS<0.5, £v=102(qain)es % for 33 <(gan)es <200

if FS=0.6, eV = 102(qein)es for 33 <(gan)es< 147
i FS=0.6, ev = 2411(gan)es % for 147 < (qen)es < 200
if F$=0.7, ev=102(gein)es % for 33 <(qan)es <110

if F$=0.7, £v=1701(qein)es " for 110 <(gein)es £200
if ’5=0.8, £v=102(gen)es % for 33 <(gen)es <80

if 5=0.8, £v=1690(qein)es % for  80<(qan)es<200

i FS=0.9, eV = 102(qein)es 2 for 33 <(gan)es< 60

if F$=0.9, £v=1430(qein)es % for 60 <(gein)es <200

if FS=1.0, ev=64(qan)es for 33 <(gen)es 200

if FS=1.1, gv=11(qean)es % for 33 <(gein)es<200
if FS=1.2, &v=9.7(qan)es % for  33<(qan)s<200

if FS=1.3, £v=7.6(qaan)es 7! for 33 <(gan)es <200 Equation 4-22
if FS = 2.0, &v=0.0 for 33 <(gan)es< 2009
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Equations for the relationships plotted in Figure 4-35 are given by Zhang et al., 2002.

Table 4-14: The following additional constraints are applied to the volumetric densification calculations using the equations
given in Appendix A of Zhang et al. (2002)

CALCULATION ISSUE DESCRIPTION OR REFERENCE
Strain equation are only providedfor Forgeines<33,strain isbounded by thelimiting value,
0c1/9cines=33 calculated using gcines =33
Strainequationsare only providedforspecific Linearinterpolationis used between the published
Factors of Safety equations
Limits on values Maximum strain = 102 qcincs 2

The Settlement indicator integrates the volumetric densification strains, €v, calculated using the Zhang et al.
(2002) method, over the total depth of the CPT profile, Z, using:

z
Svia = f & (2)dz Equation 4-23
0
Where:

—  &,(z) = the volumetric densification strain at depth, z, based on Zhang et al. (2002);
— Z=the total depth of the CPT profile;
— z=the depth in metres below the round surface.

There are always volumetric densification strains when the excess pore pressure rises during shaking, so
strains are included for all factors of safety up to FoS = 2.0 (i.e. including non-liquefied layers). Settlements
calculated using this method for deeper CPT profiles are typically greater than settlements calculated for
shallower CPT profiles. The calculated values are therefore not strictly comparable between CPT profiles.

4.6.4 Liguefaction Severity Number (LSN) (van Ballegooy et al., 2014)

The LSN indicator was developed to assess the performance of residential land in Canterbury in future
earthquakes and was validated against the residential land damage observed in Canterbury. The LSN depends
on the seismic load, depth to groundwater and geological profile. The LSN is defined as:

20m Ev(Z)

LSN = 1000 f dz Equation 4-24

0
Where:

— &/(z) = the volumetric densification strain at depth, z, based on Zhang et al. (2002);
— z=the depth in metres below the ground surface.

LSN is defined as the summation of the post-liquefaction volumetric reconsolidation strains calculated for
each soil layer divided by the depth to the midpoint of that layer. The value of LSN is theoretically between
0 (representing no liquefaction vulnerability) to a very large number (representing extreme liquefaction
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vulnerability). The hyperbolic depth weighting function (1/z) can yield a very large value only when the
groundwater table is very close to the ground surface and soil layers immediately below the ground surface

liquefy.

LSN is an extension of the LPI philosophy. It attempts to quantify the effects of liquefaction and consequent
land damage using volumetric strains (adopted in conventional settlement calculations, e.g., Zhang et al.
2002). The hyperbolic function gives much greater weight to liquefaction at shallow depths and considers
shallow liquefaction (<6 m) to be the key contributor in the overall damage to land and relatively light
residential buildings supported on shallow foundations.

Table 4-15: LSN Ranges and observed land effects.

LSN Range Predominant performance
0-10 Little to no expression of liquefaction, minor effects
10-20 Minor expression of liquefaction, some sand boils
20-30 Moderate expression of liquefaction, with sand boiling and some structural damage
30-40 Moderate to severe expression of liquefaction, settlement can cause structural
damage
40-50 Major expression of liquefaction, undulations and damage to ground surface, severe
total and differential settlement of structures
50+ Severe damage, extensive evidence of liquefaction at surface, severe total and
differential settlements affecting structures

4.6.5 Liquefaction Severity Number and Equivalent Soil Profile method

Graphs showing the correspondence between ESP classes and LSN values were provided (D3.2 of this project)
to allow the backward estimate of likely ESPs in a region given a liquefaction severity estimate. In fact, for
the investigated profiles, the LSN was computed for four different hazard level representing: low, moderate,
high and severe seismicity (PGA values equal to 0.1g, 0.2g, 0.35g, 0.5g and My, equal to 7.5). By applying the
Bayes theorem, the conditional probability of finding each ESP class for a given LSN range was evaluated and
plotted for the before mentioned four levels of seismicity. The PGA values from different magnitude events
can be converted to an equivalent magnitude 7.5 event using the magnitude scaling factor (Idriss and
Boulanger (2008)).

The charts were simplified accounting for the original liquefaction severity classes (defined by from Tonkin
and Taylor, 2013); by aggregating LSN values (Table 4-15), just four liquefaction severity classes can be
obtained (Table 4-16). The simplified charts are shown in for the different expected seismic and liquefaction

severity.
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Table 4-16: Liquefaction severity classes for ESP classification from macro-zonation (D3.2 of this project).

SEVERITY LSN RANGE Tonkin and Taylor (2013) Description
Low 0-10 “Little to no expression of liquefaction, minor effects”
Moderate 10-30 “Minor expression of liquefaction, some sand boils” to “Moderate
expression of liquefaction, with sand boils and some structural damage”
High 30-50 “Moderate to severe expression of liquefaction, settlement can cause

structural damage” to “Major expression of liquefaction, undulations and
damage to ground surface, severe total and differential settlement of
structures”

Severe >50 “Severe damage, extensive evidence of liquefaction at surface, severe total
and differential settlements affecting structures, damage to services.”

It can be seen (Figure 4-36) that in all cases there are many different ESP classes present. If seismic and
liguefaction severity are provided at multiple return periods, then average of multiple charts can be used to

be estimate the distribution of profiles.
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Figure 4-36: Liquefaction severity vs equivalent soil profile class for different levels of seismic hazard.
4.6.6 Zhangetal. (2004) procedure

Zhang et al. (2004) proposed a semiempirical approach to estimate liquefaction-induced Iateral
displacements using standard penetration test or cone penetration test. The approach combines available
SPT- and CPT-based methods to evaluate liquefaction potential with laboratory test results for clean sands
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to estimate the potential maximum cyclic shear strains for saturated sandy soils under seismic loading. A
lateral displacement index (LDI), obtained by integrating the maximum cyclic shear strains with depth, is
introduced.

Such procedure can be summarized in the following four steps.
Step 1: Assess the liquefaction potential using either the NCEER SPT- or CPT-based methods.

Step 2: Calculate the Lateral Displacement Index (LDI)

Z max
LDI = f Vmaxdz Equation 4-25
0

Where:

— Z max [m] is the maximum depth below all the potential liquefiable layers with a calculated F$<2.0
(in any case minor than 23 m that is beyond the range of liquefaction);
—  Vmaxis the maximum cyclic shear strain.

Relationship between maximum cyclic shear strain and factor of safety for different relative densities Dr for
clean sands (after Ishihara and Yoshimine, 1992) are proposed in Equation 4-26 (and Figure 4-37).
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Figure 4-37: Relationship between maximum cyclic shear strain and factor of safety for different relative densities Dr for clean
sands (Zhang et al., 2004).
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if Dr = 90% Yimax = 3.26 - (FS)~180 for 0.7 <FS <20

if Dr =90% Ymax = 6.2 for FS <0.7

if Dr = 80% Ymax = 3.22 - (FS)™208 for 0.56 < FS <20
if Dr = 80% Ymax = 10 for FS < 0.56

if Dr =70% Ymax = 3.2+ (FS)™%89 for 0.59 < FS <2.0
if Dr =70% Ymax = 14.5 for FS <0.59

if Dr = 60% Ymax = 3.58 + (FS) ™42 for 0.66 < FS < 2.0
if Dr = 60% Ymax = 22.7 for FS < 0.66

if Dr =50% Ymax = 422+ (FS)™639 for 0.72 < FS < 2.0
if Dr =50% Ymax = 34.1 for FS <0.72

if Dr = 40% Ymax = 3.31 - (FS)~7%7 for LO<SFS <20
if Dr = 40% Ymax = 250 (1 —FS)+3.5 for0.81 <FS<1.0
if Dr = 40% Ymax = 51.2 for FS <0.81 Equation 4-26

Zhang et al. (2004) suggest adopting the correlation between Dr and cone tip resistance gc of Tatsuoka et al.

(1990).

Dr = -85+ 76log(qc1n)

(qcan < 200)

Equation 4-27

where qcin is the normalized CPT tip resistance corrected for effective overburden stresses corresponding to
100 kPa (Robertson and Wride, 1998). This correlation provides slightly smaller and more conservative
estimates of relative density than the correlation by Jamiolkowski et al. (1985) when qci is less than about
100.

Although LDI has the units of displacement, it is intended only to provide an index to quantify potential lateral
displacements for a given soil profile, soil properties, and earthquake characteristics. The actual magnitude
of lateral displacement depends on both LDI and geometric parameters characterizing ground geometry.

Step 3: Knowing ground slope (S) or/and free face height (H) and the distance to a free face (L), estimate the
lateral displacement (LD) using either:

LD =(S+0.2)-LDI for (0.2% < S < 3.5%) Equation 4-28

for gently sloping ground without a free face, or:

-0.8

L
LD =6-(—) - LDI
H

for level ground with a free face (Figure 4-37).

for (4 <L/H < 40) Equation 4-29

The proposed approach is recommended within the ranges of earthquake properties and ground conditions,
namely moment magnitude of earthquake between 6.4 and 9.2, peak surface acceleration between 0.19¢g
and 0.6g, and free face heights less than 18 m (Figure 4-37).
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Figure 4-38: Comparison of measured lateral displacements less than 1 m and calculated lateral displacements for the available
case histories 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).

Given the complexity of liquefaction-induced lateral spreads, considerable variations in magnitude and
distribution of lateral displacements are expected. As observed by the authors after the analysis of the
available case histories, the calculated lateral displacements using the LDI approach showed variations
between 50 and 200% of measured values. The accuracy of “measured” lateral displacements for most case
histories is about 0.1 to +1.92 m.

4.6.7 Zhuetal.(2015) method

Alternative to the liquefaction potential indicators, empirical functions (Zhu et al., 2015) can be employed to
predict liquefaction probability specifically for use in rapid response and loss estimation over large areas.

They use predictor variables that are readily accessible, such as Vs,30 and do not require any specialist
knowledge to be applied. For a given set of predictor variables, the probability of liquefaction is given by the
function:

1

Equation 4-30

where Xis a linear function of the predictor variables accounting for the geology and the expected seismicity
of an area. Concerning the X function, Zhu et al. (2015) proposed three linear models that are applicable to
the Canterbury region: a specific local model for Christchurch; a regional model for use in coastal sedimentary
basins (including Christchurch) and a global model that is applicable more generally.
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Within the Liquefact project, a specific model applicable to the European territory was developed and
proposed by WP2.

For applicability within the insurance sector, this model presents an advantage over traditional indicators
since it was defined for large scale problems and the only parameter that requires engineering judgment is
the selection of ground motion prediction equation if ShakeMap or equivalent data is not available.

4.7 Summary of the procedure for the assessment of Liquefaction Hazard

The above defined methodology, with the subsequent evaluation of susceptibility, triggering and hazard and
the preparation of microzonation maps is summarised in the flowchart of Figure 4-39. Figure 4-40 reports an
example of database preparation with reference of CPT, SPT and Vs tests, Figure 4-41 reports an example of
susceptibility analysis, Figure 4-42 shows an example of characterisation of seismic scenario, and Figure 4-43
a typical output of liquefaction hazard analysis.
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GEOLOGICAL FEATURES OF THE STUDY AREA

Input data:
/ » Investigation maps (divided in pre-existing and rh GEOTECHNICAL MODEL

campaign);
> Geological (geological units and structural elements),
geomorphological maps (main elements where
liquefaction may occur), geolithological cross-sections;
Shallow lithological units (recent coverage) and their
geometries;
Isobaths of: the seismic bedrock, the top and the bottom
of the sand levels in the first 20 m;
Groundwater depth, extent of fluctuations in
groundwater levels;
Description of the relevant sand layers;
Lithostratigraphic logs inferred from borehole data for
each seismic homogeneous microzone.

c D

LIQUEFACTION
SUSCEPTIBILITY

vV VvV ¥V VY
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SEISMIC
NATURAL (REAL) ACCELEROGRAMS ] [ SIMULATED (SYNTHETIC) ACCELEROGRAMS ] HAZARD

SEISMIC INPUT CHARACTERIZATION

'

LIQUEFACTION POTENTIAL EVALUATION

[ LIQUEFACTION TRIGGERING ANALYSIS }

[ EVALUATION OF LIQUEFACTION SEVERITY INDICATORS }

LIQUEFACTION POTENTIAL MAPS

Figure 4-39: Flowchart of the general methodology to evaluate the liquefaction potential on a given area, according to criteria defined for microzonation studies
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INPUT DATA PREPARATION
GENERAL INPUT DATA

001 11.4073 44,8041 BOREHOLE 2.00
002 11.4101 44,7992 CPT 1.50
003 11.4088 44.8101 SPT 2.00
004 11.4090 44.8056 Vs PROFILE 3.20

EXAMPLE OF BOREHOLE

INPUT DATA EXAMPLE OF CPT PROFILE EXAMPLE OF SPT PROFILE EXMPLE OF VS PROFILE

2[m] Nosr Upper boundary [m] Lower boundary [m]

N. Strata | Upper limit (m) | Lower limit (m] SBT Depth a: 13 Vs (z)
1 P () 200 f) 3 (m) vFa) 0e) qc(z) fs(z) 35 2
X X e 3 3 s f] 2t Vs (m/s] s [mys]
2 2.00 4.00 4 0.10 569 5288 L. e o o w1 ows o2 ox 02 10 18 £ 1 317 Toron Lo w w0 w m wme
3 4.00 7.10 2 020 657 6169 o . ° 3 19 125 135 227 n223
: 15 28 14 17 5.17 123.37
4 7.10 13.90 3 030 438 30.87 b " 13 a 617 11888
B 13.90 18.90 [3 040 394 8.6 s 717 108.46
6 18.90 24.00 3 os0  3.28 885 : . Nser(z) 817 113.99
. 9.17 132.08
7 24.00 29.00 5 050 263 887 s Nt
8 20.00 37.00 3 0.70 285 838 : N ’ o 10 20 ) a0 :?:; ;::‘::
- 080 307 889 ‘ i 1217 21981 1
9 37.00 40.00 6 ’ - . . , . 2
0.90 3.28 1L11 s GWT 13.17 211.78
100 3.50 1332 : B B ° 3417 22025 -
f z 1517 25518 €
1.10 3.07 1L13 = 8 = 16.17 249.06 =1
1.20 2.41 8.94 5 1717 251.2 g
1.30 2.41 8.94 " -1 1817 270.59
1.40 2.41 8.96 n E 19.16 260.83
- u u » ° 20,16 204.6 .
1.50 285 897 1 - 21.16 255.75
1.60 2.63 6.78 s = 2 P 22.16 248.21
% 23.16 222.26
170 219 6.80 2 * 1 . .18 2228 .
1.80 2.19 630 . - 2oz 212
190 219 9.02 w s 26.2 204.2
F
2.00 263 1124 1 N 1 . 27.2 204.3
2.10 2.85 1124 = 20 2L 2043 o

*Both general and specific Input data must be given in .csv format.

Figure 4-40: Example of input data preparation
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Figure 4-41: Example of liquefaction susceptibility analysis
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) Select the profile with the minimum error;

d) Classify the equivalent soil profile accounting for
the size, position and the resistance of the potentially
liquefiable layer.
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CHARACTERIZATION OF SEISIMC SCENARIOS

METHODOLOGY CALCULATIONS USER-DEFINED PRE-DEFINED
SHAKEMAPS SHAKEMAPS SEISMIC HAZARD MODEL

R ) R N I ] [ ongaidrcn -0 0.2 it -0 =05 a7
59,959075|11,037236| 0,1664 0,291 03741 0,3375 0,2886 0,2559 0,207 .
1 44.89 11.23 6 5.9 0: north 0: horizontal Inverse : £ . - = . . . L
59,959075|11,040013| 0,1793 0,3144 0,4045 0,3617 0,3081 0,2724 0,2188 > Ch01ce Of a Return
2 4486 1137 5 51 0: north 0: horizontal inverse 59,059131[11,042087] 0,1917 | 03368 | 04336 0,385 0,3269 | 0,2882 0,2302 Petiod
59,050136[11,046358] 0,2073 | 0,363 0,4668 0,415 0,3086 0,2447 €110 (r)
3 |[Fmsy | s a.7 >3 0: north O:hortzontal Inverse 50,959114(11,049509| 0,2213 | 03875 | 04983 | 0,4423 03274 0,2584
4 4485 1109 10.2 5.8 0:north 0: horizontal Inverse 500501751 11,03353 |-0,2386 | ‘04182~ | 0SIM | 0A733 | 03965 | 03A8S | 02797
59,959224[11,057067| 0,255 | 04473 | 0,5028 0,3685 0,2879
5 44.89 11.01 6.8 53 0: north 0: horizontal inverse D 2750 04849 | 42| 05407 | ¢ 03941
6 4488 1095 54 52 0: north 0: horizontal Inverse | 02947 | OS85 | 06678 | 05767 _OMES |
59,957647 03188 | 05609 | 0,7224 0,626 0,4518
7 449 10.94 9.2 5.1 0: north 0: horizontal Inverse 59,957686|11,052836| 0,3415 | 0,601 0,774 0,6696 0,4819
59,95768 |11,057132| 03727 | 06559 | 08446 | 0,7243 0,5208
> (5% % 59,955651| 11,0571 | 04017 | 0,708 0,9122 0,764 0,5568
Definition of: 50,05567311,051944 0,4401 | 0,7792 1,0053 0,8531 0,609
Latitude, Longitude. Focal Depth Magnltude and 59,955772|11,045698| 04766 | 08424 | 10862 | 0,9269 0,6594
£ g1 2 pE, 50,955866|11,041082| 0,5330 | 09386 | 12084 | 1,0313 0,7328
Fault Mechanism. 59,955076|11,037546| 0,585 | 10302 | 1,327 | 1,1254 0,801
59,053020(11,037503| 0,6636 | 11668 | 15023 1,2776 0,0087

» Definition of PGA and Sa (from 0.1 to 5s),

» Selection of GMPE. (-csv or .shp format).

\/

|
Ground Amplification Profiles (through Vs,;, values)
_Ground Amp. Profile | _Latitude | __Longitude __| _soil (vs30m/s) |

VP-0001 42.3534 11.56788 200

Figure 4-42: Example of characterization of seismic scenarios.
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Figure 4-43: Example of liquefaction hazard analysis
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5. HAZARD AND RISK

5.1 Introduction

Risk measures the expected value of an undesirable outcome and is obtained as the combination into a single
value of the probabilities of various possible events with the corresponding harm:

Risk = Probability of an undesired event * Loss estimated for the event Equation 5-1

There are many formal methods to quantify risk. Often the probability of a negative event is estimated by
using the frequency of past similar events, but for rare failures this approach becomes cumbersome. This
makes risk assessment difficult in hazardous systems where the frequency of failures is rare, while harmful
consequences of failure are severe. Statistical methods may also require the use of a cost function, which in
turn may require the calculation of the cost for instance of human life losses.

