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ABSTRACT 

Proven that risk management embraces a series of subsequent steps, including 

communication strategies and political decisions, which are not explicitly discussed in 

this work, the study's general scope aims to develop an operative procedure to quantify 

and mitigate the liquefaction risk on urban aggregate. Bearing this goal in mind, the 

action has been focused on two complementary targets, i.e., evaluating the liquefaction 

risk of a generic system and standardizing the use of ground improvement technologies 

to mitigate the liquefaction risk. The former goal has been achieved by customizing 

the well-consolidated performance-based earthquake engineering approach to the 

liquefaction-induced damage on buildings. The latter plan involves a first 

classification and a global technical comparison of the most widely adopted 

countermeasures. Besides, the performance of benefit/costs analyses allows to 

estimate on an annual basis the economic convenience of mitigating. In the context of 

liquefaction, the proposed framework represents a primary component of a holistic 

seismic risk assessment and management, capable of evaluating the potential 

consequences of earthquakes and secondary seismic hazards (like Landslides, Etc.).  

From a historical viewpoint, some of the most spectacular examples of earthquake-

induced damage occurred because of the reduction of cohesionless soilsô strength until, 

in extreme cases, they appeared to flow like a fluid. Thus, the above behavior of 

saturated coarse soils is known as seismic liquefaction. The word liquefaction is 

commonly used to encompass several liquefaction-related phenomena that Kramer 

(1996) grouped in two categories: flow liquefaction (less frequent but responsible for 

the most dramatic instabilities, i.e., flow failures) and cyclic mobility, the latter 

including level ground liquefaction.  Only in a few cases liquefaction affected the 

territory massively, like in the flow failure examples occurred in 1964 in Alaska, which 

caused 32 casualties, or in the more recent 2018 earthquake occurred in Palu 

(Indonesia). This mechanism occurs in particular conditions, namely when the static 

shear stresses on sloping ground exceed the soilôs frictional shear strength deteriorated 

by the pore pressure build-up. In this case, displacement can be very large, in the order 

of tens of meters or even more, and may disrupt buildings and infrastructure over vast 

areas.  
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Apart from this extreme case, cyclic mobility-related phenomena include a more 

heterogeneous range of effects (e.g., level ground liquefaction, lateral spreading, etc.) 

that frequently regard the foundation of buildings and infrastructures affecting their 

performance. Even when such massive disruption does not occur, the effects of 

liquefaction are harmful to the communities in terms of economic losses and social 

consequences. Several worldwide earthquakes (Turkey, Greece, Taiwan, India, Japan, 

New Zealand, Italy) have highlighted the complex behavior of the structure-foundation 

system subjected to earthquake vibrations. For example, after the 1999 Kocaeli 

Earthquake, the Adapazari area (Turkey) suffered extensive liquefaction with 

buildings that rotated significantly, and others that underwent relatively uniform 

settlements of several dozen centimeters. In other cases, ununiform settlement caused 

the deformation of the superstructures up to intolerable levels. Other effects can be 

seen on horizontal infrastructures like breakage or disconnection of pipelines or uplift 

of sewer manholes. These examples highlight the importance of understanding the 

mechanism triggering liquefaction, predicting soil response subjected to ground 

shaking and the interaction with the overlying or embedded structures, and transferring 

this knowledge into robust operative procedures for risk assessment. The applicability 

of individual tools and the complete procedures needs to be examined with real 

situations facing the complexity of using data of different nature, origin, and quality 

standards and merging them into a unified framework. Thus, it is fundamental to 

observe the performance of real structures and infrastructures, reconstructing in the 

best possible way the subsoil and structural characteristics to interpret the occurred 

phenomena. 

The challenge for risk assessment comes from investigating different concurrent 

factors: the seismicity and the liquefaction susceptibility of a soil, i.e. the ability of a 

soil to liquefy irrespective of the level of earthquake shaking (Youd and Perkins, 

1978). The former affects the territory in the radius of dozens of kilometers from the 

epicenter; the latter, i.e. the set of geological conditions by which recent deposits of 

saturated granular soils tend to compact and develop excess pore pressures upon cyclic 

shearing, is variable in the scale of dozens of meters. A combination of different 

studies must thus be conceived conjugating information at different geographical 

scales: seismic hazard dictated by macrophenomena producing effects at the regional 

scale; lithological, stratigraphic, geotechnical, and hydrogeological conditions.  

The question becomes more complicated when considering that risk assessment 

involves buildings and infrastructures whose vulnerability must be assessed firstly at 
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the physical level, considering their structural characteristics, then at the serviceability 

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 reasonable 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 the maximum 

precision in conjunction with the coverage of the studied area, optimizing the 

investigation strategy. Investigations should be preferably performed where the 

presence of elements at risk is significant, and information should be interpreted 

altogether, taking advantage of their spatial distribution. 

Methodologies and approaches of assessing of liquefaction potential are the 

subjects of significant and ongoing research. 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. 

Besides, the extensive physical damage produced on buildings and lifelines is only 

a part of the impact of liquefaction, as injuries are aggravated by the prolonged reduced 

serviceability of the critical infrastructures, i.e., those systems and organizations that 

deliver goods and services fundamental for the functioning of society and economy 

(Macaulay et al., 2009). This distinction requires introducing the concept of direct and 

indirect disaster losses. The former refers to directly quantifiable losses (such as the 

number of people killed and the damage to buildings, infrastructure, and natural 

resources); the latter include declines in output or revenue, and impact on the wellbeing 

of people, and generally arise from disruptions to the flow of goods and services 

because of a disaster (UNDRR, 2015). 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 

system, 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 
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plays the final negative role because the population may be discouraged to undertake 

reclamation and persuaded to abandon the place. 

Earthquake-specific studies quantified the role of direct damages together with the 

reduction in production (business interruption) on economic growth. An analysis by 

Standard & Poor's (2015) (using Swiss Re data on expected losses) found that GDP 

per capita would be lower in all but one of the examined countries five years after a 1-

in-250-year earthquake event. In some countries, including Chile, Costa Rica, Japan, 

Panama, Peru, the Philippines, Chinese Taipei, and Turkey, the decline in GDP per 

capita is estimated at more than 5%. Other studies of actual events (see Loayza et al., 

2009) tend to balance the negative impacts of direct damages and production losses in 

many sectors with the increased activity in other sectors of the economy that may 

benefit due to reconstruction activities (e.g., construction sector). The significant 

capital investment to replace damaged equipment and machinery with new (potentially 

more productive) equipment and machinery could support future economic growth. 

Figure I illustrate the impact of recent earthquakes on economic growth by comparing 

pre-event economic projections with actual post-event economic outcomes. As it is 

obvious to expect, Figure I demonstrate that the considered recent events have 

impacted the national economic growth in a way proportional to the magnitude of the 

event and the exposure of the hit areas and inversely proportional to the economic 

systemôs robustness. These evaluations do not consider the implications for public 

finances. There will likely be a need for a (potentially unexpected or unfunded) fiscal 

outlay to address emergency response, recovery, and reconstruction, as well as a 

decline in tax revenues. For example, to support recovery and reconstruction after the 

Great East Japan Earthquake, the Japanese government approved three supplementary 

budgets in 2011, totaling JPY 15 trillion (Ranghieri and Ishiwatari, 2014). 

 

Figure I - The economic impact of recent earthquakes (OECD, 2018). 
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All t he above concerns raise the need for improving the recovery capacity and 

resilience of the community, involving stakeholders (boards, governments, regulators, 

suppliers of services) in unified strategies 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 ï human, environmental, and others ï 

which together add up to ensure the societyôs functioning. 

 

The present work consists of 6 chapters, whose content is summarized as follows. 

In the first chapter, the most hazardous natural phenomena are presented, 

highlighting the different impacts they produce on a community. Then, the basic 

principles of risk assessment and its historical evolution are briefly described. 

In chapter 2, the main concepts forming the seismic risk assessment are reported to 

provide an overview of the methodology, the most known existing tools, and to 

underline the role of stakeholders. 

In chapter 3, the mechanical characterization of seismic-induced liquefaction is 

introduced, focusing on the most popular procedures to predict the triggering and the 

severity of liquefaction in free field conditions and in the presence of buildings. 

In chapter 4, firstly, the main principles of multilevel liquefaction risk are 

introduced, emphasizing the possibility of defining for each element the hazard factor 

(i.e., the demand), the vulnerability to such hazard, and evaluating the corresponding 

risk. A procedure to assess the liquefaction risk on buildings is defined, highlighting 

the non-negligible role of uncertainty, which propagates from the definition of 

representative variables to the obtained results. To quantify uncertainty, when risk 

assessments are carried out over large areas (e.g., urban areas), the combination of 

geostatistics with the error propagation theory represents a powerful analytical tool. 

In chapter 5, the liquefaction risk assessment is first tested and validated by 

comparing predictions with liquefaction-induced effects observed in Christchurch 

(New Zealand) after the 22nd February 2011 Mw 6.2 earthquake. Then, the 

physical/economic impact on RC-F residential buildings is calculated accounting to 

the seismic hazard of the area; this analysis allows to evaluate the economic 

convenience of different mitigation options. 

Chapter 6 relates about liquefaction-induced land and buildings damage following 

the 20 May 2012 Emilia (Italy) Mw 6.1 Earthquake, focusing on the municipalities of 

https://en.wikipedia.org/wiki/Preparedness
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S. Agostino and Mirabello. Additionally, a probabilistic liquefaction risk analysis is 

carried out on residential and industrial buildings. In this case, an appropriate 

economic model must be introduced to link the expected physical impact to the 

annualized economic loss resulting from the considered seismic scenarios. Finally, a 

benefit/cost analysis is performed for each building to assess the convenience of any 

mitigation treatment on an annual basis. 
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 INTRODUCTION  TO NATURAL 

DISASTERS AND RISK 

 Abstract 

 

Every day the natural and built environment deal with natural hazardous 

phenomena potentially able to affect any place with probability dictated sometimes by 

the geological/geomorphological conditions (earthquakes, volcanic eruptions), 

sometimes by climate implications (drought, wildfires, and extreme weather events), 

sometimes by a combination of both factors. All  these phenomena may be 

conceptualized as natural hazards, i.e., necessary but not sufficient for a disaster to 

occur. They only become disasters through their match with human vulnerability 

(UNISDR, 2019). Despite human life loss occurs differently from one case to the other, 

hazardous phenomena are often responsible for significant short and long-term 

impacts on the existing communities (physical damage, economic losses, and loss of 

functionality). Therefore, the reduction of such impacts involves the entire risk 

management process. In this chapter, some of the recent case histories about natural 

phenomena that differently affected the community are briefly introduced and 

compared in terms of impact. Then, the concepts of risk assessment and its historical 

evolution are described.  
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 Natural Hazards 

 

From 1900, more than 15000 natural disasters have been collected and reported in 

the EM-DAT International Disaster Database maintained by the Centre for Research 

on the Epidemiology of Disasters (CRED) at the Catholic University in Louvain, 

Belgium. The Center for Research on the Epidemiology of Disasters (CRED) defines 

a disaster as the situation or event that overwhelms local capacity, necessitating a 

request at the national or international level for external assistance; an unforeseen and 

often sudden event that causes significant damage, destruction and human sufferingò. 

From a technical viewpoint, a phenomenon is assessed as a disaster, and thus 

incorporated in the EM-DAT, if at least one of the following criteria is satisfied: 10 or 

more reported killed people; 100 or more reported affected people; declaration of a 

state of emergency; call for international assistance.  

For the last decade, the EM-DAT reports an average of 60 000 people globally died 

from natural disasters each year, corresponding to 0.1% of the global deaths rate. 

However, this rate dramatically increased in the past following catastrophic events like 

the 1983-85 famine and drought in Ethiopia, the 2004 Indian Ocean earthquake and 

tsunami, Cyclone Nargis that struck Myanmar in 2008, 2010 Port-au-Prince 

earthquake in Haiti. These phenomena pushed global disaster deaths over 200,000, 

representing 0.4% of the global annual deaths in these years. 

Data summarized in Figure 1-1 attributes to drought and floods the highest number 

of victims since 1900; they appear the most severe and huge among the weather-related 

natural hazards, affecting respectively 2.0 and 1.5 billion people globally. Drought is 

probably the most complex due to its intrinsic nature, which connotates it as a hidden 

hazard and also to its wide-ranging and cascading impacts: it directly/indirectly affects 

agricultural production, water supply, energy production, transportation, tourism, 

human health, biodiversity and natural ecosystems in many areas of the globe.  

Despite the size of circles showing the number of victims in Figure 1-1 may appear 

significantly low if compared to Floods and Drought, Earthquakes come immediately 

after human life lost, capable of few seconds of producing enormous damage over 

large areas.  Around 4 000 Earthquakes per day (1.4 million per year) happen all 

around the world (https://earthquake.usgs.gov/): among them, an average of 21-30 

strong earthquakes per year has been experienced in highly densely populated regions 

of the world since the 1970s, highlighting China and Indonesia as the most severely 

affected areas in the world, experiencing respectively 99 and 80 destructive events, 
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with Italy and Greece respectively ninth and 10th on the global scale (Guha-Sapir and 

Vos, 2011). 