The definition given by the United Nations Disaster Relief Office (UNDRO, 1979) states that risk is the
expected number of lives lost, persons injured, damage to property and disruption of economic activity due
to a natural phenomenon (like earthquakes and liquefaction). From an operative viewpoint, risk can be
computed as the product of specific risk and elements at risk combining Hazard, Exposure and Vulnerability,
as follows:

Risk = Hazard = Vulnerability x Exposure Equation 5-2

As shown in chapter 4, liquefaction susceptibility, triggering and ground effects are deterministically
evaluated without explicitly considering the uncertainty related to the various components of the analysis or
the performance metric. However, considering this issue is central as the knowledge of nearly all factors,
ground motion, subsoil and building properties is affected by aleatory and epistemic uncertainties.
Performance-based earthquake engineering offers a rational and consistent way to consider uncertainty
through probabilistic evaluations. For a generic system with its lifecycle, a risk of any nature can be computed
writing the following convolution integral that convolutes the probability of demand p(D) (Hazard) and the
consequent losses connected to the demand P(L|D) (Vulnerability):

P(L) = f P(L|D) = p(D) Equation 5-3
D

A correct application of Equation 5-3 should separately disclose and quantify the uncertainties on:
— the potentially critical scenarios
— the models describing the response of the system

— the quantification of relevant parameters
— therisk evaluation
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For seismic risk, Equation 5-3 can be expressed applying the performance-based earthquake assessment
(PEBA) cascade methodology defined by the Pacific Earthquake Engineering Research (PEER) Center (Cornell
& Krawinkler 2000) and depicted in figure 2.6. Equation 5-3 is transformed as follows where the function p(D)
is exploded considering the different factors defining the cascade phenomenon:

P(L) = f f f P(VD|DM) * p(DM|EDP) * p(EDP|IM) x p(IM) Equation 5-4
IM YEDP DM

p(IM) is the probability that a seismic event of intensity 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 a physical damage occurs on the structural component of the system for a
given EDP and P(VD|DM) is an 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;
Mitrani-Reiser et al. 2006).

Considering the sequence of subsystems involved in seismic liquefaction (see Figure 2-7 and Figure 2-11), the
PEBA methodology can be expressed quantifying the uncertainties on earthquake intensity, ground motion,
structural response, physical damage, and economic or human losses. In particular, the earthquake can be
considered as the primary hazard factor and liquefaction occurs if the soil has specific characteristics, namely
a grain size distribution composed of sand with limited fine content, sufficiently low density and saturation.
Therefore, the combination of earthquake and subsoil response determines the demand for the structure
positioned at the ground level. However, physical damage for the latter can be computed considering the
subsoil-structures as a unique coupled system or evaluating the response of the two components separately.
In the first case the earthquake intensity measure IM becomes also the engineering demand parameter EDP
and the vulnerability function p(DM|EDP) quantifies the response of the subsoil-structure system for the
given seismic input. In the second case, the soil response provides the demand function p(EDP|IM) for the
structure and physical vulnerability is computed considering the p(DM|EDP) function for the sole structure.
HAZUS code (FEMA 1998) adopts this second approach considering soil liquefaction in a group of secondary
hazards called ground failures affecting building assets and infrastructure networks.

Physical damage 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, the latest
level of risk assessment concerns the community: it is 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 of Equation 5-4 can be quantified in different manners, sometimes with probabilistic inference of
statistical observations, sometimes applying theoretical models with stochastically variable inputs,
sometimes with less objective procedures. For instance, it is customary to express 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.

Some of the relations of Equation 5-4 (e.g. p(A| B) with A and B indicating generic variables) can be established
on a deterministic basis (A=f(B)). In this case p(A|B) can be expressed with a Dirac function, i.e. equal to o
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for A=f(B) or O for A#f(B). The above issues are addressed in the next paragraphs looking at the different
factors concurring to determine liquefaction.

Seismic Hazard (UNDRO, 1977) is the occurrence probability, for a given system in a specific timelength, of a
certain potentially damaging earthquake scenario. Applying the same definition, liquefaction hazard can be
quantified for a generic system (a building, an infrastructure, a district, a community) as the probability that
a given liquefaction severity (identified with a demand parameter) will be produced during the lifetime of
the structure. In chapter 4 liquefaction demand has been expressed through different indicators following a
logic applied in many countries (e.g. DPC 2017, MBIE 2016, Yasuda and Ishikawa, 2018). However, it must be
pointed out that these indicators are computed for free field conditions, i.e. without considering the
characteristics of the structure under concern, and thus neglecting an important contribution to the response
of the system.

Vulnerability is the possibility that damage in structures/infrastructure, potential human and/or financial loss
occur in the assessed area when exposed to a particular hazard. This is generally represented in the form of
fragility/vulnerability curves which show the relationship between the level of earthquake effect and the
level of damage/loss of either one of the previously mentioned entities. For instance, building fragility curves
are lognormal functions that describe the probability of reaching, or exceeding, structural and nonstructural
damage states, for a given median estimates of IM or EDP. These curves take into account the variability and
uncertainty associated with capacity curve properties, damage states and ground shaking. The Hazus (FEMA
1999) fragility curves distribute damage among Slight, Moderate, Extensive and Complete damage states.
For any given value of spectral response, discrete damage-state probabilities are calculated as the difference
of the cumulative probabilities of reaching, or exceeding, successive damage states (Figure 5-1). The
probabilities of a building reaching or exceeding the various damage levels at a given response level sum to

- 2

Slight

Moderate l I

Probability

(.0

Weak  Medium Strong TP
Shaking  Shaking Shaking Spectral Respanse

Figure 5-1: Qualitative example Fragility Curves for Slight, Moderate, Extensive and Complete Damage (FEMA, 1999).

Those functions can be constructed both on the basis of the observed damages experienced in past seismic
events and of the non-linear structural analyses. In the past, empirical approach was largely adopted
worldwide. The major shortcoming of the empirical approach is however its accuracy and completeness,
since the database of damage observations may not include all the possible cases.
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Exposure is a quantification of the entities in the assessed area. This includes the people and buildings, the
number and type of important infrastructures and the amount of industrial and commercial activities.

Given the above, the basic steps in a liquefaction risk assessment (Figure 5-2) are:

— Hazard Analysis that includes the identification 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, evaluation of the site effects of soil amplification, evaluation of
liguefaction susceptibility, triggering and liquefaction-induced permanent gorund derofmations
(PGDf). Since Hazard analysis was the focus of the previous chapter, it will not be discussed in the
following.

— Inventory Collection (depending on the study detail level): identification of strucures and
infrastructure exposed to damage, classification of the built asset 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 under ground shaking and
seismic liquefaction, development of damage functions (relationship between levels of damage and
corresponding demand), estimation of the combined damage to the inventory by introducing
relationships between damage and a series of earthquake intensity measures (IMs) or Liquefaction
Severity Indicators. In principle seismic and liquefaction hazard cannot be decoupled, although they
produce different effects on buildings and infrastructures. The issue of combined ground shaking and
liguefaction has been largely debated. More often buildings that have undergone liquefaction do not
exhibit ground shaking damage, giving the idea that a base isolation could be induced by the liquefied
soil on the building. However, evidences of buildings damaged by both shaking and liquefaction
suggest that severe ground shaking might take place before the groundwater pressure builds up. Bird
et al. (2005) claim that the differential settlement induced by liquefaction on framed buildings causes
a drift of columns additional to that produced by shaking and thus structures previously affected by
shaking are more vulnerable to liquefaction. Following this idea, these authors propose a cumulative
analytical methodology considering permanent shaking deformation as a reduction of the building
capacity against liquefaction. The connection between the two mechanisms is even more evident for
masonry structures.

— 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 scenario and
estimation of social impact on the whole community.
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Figure 5-2: Flowchart for the risk assessment

-

5.2 Inventory Collection and scale level definition

5.2.1 Scale level definition

Earthquakedamage andlossstudiescanbe conducted at different scales and resolution. However, in contrast
to seismic hazard studies, risk studies have certain restrictions with respect to the maximum size of the study
area under consideration. For instance, the study of a scenario earthquake is constricted to a certain region
where seismic hazard and local site response is known. As shown in chapter 4, the study of local effects
requires to collect the most detailed subsoil information. Additionally, performing risk assessment over larger
areas increases the required inventory data, efforts for data preparation as well as computation time.
Considering that one of the major components of earthquake risk is exposure, this implies that risk
assessment must be restricted to those areas where physical assets are located, i.e. buildings and
infrastructure components, and people are living, neglecting country areas possibly affected by significant
hazard but limited or nil risk. In this respect, seismic or liquefaction risk studies significantly differ from hazard
studies which solely consider earthquake activity and the expected ground motion, or the permanent ground
deformation, estimates likely to occur at any site whether populated or not. In addition to the total extent of
the study area, the study’s resolution will be of importance. Earthquake Loss Estimation studies can however
be conducted for an entire country, a region, a city (or a city block) or individual project (house, industrial

facility etc.), Figure 5.3.
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Increasing uncertainty of results —
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Continental scale

Single building

Figure 5-3: Different levels of the study area size can be selected. The extent of the study area affects the resolution and efforts
to make. It is directly related to the needed resolution and level of detail of the end results (Lang, 2012).

The highest level of resolution is generally achieved on individual buildings (or individual elements
constituting a network) where inventory databases and computational capacities become more precise and
sophisticated. In this case, the mechanical response of soil-structure interaction can be analyses
deterministically choosing the most detailed constitutive models.

On the other extreme, bigger study areas like entire regions or urban and rural inventory settings will require
several assumptions and simplifications with respect to the inventory database. This means that structures
will not be characterised individually with all their structural peculiarities but will be merged into classes that
are believed to show, on average, the same damage behaviour under earthquake demands. This procedure
of course strongly affects the reliability of the results derived for the individual structure that will be seen in
probabilistic terms. An example is given by the fragility curves shown in Figure 5-1.

For this assessment, the study area generally must be divided into a number of subsets, called geo-units.
They should be (Lang & Aldea, 2011) as many as possible to identify local variations in damage and loss
estimates providing sufficient detail.

In a practical situation, the size of the study area will be governed by the respective geographical conditions
and by the interest dictating the analysis. The resolution of the study and its results will however be decided
by the level of detail of available inventory data or how much effort one is willing to spend while generating
an inventory database. The resolution will further depend on the study’s initial purpose and the end users of
the derived results (strengthening and mitigation studies, emergency response, (re)insurance).

5.2.2 Inventory of element at risk

Once the study area is defined, an exposure model of the element at risk needs to be developed to perform
risk and loss assessment. Based on RISK-UE experience, emphasis must be made on:

— Population density repartition.
— Main institutional actors and decision makers.
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—  Public buildings.

— Utility systems: Water, Sanitation, Electricity, Gas, Liquid fuel, Radio, Telecommunication, ...

— Transportation: Roadways, Railways, Harbours, Airports, ...

— Essential facilities: Critical facilities (dangerous plants or industries); Strategic constructions in terms
of crisis management (hospitals, fire, etc.); Main economic issues or facilities in terms of
employment, production, trade and services (industrial plants, trade centres, main services, etc.).

—  Cultural and historical patrimony.

Concerning the element at risk, the HAZUS-MH (FEMA, 2003) Methodology defines the following classes:

— General building stock: the commercial, industrial and residential buildings in the studied region are
not considered individually when calculating losses. Instead, they are grouped together into 36
model building types and 28 occupancy classes and degrees of damage are computed for groups of
buildings.

— Essential facilities: these include medical care facilities, emergency response facilities and schools.
Specific information is compiled for each building so the loss-of function is evaluated in a building-
by-building basis.

— Transportation lifeline systems: these include highways, railways, light rail, bus systems, ports, ferry
system and airports and they are broken in components such as bridges, stretches of roadway or
track, terminal, and port warehouses. The damage and losses are computed for each component of
each lifeline.

— Utility lifeline systems: these include potable water, electric power, waste water, communications,
and liquid fuels (oil and gas) and are treated in a manner similar to transportation lifelines.

— High-potential loss facilities: these include dams, nuclear power plants, or military installations which
need supplementary specific studies to be evaluated.

5.3 Damage modelling

Since the earthquake represents a demand for structures and infrastructures, vulnerability is the link
between such demand and the expected/observed damage. To assess the expected physical damage to the
considered element at risk (building, bridge, embankment, water supply etc...) for a given input parameter,
e.g. PGA, Intensity Measure or permanent ground deformation (PGD), fragility curves are commonly used in
seismic and liquefaction risk assessment. They relate the demand for the structure/infrastructure to
predefined damage states.

In general terms, fragility curves are lognormal functions that describe the probability of reaching, or
exceeding, structural and nonstructural damage states, given median estimates of spectral response, for
example spectral acceleration or displacement.

For instance, building damage varies from “none” to “complete” as a continuous function of building
deformations (building response). Wall cracks may vary from invisible or “hairline cracks” to cracks of several
inches wide. Since it is not practical to describe building damage as a continuous function, the Hazus -
Methodology predicts a structural and nonstructural damage state in terms of one of four ranges of damage
or “damage states”: Slight, Moderate, Extensive, and Complete. For example, the Slight damage state
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extends from the threshold of Slight damage up to the threshold of Moderate damage. Damage predictions
resulting from this physical damage estimation method are then expressed in terms of the probability of a
building being in any of these four damage states.

The flowchart shown in Figure 5-4 summarizes the main steps in evaluating liquefaction-induced physical
damage for buildings, embankments and pipelines. Firstly, the selected element at risk or network must be
described in terms of geometry, material and function. This step is common to each risk assessment
procedure, allowing to group buildings (building typologies), facilities and infrastructure that show
comparable overall performance during earthquake shaking, i.e. that demonstrate similar vulnerability. On
the other hand, liquefaction fragility curves are defined also accounting for the subsoil condition and the soil-
building interaction. In a simplified three strata model, a soil profile can be characterized by defining a non-
liguefiable crust thickness (Hc) and a cumulative thickness of the liquefiable layer (Hlig). By joining such
available fragility curves, the probability of reaching, or exceeding, structural and nonstructural damage
states can be evaluated for a given EDP.

PHYSICAL DAMAGE EVALUATION
BUILDINGS EMBANKMENTS PIPELINES

Uquefiabic fayer

-
SYSTEM DESCRIPTION

*  Model building type (MBT); + Definition of the geometry (Embankment *  Pipe material, length and diameter;
* Definition of the geometry (area, width base, heigth and slope). * Pipe age;
and length) and number of storeys +  Type of embankment (road or railway). * Pipe type (main, submain,
(below and under the ground); Crossover..).

CALCULATION OF THE SEISMIC INPUT PARAMETERS AND SUBSOIL CHARACTERIZATION

*  Groundwater level; «  Groundwater level; *  Groundwater level;

¢ Evaluation of the crust thickness, «  Definition of a three layered profile; * EDP characterization, in terms of
thickness and mean CRR (CRR_,,) of the +  Evaluation of the mechanical properties (qc, Liquefaction ~ Demand  Parameters
liquefiable layer, Equivalent Soil Profile N1, Dr) of the liquefiable layer; “LDPs” (LPI, LSN, W, LPI,;).
Method; * EDP characterization (as peak response or
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Figure 5-4: Schematic procedure to evaluate liquefaction-induced physical damage for buildings, embankments and pipelines.
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5.3.1 Single building

Referring to the single building scale, risk analyses can be carried out following several approachs,
characterized by an increasing level of detail:

—  Fragility curves — based damage assessment;

— Analytical methods (Karamitros, 2013; Bray & Macedo, 2017 formula) to evaluate the expected
liquefaction-induced settlements;

— Non linear dynamic effective stress analysis with numerical modelling.

As discussed in the previous sections, for applications over large areas (regions, cities or city quarters),
fragility curves are often employed to relate an engineering demand parameter (EDP) with the expected
probability of reaching or exceeding a predefined damage level. More recently, analytical procedures
(Karamitros, 2013; Bray and Macedo, 2017; Bullock et al., 2018) based on parametric studies and numerical
modelling, were proposed to improve the reliability of results with reasonable computational efforts.
Although they are expeditious, the obtained results are affected by several simplifying hypotheses.

Therefore, given the complexity of the liquefaction phenomenon, the numerical analyses are the most
adequate to characterize the complex soil-structure interaction. In order to simulate the seismic response of
liquefiable soils, constitutive models able to describe the complex development of liquefaction phenomenon
must be used in numerical modelling. The selection and calibration of the most appropriate constitutive
models is a key point in analysis.

According to Kramer and Elgamal (2001), a soil liquefaction constitutive model should account for the
following features:

— nonlinear inelastic shear stress-strain response;

— dependence of shear and volumetric stiffness on effective confining pressure;

— contraction of the soil skeleton during the early stages of loading;

— dilation of the soil skeleton at large strain excursions;

— the critical state at which shearing occurs with neither contractive nor dilative tendencies,

— controlled accumulation of cyclic shear strain when cyclic loading is superimposed upon static
stresses;

— post-liquefaction void-ratio redistribution (dilative and, as the liquefied soil re-consolidates,
contractive);

— the coupling response of the soil skeleton and porewater;

— the effect of the permeability of the soil on the rate at which volume change can occur.

To implement advanced numerical analyses able to reproduce the development of liquefaction
phenomenon, the Fast Lagrangian Analysis of Continua, FLAC V.7 (ltasca, 2017) code was used in this project.
Itis a numerical modelling software which uses the finite difference method for the computation of advanced
geotechnical calculations, as the coupled stress-flows problems, and it is applicable to many situations such
as problems that consist of several construction stages, large displacements and strains, non-linear material
behaviour or unstable systems (Itasca, 2017). The software is capable of modelling the coupling response
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between the soil skeleton and the pore fluid and can model the redistribution of pore pressure during shaking
in either two- or three-dimensions. It also features the so called “FISH scripting”, which enables the user to
interact with and manipulate the numerical models, as well as Python scripting. User-defined constitutive
models can be also implemented in the software.

The PM4Sand is a sand plasticity model implemented in FLAC specially developed for geotechnical
earthquake engineering applications (Boulanger and Ziotopoulou, 2013). The model follows the basic
framework of the stress-ratio controlled, critical state compatible, bounding surface plasticity model for sand
presented by Dafalias and Manzari (2004). Modifications to the Dafalias-Manzari model were developed and
implemented to improve its ability to approximate stress-strain responses important for geotechnical
earthquake engineering applications.

The calibration of PM4Sand model and its implementation in the software FLAC was presented by
Ziotopoulou and Boulanger (2013), later updated to Version 3.0 (Boulanger and Ziotopoulou, 2015).
Ziotopoulou and Boulanger (2015) discuss validation protocols for constitutive modelling of liquefaction, and
emphasise the importance of rigorous element-level validations against experimental data. A comparison of
the performance of PM4Sand model against other constitutive models, i.e. the Dafalias-Manzari model, the
PDMY model, and the UBCSAND model, was presented by Ziotopoulou et al. (2014). The formulation of the
model focuses on approximating the empirical correlations and design relationships that are frequently
adopted to represent the engineering behaviour of sand.

The PM4Sand model has three primary input parameters: relative density (Dr), shear modulus coefficient
(Go), and contraction rate parameter (hpo). In the dynamic phase, the PM4Sand model can be calibrated by
fitting the parameters of the Boulanger and Idriss (2016) curve that relates tht cyclic resistance ratio “CRR”
with the Number of cycles. The 18 secondary model parameters retained the default values recommended
by Boulanger and Ziotopoulou (2015).

The Manzari Dafalias material (implemented in OpenSees after the work of Dafalias and Manzari, 2004) is a
simple stress-ratio controlled, critical state compatible sand plasticity model suitable for simulation of soil
liguefaction. Dafalias and Manzari (2004) also provided the suggested input parameters for the model.

The CycLiqCPSP material is implemented in OpenSees and is an extended version of the previous material
CyclLiqCP. The constitutive models were proposed by Zhang and Wang (2012) and Wang et al. (2014),
respectively, and were specially designed for simulation of large post-liquefaction shear-deformations. Wang
et al. (2014) and Wang et al. (2015) presented the implementation of the models in OpenSees, and validated
their results against experimental results. A centrifuge experiment on a single pile in liquefiable ground was
examined and the model showed promising prediction capabilities.

The effective stress (modified) Mohr-Coulomb model is implemented in FLAC as the Finn-Byrne model and
adopts the pore pressure generation model presented by Martin et al. (1975), later modified by Byrne (1991).