Between 1998-2017, Earthquakes caused approximately 750 000 deaths globally 

(CRED & UNISDR, 2018), being responsible for more than half of all deaths related 

to natural disasters (around 1.3 million), and affected more than 125 million people if 

considering injured, homeless, displaced or evacuated during the emergency phase of 

the disaster. The considerable number of deaths over the last two decades is strongly 

influenced by some extreme events like the 2004 Indian Ocean Tsunami, the 2008 

Wenchuan (China) Earthquake, the 2010 Haiti Earthquake, and the 2011 Tohoku 

(Japan) Earthquake followed by a tsunami, which features are summarized in Table 

1-1. By contrast, a similar magnitude earthquake to Haiti hit the New Zealand South 

Island, affecting 400 000 people, but without deaths due to the New Zealand building 

codes and to the preparedness of such community. 

 

 

 

 

 

Figure 1-1 Global deaths caused by natural disasters between 1900-2016 (EM-DAT). 
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Table 1-1 Largest worldwide earthquake-induced disasters since 2004. 

Date Primary 

Hazard 

Secondary Hazards Affected People 

December 

26th, 2004 

M9.1 Sumatra-

Andaman 

earthquake (the 

third strongest 

since 1900) 

which occurred 

off the coast of 

Indonesiaôs 

Sumatra island, 

along a tectonic 

subduction zone 

in which the 

India Plate 

After the Earthquake, the seafloor 

overlying the thrust fault was uplifted 

by several meters causing the Indian 

Ocean Tsunami; up to 20 meters 

height waves hit land, in Indonesiaôs 

Aceh region. 

230 000 deaths 

distributed among 14 

countries of the Indian 

area, 170 000 deaths in 

the only Indonesia Aceh 

region where the total 

economic loss reached 

97% of the regional 

GDP. 

1.7 million people 

displaced. 

May 12th, 

2008 

Wenchuan 

(China) 

Earthquake 

M8.0 

 

The Sichuan (central China) 

earthquake originated at the 

óLongmenshan Faultô zone that 

follows the southern flanks of the 

Tibetan Massif; it induced more than 

56 000 landslides in steep 

mountainous areas that additionally 

caused more than 2000 fatalities. 

Additionally, the earthquake-induced 

landslides produced extensive 

damage to housing settlements, 

irrigation channels, and rivers. 

Highways and bridges were blocked 

or destroyed, and the city of 

Wenchuan and many other towns 

became isolated. 

70 000 fatalities, 350 000 

persons injured and 20 

000 missings;  

20 million houses 

damaged, and more than 

5million people 

homeless 

January 

12nd, 2010 

Port-au-Prince, 

(Haiti) 

Earthquake 

M7.0 

The 2010 Earthquake destroyed 

300.00 dwellings, i.e. the 90% of the 

building stock in the epicentral area. 

Additionally, 60% of the nationôs 

administrative and economic 

infrastructure was lost; 80% of the 

schools and more than 50% of the 

hospitals were destroyed or seriously 

damaged, 180 government buildings 

and the Parliament collapsed (GOH, 

2010). Extensive liquefaction was 

triggered: lateral spreading-induced 

damage on the main port of Port-au-

Prince and the blockage of lifelines 

from debris further hampered the 

emergency management and the post-

earthquake recovery for many months 

after the earthquake. 

 

316 000 deaths, 300 000 

injured and over 1.3 

million homeless 

(reported by the Haiti 

Government in 2011). 

March 

11th, 2011 

Tohoku (Japan) 

Earthquake 

The event triggered a tsunami which 

destroyed most of the infrastructure 

16 000 deaths; 

4 500 people missing. 
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M9.0 of the Fukushima-Daiichi nuclear 

power plant causing the failure of the 

emergency cooling system and a 

series of hydrogen explosions was 

triggered inside the reactor until four 

of the five power-generating blocks 

were destroyed and a massive 

radioactive fallout and extremely 

contaminated fluids were released 

into the Pacific Ocean. 

Additionally, extensive liquefaction 

was experienced in the Kanto Region 

and especially in the city of Urayasu, 

in Tokyo Bay (up to 400km far from 

the hypocenter location). Hundreds of 

buildings suffered differential and 

absolute settlements, and most of the 

networks were heavily interested by 

liquefaction phenomena like ground 

cracks, settlement and dislocation of 

pipes and uplift of manholes with 

ejecta material (Bhattacharya S. et al., 

2011). 

400 000 people 

originally living in the 

area of Fukushima were 

sheltered in provisional 

camps 

 

The few but exhaustive examples of earthquake-induced disasters showed in Table 

1-1, together with other recent earthquake-induced disasters and the improvement in 

media communication and data quality in the last decades increased in people and 

Governments the awareness that a so considerable number of victims is unacceptable 

for a modern society. Especially in case of phenomena like earthquakes, which causes, 

effects and spatial distribution over the globe are almost completely understood.  

Despite differences among each other, all the recent events demonstrated that 

physical damage, deaths, and injuries are not the only consequences of Earthquakes. 

Long term impact on the communities and societal aspects connected to the 

reconstruction and the restoration of the functionality of damaged structures and 

infrastructures/critical infrastructures should not be neglected since this process may 

take years until the pre-disaster conditions are restored.  

For a given Earthquake the total extent of destruction and harm depends not only 

on the magnitude, intensity, and duration but also on the structural design and 

material, the time of day that it occurs, the existence of management policies aimed at 

increasing the preparedness of a community to any potentially harmful consequences. 

Finally, the local geological and geotechnical conditions play a non-negligible role in 

the seismic response of a given site since they are responsible for seismic amplification 

and capable of triggering seismic secondary hazards. In the different possible 

scenarios, a non-negligible role is often played by liquefaction. An estimate on the 
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economic impact of around 7000 global earthquakes from 1900 to 2012 has been 

carried out by Daniell et al.  (2012). The authors disaggregate primary (shaking) and 

secondary causes (tsunami, fire, landslides, liquefaction, fault rupture, and other type 

losses), attributing to liquefaction about 2.2% of the direct economic losses, globally 

estimated in 2.24 trillion US dollars, and 3.6 % when considering total losses, i.e., 

direct plus indirect. This relatively small fraction might wrongly diminish the 

relevance of this phenomenon if not considering that, when liquefaction occurs in an 

urbanized system like a city or an industrial district, the physical damage and 

prolonged impracticability of buildings and infrastructures can be devastating and 

undermine the recovery of normal living conditions (Macaulay et al., 2009; 

CSAPEISLA, 2016). During the 1906 earthquake in San Francisco, failures attributed 

to liquefaction occurred in many locations within a 560 km long zone along the coast, 

inland as far as 64 km (Youd and Hoose, 1976); the city of Kobe, Japan, underwent a 

prolonged economic recovery process from liquefaction-related damage at its port 

caused by the 1995 Hyogo-ken Nanbu earthquake; liquefaction generated a relatively 

modest magnitude event (Mw=6.2) in Christchurch, New Zealand, led to the loss of 

15,000 single-family homes and hundreds of buildings in the Central Business District 

ï CBD (Cubrinovski et al., 2011 b and c). 

Knowing in advance the zones that could potentially be affected by liquefaction and 

predicting the effects on the most relevant territorial assets helps to minimize impact 

enabling stakeholders (urban planners, public administrators, private investors, 

managers of services and lifelines, emergency departments, insurance companies etc.) 

to undertake mitigation actions, inform the population and make communities more 

seismic resilient. These studiesô importance is confirmed by the trend undertaken in 

nations more sensitive to seismic activity, where the territorial planning is 

subordinated to risk assessment (e.g., NZGS, 2016; DPC, 2008 and 2017). 

 Risk 

 

The United Nations International Strategy for Disaster Reduction ñUNISDRò (UN, 

2009) defines risk as to the combination of the probability of an event and its negative 

consequences, in a way that emphasizes both the concept of chance, possibility (e.g., 

the risk of an accident) as well the potential losses, for a given cause, location and 

period. In its simplest way, risk can be expressed with the product of three factors that 

encompass the concepts: 
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ὙὭίὯὌὥᾀὥὶὨὅέὲίὩήόὩὲὧὩί      Eq. 1.1 

ὙὭίὯὌὥᾀὥὶὨὠόὰὲὩὶὥὦὭὰὭὸώὉὼὴέίόὶὩ     Eq. 1.2 

 

Where: 

- Hazard ñHò quantifies the probability that an event occurs in the considered 

time length; 

- Vulnerability ñVò: is the characteristic of a system to undergo damage as a 

consequence of the hazard; 

- Exposure ñEò indicates the value of the elements at risk, i.e. of all the system 

components that are subject to potential loss. 

 

By looking separately at each term from which risk results, the units of risk can be 

determined. Hazard is defined as a probability for a given period, e.g., the annual 

probability of exceeding; since vulnerability represents a fraction value, it has no units 

and E depends on the scale of the analysis, i.e., on the nature of the considered element 

at risk (number of lives, monetary value..).  

 

Ὑ ὌϽὠϽὉ ὖ ϽὸὭάὩ ϽὠὥὰόὩ ὖ ϽὸὭάὩ ϽὠὥὰόὩ  Eq. 1.3 

 

In the UNISDR definition, the term risk extends beyond a single measure of the 

impact of an event to encompass a range of ñé potential disaster losses, in lives, health 

status, livelihoods, assets, and services, which could occur to a particular community 

or a society over some specified future time periodò. It includes indicators and metrics 

required to measure vulnerability and exposure as much as the need to reflect the inter-

relationships between the system characteristics (or between systems) and multiple 

potential losses. Thus, establishing a risk measure is further complicated since it could 

not be meaningful in a disaster risk context. In a simple way, Risk may be related to 

the total economic loss induced by a given event, even if an exact characterization 

should also account for indirect losses and the impact on the social and cultural aspects 

often difficult to quantify for a community.  

Despite the analytical form of Eqn. 1.2 quantifies risk from a technical viewpoint, 

the risk concept encompasses fundamental aspects constantly dealt by people, 

including an ancestral concept that has always influenced human choices.  In fact, 

Mankind always established its settlements in places assessed strategic for the 

economic and political development of that society in each historical context, even 
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when this implied to experience severe or extreme natural phenomena (floods, 

earthquakes, tsunami, landslides, volcanic eruptions) capable of compromising the 

safety of the community. In other words, they were implicitly accepting a ñriskò. In 

the year 79 A.D., it is noticeable, one of the most famous volcanic eruptions of Mount 

Vesuvius, which destroyed the ancient Roman cities of Pompeii, Herculaneum and 

Stabiae, in the Bay of Naples (Italy). As reported by Plinius the Young, the eruption 

began with a high eruptive column depositing a thick air fall pumice deposit to the 

South East of the volcano, and the emplacement of destructive glowing avalanches 

followed it. Two thousand people died in Pompeiôs municipality, which was 

completely buried by ashes and discovered in 1748 by a group of explorers. At the 

present, more than three million people live within 20 km from a possible eruptive 

event (De Natale et al., INGV, 2020) due to the climate conditions and the strategic 

position that have encouraged the development of activities, especially agriculture, 

industry, commerce and tourism. The presence of three volcanoes and such a great 

concentration of people closely exposed to any possible eruptions makes the 

Neapolitan area the largest volcanic risk example in the world. This induced the Italian 

Government to prepare emergency plans, issued by the National Department of Civil 

Protection (whose first version was released in 1995), and support a constant 

monitoring activity through the INGV Observatory.  

 

 Background of Risk Management: the 1979 

UNDRO Conference 

 

The first need for a coded risk assessment strategy appeared in the 1970s when the 

International Community realized that natural phenomena were becoming so serious 

and impacting obstacles to the development of urban areas that much greater emphasis 

had to be given to pre-disaster planning and prevention. This induced many 

Governments to adopt pre-disaster urban planning as part of national development 

policies. The basic idea behind this is that the effects of natural disasters must be 

considered in humanitarian and social terms and economic and development, 

especially for those countries where rapid urbanization involves areas prone to 

earthquakes, floods, tsunami, fires and any other possible natural phenomena. In 1979, 

after years of research about the major natural hazards (phenomena) of meteorological, 

geological, and geophysical origins, the United Nations Disaster Relief Office 
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(UNDRO) conference defined risk as the expected number of lives lost, persons 

injured, damage to property and disruption of economic activity due to a particular 

natural phenomenon. Besides, the following definitions were introduced after the 

homogenization of the existing terminology: 

- Hazard: is the probability of occurrence, within a specific period in a given 

area, of a potentially damaging natural phenomenon. 

- Vulnerability: represents the degree of loss to a given element at risk or set of 

such elements resulting from the occurrence of a natural phenomenon having 

a given magnitude. Vulnerability is expressed on a scale from 0 (no damage) 

to 1 (complete damage). 

- Element at Risk: meaning the population, buildings, and civil engineering 

constructions, economic activities, public services, utilities, and infrastructure 

present over a given area. 