Multi-spring and Cocktail glass models are formulated on a basis of strain space multiple mechanism model.
This model consists of a multitude of simple shear mechanisms with each oriented in an arbitrary direction

153



LIQUEFACT
Deliverable 7.1
Manual for the assessment of liquefaction risk, defining the procedures to create the

e e o database, collect, define, symbolize and store information in the Georeferenced
Horion 2020 research and Information System and to perform and represent the risk analysis
grant agreement No. 700748 Vv 1 O

and can describe the behaviour of granular materials under complicated loading paths, including the effect
of rotation of principal stress axes (lai et al., 2011).

On the other hand, emphasis should be given to the characteristics of the earthquake ground motions that
largely determine the seismic response of the ground and structure, and hence, play a significant role in the
amount of liquefaction-induced building settlement that is produced.

For this reason, a site-specific seismic response characterization which accounts for the subsoil stiffness is
required to evaluate the time history acceloerogram at the base of the model. Such analyses can be
performed through continuous layer models, that consider the soil as a continuous multistrata material,
where each layer is assumed homogeneous and with linear viscoelastic behaviour. The parameters that
characterize each layer i are: the thickness hi, the density pi, the shear modulus Gi = (piVs?) and the damping
factor Di, linked to the viscosity coefficient ni of the continuous model.

If strong motion records are not availbale at the site of interest, appropriate attenuation laws should be
implemented to transfer the accelerogram from the nearest strong motion station.

In the present study, the Equivalent-linear Earthquake site Response Analyses EERA software (Bardet & Lin,
2000), is employed that analyses the local seismic response on a horizontally layered soil deposit.

The following steps of calculation were defined in the FLAC v7to run the analysis:

— Initialization of the tensional state;

— Foundation (soil excavation) and building construction;

— Constitutive models (PM4 to the sandy layer, Hystheretic Mohr Coulomb to the clayey layers)
assighment and parameters for the decay of stiffness function and Damping module (L1-L2);

— Introduction of extra-variables;

— Seismic input application at the base of the model;

— Consolidation phenomenon.

Figure 5-5presents the main steps of a detailed numerical analysis to assess risk for a given element (such as
a single building), which are listed in the following:

- Description of the element at risk (Geometry definition, structural features)

- Geotechnical model and subsoil characterization (Stratigraphy, appropriate constitutive models
selection and calibration)

- Site response seismic analysis

- Implementation of the case study in the FLAC v7 code

- Validation of results.
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Figure 5-5: — Flowchart of the methodology outlined, among the WP7 activities, to evaluate the liquefaction-induced settlement
on the single building scale

5.3.2 General Building Stock — Buildings fragility curves

The main purpose of any classification is to group buildings (building typologies), facilities and infrastructure
that show comparable overall performance during earthquake shaking, i.e. that demonstrate similar
vulnerability.

The main classifications of European buildings that were used in past risk assessment research and projects
(e.g. RISK-UE, LESSLOSS) were reviewed in the European FP7 research project NERA “Network of European
Research Infrastructures for Earthquake Risk Assessment and Mitigation” (Crowley et al., 2010).

The GEM Building Taxonomy is a uniform classification system supported by the Global Earthquake Model
(www.globalquakemodel.org) that can be applied to buildings across the globe. A genetic code (genome)
that is a unique description for a building, or a building typology can be generated using this taxonomy. This
code is defined by 13 main attributes and each attribute corresponds to a specific building characteristic that
affects its seismic performance such as material, lateral load-resisting system, building height, etc.
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A distinctive feature for Europe, besides a large presence in some areas of various types of masonry
structures, is the domination of RC building types. Over the last several decades they have been dominating,
and still dominate European construction practice. They rapidly increase in number and concentration,
altering gradually or in some cases even substituting completely the masonry building typology in urban
areas.

Steel structures (S1-S5) used for other than industrial uses are quite rare in Europe. Wooden (W) as well as
adobe (M2) structures are exceptionally rare in urban areas of Europe. Those that exist are used either for
temporary structures, structures of auxiliary function or are completely abandoned. Thus, they are out of
interest for large-scale urban damage/loss assessments.

The confined masonry (M4) is also scarce in Europe, thus not of interest for large — scale damage/loss
assessments. As typology, it has been developed and implemented in USA, where significant stock of these
buildings exists. For these reasons, in the Risk-UE Deliverable (WP4), the use of HAZUS (1997,1999) fragility
curves is recommended for steel (S1-S5), wooden (W) and confined masonry (M4) building classes. Even if
fhe initially RISK-UE BTM consists of 23 building classes (10 masonry, 7 reinforced concrete, 5 steel and 1
wooden building class), the BTM prevailing RISK-UE Cities dominantly comprises of masonry and RC building
types (Table 5-1).
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Table 5-1: RISK-UE Building Typology Matrix.
Height classes
No. Label Description HNo. of .
P MName ) Height Range (m)
Stories = =

1 MIIL Fubble stone,  Low-Rise 1-2 =6

2 MI1IM fieldstone Mid-Fise 3-5 615
3 MIIL Low-Rise 1-2 =6

4 MIIM Simple stome Mid-Rise 3-5 615
5 MI17H High-Rise 6+ =15
§ MI3L Low-Rise 1-2 =6

7 MI3M Massive stome  Mid-Rise 3-5 615
g MI13H High-Rise 6+ =15
9 M2L Adobe Low-Rise 1-2 =6
10 ML ] ) Low-Rise 1-2 =6
11 MEIM o MidRise 3-5 615
12 MIH ) High-Fise 6+ =15
13 ML Low-Rise 1-2 =6
14 MM Mot P MidRise 3-5 615
15 M3TH ) High-Rize 6+ =15
16§ ML c o, Low-Rise 1-2 =6
17 MM e Mid-Ris 3-5 615
12 M33H : High-Rise 6+ =15
19 M34L Low-Rise 1-2 =6
0 M3M RCslabs URM  Mid-Fise 3-5 615
71 M34H High-Rise 6+ =15
1 M4L . Low-Rise 1-2 -6

Peinforced =
B M4 onted e , Mid-Rise 3-5 615
4 M4H High-Rise 6+ =15
35 MSL Crverall Low-Rise 1-2 =6
25 WSM strengihened Wid-Rise 3-5 6-15
77 MSH masonry High-Rise 6+ =15
8 RCIL 2 Low-Rise 1-2 =6
W RCIM FL MOy rd Rise 3-5 615
3 RCIH frames High-Rise 6+ =15
31 RCIL Low-Rise 1-2 =6
32 RCM RC shearwalls  Mid-Fise 3-5 615
32  RCH High-Rise 6+ =15
34 ROIIL ___ . Low-Rise 1-2 =6
35 RC3IM REER”EC El} mf;ue‘“"‘ Mid-Fise 3-5 615
36  RCIIH High-Rise 6+ =15
37  RCIL Low-Rise 1-2 -6
Iregular BC =

33 RCIM "Eﬁm Mid-Rise 3-5 6-15
3  RCIM High-Rise 6+ =15
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Height classes
No. Label Description Mo. of i
pt MName ) Height Range (m)
Stories = =
440 BEC4L Low-Fisa 1-2 = 8§
41 BC4M BT dual systemes Wid-Rise 3-3 6—15
42 BEC4H Hizh-Fize 5+ =15
43 BCsL Precast " Low-Fisa 1-2 = 8§
-1—_1 BC5M rils-up wralls M.Jd.-he i=-5 & —_15
45 RC:H Hizh-Fize b+ =15
4%  RCAL ms‘ﬁ” Low-Rise 1-2 =6
47 BCaM c I WMid-Rise i=-5 G-15%
42  RCSH als High Rise 6+ 15
49 S1L Low-Fisa 1-2 < &
Steel t -
50 SIM some | MidRise 3-3 6-15
51 S1H Hizh-Fize i+ =15
52 SHL . Low-Fisa 1-2 < &
Steel br -
3 s S Mid-Rise 3-5 6-15
4 =1H High-Fize &+ =15
55 530 . Low-Fisa 1-2 < &
56 SIM Steel frames with s oo 3-5 615
. URM infill walls 00 =
57 53H Hizh-Fise &+ =15
- Seel frames with e _
58 Sl Low-Rise 1-2 =6
cast-in-place s - - -
59 S4nL comcTste shear WMid-Rise i=-5 G-15%
i) S4H walls Hizh-Rize i+ =15
61  SsL Low-Rise 1-2 6
Steel and BC R . - -
2 'E-:T_."r_i o e M.Jd.-he - & —_15
63 55H Hizh-Fize i+ 15
64 WL Wooden srocmres  LOW-Rise 1-2 =6
5 Whi Wid-Rlise i=-5 G-15%
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5.3.2.1 Liquefact Fragility Curves for RC buildings

In the definition of a method for Rapid Risk Identification (RRI), fragility curves for reinforced concrete (RC)
frames with masonry infills referred to designated limit state (LSs) were developed by Work Package 3 of the
present project.

Non-linear soil-foundation-structure interface were considered as reference structures for analysis. Each
analysis considered a structure and a specific combination of soil profile and input motion, and calculation
method for the pore pressure, surface motion, and imposed settlement.

One example of fragility curves for the reference RC structure, built on a three-strata subsoil is shown in
Figure 5-6, in terms of both shaking and liquefaction fragility curves. Such curves consider PGA as input
variable.

For shaking fragility four damage states were considered. The limit states of the building are based on
structural damage, foundation rotations and settlements. In the example, four limit states are examined: i)
slight damage (DL1), ii) moderate damage (DL2), iii) extensive damage (SD), and iv) complete damage (NC).
Note that the complete damage state corresponds to the near collapse (NC) limit state according to EC8 (CEN,
2004) and not to the actual collapse of the building, which cannot be directly simulated with the simplified
model. The limit states related to structural damage due to ground shaking are defined based on the peak
rotations in the inelastic rotational spring at the base of the buildings.

The limit states related to ground deformations, i.e. peak rigid body foundation rotations, peak 8.s and
settlements, U,,is, are defined according to the recommendations by Bird et al. (2006).

In addition to the fragility curves for the designated limit states, the so-called liquefaction fragility curve,
which defines the probability of attaining liquefaction for a given value of peak ground acceleration (ag), is
also computed based on the results of the liquefaction triggering procedure.

Fragility curves for LSs Liquefaction fragility curve

1.0 e 1.0
0.9 0.9
0.8 0.8

=< 0.7 < 0.7t
x 0.6 Z 0.6}
% 0.5 ~ 0.5¢
- 04 = 0.4}
= 0.3 Slight damage -DL1 = () 3}
0.2 = Moderate damage - DL2 ™ 0',, |

o Extensive damage - SD -~

0.1 Complete damage - NC 0.1t

0 - . ‘ : . : : '
0 020406081.012141.6 0 0O 01 02 03 04 05 0.6
PGA [g] PGA [g]

Figure 5-6: Sample fragility curves for designated limit states (left) and the liquefaction fragility curve (right) obtained based on
the assumption of lognormal distribution of the fragility function (thin lines) and based on the empirical CDF (thick lines), as
defined in D3.2 of this project.

159



LIQUEFACT
Deliverable 7.1
Manual for the assessment of liquefaction risk, defining the procedures to create the

e e o database, collect, define, symbolize and store information in the Georeferenced
Horion 2020 research and Information System and to perform and represent the risk analysis
grant agreement No. 700748 Vv 1 O

In recent years, several simplified analytical methodologies have been proposed to estimate liquefaction-
induced building settlements during seismic shaking. Among these, the Karamitros (2013) and Bray &
Macedo (2017) procedures are shown in the following.

5.3.2.2 Karamitros et al. formula (2013)

Based on the results of numerical analyses, Karamitros et al. (2013) gives 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 associated to a “sliding-block’ type of punching failure through the clay crust
and within the liquefied sand layer.

In particular, liquefaction-induced settlements are correlated to the seismic excitation characteristics and the
post-shaking degraded static factor of safety, while the effect of shear-induced dilation of the liquefied
subsoil is also taken into account.

The proposed expression for the dynamic settlement payn (i.e. the settlement during shaking) is shown in
Equation 5-5, being ¢ a foundation aspect ratio correction (Equation 5-6, where ¢’=0.003), amax the peak
bedrock acceleration, T the representative period of the motion, N the number of cycles of the excitation, Zjq
the thick liquefiable sand layer, B the structure width and FSqes the degraded static factor of safety of the

foundation.
Zi\” (1)
= T?N (—) . Equation 5-5
pdyn CAmax B FSdeg
L

c=c (1 + 1,65 E) < 11,65¢' Equation 5-6
t

AmaxT?N =f lv(t)|dt Equation 5-7
t=0

FSdeg can be calculated through of the static loading ratio (Equation 5-8), the degraded bearing capacity
(quit,deg) divided by the bearing pressure (q). 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 angle in
Equation 5-9 where U is the average excess pore pressure ratio of the liquefied sand and ¢ois the initial
friction angle. Superficial crust is beneficial and there is an upper bound beyond where failure occurs entirely
within the crust and does not get affected by the liquefiable layer.

qultdeg
FSdeg =

Equation 5-8

Pdeg = tan™'[(1 — U)tanq,]
Equation 5-9
Such methodology was evaluated against results from a large number of relevant centrifuge and large-scale
experiments, as well as against observations of the performance of shallow foundations in the City of
Adapazari, during the 1999 Kocaeli Earthquake. Even if good agreement was found among analytical
predictions and liquefaction-induced settlements, in future applications the parameters of the numerical
analyses should be respected.
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5.3.2.3 Bray & Macedo (2017)

After an extensive in-situ, experimental and analytical work, Bray and Macedo (2017) propose a method to
evaluate the shear-induced building settlement (Ds) due to liquefaction below the building. The simplified
procedure for estimating liquefaction-induced building settlement involves these steps:

— Perform aliquefaction triggering assessment and calculate the safety factor against liquefaction (FSL)
for each potentially liquefiable soil layer preferably using a CPT-based method (e.g., Boulanger and
Idriss 2016).

— Calculate the post-liquefaction bearing capacity factor of safety (FS) using the simplified two-layer
solution of Meyerhof and Hanna (1978), where the average shear strength of the non-liquefied crust
layer represents the top layer and the post-liquefaction residual shear strength of the liquefied soil
layer represents the bottom layer. If the post-liquefaction bearing capacity FS is less 1.0 for light or
low buildings or less than 1.5 for heavy or tall buildings, large movements are possible, and the
potential seismic building performance can generally be judged to be unsatisfactory.

— Estimate the likelihood of sediment ejecta developing at the site by using ground failure indices such
as LSN, LPI, or the Ishihara (1985) ground failure design chart. If the amount of sediment ejecta is
significant, estimate the amount of building settlement as a direct result of loss of ground due to the
formation of sediment ejecta (De). This can best be done using relevant case histories to estimate
the amount of ejecta and then assuming that the ejecta has been removed below the building
foundation.

— Estimate the amount of volumetric-induced building settlement (Dv) preferably using a CPT-based
method (e.g., Zhang et al. 2002).

— Estimate the shear-induced building settlement (Ds) due to liquefaction below the building using
Equation 5-10, which is repeated below:

In(Ds) = c1+4.59 - In(Q) — 0.42 - In(Q)* + c2 - LBS + 0.58 - In(tanh(HL))
—0.02°B + 0.84 - In(CAVdp) + 0.41 - In(Sa) + ¢ Equation 5-10

LBS = j W E‘ShZﬂdZ Equation 5-11
where Ds is in mm, LBS is calculated with Equation 5-11, c1=-8.35 and ¢2=0.072 for LBS < 16, and c1=
-7.48 and c2=0.014 otherwise. Q is in units of kPa, HL is in m, B isin m, CAVgp is in g-s, and Salisin g;
€ is a normal random variable with zero mean and 0.50 standard deviation in Ln units. CAVy, is the
standardised Cumulate Absolute Velocity as defined in Campbell and Bozorgnia (2012) where N is
the number of discrete 1 second time intervals, x is PGAi-0.025 (PGAi is the value of the peak ground
acceleration(g) in time interval i, inclusive of the first and last values) and H(x) is O if x<0 or 1
otherwise, (table 4.6). LBS (Equation 5-11) is an index of equivalent liquefaction-induced shear strain
on the free-field (eshear), defined as the integration along the soil column of the strain estimated by
means of the CPT-based procedure proposed in Zhang et al. (2004), weighted by the depth in order
to provide more importance to the soil close to the foundation). eshear is calculated based on the
estimated Dr of the liquefied soil layer and the calculated safety factor against liquefaction triggering
(FSL). z(m) is the depth measured from the ground surface >0 and W is a foundation-weighting factor
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wherein W = 0.0 for z less than Df, which is the embedment depth of the foundation, and W= 1.0
otherwise.

Finally, the total liquefaction-induced building settlement (Dt) can be estimated from Equation 5-12, as:

Dt = De + Dv + Ds
Equation 5-12

5.3.3 Transportation System

Risk Assessment Procedures also emphasize the damage on the utilities and transportation systems, since
they play an important role in the economic development of a territory and in the connection between
communities.

In the Hazus Methodology, Transportation System includes the following systems:

— Highway;
— Railway;

— Light Rail;
— Bus;

— Port;

— Ferry;

— Airport.

For instance, the Highway System direct damage output includes probability estimates of (1) component
functionality and (2) physical damage expressed in terms of the component's damage ratio. In the Hazus
Methodology, damage functions or fragility curves for all three highway system components (Road, Bridges
and Tunnels) are modelled as lognormally-distributed functions that give the probability of reaching or
exceeding different damage states for a given level of ground motion or ground failure. Each fragility curve
is characterized by a median value of ground motion or ground failure and an associated dispersion factor
(lognormal standard deviation).

Ground motion is quantified in terms of peak ground acceleration (PGA) and spectral acceleration (Sa), and
ground failure is quantified in terms of permanent ground displacement (PGD).

— For roadways, fragility curves are defined in terms of PGD.
— For bridges, fragility curves are defined in terms of Sa (0.3 sec), Sa (1.0 sec) and PGD.
— For tunnels, fragility curves are defined in terms of PGA and PGD.

5.3.3.1 Liquefact Fragility Curves for Embankments

In general terms, the road network is composed of a number of nodes and edges. All of them are vulnerable
to seismic shaking or geotechnical hazards, with pavements that can rupture due to surface ground
deformation. Some types of edges or road segments, like those identified below have specific types of
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response to seismic action and associated vulnerability. The main identified system components within the
Syner-G (http://www.vce.at/SYNER-G/files/project/proj-overview.html) project are:

— Bridge

—  Tunnel

— Embankment (road on)

— Trench (road in)

— Unstable slope (road on, or running along)
— Road pavement (ground failure)

— Bridge abutment

During seismic shaking the general movement of an embankment is towards the free face or down the slope.
The movement is driven by an in-balance of support force where the earth-pressure is less on the free face
or downward slope, thus under cyclic loading the embankment more easily overcomes the static resistance
in one direction and moves more in that direction. Cyclic loading, especially in the case of loose liquefiable
soil deposits, can result in severe weakening of the soil and can trigger flow-like behaviour where the static
shear stress caused by a free face or downward slope can result in large strains and contractive soil behaviour,
eventually leading to a dramatic loss of soil shear strength. The behaviour under these conditions is extremely
complex as the shear strains are very large and variable throughout the deposit, and some level of drainage,
pore pressure dissipation and void redistribution can be expected (Kramer and Wang, 2015). Earth structures
such as highway and railway embankments can spread laterally and settle, resulting in opening of cracks in
the road pavement or displacement of the railway tracks. The list of possible damage patterns is unlimited.

Therefore, as it is expressed by Pitilakis and Argyroudis (2014) in their synthesis of Syner-G project,
classification of damage and the subsequent definition of specific damage states are important in the
vulnerability assessment as the seismic intensity is correlated to the expected damage level through the
fragility or vulnerability functions. Again, the form of the fragility functions depends on the typology of the
element at risk. For common structures (e.g. buildings, bridges) and other not extended elements (e.g.
cranes, tanks, substations), the fragility curves describe the response and damage level of particular
subcomponents (e.g. columns, transformers) or of the entire structure. For linear elements of extended
networks such as gas pipelines, the fragility functions describe the number of expected damages along a
certain length (i.e. per km).

An example of fragility curve for embankments is presented in Figure 5.8. Embankments fragility curves are
mostly developped for permanent vertical ground displacement in the middle point of embankment crest as
damage parameter and PGA at bedrock (alternatively Arias intensity) for intensity measure.

To use adequate fragility curves, the influence of variation of some model parameters (crest width,
embankment height, thickness of liquefiable layer, presence of crust layer and relative density of sandy layer)
must be examined. A general layout of the model geometry is presented in Figure 5-7, consisting of a traffic
embankment underlain by three horizontal soil layers. Under upper clayey crust layer, a sandy layer
susceptible to liquefaction is placed, while lower layer represents base of stiff clay. Additionally, the ground
water level and embankment slope inclination (vertical/horizontal) must be defined.
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Figure 5-7: Embankment geometry adopted by University of Lubjana in the procedure to develop fragility curves

Based on the results of numerical analyses (Deliverable 3.2), in the activities of WP3 the following was found:

— With increasing embankment height (2, 4, 6 and 8 m) or thickness of liquefiable layer (2, 4, and 7 m)
crest settlements increase and fragility curves move to the left. In the absence of crust layer, even
higher probability of exceedance of the set damage state was observed.

— The increase of crest width (6, 12 and 24 m) decreases vertical displacement in the centre of the
embankment crest. Fragility curves move to the right with larger crest width.

— Denser liquefiable layer produces smaller deformations at the crest in comparison with loose
material. Consequently, fragility curves move to the left for cases with loose sand.

Fragility curves were prepared for road and railway embankments based on the SYNER-G criteria (SYNER-G,
2013). They define the damage states as shown in Table 5-2.

Table 5-2: Damage states for traffic embankments (SYNER-G, 2013).

Road embankments Railway embankments

Permanent vertical ground
displacement [m]

Permanent vertical ground

D tat .
amage state displacement [m)]

Damage state

min max mean min max mean
ds1 — minor 0.02 0.08 0.05 ds1 — minor 0.01 0.05 0.03
ds2 — moderate 0.08 0.22 0.15 ds2 — moderate 0.05 0.10 0.08
ds3 — extensive 0.22 0.58 0.40 ds3 — extensive 0.10 0.30 0.20

Figure 5-8 shows a set of fragility curves for both Road and Railway Embankments, as a function of the PGA.
The same are built also considering the Arias Intensity as input IM.

It can be observed that the titles of the graphs use the following notation: H-B-_C-L-_-, where:
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- H-is the embankment height [m];

- B-—isthe crest width [m];

- C—isthe thickness of crust layer [m];

- L—isthe thickness of liquefiable (sandy-silty) layer [m];

- MD or L-refers to medium dense or loose density state of the liquefiable layer.
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Figure 5-8: Example of fragility curves for road (a) and railway embankments (b). Damage states are defined according the
SYNER-G (2013) criteria

5.3.4 Lifeline System and Pipelines

Lifeline system is made by a set of components, including pipelines, water treatment plants, wastewater
treatment plants etc. Nature of pipelines is complex with a variation in its pipe materials, pipe diameters,
pipe lengths, pipeline laying years and depths, and most importantly its spatial variation. Pipelines carry these
variable attributes all across a city, which makes study of pipelines much more complex in nature. Occurrence
of an earthquake can cause extensive damage to pipelines. Damage rates vary with pipeline depths,
materials, diameters, and age. The burial and connected nature of pipelines makes it very vulnerable to
earthquakes and its hazards. Pipeline damage is given as Repair Rate (RR) or individual pipeline damage (a
binary term, damage or no damage).

Liquefaction causes severe damage to pipelines, due to eventual ground deformations, sand boils, lateral
spreading. Pipeline damage prediction is not a simple process or a spatially similar process. Several past
studies have developed correlations between Repair Rates (RR) of pipelines and various intensity measures.
Intensity measures like Peak Ground Velocity (PGV), which represents transient ground deformations (Toprak
et al., 2017), Permanent Ground Deformation (PGD), angular distortion, lateral strain, Liquefaction Severity
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Number (LSN), Settlement have been used in developing fragility curves for pipeline damage (Eguchi, 1991;
Eidinger, 1998; Isoyama et al., 2000; O'Rourke et al., 2012; Toprak et al., 2017; Bagriacik et al., 2018). Most
commonly used are PGV and PGD. Eguchi et al., 1991 was the first to develop relationship between RR and
PGD for different pipe materials (Eguchi et al., 1991). Angular distortion and Lateral strain were used by
O’Rourke et al., 2012, which have a good correlation with pipeline damage, but they are typically difficult to
measure and their predictions are variable due to their dependency on surveying instruments (Toprak et al.,
2017).

5.3.4.1 Liquefact Empirical Fragility Curves for Pipelines

Within Liquefact.eu Project, several types of fragility curves are proposed by merging the evaluations of the
most used liquefaction severity indicators (LPI, LSN, Settlement and LPlish) with the pipeline number of
repairs per km after the 2010-2011 Christchurch Earthquake Sequence. In such study these indicators are
collectively called as Liquefaction Demand Parameters (LDPs), which are a synonym to Intensity Measures
(IM). The study aims develop correlations between RR (Mains) pipeline network of Christchurch City and
Liquefaction Severity Indicators for the 22nd February 2011 earthquake.

A conceptual fragility model framework is shown in Figure 5.9; this framework describes the relationship
between pipeline damage and LDPs and is also a guide in developing fragility functions for pipelines. It is built
upon Bagriacik et al. (2018), which says pipeline damage is an interaction of earthquake hazard, pipeline
exposure and pipeline vulnerability. In the WP3 study earthquake hazard includes Liquefaction demand
Parameters. LDPs are permanent ground deformations (PGD) or measures of liquefaction severity given by
settlement, LSN, LPI, LPlisy, which require ground motion, liquefaction susceptibility and groundwater depth
data for its computation (Bagriacik et al., 2018).

Pipeline vulnerability includes pipe material, pipe type, pipe diameter and year pipe was laid (Bagriacik et al.,
2018). Pipeline length gives the pipe exposure, by incorporating the spatial differential behaviour of
interaction of pipelines and liquefaction severity. Pipe exposure and vulnerability collectively fall under
pipeline data, forming our total pipeline dataset. The measure of pipeline damage is given by pipe damage
(a binary term, pipe is damaged or not). Different variables are assigned to different factors influencing
pipeline damage as shown in Figure 5-9.

Pipe
Vulnerebility 3
P (Pipe material 0P | P ipe Exposure Pipe Damage (v, Pipe
{(¥mag) , diameter (P e Length Damaged or Not)
(xiz) » year pipe (XCrmger )

laid(x.), Pipe
typ ﬂi\'n.ue_.i )

Il

Pipeline Data

Figure 5-9: General framework to develop the fragility model for pipelines, as defined by WP3
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The 2010-2011 Christchurch (N. Z.) Earthquake Sequence caused extensive damage to infrastructures and
lifelines. Most of such damage is due to liquefaction, that caused ground deformations, lateral spreading
along the Avon river, sand boils, differential settlements, etc.

An extensive pipeline damage was observed during the CES (Figure 5-10). February 2011 earthquake shows
the highest number of repairs (Table 5-3), this is due to its proximity (4-10 Km within city boundary) to the
Christchurch City. The water supply pipeline network is divided into pipe types of mains, submains, trunk
mains and crossovers. Mains are approx. 1700 Km in length laid on the carriageway, 2-2.5m from the kerb
and submains are approx. 2000 Km laid beneath the footpaths, 150mm from boundaries. Mains have pipe
diameters from 100mm to 600mm, while submains have diameters of 50 mm and 63mm. Crossovers are 50
mm in diameter, serve to submains located at the fire hydrants. Watermains are laid in trenches 200-300
mm wider than the pipe diameter, at shallow depths. The cover thickness depends on the pipe size, location
and material, but is usually about 800mm (at least 750mm, but no more than 1.5m for the standard
watermains diameters). Typical thickness of cover for submains is 300-500 mm. The trenches are backfilled
with native soils and are compacted to 95%, 90% and 70% of the material’s maximum dry density (NZS
4402.4.1.1) for trafficked, pedestrian and landscape areas, respectively. The year of laying these pipes varies
from 1890’s to present.

Longitudinal spiit

Figure 5-10: Examples of observed damage to the pipelines: a) Circumferential split on AC main, Rowan Avenue, b) AC main
broken collar and longitudinal split (Cubrinovski et al., 2015); c) Longitudinal split on AC main, d) Broken Cl main (Curbrinovski et
al., 2014).
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The damage observed to the water supply pipeline was due to three factors namely, earthquake, soil and
pipe parameters. Earthquake factors like closeness of the epicentre, magnitude and depth affect the damage
to the pipelines. Higher damage was seen for long duration of ground shaking and shallow events, closely
associated with occurrence of liquefaction.

Pipe parameters like pipeline direction, pipe age, pipe material, pipeline joints, pipeline diameter affect the
damage of the pipelines. Pipeline direction if vertical or almost vertical to the fault causes higher damage.
Also, brittle pipe material was observed to be more vulnerable to earthquake shaking. Flexible pipes like PE
and PVC suffered 3-5 times less damage than AC, steel and Gl pipelines. Older pipelines suffer corrosion,
hence vulnerable to damage. The Repair rates are observed to be higher for pipe dia (less than 12 inches)
than in large diameter pipelines. Large diameter pipelines suffer less damage due it higher wall thickness.
Pipelines in general with less connections, fittings and irregularity suffer less damage. AC pipelines suffered
damage to the pipe body itself (62%), commonly circumferential and longitudinal splits type damage. The
damage to pipe fittings was observed to be 38%. The pipes which suffered damage to pipe fittings, property
connections, coupler, gibaults were HDPE (82%), MDPES80 (90%), PVC (80%), Cl (79%), Gl (58%). Table 5.3
shows the different types of pipes with its number of repairs.

The total number of pipelines in the database is 146772 nos, with approx. 3800 repairs seen only for the Feb
2011 earthquake.

Table 5-3: Table showing (a) Lengths of different pipe types (b) Repairs conducted after each event of CES (c) Lengths of different
Pipe Materials.

Pipe Type Length (Km) Pipe
Main 1700 Material Pipe Length(Km)  Pipe Material Pipe Length(Km)
Submains 1522 ABS 0.0699 HDPE 931.1103
Cross Overs 143 AC 872.0984 LDPE 2.7341
Trunk Mains 291 AL 0.0712 MDPE100 3.7232
API 0.2346 MDPES8O 470.4203
a
(a) Cl 208.2447 MLDI 2.5401
CLDI 8.8321 MPVC 149.2289
CLS 53.6754 PE 0.9758
CES Event Number  of 5
Repairs CONC 0.1501 E100 9.9621
Sept 2010 Approx. 98 DI 51.2643 PVC 282.9397
Eeb 2011 Approx. 3800 GALV 173.7273 RCRR 0.172
June 2011 Approx. 1500 Unknown  0.0558 STEEL 41.9845
UPVC 130.3438 Wi 0.0064

(b) (c)

On the other hand, the assessment of LDPs resulted from the available CPT within the NZGD
https://nzgd.org.nz data processing. Liquefaction triggering method can be applied to develop independent
regional-scale maps of different liquefaction vulnerability indicators, herein called Liquefaction Demand
Parameters (LDP), for a range of earthquake scenario’s, groundwater table surfaces and soil properties
(Tonkin & Taylor, 2013). The most used LDPs are as follows (Taylor & Taylor, 2013):
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- Settlement (S) - Based on Zhang, Robertson and Brachman (2002);

- Liquefaction Severity Number (LSN) - As defined in Tonkin & Taylor (2013);

- Liquefaction Potential Index (LPI) - As defined by lwasaki et al. (1978);

- Liquefaction Potential Index (LPIISH) - Using the Ishihara inspired LPl method developed by Maurer
et al. (2014a).

These LDPs should be evaluated for each seismic scenario and mapped in GIS platform. Since values could
not be extracted on the pipelines due to its polyline shape in GIS, it is necessary to convert the pipelines to
points, assigning the point at the mid of the polyline. These points contained all attributes of the pipelines
but created an uncertainty when LDP values were extracted for pipelines.

At this point, each LDP values need to be matched with the damage parameter, namely Repair Rate (RR,
which represents the number of repairs per km of the pipeline).

In Figure 5-11 a set of pipelines fragility curves derived by WP3 is shown. In particular, PGA distribution given
by Bradley (Bradley et al., 2012), a fine content calibration factor Cec = 0.0 and a probability of liquefaction
PL=50% were considered as liquefaction triggering parameters.

RR vs Settlement = RR vs LSN
55 _RR=0.009*Settlement +0.5352 = RR = 0.0084*LSN +0.9373
’ 2_ 4 R2=0.23
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2 ! * o« 1
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Figure 5-11: Samples of empirical fragility curves for pipelines, obtained for the Christchurch case study: (a) RR vs Settlement, (b)
RR vs LSN, (c) RR vs LPIISH, (d) RR vs LPI.
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5.4  Physical damage

The above presented seismic and liquefaction fragility curves allow to estimate the earthquake or
liguefaction-induced physical damage on a given element (building, road/railway embankment and
networks). For buildings and embankments such physical damage is defined through the achievement of
predefined limit states (CEN, 2004; Pitilakis and Argyroudis, 2014), while for pipelines the repairs ratio
(representing the expected number of repairs per km) is introduced.

It can be observed that damage limit states are related to Earthquake Intensity Measures (IMs), such as PGA,
Spectral acceleration, velocity or displacement, Arias Intensity and so on. For pipelines instead, the repairs
ratio is defined as a function of the most used Liquefaction Demand Parameters (LDPs): Settlement (Zhang
et al., 2002); LPI (lwasaki et al., 1978), LSN (van Ballegooy, 2014), LPl;s4 (Maurer, 2014).

In risk assessment analyses, the annual probability of exceeding designated limit states is computed by
convolution of fragility functions and the hazard functions. By using numerical integration, the probability of
exceedance of designated limit states can be defined as:

(0.0)

PLS—f P (LS| IM =im) - | d(( m)| -d(im) Equation 5-13

0
where P(LS|IM=im) is the probability of exceeding the limit state if the intensity measure IM takes the value

equal to im, and the hazard curve H(im) is the annual rate of exceedance of im. In the computation of Ps, the
fragility functions were defined based on both empirical cumulative distributions of limit-state peak ground
accelerations or ground motion cumulative measures.

The following flowchart (Figure 5-12) summarizes the main steps in evaluating liquefaction-induced physical
damage for buildings, embankments and pipelines. Firstly, the selected element at risk or network must be
described in terms of geometry, material and function. This step is common to each risk assessment
procedure, allowing to group buildings (building typologies), facilities and infrastructure that show
comparable overall performance during earthquake shaking, i.e. that demonstrate similar vulnerability. On
the other hand, liquefaction fragility curves are defined also accounting for the subsoil condition and the soil-
building interaction. In a simplified three strata model, a soil profile can be characterized by defining a non-
liquefiable crust thickness (Hc) and a cumulative thickness of the liquefiable layer (Hlig). By joining such
available fragility curves, the probability of reaching, or exceeding, structural and nonstructural damage
states can be evaluated for a given EDP.

An example of methodology to quantify the physical damage on a building asset is shown in Figure 5-12.
Firstly, the element at risk are georeferenced and characterized by indicating the geometry, the model
building type, the use and number of storeys. On the other hand, the interaction with the subsoil is accounted
through the application of the Equivalent Soil Profile Method, where 22 classes of subsoil are defined. Then,
the specific ESP fragility curves are used to evaluate the probability of reaching pre-defined
shaking/liquefaction-induced damage levels.

Note that such fragility curves were defined considering seismic Intensity Measures IMs (PGA, la, Sa, etc.) as
input parameters.
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Figure 5-12: Simplified flowchart to evaluate the physical damage on a user-defined building portfolio, for a selected earthquake scenario.
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6. LOSSES AND RELIABILITY OF INFRASTRUCTURES

6.1 Critical infrastructures

Critical Infrastructures are the organizations delivering goods and services that is fundamental to the
functioning of society. All people consume goods and services on a constant basis, whether this is electric or
water or roads. When these goods and services become unavailable, the community and people are acutely
aware of the change. Some other Cls like those related to personal and public health (e.g. hospitals) or safety
(Police) are not used on an ordinary basis. However, people are even more concerned when they become
unavailable because of the vulnerability or exposure generated by their absence.

The first industrial classification schemes of the industrial sector were developed in North America soon after
World War |l to establish a comprehensive and fully integrated system of economic reporting, in support of
post-war reconstruction programmes. In 1994, the advent of the North American Free Trade Agreement
(NAFTA) generated a strong requirement for a harmonized classification scheme to support cross-border
trade. The North American Industry Classification System (NAICS) developed in 2002 is an industry naming
scheme shared among NAFTA countries containing classifications for 20 sectors, 103 subsectors, 328 industry
groups, 728 industries, and 928 national industries. Macaulay (2009) proposes a potential top-level list of ten
Cl sectors that reconciles with NAICS classifications.

— Bank and finance

— Energy

— Information and communication
— Transportation

— Safety and security

— Health service

— Water supply

— Government

— Manufacturing

—  Food supply

Murray and Grubesic (2007) add the following:

— National Monuments and Icons
— Nuclear Power Plants

— Dams

— Government Facilities

— Key Commercial Assets

Because the operability of these systems can be vulnerable to disasters or accidents, there is a need to
understand how a critical infrastructure and its functionality might be impacted when subjected to
disruption. Additionally, the interdependent nature of functionality among different infrastructure is clearly
of concern. If a single system is disrupted, secondary failures might occur in interdependent infrastructures
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and thus there is a significant need to both measure and monitor the reliability and potential vulnerabilities
of these infrastructure systems. Given the massive presence of economic, transportation,
telecommunication, energy and medical networks in the industrialized world, it is important to have a
spectrum of techniques capable of identifying potential vulnerabilities in singular network elements, or more
generalized systematic weaknesses to be protected or fortified.

Reliability and vulnerability are complementary concept related to the ability of critical infrastructures to
provide continuity in operation. Reliability can be expressed as the probability that a given element in a
critical infrastructure system is functional at any given time. In this way it is a probabilistic measure of
elements in a system and their ability to not fail or malfunction, given a series of established benchmarks or
performance guidelines. Vulnerability is a more wide-ranging concept, with much broader implications.
While reliability focuses on the possibility of maintaining the performance of critical infrastructure elements,
vulnerability focuses on the potential for disrupting these elements or degrading them to a point where
performance is diminished. This is a subtle, yet important difference but both reliability and vulnerability are
important to the continuity of critical infrastructure operations.

The above concepts impact directly on the losses produced by the physical damage of a critical infrastructure.
A unique definition of the losses for all critical infrastructure is impossible as it depends on the type of
infrastructure and on its societal role. Broadly, the following categories of losses can be distinguished:

— direct social losses deriving from casualties

— direct economic losses connected with the repair/replacement of the damaged component of the
infrastructure

— indirect economic losses connected with the shortage of supply (e.g. displaced households due to
loss of housing habitability and short-term shelter needs, lack of service for users, reduced income
for a company)

— indirect long-term economic losses connected with the reduced value of the critical infrastructure
(e.g. the reduced value a building stocks located in a highly valuable area of the city, the loss of
market share for a company).

The relative weight of each loss category cannot uniquely defined as it depends on the relevance of the
infrastructure function for the life of people and the adaptive capability of the critical infrastructure.