The UNDRO conference expressed risk associated with a given hazard as the 

product of specific risk (i.e., the expected degree of loss due to a natural phenomenon, 

a function of both hazard and vulnerability) and elements at risk. This means that in 

every risk assessment, i.e., independently from the hazard, two are the key parameters 

to be firstly declared: the former is the identification of the element or system under 

assessment (a building, a road or a road network, an entire city or a community..); the 

latter is the time horizon, which the analysis is referred. This results from the definition 

of hazard which is commonly referred to as a return period.   

 

  Theoretical basis of Risk Assessment  

 

The UNDRO Committee defined steps to evaluate most thoroughly the potential 

loss due to a given natural hazard, emphasizing the following aspects:  

- The spatial/temporal variability of natural hazards at a given site; 

- The role of existing structures, whose vulnerability to a given hazard is dictated 

by the magnitude of that phenomenon; 

- The importance of the elements (human population, dwellings, economic 

activities..) possibly affected which are commonly referred to as ñelements at 

riskò;  

- The estimation of the expected risk over a period of time. 
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The effects of natural phenomena on-site are quantified through its magnitude (x), 

which is a variable or a set of variables. Generally, the distribution of x is known, being 

expressed through the function ʟ(x) which represents the joint probability of 

exceedance of each value of x = (x1, x2,é,xn) within the reference period. Conversely, 

the functions F(x) = 1 ï ᶫ(x) or p(x) = dF/dx representing respectively the probability 

of xi not being exceeded or the probability density function, can be considered. On the 

other hand, vulnerability represents the expected degree of loss/damage on a structure, 

or a population induced by a given magnitude phenomenon. Formally, it can be written 

as Ŭ = Ŭ(x). Thinking on a structure potentially exposed to a given natural 

phenomenon, the evaluation of the risk should proceed through the following steps 

from a theoretical viewpoint. Known the distribution of the hazard through the 

probability density function pH(x) or the probability of exceedance ʟH(x) and known 

the distribution of the mechanical properties of the structure, e.g., its strength (S) in 

terms of density function pS(x) or probability of non-exceedance FS(x), the probability 

of failure associated with the probability of the hazard x ranging between x and x + dx 

can be written as (Figure 1-2.a): 

 

                     ὨὪ ὴὊὨὼ      Eq. 1.4 

 

 

Similarly, from Figure 1-2b the probability of failure associated with the probability 

of the strength x ranging between x and x + dx is: 

 

ὨὪ ὴ‰Ὠὼ      Eq. 1.5 

Figure 1-2 Functional forms of the hazard and structural strength probabilities: a) probability density 

function ph(x) and probability of non-exceedance a level of structural strength FS(x) for a given value 

of the magnitude x; b) probability of exceedance Hʟ(x) and probability density function of a structural 

strength ps(x) for a given value of the magnitude x  (modified after UNDRO, 1979). 
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Thus, the probability of failure associated to the whole distribution of x can be 

equivalently defined as: 

 

Ὢ  ᷿ ὴὊὨὼ  ᷿ ὴ‰Ὠὼ      Eq.1.6 

 

The elementary specific risk associated with the probability of the magnitude of the 

event between x and x + ds is: 

 

 ‌ὼὊὴὨὼ ‌ὼ‰ὴὨὼ    Eq.1.7 

 

where (E) are the elements at risk. As before done, considering the whole 

distribution of x, the specific risk is: 

 

 ᷿ ‌ὼὊ ὼὴ ὼὨὼ ᷿ ‌ὼὴ ὼ‰ ὼὨὼ   Eq.1.8 

 

In both expressions of Eqn. 1.8, the first two terms under the sign of integration 

depend only upon the structures, and the third one only upon the natural phenomenon. 

The first two terms thus define the vulnerability when considering the randomness of 

the properties of structures. It may be seen that this definition changes depending upon 

whether the hazard is introduced through its probability of exceedance or its density 

of probability. Although a complete solution of the problem should involve the 

randomness of the structuresô mechanical properties and their vulnerability, the 

original procedure outlined by UNDRO necessitates introducing some simplifications. 

The first is to consider that the randomness of the strength of structures and their 

vulnerability is negligible concerning the variability of the hazard. This implies that 

the vulnerability function Ŭ (x) assumes a profile qualitatively like the one represented 

in Figure 1-3a. 
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Figure 1-3 ï a) Sample vulnerability function Ŭ(x) in the hypothesis of structural strength as hazard-

independent variable; b) probability density function of the magnitude x ph(x) (modified after 

UNDRO, 1979) 

From the combination of the hazard probability function and vulnerability profile, 

the elementary specific risk respectively due to the probability of the magnitude x lying 

between x and x + dx and for the whole range of magnitudes are: 

 

 ‌ὼὴὨὼ        Eq.1.9 

 

 

 ᷿ ‌ὼὴ ὼὨὼ        Eq.1.10 

 

Accounting to the particular values of Ŭ for x <x0 or x >x1 

 

 ᷿ ‌ὼὴ ὼὨὼ ᷿ ‌ὼὴ ὼὨὼ ‰ ὼ           Eq.1.11 

 

A further simplification is to replace the curve Ŭ(x) by a step function (Figure 1-4). 

It may be seen that in this case the expression of the specific risk takes the form: 

 

 

                                      ВЎ‌Ͻ‰       Eq.1.12 
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For a selected hazard, the probability of exceedance ʟj is generally tabulated, or it 

is supposed to be preliminarily characterized. This led that designers could take 

advantage of this framework since they had only to compute the ȹŬj from the table of 

the values of Ŭ like the one displayed in Figure 1-4 and perform the summation above. 

 

 Development of Risk Framework and Change in 

Paradigm: from the UNDRO Program to the 

Global Risk Assessment Framework 

 

The UNDRO Conference work laid the foundations for the development of the 

International Framework of Action for the International Decade for Natural Disaster 

Reduction (IDNDR), beginning on 1 January 1990, whose main goal was to reduce 

life loss, property damage, social and economic disruption caused by ñnatural 

disastersò, especially in developing countries.  As part of the IDNDR decade, the 1994 

Yokohama Strategy for a Safer World marked a shift in the political and analytical 

context within which disaster reduction was being considered, since great importance 

was attributed to socioeconomic vulnerability, emphasizing the crucial role of human 

actions in reducing the vulnerability of societies to natural hazards. Furthermore, the 

Yokohama Strategy identified challenges and gaps in five main areas: governance; risk 

identification, assessment, monitoring and early warning; knowledge management and 

education; reducing underlying risk factors; preparedness for effective response and 

recovery. These shreds of evidence formed the basis to the institution of the Hyogo 

Framework for Action 2005ï2015 aimed at Building the Resilience of Nations and 

Communities to Disasters, encouraging International cooperation and development of 

Figure 1-4 ï Simplification of vulnerability 

curve through step function (modified after 

UNDRO, 1979). 
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regional strategies, and the creation of global and regional platforms for disaster risk 

reduction (DRR). In general, being resilient for a community means assuming 

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 withstands crisis and deflect attacks. This behavior implies 

for the community to be aware of risks, vulnerabilities, and the current capabilities to 

deal with them, to make informed tactical and strategic decisions promptly. 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 stakeholdersô decision-making (city planners, governmental 

institutions, emergency agencies, insurance companies, private investors, and citizens) 

who need to control their ñportfolioò of properties, undertake appropriate mitigation 

actions, and optimize the budget allocation.  

Member States adopted a series of principles to support the Hyogo Framework 

program: they became aware of their primary role in preventing and reduce disaster 

risk and therefore empowered local authorities and facilitated the cooperation among 

private and public sectors, but no effective holistic strategies were enterprise to face 

disaster risk. Consequently, hazard exposure in both low- and high-income countries 

increased faster than vulnerability decreased, meaning that new risks were being 

generated faster than existing reduced. Despite at the end of the period Member States 

realized that efforts had not led to reduced physical losses and economic impacts, the 

Hyogo Framework is considered a milestone in disaster risk reduction because it 

catalyzed national and local attention to the pursuit of disaster risk reduction by 

introducing a change in the strategies. In fact, the new paradigm shifted from 

protecting social and economic development against external shocks to plan growth 

and development to manage risks in a holistic manner meaning the establishment of 

multidisciplinary approaches to promote sustainable economic and social growth, 

protecting health environmental conditions, and strengthening resilience and stability. 

This conclusion formed the basis for the development of the 2015-2030 Sendai 

Framework and the subsequently increased emphasis on addressing the underlying 

drivers of risk, preventing the creation of new risk, reducing the existing stock of risk, 

and strengthening the resilience of nations and communities through integrated and 

inclusive economic, structural, legal, social, health, cultural, educational, 

environmental, technological, political and institutional measures that prevent and 

reduce hazard exposure and vulnerability to disaster, increase preparedness for 

response and recovery, and thus strengthen resilience.  
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The Sendai Framework promotes a strengthening in community resilience, through 

multi-risk disaster management. Such a goal has become a priority for the 180 member 

States which joined this challenge promoting new policies supported by financial plans 

with guided investments. In fact, the strengthening of disaster risk governance is a 

necessary element for the development of prevention, mitigation, and risk 

management activities and international cooperation to contribute to the development 

of knowledge at all levels, particularly for developing countries. Starting with the 

Hyogo Action Framework, the Sendai Disaster Risk Reduction goal is also recognized 

as a prevention tool for containing future losses and an effective investment in 

sustainable development. Looking forward, reduction, management, and knowledge 

of risks represent ten of the seventeen objectives among the 2030 Agenda for 

Sustainable Development that adopts an integrated vision of the social, economic, and 

environmental dimension. The substantial reduction of disaster risk and losses in lives, 

livelihoods, and health and the economic, physical, social, cultural and environmental 

assets of persons, businesses, communities, and countries is designated as the outcome 

of the framework (Figure 1-5). 

 

 

Figure 1-5 ï Objective of the SENDAI Framework and priorities for action (UNISDR, 2015). 
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 Systemic risk and primary risk 

 

In the first decade of the 21st century, our society realized that the Earth is one 

system, a system of systems. Conversely to the complicated system that can be dis-

assembled and seen as the sum of its parts (e.g., a car), a complex system shows 

properties arising from the interaction among its constituent elements (like a road/pipe 

network or a traffic jam). This dualism is also reflected in the definition of risk. 

Thinking on complex systems, the introduction of the systemic risk concept is 

required: it refers to the risk of an entire system rather than individual partsô failure. 

On a large scale, systemic risks can induce great instability and uncontrollability that 

highlighted a growing need to understand better and manage uncertainties and 

mobilize people, innovation and finance. The concept of systemic risk captures the 

risk of a cascading failure in the financial sector. Because of the interlinkages in the 

financial system, the default of a Bank may result in a severe economic downturn 

involving other companies and investors. Similarly, this example can be referred to 

many natural disasters that are cascade effects of others. For example, extreme rainfalls 

or earthquakes can cause floods or landslides, respectively. In those cases, the risk 

assessment begins by estimating the primary hazards, such as extreme rainfalls or 

earthquakes, identifying the exposure, and assessing their vulnerability, i.e., 

hydrological floodplain vulnerability or slope stability. These elements calculate the 

primary risk, which becomes the secondary hazard by looking at the built environment 

risk perspective. In fact, these phenomena cause damages to buildings and 

infrastructures, which are the exposure of the secondary hazard. The vulnerability of 

buildings and infrastructures is the measure of potential physical damage caused by a 

specific hazard with a given intensity. The risk of physical damage to built assets is a 

secondary or cascade risk. Buildings and infrastructures are not the last rings of the 

chain, including service delivery and end with the community. It is possible to state 

that the assessment of hazard, vulnerability, exposure, and risk varies on a case-by-

case basis depending on the systemôs definition: what is risk in a case becomes hazard 

at a higher level. At the highest analysis levels, elements at risk are interdependent and 

form a complex system. Risk assessment with quantitative methods is inefficient and 

different metrics to estimate each elementôs vulnerability must be used. The potential 

impacts caused by a hazard to a complex system are economic, social, environmental, 

and cultural: they produce both direct (immediate effect) and indirect (medium-long 
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term effect, as a consequence of the direct impacts) losses, assessed in monetary or 

non-monetary terms (Mechler, 2005). 