6.2 Annualized losses

An appropriate cost-benefit analysis of mitigation should consider that while the budget for countermeasures
are sustained immediately, or in relatively short time, the advantage is spread over the entire lifecycle of the
system (whether a structure, an infrastructure, a lifeline etc.), So expenses and saved repair costs must be
expressed on an annual basis to become comparable. As an example, when a company buys a good destined
to be used for a prolonged period (typically several years), the relative sustained cost is divided in as many
shares as the years of exercises in which the good will presumably be used. Otherwise, the cost would be
charged entirely in the year when it is purchased, disregarding the principle of the economic competence of
the income components.
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There are different criteria to compute the annualized cost of mitigation, one of the most adopted is to
equally distribute the invested capital over 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 bank
at a fixed rate mortgage and pay it back with a constant annual amount. In this way the annualized cost
sustained for mitigation is the amount paid by the borrower every year that ensures that the loan is paid off,
in full of interest, at the end of its term. The annual payment can be computed with the following formula:

MR

AC=C-(1+ MR)HW Equation 6-1

where AC is the annual cost sustained by the investor, C is the capital necessary to cover the expenses of
mitigation, MR is the fixed mortgage rate, n is the lifecycle length expressed in years.
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Figure 6-1: Annual expenses for mitigation

This cost should be compared with the annualized benefit, i.e. the earthquake losses saved per each year.
HAZUS (FEMA, 2003) computes this amount integrating the product between losses given by earthquakes of
different intensity and their annual occurrence probability. In details the hazard, expressed as PGA and
spectral acceleration for periods T equal to 0.3 and 1 seg, is evaluated for different return periods (100, 250,
500, 750, 1000, 1500, 2000, and 2500 years) or correspondingly for the exceedance frequency in a year (Table
6-1). These data are then used to transform the losses from all eight scenarios into Annualized Earthquake
Loss (AEL) each value computed considering local site effects and structural types. A plot like the one in
Figure 6-2 is finally drawn and the area delimited by the AEL-curve, equivalent to taking the summation of
the losses multiplied by their annual probability of occurrence represents an approximation to the AEL.
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Figure 6-2: Probabilistic loss curve (FEMA, 2003).
Table 6-1: Example of USGS hazard data (FEMA, 2003).
Ground Motion Data

# SA SA

PGA AFE AFE AFE

(0.3 sec) (1.0 sec)

1 5.00E-03 2 49E-02 5.00E-03 3.28E-02 2.30E-03 2.35E-02
2 7.00E-03 2.07E-02 7.50E-03 2 B9E-02 3. 75E-03 237E-02
3 9 B0E-03 1.65E-02 1.13E-02 2 40E-02 3.63E-03 1.834E-02
4 1.37E-02 1.25E-02 1.69E-02 1.85E-02 8.44E-03 1.34E-02
3 1.92E-02 8.76E-03 253E-02 1.30E-02 1.27E-02 9.24E-03
6 2.60E-02 5 26E-03 3 .20E-02 8 45E-03 1.90E-02 6.25E-03
7 3.76E-02 3 87E-03 5.T0E-02 5.29E-03 2.85E-02 4.23E-03
8 5.27E-02 2 64E-03 8.54E-02 3 36E-03 427E-02 2.95E-03
9 7.38E-02 1.90E-03 1.28E-01 2.27E-03 6.41E-02 2.14E-03
10 1.03E-01 1 43E-03 1.92E-01 1 63E-D3 9.61E-02 1.50E-03
11 1.43E-01 1.08E-03 2.38E-01 1.19E-03 1.44E-01 1.18E-03
12 2.03E-01 7.73E-04 432E-01 8.28E-04 2.16E-01 8.08E-04
13 2 84E-01 5.06E-04 6.49E-01 5.03E-04 324E-01 4 33E-04
14 3.97E-01 2 88E-04 1.30E+00 1.30E-04 4.87E-01 2.36E-04
15 5.56E-01 1.35E-04 1.95E+00 3 84E-05 7.30E-01 9 04E-05
16 7.78E-01 4 B8E-03 2 92E+00 7.62E-06 1.09E+00 2.60E-05
17 1.09E+00 1.32E-05 4 38E+00 9 76E-07 1.64E+00 5.08E-06
18 1.52E+00 2.B0E-06 6.37E+0D 8.61E-08 2 46E+HMD 6.62E-07

* AFE = Annual Frequency of Exceedence = 1/ Return Period
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6.3 Buildings

Buildings affected by earthquakes and in particular by liquefaction undergo structural and non-structural
repair costs caused by damage to the structural and non-structural components, damage of building contents
and business inventory. The restriction of the building’s ability to function properly represents another
(indirect) relevant source of losses. Direct and indirect losses of buildings are subdivided into the following
categories:

— Casualties

— Repair/replacement costs

— Content losses

— Inventory losses

— Indirect economic losses for temporary housing (shelter)

6.3.1 Estimate of casualties

There are different methodologies to estimate the number casualties produced by an earthquake. One of
the most popular is the one defined in HAZUS (FEMA, 2003) and depicted by the flow chart of Figure 6-3.
Injuries are categorized into four different severity levels, from a slight (level #1) requiring paramedical
assistance to instantaneous death (level #4). The code considers 36 different building types and for each of
them and a given earthquake scenario defines four possible damage states depending on the building
vulnerability. The key point for the calculation is the probability of injury level associated to the building
damage, given in a series of tables. The example of Figure 6-3 reports two such tables for complete structural
damage, with or without collapse, and the probability of collapse for buildings falling in the fourth damage
state. The number of people injured at the different severity levels is thus computed multiplying the
probability of injuries times the occupancy of the building.

However, it must be noticed that this methodology applies for the damage induced by shaking and that for
liguefaction similar tables do not exist. As widely acknowledged by the experience of past earthquakes, the
number of casualties directly induced by liquefaction is limited (or even nil) mostly because damaged
buildings rarely reach collapse. So, the above described procedure could be adapted modifying the tables
giving the percentage of building collapse related to the fourth damage state.

6.3.2 Economic losses

For building related items, direct losses include:
- Building Repair and Replacement Costs
- Building Contents Losses
- Business Inventory Losses

Time dependent losses to be also calculated for:
- Relocation Expenses
- Loss of Proprietors' Income
- Rental Income Losses
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Figure 6-3: Flow chart describing the Hazus methodology to estimate casualties (FEMA, 2003).
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Once physical damage of buildings is estimated in the form of probabilities of each structural and non-
structural damage state, conversion to monetary losses requires inventory information and economic data.
Hazus (FEMa, 2003) classifies the building typology into 33 classes described in Table 6-2 to determine the
non-structural element make-up of the buildings and the nature and value of their contents.

Table 6-2: Building occupancy classes (FEMA, 2003).

No. Label Occupancy Class Description
Residential
1 RES1 Single Famuly Dwelling Detached House
2 RES2 Mobile Home Mobile Home
3-8 RES3a-f Multi Family Dwelling Apartment/Condominium
9 RES4 Temporary Lodging Hotel/Motel
10 RESS Institutional Dormitory Group Housing (military, college),
Jails
11 RES6 Nursing Home
Commercial
12 COM1 Retail Trade Store
13 COM2 Whelesale Trade Warehouse
14 COM3 Personal and Repair Services Service Station/Shop
15 COM4 Professional/Technical Services | Offices
16 COMS5 Banks/Financial Institutions
17 COMG6 Hospital
18 COM7 Medical Office/Clinic Offices
19 COoM8 Entertainment & Recreation Restaurants/Bars
20 COM9 Theaters Theaters
21 COM10 Parking Garages
Industrial
22 IND1 Heavy Factory
23 IND2 Light Factory
24 IND3 Food/Drugs/Chemicals Factory
25 IND4 Metals/Minerals Processing Factory
26 IND5 High Technology Factory
27 IND6 Construction Office
Agriculture
28 AGR1 Agniculture
Religion/Non-Profit
29 REL1 Church
Government
30 GOV1 General Services Office
31 GOV2 Emergency Response Police/Fire Station
Education
32 EDU1 Schools
33 EDU2 Colleges/Universities Does not include group housing

6.3.2.1.1 Repair/replacement cost

In the common belief, the true cost of buildings damaged or destroyed is their loss of market value, reflecting
the age of the building, depreciation, and the architectural/historical value. Market value includes factors
such as locations of high land cost, building age that often depreciates the value but sometimes give
additional value due to craftmanship or architectural relevance. Replacement cost is the budget that should
be sustained to reconstruct the building and is equal to the extension of the buildings (typically expressed in
square meters) multiplied for the building unit cost. The latter is estimated based on complex socio-economic
models, adopting data from the census related with the construction classes. In general, it varies depending
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with the used materials and on the cost of manufacture. Different categories of buildings can be broadly
defined to define this cost (Economy, Average, Custom and Luxury) but a dependency on the local situation
must be taken into account.

The replacement cost is one of the most frequently requested output in loss estimation studies, because it
gives an immediately understandable picture of the community building losses.

Then cost for structural and non-structural repair can be then computed as follows:

rc; = RC; (Z Pi_ds ) [(rcstr/RC)ds_i + (rcnon str/RC)ds_i]) Equation 6-2
ds

where:

— rciis the repair cost for the building type i (see for instance the categorization given in Table 6-2)

— RCGjis the replacement cost for the building type i

—  Pi g is the probability that a building type i is affected by a damage state ds

—  (rcst/RC)s_i and (rcnon str/RC)gs_i are the ratio between structural and non-structural repair costs and
the replacement cost RC for building type | and damage state ds.

Examples of repair cost ratios for earthquake damages on the building categories defined in Table 6-2 are
reported in Table 6-3 (HAZUS by FEMA, 2003). The code adopts structural and non-structural repair,
distinguishing the latter in acceleration and drift sensitive damage. Application to the study of liquefaction
impact should reconsider these costs neglecting those due to acceleration sensitive phenomena and
recalibrating the other values differently (the sum of the different percentages pertaining to a building
category and damage state must be always 100).
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Table 6-3: Cost ratios for structural, non-structural (acceleration and drift sensitive) repairs expressed as percentage of replacement costs (FEMA, 2003).

Table 15.2: Sitructural Repair Cost Ratios

(in %0 of building replacement cost)

Table 15.3: Acceleration Sensitive Non-structural Repair Cost Ratios
(in %0 of building replacement cost)

Acceleration Sensitive

1.0

Table 15.4: Drift Sensitive Non-structural Repair Costs
(in % of building replacement cost)

No. ancr Clacs e i ] i Drift Sensitive Non-structural
No. Label | Occupancy Cla Structural Damage State No. Label | Occupaney Clas: Non.structural Damaze State ~o. Label Occupancy Clas: i ]}:E:Ee gm:ﬂsnruc ral
Slight | Moderate | Extensive | Complete | Slight | Moderate | Extensive | Complete Slight | Moderate | Fxtensive | Complete |
Residential Residential Restdential
1 | ®ESL Single Family Dwelling 0.5 73 17 334 T [5Esl Sinzle Family Dwell s T 50 %66 1_|RESI Sinzle Family Dwellng 10 50 250 500
7 | RES2 Mobile Home 04 14 73 344 7 [ RES2 Mohile Fome 08 38 113 378 1 |RES2 Mobile Home 08 38 189 378
R Multi Family Dwelling 35 | RES3= Multi Family Dwelling 38 | RES3af Milti Family Dwelline 0.9 43 213 415
£ 03 14 69 138 £ 08 43 13.1 87 5 |RES4 Tewporary Lodging 0.9 43 216 52
§ | EES Tenporary Lodging 032 13 68 136 7 | FEA Teporary Lodsinz [E] [ 130 $52 10| RESS Instirutional Dormitory 0.8 40 0.0 0.0
10 | RESS Institutional Darmutory 0.4 19 9.4 183 10 | RESS Tnstiurional Dormstory [ i1 124 413 11 | RESE Mursing Home 08 41 204 108
11 | BES6 Mursing Home 0.4 18 9.2 184 11 | EES6 Hursing Home 08 41 122 408 Commercial
Commercial Commercial 13 | CoMI Tetall Trade 0.6 27 133 173
12 | coMl Retail Trade 0.6 29 147 294 3 [ conl Retail Trade 44 129 $1 13 [con Wholesale Trade i3 16 132 %3
13| conMa Wholesale Trade 06 32 16.2 324 3 [conp Wholesale Trade 2 124 a1 4 [COMD Personal and Repai Services | 0.7 34 163 338
4| con3 Personal and Repair Services | 0.3 T 8.1 162 1 | coni Personal and Repair Services 5 15 50.0 15 | cong Professional Technicall
15 | Cconm4 Perje::iuul‘ng:u‘.icﬂ." 5 | COM4 Professional Technieal! Business Services 0.7 33 164 329
Business Services 04 19 9.6 152 Business Services 0.9 43 144 475 16 | COMS BanksFinancial Institutions 0.7 34 172 345
16 | COMS ank;-'l’_muﬂzl Instifutions 0.3 14 6.9 13.8 16 | COMS Banks Financial Instifutions 10 52 15.5 517 17 | COME Hospital 08 35 174 4.7
17 | COMS Hospital _ 0.2 14 0 14.0 17 | COME Hospital _ L0 51 154 513 6| CoMT Medical Office’ Climic 0.7 33 72 ELE]
19 T COME | Erertomment & Resesin | 07 | 10|50 00 15 T COME | Frimtorment & Romin |11 54163 | 5i4 D [COF |  Edetmen&Rewwsion | 07 | 26 [ T8 | 358
n ; & 2 I I 1 N it & eation _ 5. X 54. 5 N - 7 5 7 5
20 [ COMS Theaters 03 1.2 61 122 20 | COMS Theaters L0 53 158 527 Z? Eg'\ﬁg Thester g' r i; 13' '?6 iil
21 | COMI0 Parking 13 61 304 60.9 21 [ CoMI0 Parking 0.3 22 6.5 217 = - Tnductrial - - - =
- Industrial _ Industrial 2 |[mm1 Hear 02 12 59 s
2 MD1 Heavy 4 7. 5. 22 D1 Heany A 7.2 21, 2.5 3 3
C = 1 : R Light 0.2 12 59 118
2 | IND2 Light 4 1 3. 23 | Do Lizh: E 12 2L 725 2 | D3 Food Drugs/Chemmicals 02 12 59 118
2 | D3 Food Druzs Chemicals 4 7. 5. 21 [DDs Food Druzs/Chemicals 4 72 2L 725 = e = AT = = = -
10 = : T | O : _ 75| DiD4 MetalsMinerals Process 02 12 59 118
15 | IND4 Matals Mmerals Processing 4 7. 3. 25 | D4 Metzls Mimerals Processing 4 72 21 725 % oo Tt Techaslosr 02 12 59 115
26 | DD High Technolosy 4 7 5. 3 | DD5 High Technolozy 4 72 21 715 = & gh Technology = = = -
37 | Ds Construction 4 7. 5. 37 [ o6 Constucton 4 73 oL 715 17 | DiDs Cor 02 12 32 1.8
Azriculture Azriculture . Agriculture
38 | AGAI Agiculize 08 | 46 B 62 L el Aol 73 | 3% JERS %I 18 1AGRI _Agriculture 00 08 38 17
Felizion Non Profit Relimion NonProfit . Reli on.\on_-l’mﬁt
39 [RELL Church/Membership o | RELL ChuschMembership 9 | RELL Church/Membershp 5
Orgamizstion 03 20 9.9 19.8 Orzanization 09 47 143 176 Org 0% 33 163 328
Covermment Covernment Cowm.men.t i
30 | GOV1 General Services 03 13 9.0 179 30 | GOVl General Services 10 19 148 53 30 | GOV1 General Services 07 33 164 328
31| GOV E = 03 5 ki 153 T | Gova r—p— 10 31 51 53 31| Gov2 Emersency Response 07 34 171 343
Education Fducation Education
32 | EDUL Schools/ibraries 04 10 95 189 32 | EDUL Schools Libraries 0.7 32 9.7 374 3r |EDUL Schuo]:;'l___ibranev_s i 05 49 243 48.7
33 | EDW Collezes Universifies 02 11 53 110 33 | EDL2 Colleges Universifies 0.6 29 5.7 29.0 33 |EDU2 Colleges Universities 1.2 50 300 £0.0
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6.3.2.1.2 Building content and business inventory losses

Normally liquefaction does not produce acceleration capable of damaging building contents such as
furniture, equipment, computers, supplies or other business inventory. Normally it is assumed that most
contents damage, such as overturned cabinets and equipment sliding off tables and counters, is a function
of building accelerations and thus acceleration sensitive non-structural damage is a good indicator of
contents damage for earthquakes induced shaking.

When acceleration is limited, like in the case of building located on liquefied soil, it is unlikely that there will
be such a damage on the content. Content can be normally retrieved, unless for the case of complete collapse
when the building has to be demolished.

Similar consideration applies to the business inventory losses that can be computed as follows:

INV_DAM; = Prod; - (INV /Prod); - INV_damage * P; conapse
h Equation 6-3

where:

— INV_DAM is the inventory losses for the business activity i (see for instance the categorization given
in Table 6-2)

— Prodi is the annual gross sales of the business activity. Unless specific studies are performed, this
datum is provided by statistical reports performed at the national level.

— (INV/Prod); is the business inventory as a percentage of annual gross sales for business type | (Table
6-4 reports the values given in HAZUS, FEMA 2003)

— INV_damage is the fraction of damaged inventory. In general, it is related to the damage state of the
building. For complete damage, Hazus fixes this fraction equal to 50%.

— Pi-collapse is the probability that a building type i is affected by complete collapse.

Table 6-4: Business inventory as percentage of annual gross sales (FEMA, 2003).

No. Label Occupancy Class Business Inventory (%)
Commercial
7 COM1 Retail Trade 13
8 COM?2 Wholesale Trade 10
Industrial
17 | INDI Heavy 5
18 | IND2 Light 4
19 | IND3 Food/Drugs/Chemicals 5
20 | IND4 Metals/Minerals Processing 3
21 [ IND3S High Technology 4
22 | IND6 Construction 2
Agriculture
23 | AGRI Agriculture 8
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6.3.2.2.1

Indirect economic losses

Interruption of function

database, collect, define, symbolize and store information in the Georeferenced

Information System and to perform and represent the risk analysis

Indirect costs of damaged buildings are related to the interruption of the functions carried out in the building.
They depend on the time necessary to restore the original conditions of the business, being this time dictated

by the repair of the building and the time necessary for decision making, negotiating financial issues with

insurance, obtaining permissions, negotiating with construction companies etc. An example of recovery time
given in Hazus (FEMA, 2003) for the different occupancies listed in Table 6-2 is reported in Table 6-5.a.
However, some activities can reduce this time relocating elsewhere their operative site. Table 6-5.b provides
indication of this reducing factor for different activities. The functionality loss time for a generic activity can

be thus computed as:

FLT; = BRT; - SIM;

where FLT;is the functionality loss time for the generic activity

BRT; is the building recovery time for the generic activity

SLM; is the service interruption multiplier for the generic activity

Equation 6-4

Table 6-5: Recovery time (in days) for different categories of building (a) and time interruption multipliers (b) for different
activities (FEMA, 2003).