 

 Looking Forward  

 

The evolution in the conceptual and practical framework of risk assessment 

observed over the years is depicted in Figure 1-6. It shifted from the traditional hazard-

based approach delineated by the UNDRO activities to an integrated one culminated 

with the development of the Global Risk Assessment Framework.  To fully achieve 

the Sendai Frameworkôs challenge and its multi-hazard management in disaster risks 

and development at all levels strategies through cooperation among all sectors, major 

renovations of risk assessment approaches and analysis are needed. This became more 

marked in the last two decades when many other types of risks of the greatest 

consequences for humankind have been created and recognized (e.g., the 2008 

financial crisis highlighted the dramatic consequences of bank risk, or the cyber risks, 

etc.). Understanding the systemic nature of risks, instead of treating only the most 

largely experienced without an explicit account of the interdependencies between 

risks, will be the first half of the twenty-first centuryôs central challenge.  As a part of 

this challenge, the United Nations Office for Disaster Risk Reduction (UNDRR) and 

experts established a process to co-design and developed a Global Risk Assessment 

Framework (GRAF) to inform stakeholders and decision making, and to change the 

people approach specifically concerning systemic risks. One of the main outcomes will 

be to support national and subnational governments in recognizing new patterns of 

vulnerability and risk, monitoring the progress in risk reduction, for to the UN Plans 

for Prevention and Resilience Framework, and the Sendai, 2015 and the more general 

2030 Agenda. 

The Global Risk Assessment Framework encompasses multiple issues concerning 

systemic vulnerabilities of agricultural systems or the resilience of electricity 

generation and distribution systems in hurricane-prone locations, or business 

continuity planning for public and private sector actors for basic service delivery in 

rapidly growing metropolitan areas. GRAFôs goal is to improve the understanding and 

management of current and future risks at all spatial and temporal scales. It aims to 

manage uncertainties better and mobilize people, innovation, and finance by fostering 

interdisciplinary systems thinking and identifying anomalies and precursor signals. It 
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seeks to reveal the interlinkages, relationships, correlations, and dependencies of 

multiple risks and actors across systems to build a shared understanding and enable 

decision-makers to act. Further topics covered in the GRAF concern critical systems 

such as human health, the balance of natural ecosystems, and economic development.  

 

 

 

Figure 1-6 ï Shift in the paradigm of Risk Assessment: from the 2005 Hyogo Framework, through the 

2015 Sendai Framework to the Global Risk Assessment Framework.
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 SEISMIC RISK ASSESSMENT 

 Abstract 

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 becomes just one key component of any assessment. To estimate the 

risk to a certain region, in terms of expected damages and losses, three integral 

components must be quantified, namely seismic hazard, vulnerability (of buildings, 

infrastructure facilities, and population), and exposure of these assets in terms of their 

inventory and spatial distribution over the respective study area. In this chapter, the 

basic concepts forming the seismic risk assessment are reported to provide an overview 

of the methodology, the most known existing software and to underline the 

stakeholdersô role. 
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 Introduction  

 

Proven that liquefaction of prone subsoil deposits occurs due to a strong seismic 

event (say M>5.5), before introducing any liquefaction risk assessment procedure, the 

definition of seismic risk and how it is assessed cannot be ignored. The unpredictable 

nature and the severe, widespread impact that they induced on the communities make 

Earthquakes one of the most lethal among natural disasters, resulting in an average of 

27 000 deaths a year since 1990, 35 200 in the 2008-2017 decade (CRED, 2019). In 

2018 Earthquakes have been the deadliest type of disaster, responsible for 45% of the 

total deaths, followed by flooding at 24%, which affected the highest number of people 

(50% of the total). The distribution of deaths and injured people due to earthquake 

disasters varies worldwide, depending on urbanization, economic development, and 

vulnerability of human-made constructions. To understand risk factors that expose a 

population to loss of life or major injuries has become the primary challenge to develop 

adequate awareness of seismic risk and put in place an effective preparedness or 

prevention plan. 

In the definition given by United Nations Disaster Relief Office (UNDRO, 1979), 

the seismic risk for a selected area can be quantified as the expected number of lives 

lost, persons injured, damage to property, and disruption of economic activity due to 

Earthquakes which may affect the study area over a period. Thinking of the formal 

definition of Eq. 1.2: 

Seismic Hazard (UNDRO, 1979) refers to the occurrence probability, for a given 

system in a specific time length, of a certain potentially damaging earthquake scenario. 

In practical situations, a seismic risk assessment procedure requires to define the 

probability P(r) that a given ground motion parameter will be exceeded in a period of 

(T) years.  

Vulnerability is the possibility that a certain level of damage in 

structures/infrastructure, potential human and/or financial loss occur in the assessed 

area due to the selected hazard. The link between predefined intensity measures, which 

represent the magnitude of the phenomenon, and the expected damage is generally 

provided by fragility/vulnerability curves. These functions show in probabilistic terms 

the relationship between the level of an earthquake and the level of the expected 

damage/loss of either one of the previously mentioned entities. Thinking on buildings, 

lognormal fragility curves are commonly used: they allow to evaluate the probability 

that predefined structural and nonstructural damage states are reached for given 
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median estimates of seismic Intensity Measures, representing a building Engineering 

Demand Parameter ñEDPò. Fragility curves consider 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 the spectral response, 

discrete damage-state probabilities are calculated as the difference of the cumulative 

probabilities of reaching, or exceeding, successive damage states. A buildingôs 

probabilities reaching or exceeding the various damage levels at a given response level 

sum to 100%. Those functions can be constructed based on the observed damages 

experienced in past seismic events (Del Gaudio et al., 2019) and the non-linear 

structural analyses (Fotopoulou et al., 2018). In the past, the empirical approach was 

largely adopted worldwide, even if it is not the most accurate and complete since the 

database of damage observations may not include all the possible cases. 

Lastly, the element at risk term is a quantification of the entities in the assessed 

area. This includes the people and buildings, the number and type of important 

infrastructures, and industrial and commercial activities. Based on previous European-

project experiences like RISK-UE (https://cordis.europa.eu/), an exhaustive exposure 

model should emphasize the following aspects:  

- Population density repartition; 

- Main institutional actors and decision-makers;  

- Presence of public buildings; 

- Utility systems: Water, Sanitation, Electricity, Gas, Liquid fuel, Radio, 

Telecommunication, Transportation: Roadways, Railways, Harbours, 

Airports, é  

- 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 centers, main services, etc.). 

- Cultural and historical heritage. 

 

 Stakeholders 

 

Focusing on earthquakes, the UNDRO guidelines preliminary identified Earth 

Scientists/Earthquake Engineers and Government authorities as main actors of the 
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process. The former were asked to catalogue existing earthquakes data, starting from 

preliminary studies on regional/continental scale also called ñmacrozonationò (which 

concerns the regional tectonic activity) up to the development of more detailed maps 

aimed to measure soil effects, reflecting local site conditions, estimate building 

acceleration in earthquakes and define relevant parameters to assess structural 

performance, i.e., ñmicrozonationò. This huge activity primarily aimed to disseminate 

an adequate and interdisciplinary understanding of earthquakesô effects and promote 

cooperation among experts and regulatory authorities to update national codes for 

earthquake ï resistant building design currently. Besides, governments had to follow 

a protocol to understand the exposure (i.e., evaluate the presence of high-importance 

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

were also responsible for implementing emergency plans for post-Earthquake disaster 

relief. Therefore, significant emphasis was given to the monitoring activities through 

the Institution of scientific organizations.  

Such unprecedented activity carried out by the UNDRO Committee represented a 

preliminary and partial characterization of the seismic risk assessment since it was 

pursued mainly from a governmental viewpoint. Over the years, the society realized 

that earthquake is a multi-facet problem involving multiple actors (stakeholders), and 

therefore seismic risk mitigation became a multidisciplinary issue. The main 

categories of subjects interested in such 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 2-1. Very often, interests are interconnected, and answers to multiple 

questions can be found in risk assessment. For instance, the assessment of building 

safety and performance in seismic conditions allows the owner to evaluate the 

possibility of investing money in the structural strengthening (or in the payment of an 

insurance rate) and an insurance company to fix the insurance premium. On the other 

hand, after a benefit/cost analysis, a structural engineer can address the design to 

minimize the seismic-induced annual loss or balance the estimated total loss and the 

cost of construction. 
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Table 2-1 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 

 Uncertainty 

 

Although remarkable progress has been achieved in last decades to develop 

frameworks that support decision making for earthquake risk mitigation, prioritization 

of available options, pursuit of reliability and economy (e.g., Ellingwood 2001; 

FEMA/NIBS 2003; Crowley et al. 2005; Baker and Cornell 2008; Goda and Hong, 

2008), some non-negligible uncertainties remain in the process.  

Firstly, 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, representative of unknowns that differ each time an experiment is 

run. Uncertainty comes from the impossibility of precisely knowing all the 

inputs of a phenomenon that are thus dealt statistically. 
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- Epistemic, also defined as systematic, due to things one could in principle 

know but doesn't in practice. This may arise from inaccuracy of measurement, 

an approximation of models that neglect certain effects, or some deliberately 

neglected data.  

Epistemic uncertainty 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 modeling (Figure 

2-1). 

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 must unavoidably be admitted beyond the expected 

range of situations. Although occurring in acknowledged seismic regions, the 

earthquakes of February 22nd, 2011 in Christchurch (New Zealand), March 11th, 2011 

in Tohoku Oki (Japan), and May 21st, 2012 in Emilia Romagna (Italy) had some level 

of unpredictability. This highlights the limitation of our current methodologies based 

on the inference of statistical data and the necessity of introducing extrapolation 

functions or relaxing axioms of classical probability (e.g., total sum of the event 

probabilities equals one). 

 

 

Figure 2-1 - Precision and accuracy. 
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Aleatory and epistemic uncertainties also affect the subsoil characterization, where 

noticeable effort must be produced to balance completeness and accuracy with a 

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. Additionally, 

engineers are perfectly aware that, even with a great amount of information, the 

scattering of experimental results from laboratory or site tests is much larger for soils 

than for artificial construction materials.  

Owing to unavoidable uncertainties and complexities of seismic risk and known 

that risk assessment is just a component of the management process (IEC/FDIS 

31010:2009), non-physical factors, beyond characteristics of engineering materials 

and systems, like perception (e.g., expert versus public), criteria (individual versus 

societal, or voluntary versus involuntary), political process, and risk communication 

should not be neglected (Tesfamariam & Goda, 2013). In fact, due to these aspects 

and/or subjective consideration, objective risk assessment results may be disputed and, 

on occasion, overruled. 

Notwithstanding the above situation, it is important to develop quantitative decision 

support tools for earthquake risk mitigation. Such tools are useful for 

quantifying/comparing seismic risks for different options and facilitating 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. 

 Qualitative vs quantitative risk assessment 

 

Risk assessment can be performed with quantitative or qualitative analyses 

depending on the problems under concern and the available knowledge. In fact, the 

choice of a quantitative or qualitative method depends on the availability of a metric 

for evaluating hazards 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. ó. . . a 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 the non-human would enable him to form a judgment as to whether any suggested 

thing can happenô (Zadeh, 1965). Qualitative methods offer analyses without detailed 
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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 human behavior, and sometimes lead to 

an 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 the probability and consequent values. Quantitative analyses 

generally provide a more objective and unanimously acknowledged understanding. 

Still their efficacy relies fundamentally on the quality of available information, i.e., 

numerosity and accuracy of data, representing various possible situations.  

When possible, a quantitative approach must be preferred to be more objective and 

examine the system in greater detail, but an integration with qualitative analyses 

should be considered. A combination is appropriate to sum the advantage of both 

approaches, becomes fundamental when not all factors can be parametrized. 

 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 including recognizing and assessing risk and 

developing mitigation strategies. Risk acceptability depends on several factors, 

including the phenomenon (if controllable or not), the type and nature of 

consequences, short- and long-term effects, the gained benefits, the preparedness for 

natural hazards, and the influence of individual and total risk. The above questions are 

tightly connected with risk communication, i.e., those activities aiming at increasing 

the publicôs knowledge and awareness. Participation of the public (stakeholders) in the 

management of risk and policymaking is fundamental to promoting holistic strategies 

as decisions cannot be made by technical experts and public officials. Risk 

communication implies a continuous interaction among parties ï risk experts, 

policymakers, and stakeholders.  

As technical guidance to what risk level society is willing to accept, F-N curves can 

be used. For a given hazard, the F-N curves relate the annual probability of causing a 

number N of fatalities (F) to the number of fatalities, N. The term ñNò on the x-axis of 
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the graph can be replaced by another quantitative measure of consequences, such as 

costs. An example of F-N curve is reported in Figure 2-2.a, defining four areas. 

Acceptable and unacceptable risk respectively refer to the level of risk requiring no 

further actions, being the level of risk which a society desires to achieve, and to the 

level requiring a mandatory reduction. As lower as reasonably practicable ALARP 

region represents situations where risk countermeasures should be evaluated and 

undertaken if assessed as advantageous. Lastly, in the area identified as ñscrutinyò 

more detailed studies are required. 

 

Figure 2-2 ï Example of F ï N curve (a) and Residual risk evaluation in the ALARP area (b) 

(modified after Nadim, 2009). 

Once the pre mitigation risk R0 has been evaluated through Equation 1.2, as shown 

in Figure 2-2.b, a benefit/cost analysis is required to evaluate the suitability of 

mitigation. In general terms, it may include a reduction of the hazard (active 

mitigation), a reduction of vulnerability (passive mitigation), or both the options 

(active and passive mitigation). Independently from the type, supposing a mitigation 

cost equal to Ud, the residual risk Rôd can be calculated:  

 

Ὑ Ὄᴂ ὠ Ὁ Ὗ      Eq.2.1 

 

Where: Hô,Vô and Eô represent respectively the new terms of Hazard, Vulnerability, 

and Exposure after the mitigation. Starting from the same risk level R0, a convenient 

situation is characterized by Rôd = R1 < Rô0 and represented by the green point of Figure 

2-2.b. This assumption justifies the adoption of countermeasures. On the other hand, 
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if Rôd = R2 > Rô0 a situation of non-economic convenience is outlined. Even if the 

countermeasures effective reduce the hazard or vulnerability, their cost led to a 

residual risk greater than the pre-mitigation.  

 

 Procedures and Software 

 

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, the 

seismic hazard establishes one key component of any assessment. To assess 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 motionôs probability of 

occurrence; 

- vulnerability (damageability) of buildings, infrastructure facilities, and 

population;  

- exposure of these assets in terms of their inventory and spatial distribution over 

the respective study area. 

Figure 2-3 - Components of seismic risk assessment. 

Software packages exist, some of which publicly available, enabling a complete 

assessment of the seismic risk based on a modular structure. The components of 
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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 Probabilistic Earth Science Hazard 

ñPESHò 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 of 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 requires more extensive inventory data and effort 

and expertise by the user to provide the best estimates of earthquake 

damage/loss with standardized methods of analysis.  

- Advanced Data and Models Analysis incorporating results from engineering 

and economic studies carried out with external methods and software, requiring 

a high level of expertise with extensive participation by local utilities and 

owners of special facilities. 

A similar approach is defined in SELENA, a software for SEismic Loss EstimatioN 

using a logic tree Approach, produced by NORSAR (https://www.norsar.no/). The 

structure of this software is depicted in Figure 2-5; SELENA allows for three analysis 

types that differ in the way the seismic input is considered: (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) to allow the construction of design spectra 

following a selectable seismic code provision. Once the seismic ground motion in each 

geographic unit is defined, the computation of physical damage to the building stock 
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is computed by applying 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 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. 

Figure 2-4 Hazus (Fema, 2003) flowchart for Earthquake Loss Estimation ñELEò. 

 

 

Figure 2-5 Risk assessment methodology defined in SELENA (NORSAR, 2003). 
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 Deterministic vs Probabilistic Assessment 

 

A common method of estimating the seismic performance of a system is based on 

the performance of Deterministic Seismic Hazard Analyses, ñDSHAò. Following 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 epicenters. A specific attenuation relationship is 

then assumed to determine the PGA at the project site based on the geographic location 

of the study region and 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. 

The 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 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 
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estimating the magnitude of the event having this return period. This seismic hazard 

analysis method was common up through 1970ôs, and many practitioners continue to 

regard deterministic PGA analyses as independent of exposure interval. In 

contemporary practice, deterministic analyses are rarely performed without indirect 

accounting for the exposure time of interest.  

The combination of DSHA to both a coded vulnerability taxonomy of buildings 

(e.g., EMS ï 1998) and ad-hoc exposure models (e.g., Fardis, 1999; EPANTYK ï 

2009) allows quantifying for each seismic scenario the expected building damage rate, 

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

Even if open to improvements (Giannaraki et al., 2018), this methodôs application 

at urban scale represents an expeditious tool to estimate the impact of future 

earthquakes providing useful indications to the stakeholders involved in Rapid Risk 

Assessment (RRA). At a subnational scale, it can address the identification of the 

portion of building stock that needs to be strengthened; in conjunction with adequate 

loss models, it enables to evaluate the socio-economic impact and convenience of 

mitigation or the possibility of stipulating insurance policies. 

Alternatively, seismic risk can be assessed based on Probabilistic Seismic Hazard 

Analyses (PSHA), i.e., after a probabilistic approach that combines all sourcesô 

contributions in a cumulative estimate of the ground motion parameter of interest. 

Probability distributions of key variables such as rupture location along a fault, 

location of random sources, 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 faulting style 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 ñuniformò or ñaggregateò hazard maps as all sourcesô 

contributions have been incorporated into a single ground motion value.  

Once the Probabilistic Seismic Hazard Analysis has been completed, ground 

motion maps can be obtained for any specified exposure interval. This information 

forms the input of risk assessment. For a generic system with its lifecycle, risks of any 
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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): 

 

ὖὒ ὖὒȿὈ ὴzὈ  Eq. 2.2 

The application of Equation 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, Eq. 2.2 can be expressed by applying the performance-based 

earthquake engineering (PBEE) cascade methodology defined by the Pacific 

Earthquake Engineering Research (PEER) Center (Cornell and Krawinkler, 2000) and 

depicted in Figure 2-6. 

 

 

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

 

Equation 2.2 is transformed as follows where the function p(D) is exploded 

considering the different factors defining the cascade phenomenon: 



Chapter 2  Seismic Risk Assessment 

34 

 

ὖὒ ὖὠὈȿὈὓ ὴzὈὓȿὉὈὖz ὴὉὈὖȿὍὓ ὴzὍὓ 
Eq. 2.3 

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 physical 

damage occurs on the structural component of the system for a given EDP and 

P(VD|DM) is a cumulative probability of the assumed evaluator of the system 

performance for a given damage DM (Lee and Mosalam 2006; Moehle 2003; Porter 

2003; Comerio 2005; Krawinkler 2005; Mitrani-Reiser et al. 2006). 
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 PREDICTION  OF 

LIQUEFACTION  EFFECTS 

 Abstract 

Liquefaction is a seismic phenomenon affecting loose, saturated, and cohesionless 

soils (such as sands and rarely gravels) in areas where a significative seismic hazard 

exists. Traditionally, expeditious simplified methods are used to determine the 

liquefaction potential by verifying the predisposing factors and then introducing a 

given seismic scenario. Despite most of the existing literature focused on liquefaction-

induced surficial manifestations, i.e., all the liquefaction-induced phenomena (sand 

boils/ejecta, minor and extensive cracking, post-liquefaction 1D settlement) affecting 

ground in free field conditions, many studies have been carried out in recent years to 

quantify the shear-induced effects due to the presence of structures and the soil-

structure interaction. After a mechanical characterization of the phenomenon, the most 

popular procedures to assess the liquefaction severity in free field conditions and 

buildingsô presence are summarized in the following paragraphs.  
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 The phenomenon  

  

The term liquefaction was originally coined by Mogami and Kumo (1953) and 

then used in to indicate the manifestations of a complex phenomenon affecting loose, 

saturated, and cohesionless soils under seismic conditions. One of the most popular 

classification (Kramer, 1996) groups the liquefaction-related phenomena in two 

categories: flow liquefaction and cyclic mobility. 

Flow liquefaction can occur when the shear stress required for the static 

equilibrium (of the soil mass) is greater than the shear stress of the soil in its liquefied 

state. Once triggered, the large deformations produced by flow liquefaction are driven 

by the static shear stress. The cyclic stress may bring the soil to un unstable state at 

which its strength drops sufficiently to allow the static stress to determine flow failure. 

Flow liquefaction is characterized by a sudden nature of the origin, the velocity of their 

development and the distance interested by such instability. In contrast, cyclic mobility 

occurs when the shear stress required for the static equilibrium is smaller than the shear 

stress of the soil in its liquefied state (e.g., gently slopes). In this case, the deformation 

produced by cyclic mobility develops incrementally under the seismic load, driven by 

both cyclic and static shear stresses, causing lateral spreading, which is defined as the 

horizontal displacement of a soil layer riding on liquefied soil either down a gentle 

slope or toward a free face like a river channel (Youd, 2018). In this case, when the 

underlying soil layer liquefies, the non-liquefied upper soil crust continues moving 

down until it reaches a new equilibrium position.   

Level ground liquefaction represents a special case of cyclic mobility, 

characterized by the absence of the static shear stress capable of producing lateral 

deformation. Therefore, what happens during an earthquake is a chaotic movement of 

soil particles known as ground oscillation. From a mechanical viewpoint, Figure 3-1 

illustrates the development of the liquefaction ground phenomenon. During strong 

earthquakes, say having a Richter magnitude greater than 5.5 (which reflects both the 

laboratory tests of Seed et al. (1975) relating the equivalent number of cycles to the 

earthquake magnitude, and the empirical observations of Ambraseyes (1988) that 

correlated the epicentral distance to the earthquake magnitude for sites where 

liquefaction happened and did not) and a PGAÓ0.15g (NTC, 2018), a rapid increase in 

the porewater pressure is generated in such susceptible layers causing an upward 

flowing porewater. This mechanism may carry sand particles up to the ground surface, 
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where they are deposited in a generally conical pile called a sand boil. As a result, 

ground surface subsidence due to the soil particles' densification can be observed after 

the earthquake (Figure 3-1a). 

Although flow liquefaction can lead to more dramatic consequences, cyclic 

mobility and level ground liquefaction can occur under many field situations. They are 

responsible for: subsurface soil liquefaction, which may determine low-moderate 

liquefaction-induced surficial damage, significant soil deformations, both horizontal 

(cracking) and vertical (settlements) capable of provoking severe damage to a variety 

of structures and infrastructures (Figure 3-1b) and lateral spreading, which will be 

more detailed described regarding the case studies.  

 

Figure 3-1 a) Development of the liquefaction process; b) examples of liquefaction-induced effects on 

soil, buildings, and water supply. 
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Considering the nature of the phenomenon, the estimation of liquefaction ground 

severity, which represents a risk equivalently if looking at the soil and a hazard for 

structure/infrastructure, implies several analyses to be carried out in a sequence. The 

first step is to estimate the susceptibility of subsoil to liquefaction on both the 

geological, i.e., estimating the tendency of geological formation to undergo 

liquefaction and geotechnical levels requiring that detailed soil profiles are analyzed. 

Then, the tendency of developing liquefaction under a given seismic input is 

determined through the triggering analysis. The last step implies evaluating the effects 

at the ground level; at this stage, indicators are adopted to broadly quantify the severity 

of liquefaction in free field conditions, neglecting the presence of buildings or 

infrastructures and their possible interaction with the subsoil. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Susceptibility 

 

The evaluation of liquefaction susceptibility represents a preparatory step of any 

liquefaction analyses, addressed to evaluate the physical properness of a soil to liquefy 

without introducing a specific seismic scenario, and therefore, it does not imply the 

occurrence of liquefaction, being the phenomenon dictated by the seismicity of the 

area. This step is normally accomplished by looking at the geological level, i.e., 

characterizing larger potions of territory and collecting available historical and 

geological data. In fact, past studies (Galli and Meloni, 1993) and ground post-

earthquakes ground observations like the Mw 6.1 Emilia ï Romagna (Italy) 2012, have 

Liquefaction Susceptibility 

Geological scale 

(Characterization of the lithologies 

susceptible to liquefaction; Catalogue 

of liquefaction past observations, 

hydrogeology) 

Geotechnical scale 

(Thickness, depth and strength of 

potentially liquefiable layers, 

granulometric distribution, 

groundwater depth modelling) 

Liquefaction 

Triggering Analysis 

Evaluation of the 

factor of safety against 

liquefaction for a given 

seismic hazard or a 

deterministic earthquake 

scenario 

Liquefaction-

induced surficial 

manifestations 

Evaluation of 

liquefaction 

severity indicators 

Figure 3-2 Flowchart of liquefaction hazard analysis (modified after Bird et al., 2006). 
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shown that liquefaction-induced phenomena are not randomly localized but are tightly 

related to the geology of the territory. In fact, since liquefaction recurrently happens at 

the same locations, the initial step for liquefaction susceptibility evaluation involves 

large-scale studies aimed at describing the geological/geomorphological conditions of 

a region or subregion as well as collecting the liquefaction observations following the 

historical earthquakes of the study area. Examples of historical liquefaction 

phenomena can be found in the catalogues developed by UNIPV (D2.4 Liquefact, 

2019) and Galli (2000), which respectively collected all the recorded liquefaction 

manifestations after European and Italian historical earthquakes. The former includes 

approximately a thousand liquefaction manifestations mostly located in the 

Mediterranean area and ascribable to earthquakes of moderate magnitude (i.e., whose 

Mw ranges from 6 to 6.5). 

Looking at the geological scale, the qualitative subsoil classification introduced by 

Youd and Perkins (1978) can be applied to the analysis of the selected area. Moving 

from the analysis of Geology, Hydrogeology, and Geomorphology, 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 (Figure 3-1). Since it is 

ascertained that the liquefaction resistance increases with the soil aging (Schmertman, 

1991), a first issue consists in verifying the existence of Holocene (or more recent) 

loose deposits, which are considered very prone to liquefy Youd & Perkins, 1978). To 

this aim, geomorphological and surface geological Maps should be considered since 

they describe the geomorphology of the area, highlighting the presence of sandy and 

silty lithologies and relevant geomorphological elements such as rivers, meanders, 

levees/paleo-levees, and paleochannels. On the other hand, information about the land 

use, thickness of human-made deposits and the existing survey maps may help 

understand the urban development of the study area and reconstruct the subsoil 

profiles. For the European territory, a map of the potentially liquefiable lithologies 

shows a wide and heterogeneous distribution of liquefaction susceptibility over the 

continent, which characterizes the Iberian Peninsula, Italy, Balkan region, Greece, 

Turkey, and part of the Baltic area.  
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When the liquefaction susceptibility is ascertained by the presence of geological 

and geomorphological features of the area (like the ones listed in Table 3-1), more 

refined investigations at a more detailed scale allow determining the co-existence of 

paramount factors influencing the properness to the liquefaction phenomenon (i.e., 

grain size distribution, plasticity, and water level) as well as to build a 3D stratigraphic 

model. In this case, quantitative criteria are required to identify areas prone to local 

instability.  