Table 12.10: Building Recovery Time

(Time in Days) Table 15.11; Building and Service Interruption Time Multipliers
Racovery Tume Counstruction Tane
No | Label Ocenpancy Clans humﬂbﬂhﬁ No. | Label Occupancy Clasy Structural D State
Nome| Sight | \oderate | Extencive | Coumplots | — l\mlg Moderate | Extencive | Complote |
1 | Segle Famaly Dwellmg 3 139 &0 720 T | REST | Single Faualy Dwalling ] [ ¥ 13 0
2 '] Motnle Home ] 2 10 ) 2 I RES) | Mobele Houw 3
X ] a-f] Muws Fasuly Denling 10 450 960 38 l!;‘ah-i Muls Famaly Dwelling ]
] | Temporasy Lodpag %0 360 . 9 | BESE | Temporuy lodgng 3
10 3 ln:anmonsl Dorussory %0 160 450 10 | RESS | Insttuboosl Doruutory H
il Narmg Hooe 120 a0 %0 11| RESS | Nuwrsung Hous ]
Commercial Commnercial
17 KOMI | Werad Trade 0 10 ) a0 ) 12 |COMI | Retul Trade 05| ol 01 03 04
T COMD | Whalemale Tode ) L) W pe. ] L] T3 [COMY | Whalezale Trade 051 0l 03 03 [X)
4 Ko w&g".\w 0 10 0 0 360 14 TCOMY | Persoral and Senvices 03 01 02 03 03
15 KOME | Profesucoal Teckmeal 0 X 90 &0 480 15 |COMA| Professsonal Techmeal 03 ol 0l 02 03
Buzize=: Senice: Buzne:: Senice:
6 KOM' | BasksFuuncal lnstnon: 2 %0 180 %0 6 1 COMS | BanksFuuncal Insttutons ] (] 0.03 003
7 KO85 | Hoonnl 20 133 <%0 720 7_[coms] s 3 0% [
$ KOMT | Medeal OfSoe Chaue 2 13§ p) 50 8 .% Medscal Office Chimac s 3 05 [%)
3 Entertasumest p-.] % i) ) 9 |COMS| E &R § 0 10 10
20 KOS | Thester 0 2 ¥ 180 360 0 JCOMS | Theate 031 0l 10 10 10
31_[COMI0| Pakmg [ ) ) 1% %0 31_JCOMI0| Pabing o1 ] 01 10 10 10
Indu:enal Indu:erial
DD Heany %0 24 360 2 IND! | Hemy ] 3 0
PO | Lige % 3 30 3 I INDY | Lighe s )
4 B3 Food Chemscalk % pl 350 B \‘D_J‘ Food Drug: Chenucal: 3 3
DD Matal Maneral: Procesung 0 24 160 2 ND4 | Metals Minerals Procesang ] b]
30T | Teckology T ® i3] & ) 2 NDS | High Teckmology $ 2
bi] Conmunan ] 10 [ 160 30 I IR | Corstruction [ 7 3] [} )
3 1 | Agnewnwe 0 ) 20 ® 120 38 [AGRT | Agnculewe ] 0 003 01 a3
Now Profit | Religion Nou-Prefit
3 1 Chaged Meber-2p 0 5 120 50 950 29 | RELl | CluwchMembershp } 02 008 003 003
Ovpruzation Oupumatacn
Covernment Cot ermment
30 6oVl Ceenera! Senvice: 0 10 %0 & 450 30 GOVl | Genenal Services 053 0l 002 0.03 003
31_JGOV2 | Emergency Racpome 0] 10 ) 0 % | 51| GOV3 | Eumergency Resporee 65 01 | 002 003 0.03
Educanca Education
3] J1 Schools Libranes [] 10 [ 160 50 32 | EDUL Schools Librane: 03 0l 0.02 0.05 003
33 2] C Lssverane: 0 10 120 450 960 33 L EDUD | Colleges Univerutie: 0S1 01 0.02 003 003
(a) (b)

The loss of income can be thus estimated as:
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Lli = FAl - INCl - Z FLTl - Pi_ds Equation 6-5
ds
where Ll;is the loss of income for the generic activity
FA; is floor are of the generic activity
ING; is the income per unit area and per day of the generic activity (variable from region to region)
FLT; is the functionality loss time for the generic activity (Equation 6-4)

Pi_as is the probability that a building type i is affected by a damage state ds

Finally, relocation implies another cost that is sustained partly by the holder of an activity partly by the
building owner. Independently on the subject who pays each cost, the total cost for the community is given
by the sum of disruption, that include the cost of shifting and transferring the activity, and the rental of
temporary space. The sum of these two costs is given by the following expression:

RCi = FAl ' Z(Dcl + RENTl ' FLTL) * Pi_dS Equation 6-6
ds
where RC;is the relocation cost for the generic activity
FA; is floor are of the generic activity

DCiis the disruption cost per unit area

RENT; is the rental cost per unit area and per day (variable from site to site depending on the local
market conditions)

FLT; is the functionality loss time for the generic activity (Equation 6-4)

Pi_as is the probability that a building type i is affected by a damage state ds

6.3.2.2.2 Shelter needs

Uninhabitability of dwelling units depends on the actual structural damage and on the uninhabitability
perceived by their occupants. The methodology defined by Hazus (FEMA, 2003) considers all dwelling units
located in completely damaged buildings to be uninhabitable. For dwelling units located in moderately and
extensively damaged multi-family structures uninhabitability depends on the fact that renters perceive it
even if the level of damage is moderate. On the other hand, people living in single-family homes are much
more likely to tolerate damage and continue to live in their home.

By applying an occupancy rate (households vs. dwelling units), the total number of displaced households
(#DH) is calculated by the following relationship.
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DH = HH -

(SFU'SF+MFU-MF)

SFU + MFU Equation 6-7

Where

HH is the total number of households, SFU and MFU are respectively the total Number of Single-Family
Dwelling Units and of Multi-Family Dwelling Units. SF and MF are the fraction of unhabitable Single and
Multiple Family Dwelling Units, that can be computed as follows.

SF = WsrEm -SFM + WsFE * SFE + Wskc - SFC
Equation 6-8

MF = WrEM MFM+WMFE MFE+WMFC -MFC
Equation 6-9

Where

SFM, SFE and SFC are the probability of Single-Family Unit to be in respectively moderate, extensive and
collapse structural damage state.

Analogously MFM, MFE and MFC are the probability of Multiple Family Unit to be in respectively moderate,
extensive and collapse structural damage state

The weighting factors are given in Table 6-6.

Table 6-6: Default values for damage state probabilities (FEMA, 2003).

Weight Factor | Default Value
Wernm 0.0
Werg 0.0
Werc 1.0
WMEM 0.0
Wy g 0.9
Wi 1.0

The model considered in Hazus to compute the number of households seeking short term public shelter is
derived from the observation of past disasters and includes information on income, ethnicity, ownership of
the dwelling and age. The computation of people requiring short term housing STP is based on the following
formula:

5 5 2 3
DH .
STP = POP H_ Zzz z(aijkl . HIL . HEJ . HOk . HAl) Equation 6-10
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Where POP is the population in census tract

HI; - Percentage of population in the i" income class

HE; - Percentage of population in the j* ethnic class

HOx - Percentage of population in the k' ownership class

HA\ - Percentage of population in the "™ age class

a ijki - is @ weight factor computed through the following relation:

Qijrg = (UIW - IM) + (EW - EM;) + (OW - OM,,) + (AW - AM))

with the factors and given in Table 6-7 and Table 6-8.

Table 6-7: Shelter category weights (FEMA, 2003).

Class Description Default
w Income Weighting Factor 0.73
EW Ethnic Weighting Factor 0.27
oW Ownership Weighting Factor 0.00
AW Age Weighting Factor 0.00

Table 6-8: Shelter relative modification factors (FEMA, 2003)

Class Description Default
Income
M, Household Income < $10000 0.62
IM, $10000 < Household Income < $15000 0.42
M $15000 < Household Income < $25000 0.29
IM, $25000 < Household Income < $35000 0.22
M. $35000 < Household Income 0.13
Ethnic
EM, White 0.24
EM, Black 0.48
EM, Hispanic 0.47
EM, Asian 0.26
EM. Native American 0.26
Ownership
OM, Own Dwelling Unit 0.40
OM, Rent Dwelling Unit 0.40
Age
AM,; Population Under 16 Years Old 0.40
AM, Population Between 16 and 65 Years Old 0.40
AM, Population Over 65 Years Old 040

Equation 6-11

SYNER-G (2013) adopts a different model where the first decision step in leaving or staying at home after an
earthquake (building habitability) is determined as a combination of the functionality of buildings (building
usability), utility services and impending weather conditions. It implies a interrelated approach where

building usability is derived from a simplified semi-empirical approach as a function of the severity of
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observed damage to structural and non-structural elements of buildings. In this procedure, each building is
firstly classified as Fully Usable, Partially Usable and Non-Usable depending on the structural damage. Then
non-usable buildings are considered non-habitable, partially or fully usable buildings can be habitable or not
depending on the availability of utilities. The utility loss UL is defined averaging with weight factors wj the
losses of the different utilities ULj (gas, potable and waste water, electricity), each given by the ratio of
unsatisfied over required demand:

N

UL = Z - ULj * Wi Equation 6-12
]:

The percentage fully or partially usable buildings that are non-habitable (NHgy, or NHpy) is thus determined

as the portion of buildings which have utility losses greater than the utility loss threshold value (U, uir). The

Uninhabitable Building Index (UBI) is computed as the ratio of occupants of buildings that are uninhabitable

to the total population (N) according to the following relationship:

BHI = N " (NFU " NHFU + NPU " NHPU + NU - Nd)
Equation 6-13

where:
Neu, Npu, Nnu are the numbers of occupants in buildings that are fully, partially and non-usable

NHru, NHpy are the fractions of fully or partially usable buildings that are non-habitable due to the
condition UL>ULT

Ng is the number of dead persons estimated in a selected casualty model.
6.4 Transportation networks
6.4.1 Direct economic losses

The direct economic losses on transportation lifelines such as highways and railroads depend on the
inventory data providing the location of all nodes and links and on the models adopted to quantify damage.
Losses are computed considering the probabilities of exceeding a certain damage state (P[Ds 2 dsi]), the
replacement value of the damaged components and the level of damage (the ratio DRi) for each damage
state, dsi. Economic losses are evaluated by multiplying the compounded damage ratio (DRc) by the
replacement value. The compounded repair cost is computed as the probabilistic combination of damage
ratios as follows:

Tre; = TRCi <Z Pi_ds ' Di_ds) Equation 6-14
ds

where:
Trci is the repair cost for the it" component

TRG; is the replacement cost for the i'" component
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Pi ¢s is the probability that the i'" component is affected by a damage state ds

Di ¢ is the damage ratio of the it

damage and replacement cost).

component for a given damage state ds (i.e the ratio between

The replacement costs of each component (node or link) should be evaluated case by case depending on the

specific situation (country, typology of the component, manufacturing etc.). FEMA (2003) provides a list of
costs for the main components of highways, railways etc. computed for the standard situation of 1994 US
dollars (see Table 6-9). Similarly, the damage ratios are provided by FEMA (2003) for different damage states
affecting highway or railway systems.

Table 6-9: Replacement costs and damage ratios for highway and railway systems (FEMA, 2003).

Table 15.16: Default Replacement Values of Transportation System Components

Table 15.16: Default Replacement V'alues of Transportation System Components

(com't)

Table 15.18: Damage Ratios for Highway System Componen

Classification | Damage State | Best Estimate Range of
Damage Ratio Damage
Ratios
slight 0.05 001t00.15
Roadways moderate 020 0.15t0 04
sxbensyel 0.70 041010
complete
slight 0.01 0.01t00.15
Tunnel's Lining moderate 0.30 0.15t0 0.4
extensive 0.70 04t0038
complete 1.00 08t01.0
slight 0.03 0.01t0 0.03
Bridges moderate 0.08 0.02t00.15
extensive 0.25 0.10 to 0.40
complete 1.00* 0.30 to 1.00

Replacement el . 5
Syttess Vebe ¢ rY Label Component Clas:ification System Vol (o © Label Component Claztfication
Highway l(oow gl tb,cb-tn-ﬁ-\rdﬂ-hh-tnnr.b Tight T30 TTRT | Lighe Foul Track
5,000 2 Jrban Strwets (valse baced on one b length, 2 bine:) Tl
s RS ES s Bt Rail ;g BRI mtm ?:au\&up-dhu
5000 e | 10,000 LTUI | Light Rl Bored Driied Tuznel (vaioe based oo oer)
1L B3N | Contimmen Bide 10,000 LTU2 | Light Rasl Cut and Cover Tunnel (value based o kner)
g 2,000 LDC1 | Light Rasl DC Substation w’ Anchored Sub-Couponent:
1.000 B3.4.5.6 2,000 LDCY | Light Rasl DC Substation w’ Usanchored Sub-Coap
7,115, 14, | Other Bradge: 3,000 LDF1 | Lt Raul Despatch Fac w Anchored Sub-Coup., w BU Power
17,18,19, 4 3,000 LDF2 | Lt Ral Despatch Fac w' Anchored Sub-Coup., wo/ BU
25,28 Power
20,000 HIUI Foghway Bored Drilled Tumnel (vakee baved oo lmer) 3,000 LDF3 | Lt Rad Duspatch Fac w' Unanchored Sub-Coup, w' BU
20,000 HTW Highuoy Cut and Coves Tummel (vabue based o ler) Powes
Rall 1.500 RIRL Rl Track (value based ca coe ks lengdh) 3,000 LDF4 | Lt Raul Dispasch Fac w' Unanchored Sub-Coep.. wo/ BU
5,000 RBR1 Rl Badge - Secmucally Desigmad Power
$.000 RBRY Rl - Cosventiosally Des 2,600 IMFT | Light Rl Moaintesance Facility (COL)
10,000 RTUL Rl Bored Dralled Tunnel (value based on knw) 2,600 IMFY | Laght Rasl Masstesance Facility (S21)
10,000 RTW2 Raul Cut 38d Cover Tunmel (value bazed cn liner) 2,600 IMF3 | Light Rasl Mainterance Facility (SIL)
3,000 RSTI Rl Urban Statice (CO1) 2600 IMF4 | Light Rasd Munterance Facihty (SS1)
2000 RST2 Raul Urban Statsem (S2L) 2600 IMFS | Light Rasl Mainterance Facility (PC1)
2,000 RSTY Rl Urbas Seatice (S1L) 2600 LMF6 | Light Rl Massterance Facility (C3L)
2.000 g;: g'{'-b-m(;zb 2,600 IMF? | Light Raal Mamnterance Facility (W1)
2,000 S rban Statce (PC1) et - -
2000 RSTS | Rud Urbam Staticn (C3L) e 1% T | et
3000 RST] 1 Rail Uhhan Seution (WIL) 1,000 BPT3 | Bus Urbas Station (SIL)
3,000 RFF1 Roul Fual Facility w' Anchored Taks, w BU Power 1.000 BPT4 | Bus Usban P
3,000 RFE2 Rasl Fual Facalty w’ Anchored Tasks, wo’ BU Power 1000 BPTS hr*_"“"“‘,‘ pnd
3,000 RFF3 Raul Fual Facthty w’ Unanchored Tamks, w' BU Power - p
- 1,000 BPT6 | Bus Urban Station (C3L)
3,000 RFF4 Rl Fual Facility w' Unamchosed Take, wo' BU Power -
3,000 2FF Roaul Fuel Facility w Bursed Tasks 1,000 BPT7 | Bus Urban Statios (W1)
3500 TORT [l Despunch Faciity w Anchored Sib-Cop. w B0 Towr | 150 BFFL | Bus Foel Facilty w’ Anchored Tasks, w' BU Powws
3,000 RDF2  [Rasl Dispasch Faclity w’ Anchored Sub-Coup., wo' BU Power 1% BEP2 | Bus Pual Pacility wi Anchored Tanks, wo/ BU Fower
3,000 RDFS (Rl Dispanch Facibty w’ Unanchored Sub-Conp. w' BU Power 1% BFF3 | Bus Fual Facility w! Unanchored Tasks, w/ BU Power
3,000 RDFY  [Ra) Despasch Paciity w' Unanchored Sub-Coup . w0 BU Power 150 BFF4 | Bus Fuel Facility w' Unanchored Tasks, wo' BU Power
2.800 Y31 Tol Mamsenunce Facisty (C2L) 150 BFFS | Bus Fuel Facility w' Buned Tanks
2500 RE? Raal Masmtenance Facility (S21) 400 BDF1 | Bus Dupatch Fac w' Anchored Sub-Coup . w' BU Power
2500 RMF3 | Rasl Mamsenance Facilety (SIL) 400 BDFY | Bus Despatch Fac w’ Anchored Sub-Coup . wo' BU Power
2500 RMF4 Mamterance Faciley (SSL) 400 BDF3 | Bus Despasch Fac. w' Unanchored. Sub-Coup , w' BU Power
2500 RMFS Raul Massenunce Facility (PC1) 400 BDF4 | Bus Dispatch Fac. w’ Usanchored. Sub-Coap., wo' BU
2500 RMF6 | Ruil Mamtensnce Facilsty (C3L) Power
2800 RMF7 Raul Momterance Faciley (W1) 1,300 BAF1 | Bus Mamtenance Facility (C2L)
1,300 BMFY | Bus Mumtenance Facility (S2L)
1,300 BMF3 | Bus Mamsenance Facility (S1L)
1,300 BMFS | Bus Mamtenance Facility (S51)
1,300 BMFS | Bus Mamtenance Facility (PC1)

Table 15.19: Damage Ratios for Railway System Components

Classification | Damage State | Best Estimate Range of

Damage Ratio Damage
Ratios

slight 012 0.01 t0 0.15

Bridges moderate 0.19 0.15t0 04
extensive 040 0410038
complete 1.00 08t01.0

shight 0.15 0.01t00.15

Fuel Facilities moderate 039 0.15t0 0.4
extensive 0.80 0410038
complete 1.00 08t01.0

. slight 0.04 0.01t00.15
Dispatch moderate 04 0.15t0 0.4
Facilities extensive 08 041008
complete 1.00 08tol0

Urban Stations slight 0.10 0.011t00.15
and moderate 040 0.15t0 0.4
Maintenance extensive 0.80 041008
Facilities complete 1.00 08t0o10
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6.4.2 Indirect economic/social losses

The physical losses on transportation infrastructures turn into a deficiency of function that may have severe
implications on the usage of the infrastructure, from a decay of the performance to the complete interruption
of the service. Depending on the time necessary to restore the original conditions, these effects may cause
economic and social losses to the community. Studying this impact requires the characterization and
modelling of the transportation network, with the identification of parameters describing its operative
conditions, a model that transforms the physical damage into the loss of functionality and a metric to
evaluate the performance of the damaged infrastructure in comparison with the original conditions.

A multi-level strategy to analyze losses has been proposed in Syner-G (2013). It requires first to identify the
system components, i.e. all edges that are vulnerable to seismic shaking or geotechnical hazards (i.e. ground
failure due to liquefaction, landslides and fault rupture):

— RDNO1: Bridge [Points or edges]

— RDNO2: Tunnel [Edges]

— RDNO03: Embankment (road on) [Edges]

— RDNO4: Trench (road in a) [Edges]

— RDNO5: Unstable slope (road on, or running along) [Edges]
— RDNO6: Road pavements [Edges]

— RDNO7: Bridges abutments [Points or edges]

Information on the Road Transportation network can be schematically stores as described in Table 6-10.

Table 6-10: Main attributes/properties of the road Transportation network class (Syner G, 2013).

Group Attribute(s) Description
Global properties  tripDemand Origin-destination matrix built from the TAZ
nodes
roadBlockageModel Road blockage model to be used
roadBlockageCoefficients Coefficients of road blockage model to be used
Pointers road, trench, embank, Pointers to all road pavements, trenches,
unstSlope, tunnel, embankments, unstable slopes, tunnels,
bridge bridges, which are assigned specific fragility
functions
intersection Pointers to all intersections, objects from the
Intersection class
external Pointers to all external stations, objects from the
ExternalStation class
taz Pointers to all Traffic Analysis Zones, objects
from the TAZ class
Edge properties speed, lanes, Length, centroid, etc. are attributes inherited
stored at dependency, from the Directed Network class. Here the
RDN level hierarchy network-specific properties are listed

(free-flow speed, number of lanes,
classification, etc.)

Node properties tazType Type of Traffic Analysis Zones (type of trip
stored at demand)
RDN level

State variables states ng % 1 collection of properties that describe the
recording current state for each of the ny events (fields:
RDN state damage state, isBroken, isBlocked, SCL,

WCL, isolatedTAZ, etc.)
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The analysis of the functionality of the transportation network can be performed at one of the following
three levels:

¢ Level 0 (Vulnerability analysis):

is a basic vulnerability analysis aimed at quantifying the physical performance of a single component
of the network (e.g. damages to roads, tunnel or bridges)

e Level | (Connectivity analysis):

the integrity of the network is studied in terms of pure connectivity, focusing on the services provided
by the network, e.g. the rescue function immediately after the earthquake. This analysis may be of
interest to identify critical portions of the network, components necessary to keep the connectivity
between fundamental points of the networks.

¢ Level lla (Capacity analysis):

compared with the previous level, this analysis is widened to consider the network capacity to
accommodate traffic flows. An example of this approach (Shinozuka et al., 2003) is aimed at
determining the direct and indirect economic loss due to damage to a transportation network. Direct
loss is related to physical damage to vulnerable components, while indirect loss is related to
functionality of the transportation system, whose degradation is measured in terms of a system-level
performance index called Driver’s delay (DD), i.e., the increase in total daily travel time for all
travelers. Another example (Chang et al., 2011) goes beyond the pre-earthquake origin-destination
matrix and considers the post-quake traffic scenario determined by the damage of transportation
infrastructures.

e Level llb (Serviceability analysis):

this very challenging approach aims at obtaining a realistic estimate of total loss, inclusive of direct
physical damage to the built environment (residential and industrial buildings as well as network
components), loss due to reduced activity in the economic sectors (industry, services), and losses
due to (increased travel time). Economic interdependencies must be accounted for, such as the
reduction in demand and supply of commodities (due to damaged factories, etc.), hence in the
demand for travel, and due to the increased travel costs. At this level the relevance and the
complexity of the economic models become dominant over that of the transportation network. This
is a full systemic study requiring important inputs from the economic disciplines.

Fragility curves like the one reported in Figure 6-4 can then be defined (as in the deliverable 3.3) to compute
the probability that a sector of the network undergoes a damage state.
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Figure 6-4: Example of fragility curve for road embankment

Alternatively, the level of performance for embankments of road and railway can be defined as in Table 6-11
(SYNER-G, 2013) depending on the crest settlement. The thresholds differ for railways compared to roads

considering the different sensitivity of trains to the deformation of the pavement/tracks.

Table 6-11: Damage states for road and railway embankments (SYNER-G, 2013).

Road embankments Railway embankments

Permanent vertical ground

displacement [m] Damage state

Damage state

Permanent vertical ground
displacement [m]

min max mean min max mean
ds1 — minor 0.02 0.08 0.05 ds1 — minor 0.01 0.05 0.03
ds2 — moderate 0.08 0.22 0.15 ds2 — moderate 0.05 0.10 0.08
ds3 — extensive 0.22 0.58 0.40 ds3 — extensive 0.10 0.30 0.20

6.5 Lifelines

6.5.1 Direct economic losses

The direct economic losses on lifelines such as pipelines depend on the inventory data providing the location
of all nodes and links and on the models adopted to quantify damage. Losses are computed considering the
probabilities of exceeding a certain damage state (P[Ds = dsi]), the replacement value of the damaged
components and the level of damage (the ratio DRi) for each damage state, dsi. Economic losses are
evaluated by multiplying the compounded damage ratio (DRc) by the replacement value. The compounded

repair cost is computed as the probabilistic combination of damage ratios as follows:

LT'Ci = LRCl <Z Pi_ds ' Di_ds)
ds

where:

Lrci is the repair cost for the i component of the lifeline

Equation 6-15
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P ¢s is the probability that the it" component of the lifeline is affected by a damage state ds

Di ¢s is the damage ratio of the i" component for a given damage state ds (i.e the ratio between

damage and replacement cost).

The replacement costs of each component of the lifeline should be evaluated case by case depending on the

specific situation (country, typology of the component, manufacturing etc.). FEMA (2003) provides a list of
costs for the main components of potable water distribution and for wastewater computed for the standard
situation of 1994 US dollars (see Table 6-12). Similarly, the damage ratios are provided by FEMA (2003) for
different damage states affecting highway or railway systems.

Table 6-12: Replacement costs and damage ratios for utility lifelines (FEMA, 2003).

Table 15.17: Default Replacement Values of Utility System Components

Table 15.25: Damage Ratios for Potable Water Systems

Replacement - <
System | Value (thous $) — C aant Clastification Classification | Damage State | Best Estimate Range of
Potable 1 PWP] | Brte Pipe (per break) Damage Ratio Damage
Water 1 PWP2 | Ductile Pipe (per break) Ratios
30,000 PWI1 | Soxll WIP with Anchored Components - 50 MGD
30,000 PWT2 | Small WTP with Unanchored Components <50 MGD
100,000 PWT3 | Medium WTP with Anchored Components 50-200 MGD
100,000 PWT4 | Medum WTP wath Unanchored Components 50-200 MGD Pipelines leak 0.10* 0.05t0 020
360,000 PWTS5 | Lage WIP wath Anchored Components ~200 MGD be break 0.75* 05t01.0
360,000 PWT6 | Larze WTP with Unanchored Conponents ~200 MGD e .19 =% 1.
300 PWEl_| Wells
1,500 PST] | On Grownd Anchored Concrete Tank :
1,500 PST2 | On Grownd Unanchored Concrete Tank shight 0.08 0.01t00.15
800 PST3 | On Grownd Anchored Steel Tank
800 PST4 | On Ground Unanchored Steel Tank ‘Water Treatment moderate 04 015004
800 PSTS | Above Ground Anchored Steel Tank Plaats
800 PST6 | Above Ground Unanchored Steel Tank extensive 0.77 04t0038
30 PST7 | On Grownd Wood Tank
150 PPPl | Swall Punping Plant with Anchored Equipment <10 MGD complete 1.00 08t01.0
150 PPP) | Small Pumping Plant with Unanchored Equipment <10 MGD
o : :
525 PPP3 ??&mhnmuﬂmmé;\m‘diqw 10 shght 0.20 0.011t00.15
525 PPP4 | Med Large Punping Plant with Unanchored Equipment ~10
MGD i = Tank moderate 0.40 0.15t004
S
Waste 1 WWPI | Butde Py break) .
Water 1 WWP2 | Ductile s break) extensive 0.8 041008
60,000 WWTI | Swall WWIP with Anchored Components - 50 MGD
60,000 WWT2 | Soall WWTP wath Unanchored Components <50 MGD compltte 1.00 08t01.0
200,000 WWT3 | Medium WWTP with Anchored Conponent: 50-200 MGD
200,000 WWT4 | Medium WWTP with Unanchored Conponerts 50-200 MGD slight 0.05 0.01t00.15
720,000 WWTS | Large WWTP with Anchored Conponents 200 MGD ~
720,000 WWT6 | Larze WWTP with Unanchored C 200 MGD ;
300 WLS! | Semall Lif Stations with Anchored Components <10 MGD Wells and moderate 038 T3t
300 WLS2 | Small Lift Stations with Unanchored Components <10 MGD Pumping Plants t % 08 041008
1,050 WLS3 | Medium/Large Lift Stations with Anchored Components ~10 extensive g 0 0.
MGD
1,050 WLS4 | Med Large Lit Stations with Unanchored Components 10 complete 1.00 081010
ol 1 OIP] | Welded Steel Pipe with Gas Welded Joints (per break) * % of the replacement cost for one 20 ft. pipe segment
1 O | Welded Steel Pipe with Arc Welded Joints (per break)
175,000 ORF1 | Swall Refinery with Anchored Equipment 100,000 bliday . . -
175,000 ORF2 | Semall Refinery with Unanchored Equipment 100,000 bliday Table 15.26: Damage Ratios for Waste Water Systems
750,000 ORF3 | Mednum/Large Refinery with Anchored Equipment 100,000
blday
750,000 ORF4 hmhg Refinery with Unanchored Equipment 100,000 Classification | Damage State | Best Estimate Range of
1,000 OPP] | Pumping Plant with Anchored Equipment Damage Ratio Dam.age
1,000 OPP2 | Pungping Plant with Unanchored Equipment Ratios
2,000 OTF]l | Tank Farme with Anchored Tanks
2.000 OTF2 | Tank Farme with Unanchoved Tanks Undexground
Sewers & leak 0.10 0.05t00.20
Interceptors break 075 05t01.0
slight 0.10 0.01t00.15
7 J:
- W i:e \?}:;ﬂt moderate 037 0.15t0 04
e extensive 0.65 04t008
complete 1.00 081010
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6.5.2 Indirect economic/social losses

The physical losses on utility lifelines may cause a deficiency of function that may have severe implications
on the usage of the infrastructure, from a decay of the performance to the complete interruption of the
service. Depending on the time necessary to restore the original conditions, these effects may cause
economic and social losses to the community. Studying this impact requires the characterization and
modelling of the transportation network, with the identification of parameters describing its operative
conditions, a model that transforms the physical damage into the loss of functionality and a metric to
evaluate the performance of the damaged lifeline in comparison with the original conditions.

A multi-level strategy to analyze losses has been proposed in Syner-G (2013) for different systems. For
instance, the water-supply system as a whole is composed of a number of point-like critical facilities (Water
sources, Treatment plants, Pumping stations, Storage tanks) and of the Water distribution network itself. The
internal logic of the critical facilities and their function in the management of the whole system should be
modelled explicitly. The identified system components are:

— WSS01: Source (Springs, shallow or deep wells, rivers, natural lakes, and impounding reservoirs)
[Points]
— WSS02: Treatment Plant [Points, critical facility]
— WSS03: Pumping station [Points, critical facility]
— WSSO04: Storage Tank [Points]
— WSSO05: Pipe [Edges]
— WSS06: Tunnel [Edges]
— WSS07: Canal [Edges]
— WSS08: SCADA system [System]
Information on the utility network can be schematically stores as described in Table 6-13.

Table 6-13: Main attributes/properties of the potable water supply system class (Syner G, 2013).

Group Attribute(s) Description
Global properties sourceHead Water head at source nodes
endUserDemand, Required water flow at demand nodes, either assigned or
hydricEquipment evaluated by aggregating over tributary cells,

employing population and hydricEquipment for the
region {expressed in [l/inhab./day])

refEPNnode Pointers to EPN node(s) feeding power to pumping
stations (for inter-dependence modelling)
Pointers pipe Pointers to all the pipes in the system, objects from the
pipe class
demand Pointers to all end-user nodes, objects from the
DistributionNode class
source Pointers to all sources in the system, in general objects

from the ConstantHeadSource and
VariableHeadSource (for finite reservoirs) classes

pump Pointers to all pumping station nodes, objects from the
PumpStation class
Edge properties  edgeMaterial, Length, centroid, etc. are attributes inherited from the
stored at edgeDiameter, Network class. Here the network-specific properties
WSS level edgeRoughness, are listed (roughness, diameter, laying depth, etc.)
edgeDepth
Node properties  nodeMinimalHead — Minimal head required at nodes for delivery of the
stored at assigned demand water flow: this property is a
WSS level function of the average building elevation in the
region of interest
nodeDepth -
State variables states ng % 1 collection of properties that describe the current
recording state for each of the ny events (fields: demandFlow,
WSS state outFlow, average head ratio, system serviceability

index. number of leaks, number of breaks, etc.)
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As for other infrastructures (e.g. transportation) the seismic reliability of water networks can be assessed at
different level: vulnerability, connectivity and serviceability. Connectivity analyses measure the post-
earthquake integrity of the system, i.e., the extent to which links and nodes are still connected. Serviceability
analyses estimate the post-earthquake capacity between selected source-to-sink nodes.

Closely related to reliability is redundancy, i.e. the existence of backup capacities and alternatives routing to
demand nodes in case of breaks in the main supply links. Reliability assessment could be performed to
prioritize mitigation procedures adopting multi-criteria analysis (MCA) or traditional cost-benefit analysis.

The following methods to address the risk of Water Supply Systems imply a different modelling of the
network, progressively more complete with the level of analysis:

¢ Level 0 (Vulnerability Analysis)

The scope is to estimate the percentage of physical damages to the Water Supply System based on the
vulnerability analysis of water network components, which can be estimated through appropriate fragility
curves or/and Monte-Carlo technique. Most of the Level 0 studies imply simple physical vulnerability studies
of water system components and express the performance with the “Damage Ratio”, i.e. the expected
number of failures per unit of length (for pipes) or as percentage of collapsed links or nodes of the system.

¢ Level | (Connectivity Analysis)

In this level of analysis, the concern is the system connectivity between supplying (sources, pumping systems)
to demand nodes through undamaged pipes. Considering the removal from the network of damaged
components, the “Damage Ratio” (Level 0) and “Service Ratio” (Level I) can be computed to quantify the
performance of the network. Service Ratio can be expressed as the ratio of houses supplied after the
earthquake over the total number in the system. Other performance indicators can be computed on a
probabilistic basis, like the “Connectivity Loss” that quantifies the average decrease of the ability of
distribution vertices to receive flow from the generation vertices, the “Reachability” of water indicating the
probability that a certain amount of water flow would reach key locations (nodes).

e Level Il (Flow Analysis/Serviceability Analysis)

At this level, the concern is the ability of the system to provide the service to the users. Typically, physical-
based indicators such as water head, flow rate at each demand node are calculated under intact (pre-
earthquake) conditions computing the flow rate and head loss in each pipe. After computing the physical
damages of the network (breaks leakages), the flow analysis is repeated assuming that a shutdown device is
automatically activated to prevent water in broken piles while assuming the capacity of the supplying nodes
unchanged. Vulnerability and damage estimations of water system components, with the resulting flow
analysis can be thus repeated for different seismic intensities using Monte-Carlo simulations.

The results are returned as ratios of post- to pre- earthquakes measures of flow rate and water pressure in
each node, giving the percentage reduction of functionality as damage indicator. Other potential
performance indicators are the ratio of available water flow or pressure over the required ones at given
demands (e.g. fire outbreak) or the probabilistic distribution of the percentage of customers who would lose
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their service after a specific earthquake. The methodology proposed in SYNER-G (2013) is depicted in Table
6-14.

Table 6-14: Methodology for the assessment of risk in potable water supply systems defined in SYNER-G (2013).

Method Description
computeDemand Aggregates demand from tributary cells in demand nodes
isBreakAndLeaksNumber Evaluates the damage state of each pipeline segment employing

the corresponding set of fragility functions and the current
intensity at the centroid

computeLeakageArea Computes the amount of leakage from the numbers of leaks in
each pipe segment

updateConnectivity Updates the adjacency matrix based on the pipe breaks and/or
the failure of the nodes (e.g. pumping stations, reservoirs)

computeFlow Computes the actual flow from the sources to the demand nodes

based on an optimization algorithm, using the demand level
and the leakage amount
computePerformancelndicator ~ Computes the different PIs at component- and system-level

The seismic performance of a network and the planning of mitigation actions needs to be quantified with
indicators expressing the damage on the network and the relevance of each component. Several indicators
have been proposed in the literature. One of them is the Head ratio (HR) at the junctions/nodes, expressed
as follows:

_ s
Ho,

Where Hsi is the water head in seismically damaged network and Hyg; is the reference value for the non-

Equation 6-16

HR;

seismic, normal operations conditions. Its calculation implies a flow analysis of the network. Hence this index
may express the functional consequence in the i-th component of the physical damage to all other
components of the water supply system.

A cumulative indicator connected to the above index is the Average Head Ratio (AHR) defined as the average
over the network nodes of the HR index

n
AHR = lnz HRl- Equation 6-17
i=1

Another indicator is the System Serviceability Index (SSI), variable between 0 and 1, being defined as the ratio
of the sum of the satisfied customer demands after an earthquake over the ones before the earthquake:

7i/l=1 Qi
Nno
where n and ng are the number of satisfied demand nodes after and before the earthquake, and Q; is the

demand at the i node. A single value can be determined for a given condition of the network assuming that
the demand remains fixed before and after the earthquake. Its probabilistic characterization, in terms of

Equation 6-18

SSI =

either its full distribution or its expected value E[SSI], requires running multiple simulations for different
earthquake realizations.
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Given the definition of eq. 6.17, the complement of SSI to 1 (1-SSl) represents an indicator of the serviceability
loss given by the damages. In particular, the Damage Consequence Index can be computed for a generic pipe
i to provide the impact of the pipe on the overall system serviceability and to identify critical links that may
affect the system’s seismic performance. It is computed as follows:

DCI E[SSI] — E[SSI|Ll-]
ET 1 —E[SSI]

- in which E[SSI] is the expected value of SSI from a set of simulations (for instance generated with the Monte

Carlo method) in which the it" pipe might be randomly damaged or not;

Equation 6-19

- E[SSIjLi] is the conditional expectation of SSI from another set of simulations under the same seismic hazard,
but assuming the i*" pipe as damaged.

Similarly, the Upgrade Benefit Index, can be defined as an index of the impact of an upgrade of an individual
pipe on the overall system serviceability. It is defined as:
Eupgrade [SSI] - E[SSIlLi]

. = E ion 6-20
UBIL 1— E[SSI] quatio
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7.1 Introduction

The decision-making to mitigate risk applies to the above defined holistic model including the multiscale
connections outlined in Figure 7-1. Briefly recalling the fundamental steps, liquefaction is triggered when a
relatively high seismic hazard combines with susceptible subsoil. The phenomenon may turn or not into
damage of buildings and infrastructures depending on their physical fragility. Damaged systems become
progressively unable to withstand their function and thus, depending on its severity physical damage turns
into lack of serviceability. The consequences for the society depend on the relevance of the 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 of mitigation, acting separately on one component of the system or
undertaking a holistic strategy aimed at reducing the overall impact on the society. The Japan Geotechnical
Society (JGS, 1998) envisages three different classes of intervention (Figure 7-2), acting respectively on
auxiliary facilities supporting/replacing the function of the concerned infrastructure, on the physical

reinforcement of the structures or of the ground.

LEVEL DEMAND VULNERABILITY RISK
Society m :::;‘lnf.lqu:::s FiL) = Jm LHJDMPU'an) + p(DM|EDP) + p{EDP|IM) = p{IM)

L f
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Figure 7-1: Liquefaction risk model.
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The Japan Geotechnical Society (JGS, 2011) reports several situations that did not undergo liquefaction during

the big 2011 earthquake, thanks to mitigation undertaken at different level.

a)

b)

d

e)

)

g)

h)

Elevated structures (i.e., RC framework structures), bridges, for railways (Keiyo Line,
etc.), roads (Bay Shore Route of the Metropolitan Expressway and national road) and
multi-purpose conduits crossing recently reclaimed land in the Tokyo Bay area was not
damaged by soil liquefaction. Only at Higashi-Ohgishima, the Maihama ramp, and
Ichikawa parking area, there was some deformation of the road surface due to soil
liquefaction. This was rapidly restored within a few days. No measures were taken
against soil liquefaction in these areas at the design stage.

Pile-supported medium=and high-rise buildings (including residential buildings) as well
as a UR residential development (RC wall 2-story housing estate with ground
improvement by the sand compaction pile method in Urayasu City) in the Tokyo Bay
area was nol damaged by soil liquefaction.

Buildings at Tokyo Disneyland and elsewhere in the Tokyo Bay area - Urayasu city
where ground improvement had been applied was not damaged by soil liquefaction.

At Sendai Airport's runway B, assessment of soil liquefaction had been carried out and,
based on the results, countermeasures against soil liquefaction below the runway were
carried out by cement-mixing. The runway suffered from no damage. In an untreated
area, ground settlement was caused by soil liquefaction (Fig. 3-2).

In the seismically strengthened quays at Takamatsu Wharf in Sendai's Shiogama Port and
the Hitachinaka section of Ibaraki Port, countermeasures had been carried out based on
results of soil liquefaction analysis of the backfill soil and the wall supporting strata.
These quays suffered little damage, so a few days after the earthquake they were already
in use as landing points for emergency supplies.

The bearing stratum for major structures of industrial facilities including chemical plants
and tanks in the coastal area that were prepared for soil liquefaction were not damaged
by soil liquefaction.

Kasumigaura water pumping station, which is supported on piles (Japan Water Agency),
was not damaged by soil liquefaction that took place in the supporting ground.

Large-diameter pipelines for agricultural use (diameter 1.5 to 2.6 m) suffered from little
damage by soil liquefaction where they had been backfilled with crushed gravelly soil.

Figure 7-3: Situations where mitigation against liquefaction was effective during the big 2011 earthquake in Japan (JGS, 2011).

However, the effectiveness of mitigation should be also evaluated from the cost/benefit viewpoint, i.e.

comparing 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 liquefaction occurrence, the
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comparison should be performed on an annual basis considering the residual lifecycle of the infrastructure
under concern, as explained in Chapter 6.

In general, mitigation actions can be subdivided in two main categories, strategic or non-technical when
aimed at improving the functionality of the considered system with the creation of auxiliary facilities or with
a modified management to face critical situations, or technical when operating on the physical systems with
structural reinforcement or ground improvement. These two categories are dealt in the following chapter.

7.2 Strategic mitigation

Non-technical strategies generally require an analysis of the behaviour of a system under critical scenarios
and to prepare a series of actions able to reduce the impact on the community and to improve its resilience.

7.2.1 Resilience assessment and Improvement Framework (RAIF)

Resilience Assessment and Improvement Framework (RAIF) can be used by built assets owners and/or
managers to assess the antecedent vulnerability, resilience and adaptive capacity of their built assets
(buildings and infrastructure) to EILD events. The same framework can also be used by EU, national, regional
and local decision makers to assess vulnerability, resilience and adaptive capacity of urban communities to
EILD events. RAIFs provide the theoretical basis for the development of a range of decision support tools.
The RAIF developed for the LIQUEFACT project (Deliverable D.1.3 of the present project) is based on the
risk/resilience framework developed by Prof Jones in the CREW project, which examined the factors that
affected community resilience to extreme weather events (CREW, 2012). The CREW project developed and
tested a six stages adaptation framework that was integrated into a built asset management model that
would allow building owners/managers to identify and programme interventions (physical and social) to
improve the resilience of their built assets to extreme weather events. Whilst the stressor behind the disaster
risk associated with the LIQUEFACT project is different to that used in the CREW project the general theory
supporting the adaptation framework is similar. The underlying theory is based on Cutter’s (2008) Disaster
Resilience of Place model (Figure 7-4) in which antecedent conditions, including coping response and
absorptive capacity, directly affect speed of recovery and system resilience. The LIQUEFACT project has re-
interpreted the adaptation framework developed in the CREW project to reflect the specific characteristics
associated with EILD events to provide guidance on the metrics, tools and models that need to be developed
(WP’s 2, 3, 4 and 5) to operationalise the RAIF and provide the input into the SELENA-LRG software toolkit
and wider guidance documentation.
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Figure 7-4: Schematic representation of the disaster resilience of place (DROP) model (Cutter et al., 2008).