Considering the particle size analysis, soils with greater than 50% of their 

constituents passing the #200 sieve (i.e., fine-grained soils with grain sizes smaller 

Table 3-1 Liquefaction susceptibility of sedimentary deposits (Youd and Perkins, 1978).  
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than 0.075 millimetres) were once considered non-liquefiable. Based on data provided 

in Wang (1979), Seed and Idriss (1982) proposed criteria for assessing the 

susceptibility of fine-grained soils to liquefaction, commonly referred to as the 

ñChinese criteriaò. These criteria are a function of percent clay (less than 15% by 

weight of particles < 0.005 mm), liquid limit (LL < 35%), and with an in-situ water 

content greater than 0.9 multiplied by the LL. Subsequent studies on the cyclic 

response of fine-grained soils following more recent earthquakes  (e.g., Seed et al., 

2003; Bray et al., 2004a, b; Bray and Sancio, 2006), indicated that the percentage of 

clay was less important than was the plasticity index (PI) of the soil. Also, they found 

that the ratio wc/LL was more important than was the LL alone in assessing the 

liquefaction susceptibility of fine-grained soils. Furthermore, the characteristics of the 

soilôs cyclic behaviour and whether the soilôs strength and compressibility were more 

aligned with clay than sand were identified as being important in evaluating the 

potential for ground failure of fine-grained soil deposits during earthquakes 

(Boulanger and Idriss, 2006). On the other hand, in the absence of more detailed 

laboratory or in-situ data, PI alone of the fine-grained soil was judged by Boulanger 

and Idriss (2006, 2008) to be a suitable proxy for determining whether the soil behaved 

as ñclay-likeò or ñsand-like.ò 

In the latter circumstance, the assessment of liquefaction potential over large areas 

implies the realization of geological and geotechnical models aimed at identifying 

source layers for liquefaction and the definition of zones having homogeneous 

stratigraphy to evaluate the local site effects on ground motion. A geotechnical model 

must be defined based on topography (DEM, DTM), monitoring activities 

(piezometers, wells), in-situ geotechnical (e.g., Boreholes, Standard Penetration Tests 

ñSPTò, Cone Penetration Tests ñCPTò) and geophysical investigations (Spectral 

Analysis of Surface Waves ñSASWò, Multichannel Analysis of Surface Waves 

ñMASWò, Cross-hole, Down-Hole, Micro-tremorsé) and laboratory tests. Looking 

at the municipality level, when an adequate number of different in-situ tests exists, 

expeditious quantitative criteria to evaluate the liquefaction susceptibility based on the 

definition of the thickness and depth of saturated, sandy layers, which are assessed as 

potentially liquefiable, can be applied. One of them has been proposed by the 

University of Ferrara (2014) and the Group for the seismic microzonation of S. 

Agostino (FE), which developed a matrix of liquefaction susceptibility levels based on 

the size and position of the potentially liquefiable layer which can be evaluated from 

boreholes (and CPTs), which resulting susceptibility levels are summarized in Table 

3-2. 
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Table 3-2 Punctual level of liquefaction susceptibility (ñCMSò- 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 Ó2 L4 

Ó 20 0 N 

 

Although CPTs cannot provide accurate predictions of soil type based on physical 

characteristics, such as, grain size distribution, they provide a measure of the soil 

mechanical properties (strength, stiffness, compressibility). Among the wide range of 

applications of CPT profiles, Robertson and Wride (1998) proposed a criterion that 

combines the measured tip resistance and sleeve friction to the in-situ tensional state, 

providing a repeatable index of the aggregate soil behaviour. Hence, the prediction of 

soil type based on CPT is referred to as Soil Behaviour Type (SBT), obtained through 

the index Ic defined by Robertson (1990). The main steps of the iterative procedure to 

evaluate the Soil Behaviour Type index from a CPT profile are summarized in Figure 

3-3.  

According to the classification proposed by Robertson and showed in Table 3-3, 

soils susceptible to liquefaction belong to classes 5 or 6, i.e., having an Ic greater than 

1.31. Additionally, Robertson and Wride (1998) propose a default cut-off of the soil 

behaviour type index (Ic) equal to 2.60, which represents the approximate boundary 

between soil behaviour types 4 and 5. Beyond this value, the soil can be assumed as 

non-liquefiable (i.e., not susceptible to liquefaction), being both fine-grained and 

plastic. Although this cut-off criterion is generally accepted, it is also acknowledged 

that soils with Ic > 2.6 may undergo liquefaction under certain circumstances (Lai et 

al., 2020). 

Robertson and Wride (1998) define a procedure to obtain the Ic profile relating the 

tip resistance and the sleeve friction to the in-situ tensional state. Accounting 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 3-3). In both the cases, the non-liquefiable crust thickness is 

evaluated according to Ishihara (1985), i.e., it is assumed equal to the depth of the first 
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liquefiable sandy layer (if there is a surficial cohesive soil) or equal to ground water 

depth if it is located within the sand deposits.  

 

Accounting also for the groundwater level, the non-liquefiable crust thickness and 

the cumulative thickness of the potentially liquefiable layers (i.e., as the summation of 

all the layers belonging to Robertson SBT class 5 and 6) can be evaluated exclusively 

depending on the lithology. On the other hand, one of the major disadvantages of these 

"qualitative" criteria is that they do not account for the soilôs strength, i.e., of their 

liquefaction resistance, since they do not consider several of the involved actors (grain 

sizes distribution and fine content, soil relative density Dr, the effect of soil aging..). 

In this sense, they only represent a preliminary rough indication of liquefaction 

susceptibility in terms of cumulative thickness of potentially liquefiable layers. 

A new semi-automated procedure to derive an equivalent three strata model from a 

CPTu profile is proposed by Millen et al. (2020) after a series of studies that analyze 

the performance of different parameters used to define the strength of a potentially 

liquefiable layer. The criterion introduced by Millen et al. (2020) and briefly 

Figure 3-3 Schematic flowchart to evaluate the Soil Behaviour Type index (Robertson, 1998). 
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summarized in Figure 3-5 schematizes a real subsoil profile to an equivalent three-

layers model, the Equivalent Soil Profile ESP, identified by a thickness of crust and 

liquefiable layer and a mean Cyclic Resistance Ratio. 

 

Table 3-3 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 ï clay > 3.6 

3 Clays ï silty clay to clay 2.95 ï 3.6 

4 Silt mixtures ï clayey silt to silty clay 2.60 ï 2.95 

5 Sand mixtures ï silty sand to sandy silt 2.05 ï 2.6 

6 Sands ï clean sand to silty sand 1.31 ï 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 

 

The assimilation criterion, described in Figure 3-5, defines 22 equivalent soil 

classes, finding the best combination of H_crust, H_liq, and CRR that give the lowest 

value of the normed error showed in Equation 3.1. Such parameter will be used in 

future analyses to discriminate the profiles that can or cannot schematized with three-

layers models.  

Figure 3-4 Normalized CPT Soil Behavior Type (SBTn) chart, Qt ï F; (Robertson, 1990). 
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ὅὙὙ  ϽὌ
 Eq. 3.1 

 

Where CRRcalc,i and CRRfitted,i are the real value of CRR at each dept and the CRR 

fitted to the potentially liquefiable layer by the automated procedure; Htotal is the total 

depth of the subsoil profile, and ȹH is the calculation step. CRRnonliq is fixed equal to 

0.6. The normed error (Eqn. 3.1.) is sensitive to the choice of CRR limit value set for 

the non-liquefiable soil and the maximum depth of the profile. The authors set the CRR 

limit 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 meters, since the surficial consequences of 

liquefaction below such depths are considered negligible (Maurer et al., 2015).  

The authors pointed out that the fitting of soil profiles with a three layers ESP model 

that gives errors lower than 0.05 is considered as optimal; if  the error is contained in 

the range 0.05-0.15 the fitting is considered acceptable; if the error is larger than 0.15 

the fitting with the three layers model is not applicable, and engineering judgment is 

required. 

 

Figure 3-5 Scheme of the procedure to implement the CRR-fitted method and equivalent soil profile 

classification criteria. 
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 Triggering Analysis 

 

The existence of a liquefaction susceptibility does not automatically mean that 

liquefaction will occur during a future earthquake scenario. Therefore, liquefaction 

triggering analysis relating in-situ soil density and cyclic shear stress induced by 

ground shaking is required to verify such an opportunity. The most popular method to 

evaluate the liquefaction triggering implies the calculation of a liquefaction safety 

factor (FSL), obtained by dividing the cyclic stress ratio t/s'v producing liquefaction 

(CRR) with the one induced by the earthquake (CSR). Following this approach, 

liquefaction is triggered at a given depth if FSL is found less than 1. 

 

ὊὛ ᾀ                                  Eq. 3.2 

 

 

3.4.1 Cyclic Stress Ratio 

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. 

 

 

Where:  

ův0, ův0
ô = vertical total and effective stress at depth z, amax/g = maximum horizontal 

acceleration (as a fraction of gravity) at the ground surface, and rd is the shear stress 

reduction factor that accounts for the dynamic response of the soil profile. 

The cyclic stress ratio required to initiate liquefaction (i.e., the liquefaction 

resistance, CRR) decreases with an increasing number of loading cycles; 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. 
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Chapter 3     Prediction of liquefaction effects  

47 

 

ὅὛὙ Ȣ ᾀ ὅὛὙ  ᾀᶻ
ρ

ὓὛὊ
πȢφυz

ὥ

Ὣ
ᶻ
„ὺέᾀ

„ὺέᾀ
ὶz ᾀᶻ

ρ

ὓὛὊ
      

Eq. 3.4 

 

The magnitude scaling factor (MSF) accounts for duration effects (i.e., number and 

relative amplitudes of loading cycles) on liquefaction triggering. 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), see 

Figure 3-6.  

For instance, the MSF for sands used by Boulanger and Idriss (2014) was developed 

by Idriss (1999), who derived the following relationship: 

 

ὓὛὊ φȢωϽÅØÐ
ὓ

τ
πȢπυψρȢψ Eq. 3.5 

The depth-dependent shear stress reduction coefficient, ὶὨ, accounts for the 

nonrigid response of the soil deposit (characterized in the small strain regime by the 

shear wave velocity ñVsò profile at the site) and for the characteristics of the 

earthquake waves traveling through the soil. Seed and Idriss (1971) initially proposed 

a relationship between ὶὨ 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) ὶὨ relationship, also 

introducing the magnitude. The Idriss (1999) relationship is used to develop the 

triggering relationships of Idriss & Boulanger (2008) and Boulanger & Idriss (2014). 

Figure 3-6: a) Magnitude scaling factor (MSF) relationships; b) Shear stress reduction factor, rd, 

relationships (Boulanger and Idriss, 2014). 
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After parametric site response analyses, Idriss (1999) concluded that the shear stress 

reduction coefficient, ὶὨ, can be calculated using two functions of the depth, z, within 

the soil profile, namely Ŭ(z) and ɓ(z), and the earthquake magnitude, M. 

 

ὶ ÅØÐ ‌ᾀ ‍ᾀϽὓ  
Eq. 3.6 
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Eq. 3.7b 

The 0.65 factor found in Eqn. 3.4 was originally proposed 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, Mw, and ὶὨ; since the required 

PGA is at the ground surface, it must account for the effects of the near-surface soil 

conditions on the ground shaking. 

 

3.4.2 Cyclic Resistance Ratio 

Empirical procedures were proposed to evaluate the CRR based on geotechnical 

and geophysical in-situ tests (CPT, SPT, and Vs profile). Among these, Robertson 

(1998), Idriss and Boulanger (2008) Boulanger and Idriss (2010; 2014) provide 

empirical formulations of the Cyclic Resistance Ratio based on the survey of 

liquefaction and the results of the most common in-situ tests (CPT and SPT), while 

Andrus and Stokoe (2000) and Kayen et al. (2013) propose methods to evaluate the 

CRR from Vs profiles. 

In general terms, the calculation of the CRR requires geotechnical and geophysical 

in-situ tests (the 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)60 based on the test setup. Furthermore, SPT blow counts recorded in 

hollow stem auger borings below the water table are particularly susceptible to error 
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due to soil disturbance. They 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), limiting 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 with a profile, 

representing a mighty 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 the soil is dilatant or 

not) and quantitative (e.g., the steady-state porewater pressure). Depending on the 

measurement method, 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.  A rigorous 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 

measurementsða stricter requirement than the 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. 