The RAIF is based on the SENDAI Framework for Disaster Risk Reduction 2015-2030 (UN General Assembly,
2015),whose stated intention is to support a ... substantial reduction of disaster risk and losses in lives,
livelihoods and health and in the economic, physical, social, cultural and environmental assets of persons,
businesses, communities and countries”. When developing implementation plans the SENDAI Framework
suggest that national states should focus on 4 priority areas for action.

e PRIORITY 1: Understand the disaster risk

¢ PRIORITY 2: Strengthen disaster governance to manage risk

e PRIORITY 3: Invest in disaster risk reduction to improve resilience
¢ PRIORITY 4: Enhance disaster preparedness and build-back-better

Pre-planning is essential for an effective recovery, rehabilitation and reconstruction following a disaster
event, but also represents an ideal opportunity to build-back-better by integrating disaster risk reduction into
development and reconstruction projects. Preparedness for disaster events requires contingency plans and
programmes to be developed and tested routinely across the community. These plans need to consider
forecasting and early warning systems as well as communication systems and channels. Policies to improve
the resilience of existing critical infrastructure should be developed and implemented as part of routine
refurbishment. Logistics required immediately after a disaster event should be stockpiled and a distribution
system established for their release immediately following a disaster event. The SENDAI Framework also
emphasises the role of stakeholders in disaster risk reduction; identifying particularly society; volunteers,
organised voluntary work organisations, and community-based organisations; businesses; professional
associations; financial institutions; and media organisations as critical components to community resilience.
A better understanding of how risks escalate over time and particularly the social, economic and institutional
factors that contribute to risk and the transfer of risk between stakeholders.

Assessment of vulnerability implies to check the conditions listed in Table 7-1.
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Table 7-1: Factors affecting vulnerability, adaptive capacity and resilience of urban communities (from D.1.3).

Technical factors Organizational factors Social factors Economic factors
Poor design and . i
. . Early warning system Education Empowerment
construction of buildings
Unregulated land use Risk assessment Disaster preparedness Disaster insurance
planning
Trained staff Social cohesion Funding mechanism
Lack of building codes &
. L Emergency response . . L
Protection of critical | Social support Business continuity plan
an
infrastructures P
. . L . . Ability to mobilising
Protection of built assets Public information Social networks
resources
Building stock
assessment and Hazard mitigation plan Poverty
retrofitting
. . Collaboration with
Network redundancy Effective leadership .
research institution
Proximity to disaster i . . T
Pre-Disaster planning Public participation in

prone areas L
decisions

Building typology

Once vulnerability of the system has been assessed a series of potential mitigation interventions can be
identified to reduce failure probabilities (and the consequences of failure) and to improve the resilience of
the system. The analysis will produce another Kiviat diagram (Figure 7-5) in which it is possible to assess how
the mitigation measures affect the overall system vulnerability, both positively and/or negatively. The new
diagram shows how the adoption of the selected mitigation measures change the values of the system.

Poor design and
construction of buildings

Unregulated land use
planning

Proximity to disaster prone
areas

o
.
P
-

Network redundancy Lack of building codes

Building stock assessment Protection of critical
and retrofitting infrastructures (water,...

Protection of built assets

Figure 7-5: Schematic representation of the disaster resilience of place (DROP) model (Cutter et al., 2008).
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7.2.2 Urban planning

Urban planning represents one of the most effective mitigation actions against risk, in particular that deriving
from liquefaction. As part of territorial and urban planning, Microzonation studies integrate the knowledge
of components that determine the seismic risk, as well as provide some selection criteria aimed at its
prevention and reduction, according to a gradual and programmatic approach to the various scales and to
the various planning levels. On an urban scale, the identification of local seismic hazard, associated with the
knowledge of the different levels of vulnerability of the elements and of the systems exposed, is crucial for
the evaluation of the areas at risk and, therefore, to introduce safety elements as key factors development
and location choices. In Italy (DPC, 2008), Seismic Microzonation studies are applied at the planning of various
territorial levels as follows:

¢ large area planning (provincial plans and other territorial plans)

In the specific area of seismic risk, large area planning: transposes the objectives of seismic risk reduction
defined at regional and national level; assumes and defines for the territory of competence, methodologies
and procedures defined from the regional legislation; identifies priority areas of intervention and
investigation, as well as the levels of required in-depth analysis, also planning resources; contributes to define
the cognitive framework of the territory.

In addition to contributing to the formation of over-communal level choices, risk assessment contributes to
define a knowledge base useful for municipal level planning. Studies serve to provide for any in-depth
investigations and their methods of use; orient and verify planning decisions and locations of supra-municipal
importance; orient the location of the primary operational, logistic and infrastructural elements for
emergency planning; provide municipal planning with a cognitive map of their territory to be used in plan
formation process; integrate hazard studies with other cognitive areas of risk analysis seismic.

¢ municipal level

Municipal planning defines the existing historical-cultural, environmental, infrastructural and built-asset
invariants of the territory, the strategies and general objectives of transformation, specific objectives and
intervention policies, the methods and areas of transformation, the priorities and phases of the planning
process. In this framework risk assessment can contribute to the definition of the following contents: general
and/or sectorial urban planning strategies, articulated in choices for the specific location and explicitly
including the targets for seismic risk reduction. Risk assessment is intended to address the choices for:

guiding the choice of new forecast areas;
defining eligible interventions in a given area with related procedures;
orienting the location of the primary operational, logistic and infrastructural elements for planning
emergency;
o preparing any in-depth investigation programs.

From an operative viewpoint, seismic risk analysis defined address choices regarding:
¢ new building areas;
¢ eligible interventions in individual areas and their methods;
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¢ intervention methods in already urbanized areas;

e prescriptive content with reference to areas whose transformability is limited by instability.

The introduction of seismic risk assessment in the municipal planningin Italy is described in Figure 7-6 derived

from DPC (2008).
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Figure 7-6: Scheme for the use of seismic microzonation studies in the municipal planning (from DPC, 2008).
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7.2.3 Management of lifelines

The liquefaction risk for critical lifelines (see the list in paragraph 1.2.2) can be also faced by re-thinking the
physical and operative set-up of the infrastructure. The risk felt by operators stems partly from the cost
necessary to repair the damaged physical support of the service (roads, pipelines, electric or communication
cables etc.), moreover from the reduced or interrupted operability of the system. Considering as paramount
the “reliability of the infrastructure”, i.e. the probability that a given element in a critical infrastructure
system is functional at any given time” (Murray & Grubesic, 2007), an interruption of the service, or even its
temporary reduction, determines a variety of financial losses related not only to the missed income from the
users of the service, but also for the credibility of the provider. The question becomes even more severe
considering the interconnection with other services and the criticality of the infrastructure for the life of the
community.

Together with the technical remediation of the structures and subsoil shown in paragraph 7.3, the above risk
can be mitigated with a more rational planning of the service. In case of punctual infrastructures or vital
nodes for network systems, like for instance power plants, antennas for telecommunication, water
purification plants and reservoirs or sanitary centres (clinics and hospitals), the relocation or duplication in
less hazardous areas could represent a convenient alternative to a very costly technical mitigation.

For horizontally distributed infrastructures like transportation networks, aqueducts and gas pipelines,
sewers, electric and telecommunication lines, a detailed analysis of the systems and of their working
conditions in case of earthquake induced liquefaction damage leads to envisage alternative distributions,
with the redirection of the flows towards less hazardous areas, and the reinforcement of specific directions.
For freshwater distribution pipes, closed meshes are more flexible than open trees systems and are thus able
to redistribute flows and supply service in case of local disconnection. For road networks, the enlargement
of secondary roads, the duplication of critical interconnections (e.g. bridges) can be achieved to mitigate the
reduction of traffic speed caused by the reduced serviceability of the main roads.

7.2.4 Insurance

In addition to seismic provisions for new construction and retrofitting of existing structures, insurance
represents an option to face and mitigate financial risk. The principle of this mitigation action is that risk for
economic/financial consequences and for fluctuation/variability of a stakeholder’s asset caused by
contingencies is transferred to a third subject (accompany or a public/semi-public institution). Typically, the
contract establishes that the owner of an asset pays an annual premium to the insurer and receives
compensation upon the occurrence of specific loss events. In the context of earthquake insurance, the
occurrence of seismic damage cost, exceeding a specified deductible, triggers the pay-out from an insurer. A
typical pay-out function includes deductible, cap, and co-insurance factor. The earthquake insurance
premium consists of pure premium, which is equivalent to the expected damage cost, and risk premium (plus
transaction cost). The risk premium is an overcharge requested by an insurer for undertaking low-probability
and high consequence events and can be much greater than pure premium. The appreciation of benefit from
purchasing earthquake insurance coverage varies significantly, depending on risk attitudes, financial status,
personal experience, and many other factors (Palm 1995). Therefore, even when the overall premium is
reasonably priced, not so many stakeholders voluntarily purchase earthquake risk coverage.
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From a general viewpoint, insurance against earthquakes can be seen as a non-technical measure to face
losses, but policies differ largely from country to country, being insurance strongly promoted or even
compulsory in some countries, poorly adopted in some others.

Insurances (public and private), differentiating the premium, may contribute to control the quality of design
and construction. Several models for the application of insurance are available and practiced throughout the
world. Essentially, one can have centralized bodies as practiced in Spain by the Consorcio de Compensacion
de Seguros (CCS, 2018), or a moderate centralized scheme such as the Solidarity Fund created in the EU in
the aftermath of the large Central Europe floods of summer 2002. But the most practiced case is the existence
of individual national or international companies with pools through international re-insurance.

Convenience of this mitigation action mainly depends on the occurrence probability of an event and on the
related severity, in a few words on the outcomes of the risk assessment. Cost-benefits analyses performed
with the criteria shown in chapter 6 should be performed to estimate the advantages of insuring an asset in
comparison with providing a technical mitigation, considering the general principle that higher risk
correspond to higher premium to be paid to the insurer.

In general, for high risk given by a high likelihood coupled with the possibility of producing severe damage
and casualties, technical mitigation like those described in paragraph 7.3 should be preferable also from a
financial viewpoint. However, they could be conveniently coupled with an insurance to face unforeseen
occurrences. On the other hand, low probability events mostly if not associated with casualties, could be
more conveniently covered by insurance compared with costly technical mitigation.
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7.3 Technical mitigation
7.3.1 Reduction of subsoil susceptibility by ground improvement

As repeatedly shown in the previous chapters, high energy seismic excitation on loose sands triggers volume
contraction that in saturated conditions turns into an accumulation of pore water pressures. When the
natural drainage capacity of the system is unable to exhaust the pore pressures, the total overburden stress
may be entirely carried out by water with the result that the effective stresses, index of the contact forces
between grains, nullify and the sand matrix loses its shear resistance and starts behaving like a viscous fluid.
The consequence turns to be more dramatic when sandy layers are sloped and covered by an impermeable
crust. Being the phenomenon ruled by the concurrence of different factors, i.e. non plastic 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 reduced decreasing the
contractive tendency upon cyclic loading, e.g. by means of dynamic compaction (Mayne, 1984), vibratory
techniques (Kirsch and Kirsch, 2016) or blasting (Lyman, 1942) or 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 build-up with induced partial desaturation (Mele et al., 2018) or facilitating its exhaust with
horizontal and vertical drains (Chang et al., 2004). Other possible countermeasures consist in limiting 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., 2012) or stone columns
(Dappolonia, 1954). Reinforcements have the twofold scope of reducing shear strains in susceptible soils and
transfer loads to deeper non liquefiable strata.

A list of possible ground improvement solutions describing principles, drawbacks and costs is provided by the
JGS (2011) (Table 7-2). From a purely mechanical viewpoint, the function of ground improvement can be
classified as follows, being the single ground improvement technique able to reach one or more of the
following goals:

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

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

— Drainage: reducing the pore pressure build-up

— Desaturation: preventing the pore pressure build-up

— Reinforcement: reducing the shear strain into liquefiable soil and transferring loads to more
competent strata
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Table 7-2: Classification of ground improvement methods for soil liquefaction countermeasure (JGS, 2011).
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As for any ground improvement application, suitable techniques should be chosen scrutinizing the problem
from different perspectives, i.e. not only considering mechanical effectiveness, but also the
temporal/permanent function of treatments, their invasiveness, durability, cost-effectiveness and
executability, mostly is existing structures are of concern. Whatever the adopted technique, the international
standards (e.g. EN1997-1, 2004) state the following basic principle: “the effectiveness of the ground
improvement shall be checked against the acceptance criteria by determining the induced changes in the
appropriate ground properties”. Although general, this sentence features a strategy that may adopted to
drive in a consistent framework the three phases of ground improvement application, design, execution and
control of treatments (Croce et al., 2014). Therefore, depending on the scope of ground improvement, the
hydraulic/mechanical performance should be identified with a property (or more than one), originally
inadequate and modifiable with ground improvement, and its adjustment motivated with quantitative design
analyses.

Usually ground improvement techniques bring advantages, producing positive modification to the ground
properties. Sometimes they are accompanied by limitations and drawbacks that must be seriously considered
as they may hamper the effectiveness of the technique. One of the main aspects to be considered is the
applicability of the candidate technique on existing structures. Some techniques produce in fact significant
disturbance to the surrounding soil at a point that their execution is impossible near or below existing
buildings or infrastructures, while others can be conveniently applied due to low invasiveness.

Apart from the induced modification, another relevant issue concerns the execution of the technique, i.e.
the setting of the optimal treatment parameters necessary to achieve a prescribed goal. Each technique is
achieved with a treatment that can be characterised with a set of geometrical and mechanical parameters
(e.g. the intensity and duration of shaking and the spacing between boreholes for vibratory compaction, the
injection pressure and spacing between holes for grouting etc.).

The choice of parameters dictates the cost of the treatment, which is a relevant issue to judge economic
convenience. In some cases, charts exist to define the above parameters starting from the characteristics of
the soil to be treated and to the desired goal. In some other cases, a significant degree of uncertainty remains
that must be necessarily solved with an experimental assessment (field trial) to be performed before
treatment is executed. This preliminary activity has the twofold scope of ensuring the feasibility of treatment
and establishing the best procedures for execution.

Finally, but not less important, the effectiveness of ground improvement must be proven with simple, fast,
reliable and non-invasive control tests. The controlling technique must be chosen depending on the
modification applied to the soil. Most commonly, penetration resistance tests (SPT, CPT) executed prior and
after treatment are suitable for assessing improvement, also because they are the widely used for
liguefaction assessment. Sonic tests based on the propagation of compression and shear waves can be also
used, provided the technique determines an increase of the propagation velocity.

The main factors characterising the use of a ground improvement technique for liquefaction mitigation can
be synthetically described in charts, an example of which is given in Figure 7-7. Normally, ground
improvement requires a protocol procedure to choose, design and apply the selected technique. For risk
assessment the fundamental choice concerns the economical convenience of mitigation, that should be
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estimated performing a cost/benefit analysis as described in the flow chart of Figure 7-8. One of the main

variables that must be known and considered to determine a sufficiently approximate estimate of costs is

the volume of subsoil to be treated. This information, together with the unit cost of treatment (typically

expressed as cost/volume) forms the total cost of mitigation.
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voids and gels resulting in a soil particle bonding and in a reduction of excess porewater pressure,
preventing liquefaction. Furthermore, the strength and stiffness of the treated material will increase.

After the initial drilling phase, the injection can be performed by means of two ways: by mixing the
components before the treatment and injecting the colloidal suspension into the soil (one shot), or by
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Figure 7-7: Example of technical chart describing the ground improvement technique.
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Figure 7-8: Flow chart describing mitigation analysis for risk assessment.

7.3.2  Reduction of structural vulnerability

For new residential buildings, both ground improvement solutions or surface foundation solutions may be
applied. However, on some sites, practical constraints like soil conditions, site access, flooding, lateral
spreading potential, dewatering requirements and building type/layout may limit to undertake ground
improvement. Where any of these constraints apply, foundation reinforcement has generally to be chosen
for a new residential building. This option involves constructing new residential buildings on land that is
vulnerable to liquefaction and didn’t underwent ground improvement.
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As an example, in 2012, the Ministry of Business, Innovation and Employment of New Zealand has issued a
set of Guidelines entitled “Repairing and rebuilding houses affected by the Canterbury Earthquakes”,
organized in different parts. The logic of this document is to subdivide the area of Christchurch in three
different zones assigning flats into three foundation technical categories based on the expected future
liguefaction performance:

e TC1: Liquefaction damage is unlikely in future large earthquakes. Standard residential foundation
assessment and construction is appropriate.

e TC2: Liquefaction damage is possible in future large earthquakes. Standard enhanced foundation repair
and rebuild options in accordance with MBIE guidance are suitable to mitigate against this possibility.

e TC3: Ligquefaction damage is possible in future large earthquakes. Individual engineering assessment is
required to select the appropriate foundation repair or rebuild option.

As a general guiding principle, the code suggests building using light materials rather than heavy materials.
Light construction (roof, walls and floors) significantly reduces the imposed loads on the subsoils and
therefore the potential for liquefaction-induced settlement. For the buildings of TC3 category, the
countermeasures listed in Figure 7-9 are suggested to reinforce foundations.

PEHING REISHENE

Deep piles Negligible settlement | No height and/or Not suitable where sither major or
in both small and material constraints severe global lateral movement likely
larger earthquakes likely or dense non-liquefiable bearing

layer not present

Site ground | Improving the ground | Limits on some Some ground improvements can be

improvement | to receive a TC2 two storey/heavy specified to accommodate major
foundation wall types and plan lateral stretch

configurations

Surface Repairable damage Only suitable for light | In the absence of ground

structures/ in future moderate and medium wall improvement, Type 1 & 2a

shallow avents cladding combined options only suitable for minor to

foundations

with light roofs,
regular in plan

moderate vertical settlement and
varying lateral stretch, Type 2b can
accommodate up to 200 mm SLS
settlement

Type 3 (specific design) concepts
can be designed for major lateral
stretch and some for potentially
significant vertical settlement

Figure 7-9: Proposed TC3 foundation types (MBIE, 2012).

Depending on the performance under Serviceability (SLS) and Ultimate Limit State (ULS) the different
foundation types are proposed (Figure 7-10 and Figure 7-11).

210



LIQUEFACT
Deliverable 7.1

Manual for the assessment of liquefaction risk, defining the procedures to create the

This project has received funding
from the European Union’s
Horizon 2020 research and
innovation programme under
grant agreement No. 700748

database, collect, define, symbolize and store information in the Georeferenced
Information System and to perform and represent the risk analysis

Vertical Land
Settlement (SLS) Lateral Stretch (ULS)

<100 mm (;:tjgn:i-::?y <200mm | <500 mm
[(Moderate) Significant) {(Moderate) (Maijor)
Type 1 - light-weight platform
(standard solution) Yes No' Yes No
Enhanced NZS 3604 subfloor
Type 2 — underslab platform (standard solution) e
o
Type 2A - 150 mm underslab on gravel
Yes Yes Yes
Type 2B — 300 mm underslab on gravel Upnt::r)nZ‘OO
Type 3 - concepts for specific design
Type 3A - Re-levellable platform Yes Subject to Yes Yes
design
Type 3B - Stiff platform

Figure 7-10: Summary of foundation types proposed for TC3 structures (MBIE, 2012).

Figure 15.16: Perimeter foundation details for Type 1 surface structure
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Figure 15.19: Detail of Type 2A surface structure at the timber piles (including gravel raft)

Figure 15.23: Type 3A surface structure - Detail at supporting blocks
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Figure 15.20: Section through Type 2B surface structure at the timber piles (including
gravel raft)
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Figure 7-11: Schematic plots of the different foundation types (MBIE, 2012).
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