One of the most popular CPT-based procedures to evaluate the Factor of Safety 

against liquefaction at each depth of a soil profile is the Boulanger and Idriss (2014), 

summarized in Figure 3-7. 

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, ůôv, in the soil. These are used to estimate an overburden correction factor, CN, 

and correct the tip resistance to account for the overburden stress, qc1. The normalized 

overburden stress, qc1N, is qc1 divided by the atmospheric pressure (pa ~ 100 kPa). 

During the iteration (usually about 3 cycles), qc1 is always based on the measured tip 

resistance, qc, while CN is based on the iteratively updated value for qc1N. A second 

correction is made for the fines content, FC, allowing to evaluate an equivalent clean 

sand normalized tip resistance qc1Ncs. With the assumed flat ground or uniform 
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surcharge for the regional-scale analysis, the correction for the effects of an initial 

static shear stress ratio is KŬ=1. 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.  

 

 

Figure 3-7: Flowchart of the Boulanger & Idriss (2014) CPT-based procedure. 

 

Additionally, Boulanger and Idriss (2014) propose a SPT-based procedure to 

evaluate the CRR starting from the number of blows N160, normalized with respect to 

the atmospheric pressure Pa and increased to account for the fine content (Figure 3-8).  

 ὔ  #. Ͻ #% Ͻ #" Ͻ #2 Ͻ #3 Ͻ .  ɝ ὔ  Eq. 3.8 

 where CN is the correction factor to adjust the blow count to reference stress of one 

atmosphere; CE is a correction factor for the kinetic energy of the hammer (i.e. 

hammer weight 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 ȹ(N1)60 is the correction factor for 

the fines content. In this case, the soil behavior type index Ic (Robertson, 2015) can be 

evaluated with numerous empirical correlations between in-situ tests and geotechnical 

parameters. 
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Figure 3-8: Flowchart of the Boulanger & Idriss (2014) SPT-based procedure for liquefaction 

triggering analysis. 

 

Measuring shear wave velocity (Vs) is another test used to characterize soils in situ. 

Vs refers to the speed at which a shear wave (one type of wave generated by an 

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, Gmax, and the mass density of the soil, ɟ, by the equation: 

ὠί 
Ὃ

”
 Eq. 3.9 

Where ɟ 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 



Chapter 3     Prediction of liquefaction effects  

52 

 

(Nigbor and Imai, 1994), and non-invasive methods (Stokoe and Santamarina, 2000). 

Because non-invasive Vs tests do not provide soil samples, some drilling and sampling 

may still be required as part of a subsurface investigation. 

Andrus and Stokoe (2000) propose an alternative method for calculating CRR using 

shear-wave velocity ñVsò, which requires the calculation of a stress-corrected shear 

wave velocity ὠ  and the evaluation of soil aging effect. 

Regarding 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 safety factor. 

Recently, 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 liquefaction potential from shear wave 

velocity were proposed by Kayen et al. (2013). Data coming from 301 liquefaction 

field case histories in China, Taiwan, Japan, Greece, and the United States were 

merged to previously published case histories to build a global catalogue of 422 case 

histories of Vs liquefaction performance. Then, after Bayesian regression and 

structural reliability methods, a probabilistic treatment of the Vs catalogue for 

performance-based engineering applications was developed. 

Figure 3-9 Flowchart of the Andrus & Stokoe (2000) procedure for liquefaction triggering evaluation. 
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3.4.3  Deterministic vs Probabilistic Assessment of 

Liquefaction Triggering  

The most used relationships to evaluate the factor of safety (Robertson, 1998; Idriss 

& Boulanger, 2008; Boulanger & Idriss, 2014) 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 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 estimating the conditional probability 

of liquefaction for known values of CSRM=7.5, ů'v=1atm and the standard penetration 

resistance corrected for the presence of finer soil N1,60,cs: 
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Eq. 3.10 

The authors find that a standard deviation sln(R) equal to 0.13 correctly represents 

variability. 

An alternative to the stress-based approaches, Zhu et al. (2015, 2017) provide 

empirical functions to predict liquefaction probability at a different scale. The use of 

readily accessible predictor variables (such as Vs,30) led its success among the 

insurance sector that takes advantage from the applicability to rapid response and loss 

estimation over large areas. Additionally, advantages of the Zhu et al. (2015) model 

include the use of simple variables that do not require engineering judgment (except 

the selection of ground motion ShakeMaps or GMPEs) and the possibility to relate the 

outcome with the annual insurance rate that a landlord is supposed to invest.  

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

function: 

 

ὖ ὰὭή 
ρ

ρ Ὡ
 Eq. 3.11 

 

where X is a linear function of the predictor variables accounting for the geology 

and the expected seismicity of an area.  
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The Zhu et al. (2015, 2017) geospatial liquefaction model (GLM) is based on 

globally available geospatial explanatory variables that are proxies for density, 

saturation, and dynamic loading. In particular, the Zhu et al. (2015) was developed 

after logistic regression of data considering four earthquakes from New Zealand and 

Japan in which liquefaction observations were spatially complete across each region. 

In Zhu et al. (2017), the model was updated by including 23 earthquakes from China, 

Taiwan, Japan, and the United States. 

 

 Permanent Ground Deformation 

 

Once the Factor of Safety against liquefaction has been calculated at each depth, 

the effects of liquefaction at ground level (free field) 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. Although with 

differences among each other, all of them are computed as integral over fixed depths 

of a function of the safety factor f1(FSL) weighted with a function of depth from the 

ground level w(z), Eqn. 3.12: 

ὍὔὈὉὢ ὪὊὛ ύzᾀὨᾀ Eq. 3.12 

 

Table 3-4 reports a list of the most common indexes, namely the Liquefaction 

Potential Index ñLPIò (Iwasaki et al., 1978); Ishihara-inspired Liquefaction Potential 

Index ñLPIISHò (Maurer et al., 2015); one-dimensional volumetric reconsolidation 

settlement ñWvò (Zhang et al., 2002); Lateral Displacement Index ñLDIò (Zhang et. 

Al., 2004); Liquefaction Severity Number ñLSNò (van Ballegooy et al., 2014). Despite 

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 potentially liquefiable 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).  
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Table 3-4: Severity liquefaction indicators proposed in the literature 

INDEX REFERENCE f1(FSL) w(z)  Z 

LPI Iwasaki, 1978 
ρ &3,            ÉÆ &3,ρ
π                       ÉÆ &3,ρ

 ρπ πȢυᾀ 
ὤ π 
ὤ ςπά 

LPIish Maurer, 2015 

ρ ὊὛὒ       ὭὪ        ὊὛὒρ᷊ ὌρϽάὊὛὒ σ
π   έὸὬὩὶύὬὭίὩ

 

 

άὊὛὒ ÅØÐ
υ

ςυȢυφρ ὊὛὒ
ρ 

ςυȢυφ

ᾀ
 

ὤ Ὄρ 
ὤ ςπά 

Wv Zhang et al., 2002 ‐ ‐ ὊὛὒȟήὧρὔ   - ὤ π 
ὤ ÍÁØὨὩὴὸὬ 

LDI  Zhang et al., 2004 ‎ ‎  ὊὛὒȟήὧρὔ  - 
ὤ π 
ὤ ςσά 

LSN 
van Ballegooy, 
2014 

‐ ‐ ὊὛὒȟήὧρὔ   
ρπππ

ᾀ
 

ὤ π 
ὤ ςπά 

 

 

 

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

The Iwasaki et al. (1978) 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 can represent the beneficial effects of an increasing non-liquefied surface 

layer thickness, or crust.  

The authors defined the Liquefaction Potential Index (LPI) of a 20 m deep soil 

profile as: 

 

ὒὖὍ Ὂ ᾀϽύᾀὨᾀ Eq. 3.13 

where: 

ύᾀ ρπ πȢυϽᾀ 

 &ρÚ  
ρ &3       ÉÆ &3 ρ
 π                   ÉÆ &3 ρ 

  

z is the depth below the ground surface in metres; 

FSL (z) = the Factor of Safety against Liquefaction at the depth z. 
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3.5.2 LPI Ishihara inspired (Maurer, 2015) 

After Ishihara (1985) experience, who recognized the important role of the upper 

non-liquefiable crustôs thickness (H1) in mitigating the surficial liquefaction 

manifestations, Maurer et al. (2015) derived a new index to assess liquefaction-

induced ground manifestations: the Ishihara inspired LPI, LPIISH, developed as a result 

of the rebuilding efforts in Christchurch. The modifications proposed to the LPI 

framework try better to capture the trends in the Ishihara boundary curves, to include 

the influence of the thickness of the non-liquefied crust (i.e., H1) on the surficial 

liquefaction manifestations. Maurer et al. (2015) defined LPIISH  as: 

 

ὒὖὍ ὊὊὛ
ςυȢυφ

ᾀ
Ὠᾀ Eq. 3.14 

Where: 

ὊὊὛ ρ ὊὛ       ὭὪ        ὊὛ ρ᷊ ὌρϽάὊὛ σ
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Where: 

H1 is defined the same as H1 in the Ishihara (1985) procedure; 

z is the depth to the layer of interest in meters below the ground surface 

FSL is the factor of safety against liquefaction at a given depth, z. 

 

As compared to the Iwasaki et al. (1978) LPI procedure, the LPIISH incorporates the 

concept of a limiting cap thickness and utilizes a power-law, rather than linear, depth 

weighting function. LPIISH 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 LPIISH = 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 power 

law form of the depth weighting function, the authors recommend that a minimum H1 

of 0.4 m should be used in computing LPIISH, regardless of whether liquefiable soils 

are present at shallower depths. The new LPIISH framework has been tested against a 

total of 60 liquefaction case studies from the 1989 Loma Prieta (USA), 1994 
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Northridge (USA), 1999 Kocaeli (Turkey), 1999 Chi-Chi (Taiwan), 2010 Darfield 

(New Zealand) and 2011 Christchurch (New Zealand) earthquakes, showing a better 

performance in reducing false-positive predictions (cases where manifestations were 

predicted but not observed). 

3.5.3 Liquefaction-induced ground displacements 

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 modelling and testing, and field-testing-based methods. 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 to provide preliminary estimates for 

higher risk projects. The post-liquefaction volumetric strain can then be estimated 

using Eqn. 3.15, that corresponds to Figure 3-10 for a given CPT sounding. 

For sites with level ground, far from any free face (e.g., riverbanks, 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: 

ύ  ‐ ϽЎᾀ Eq. 3.15 

Where: 

wv is the calculated liquefaction-induced ground settlement at the CPT location; 

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

ȹzi is the thickness of the sublayer i; 

j is 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. 

At each layer, the Factor of Safety (FSL) and the normalised tip resistance, qc1N, are 

used to calculate the post-liquefaction volumetric densification strain, ắv. 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. 
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The Settlement indicator integrates the volumetric densification strains, ắv, 

calculated using the Zhang et al. (2002) method, over the total depth of the CPT profile, 

Z, using: 

ύ ȟ ‐
 

ᾀὨᾀ Eq. 3.16 

 

Where: 

- Ův (z) is the volumetric densification strain at depth, z, based on Zhang et al. 

(2002); 

- Z is the total depth of the CPT profile; 

- z is the depth in metres below the ground 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 FSL = 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. 

For sites where lateral displacement cannot be neglected (e.g., riverbanks, 

seawalls), Zhang et al. (2004) propose a semiempirical approach to estimate the 

Figure 3-10 a) Relationship between post-liquefaction volumetric densification strains, Ўv, and 

normalized CPT tip resistance, qc1N for different factor of safety; b) relationship between maximum 

cyclic shear strain and factors of safety for different relative densities (Zhang et al., 2002; 2004). 
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liquefaction-induced lateral displacement by integrating the maximum cyclic shear 

strains with depth (LDI) and amplifying it to account the geometrical effect.  

 

ὒὈὍ ‎ Ὠᾀ
 

 Eq. 3.17 

 

Where: 

Z max [m] is the maximum depth below all the potential liquefiable layers with a 

calculated FS<2.0 (in any case minor than 23 m that is beyond the range of 

liquefaction); ɔmax is the maximum cyclic shear strain, depending on Dr and FSL 

(Figure 3-10). Then, knowing the ground slope (S) or/and free face height (H) and the 

distance to a free face (L), the lateral displacement (LD) is estimated using either: 

ὒὈ Ὓ πȢςϽὒὈὍ       Ὢέὶ πȢςϷ Ὓ σȢυϷ Eq. 3.18 

for gently sloping ground without a free face, or: 

ὒὈ φϽ
ὒ

Ὄ

Ȣ

 ϽὒὈὍ       Ὢέὶ τ ὒȾὌ τπ Eq. 3.19 

for level ground with a free face of Figure 3-11. 

 

Figure 3-11 Measured vs calculated lateral displacements for: a) gently sloping ground without a free 

face; b) level ground with a free face; and c) gently sloping ground with a free face (Zhang et al., 

2004). 
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The proposed approach is recommended within the ranges of earthquake properties 

and ground conditions, namely moment magnitude of the earthquake between 6.4 and 

9.2, peak surface acceleration between 0.19g and 0.6g, and free face heights less than 

18 m. 

In other words, semiempirical approaches: use laboratory test results to define a 

limit ing shear strain as a function of soil density and some measure of earthquake 

loading; integrate the limiting shear strain over the depth of the profile, and then 

regress the result against case history data, usually as a function of some measure of 

slope geometry. However, due to the simplicity and basis in actual lateral spreading 

observations, practitioners mostly use empirical regression models to estimate lateral 

spreading-induced displacements. One of the most popular was initially presented by 

Bartlett and Youd (1995) and then modified by Youd et al. (2002). They related an 

extensive database of lateral spread case histories from Japan and the western United 

States to many statistically evaluated soil and earthquake parameters (e.g., SPT blow 

counts (N1)60, the cumulative thickness of saturated layers, slope geometry, earthquake 

moment magnitude and distance from the seismic source, Etc.). With the same 

principles used in probabilistic seismic hazard analysis defined by the PEER 

framework, Franke and Kramer (2014) introduce a procedure to develop performance-

based estimates of liquefaction-induced lateral spread displacement to provide an 

update to design criteria and account to the significant level of uncertainty. 

 

3.5.4 Liquefaction Severity Number (LSN) (van Ballegooy et 

al., 2014) 

By combining the effect of volumetric strains (Zhang et al., 2002) with a hyperbolic 

weight function, the Liquefaction Severity Number ñLSNò was developed to assess the 

performance of residential land in Canterbury in future earthquakes after its validation 

against the residential land damage observed during the 2010-2011 Christchurch 

Earthquake Sequence. For a given CPT profile, the LSN results from the summation 

of the post-liquefaction volumetric reconsolidation strains calculated for each soil 

layer divided by the depth to the midpoint of that layer: 

ὒὛὔρπππ 
‐ ᾀ

ᾀ
 Ὠᾀ Eq. 3.20 

being: 
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Ův (z) is the volumetric densification strain at depth, z, based on Zhang et al. (2002); 

z is the depth in metres below the ground surface. 

The value of LSN is theoretically between 0 (representing no liquefaction 

vulnerability) to a very large number (representing extreme liquefaction vulnerability). 

The hyperbolic depth weighting function (1ùz) 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. 

The general performance of layers undergoing liquefaction with a description of the 

effects from excess pore pressure and liquefaction is summarized in Figure 3-12. 

 

 

 

 

 

 

 

 

 

 

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

 

The main limitation of the previous empirical procedures is that none considers 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. However, 

this becomes very important near the built facilities. In fact, 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. These aspects make the estimate of physical impact 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 the 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, evidence 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 added 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 
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inhomogeneous load distributions and stratigraphic conditions (e.g., inherent 

variability of homogeneous subsoil and 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, the 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. Classification of 

severity levels cumulatively, including shaking and liquefaction, 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, 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) distinguishes damage according to the 

deformation mechanisms activated on the building and the extent of settlement. A 

more general classification of damage on buildings of different typology, not just 

referred to liquefaction, is provided by Poulos et al. (2001) 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 ɓ 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 et al. (2014) 

and Poulos et al. (2001) lead to similar limit values of settlements. In both cases (Figure 

3-13), the 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. Despite some popular 

empirical procedures (e.g., Tokimatsu and Seed, 1987; Zhang et al. 2002, 2004) that 

focus on the free-field response of liquefied soils, centrifuge studies (e.g., Dobry and 

Liu, 1994; Dashti et al., 2010b; Bertalot and Brennan, 2015) have highlighted that the 

presence of loaded footings near the ground level significantly influences the pore 

pressure build-up and alters the mechanisms that govern deformation and settlements.  
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In the following, three among the most recent mechanical based formulas to evaluate 

the liquefaction induced absolute building settlements, namely the Karamitros et al. 

(2013), Bray and Macedo (2017) and Bullock et al. (2018) are briefly introduced. 

 

 

3.6.1 Karamitros et al. (2013) 

Based on the results of one basic numerical and 18 parametric analyses (considering 

different soil, excitation, and superstructure characteristics), Karamitros et al. (2013) 

provide a simplified analytical formula for the computation of the seismic settlements 

of strip and rectangle footings resting on liquefiable soil with a clay crust. Such 

settlement is associated with a óósliding-blockôô type of punching failure through the 

clay crust and within the liquefied sand layer. The basic idea supporting their study is 

that liquefaction-induced settlements are correlated to the seismic excitation 

characteristics and the post-shaking degraded static factor of safety. At the same time, 

Figure 3-13 Type and level of damage caused on buildings by liquefaction (van Ballegooy, 2014); b) 

Classification of damage for different building typologies (Poulos et al., 2001); c) empirical relation 

between maximum absolute settlement and angular distortion for shallow and piled foundations 

(Viggiani et al., 2012). 
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the effect of shear-induced dilation of the liquefied subsoil is also considered. The 

adopted model combines the bounding surface plasticity theory with a vanished elastic 

region to predict all fundamental aspects of the monotonic and the cyclic response and 

liquefaction of sands. 

The proposed expression for the dynamic settlement ɟdyn (i.e., the settlement during 

shaking) is shown in Eqn. 3.21, being c a foundation aspect ratio correction (where 

cô=0.003), amax the peak bedrock acceleration, T the representative period of the 

motion, N the number of cycles of the excitation, Zliq the thick liquefiable sand layer, 

B the structure width and FSdeg the degraded static factor of safety of the foundation. 

 

ʍ ὧὥ Ὕὔ
ȟ

Ͻ      Eq. 3.21 

ὧ ὧᴂρ ρȟφυϽ ρρȟφυὧᴂ       

Á 4. ᷿ ȿÖÔȿÄÔ        

 

FSdeg in Eqn. 3.21 can be calculated as the degraded bearing capacity (qult,deg) divided 

by the bearing pressure (q) (Eqn 3.22b). The foundation bearing capacity failure 

mechanism is simulated by the Meyerhof and Hanna (1978) model for a crust on a 

weak layer using the degraded friction angle in (Eqn 3.22a) where ru is the average 

excess pore pressure ratio of the liquefied sand and ű0 is the initial friction angle. The 

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. 

 

• ὸὥὲρ ὶὸὥὲ•       Eq. 3.22a 

ὊὛ         Eq. 3.22b 

 

Such methodology was evaluated against results from many 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, the authors suggest respecting the parameters of numerical analysis in 

future applications. 
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3.6.2 Bray & Macedo (2017) 

Moving from the idea that a significant amount of settlements is induced by the 

distortional strains generated close to the foundation toe, Bray and Dashti (2014) 

proposed to express the total settlement (wmax) as a sum of three contributions, shear-

induced (ws), volume-induced (wv) and ejecta-induced (we): 

wmax = ws +we + wv            Eq. 3.23 

 

Based on two-dimensional numerical analyses, Bray and Macedo (2017) developed 

a probabilistic procedure for the settlement of structures due to deviatoric 

deformations. After performing a set of nonlinear dynamic SSI effective stress 

analyses on 105 different models, they suggest that practitioners compute the different 

terms of Eq. 3.23 as follows: 

- integrate with depth the volumetric strain computed with the procedure 

suggested by Zhang et al. (2002) to compute wv; 

- estimate the settlement due to sand ejecta (we) with an empirical function, built 

from case histories, of liquefaction indicators like the Liquefaction Severity 

Number LSN (van Ballegooy et al., 2014), the Liquefaction Potential Index 

LPI defined by Iwasaki et al. (1978); 

- compute the shear-induced settlement using the following equation Bray and 

Macedo (2017): 

 

ὰὲύ ὧρ τȢυωϽὰὲὗ πȢτςϽὰὲὗς ὧςϽὒὄὛ

πȢυψϽὰὲὸὥὲὬὌὒȾφ  πȢπςϽὄ πȢψτ

ϽὰὲὅὃὠὨὴπȢτρϽὰὲὛὥρ ‐ 

      Eq. 3.24  

 

where ws is expressed in mm, Q is the unitary contact pressure on the foundation 

(kPa), HL(m) the thickness of the liquefiable layer and B (m) the lower planimetric 

dimension of the building footprint. CAVdp (g*s) is the cumulative absolute velocity 

(Campbell & Bozorgnia, 2011) and Sa1 is the spectral acceleration at T = 1.0 s (g). The 

use of CAV for the characterization of the seismic signal responds to the concept that 

liquefaction is more dictated by the energy released by the earthquake rather than by 

its peak intensity. 

Relevance is assumed by the index ὒὄὛ ᷿ Ὠᾀ  computed integrating with 

depth the shear deformation Ůshear (Zhang et al., 2002) below the foundation plane. It 
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also dictates the two coefficients c1 and c2, equal respectively to -8.35 and 0.072 for 

LBS Ò 16, -7.48 and 0.014 otherwise. 

 

The term computed by Eqn. (3.24) represent the median of the results of numerical 

analyses. In fact, the authors suggest quantifying the uncertainty connected with the 

use of a simplified formulation with a probabilistic normal function having a variation 

coefficient Ů=0.5 in the natural logarithmic units. 

 

3.6.3 Bullock et al. (2018) 

In a recent study, Bullock et al. (2018) present a comprehensive predictive relation 

for the settlement of shallow-founded structures on liquefiable ground during 

earthquakes. The relation is derived interpolating with a non-linear regression and 

latent variable analysis the results of an extensive fully coupled three-dimensional 

numerical parametric study of soilïstructure systems, validated with centrifuge 

experiments and adjusted with case history observations to capture all mechanisms of 

settlement below the foundation, including volumetric and deviatoric strains as well 

as ejecta. In particular, the study considered 421 models, each subjected to 150 ground 

motion records, and the predicted liquefaction-induced settlement includes both 

volumetric and deviatoric deformations beneath a structure on a mat foundation. The 

initial predictive model was calibrated and adjusted with a case history database 

consisting of 50 cases of liquefaction-induced structural settlements from six different 

earthquakes to correct the results for sedimentation and ejecta effects not effectively 

captured by the numerical models. 

The resulting probabilistic building settlement model incorporates the influence of 

the soil profile, the presence and properties of the structure and the characteristics of 

the ground motion, thus providing engineers with a comprehensive procedure for 

predicting liquefaction-induced settlement of a mat-founded building. The formula is 

written as: 

 

ÌÎ3  Æ Æ Æ ÓÌÎ#!6     Eq. 3.25  

 

where ÌÎ3  is the natural logarithm of the median predicted numerical foundation 

settlement (mm) and fso, ffnd and fst are functions that capture effects due to the 

characteristics of the soil profile, foundation and the structure, respectively. 
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The first term is computed as: 

 

Ὢ ВὌὌȟ ρ ‐ὪȟὪȟ ὧ ὧὰὲὅὃὠὊ    Eq. 3.26 
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H(-) is the Heaviside step function; Ů is an infinitesimal positive quantity to make 

H(-) equal to 1 for an argument of zero; FLPC is a flag that is equal to 1 if a low-

permeability layer is present above the uppermost susceptible layer; N1;60 is the 

corrected standard penetration test (SPT) blow count in the ith layer; qc1N;i is the 

corrected, normalized cone penetration test (CPT) tip resistance in the ith layer; HS;i is 

the thickness of the ith susceptible layer; and DS;i is the depth from the bottom of the 

foundation to the center of the ith susceptible layer. The term related to the presence of 

a low-permeability cap indicates that its influence is dependent on motion intensity.  

The second term is computed as: 

 

Ὢ Ὢ Ὢȟ        Eq. 3.27 

  

Ὢ Ὠ Ὠ ὰὲάὭὲὅὃὠȟρπππÌÎή ὩὼὴὨ άὭὲπȟὄ άὥὼὈȟȟς

    

Ὢȟ  Ὡ Ὡ ὰὲάὥὼὅὃὠȟρυππ  ÌÎ ὄ  Ὡ ὒȾὄ ὩὈ  

 

where q is the bearing pressure of the foundation (in kPa), B is the width of a 

rectangular foundation (m); L=B is its unitless length-to-width ratio, and Df is the 

depth from the surface to the bottom of the foundation (m). DS;1 is the depth to the 

centre of the uppermost susceptible layer with N1;60 less than 17.2 blows (qc1N less than 

140.2). The exponential decay term included in fq reduces the influence of q for 
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profiles where there are no loose susceptible layers within the foundationôs depth of 

influence. This decay term, determined to maximize model performance with respect 

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

depth of influence), rather than 1.2 B (per Tokimatsu et al., 2019) or 1.5B (per 

Boussinesqôs solution), which were based on the size of stress bulbs beneath a square 

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

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

difference may be the result of a highly non-linear and elastoplastic soil response 

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

previous researchers in their formulation of the foundationôs zone of influence. 

The form and intensity threshold captured the effects of the foundation dimensions 

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

squared for B and linear for L=B and Df ) were determined by inspection to minimize 

residuals.  

 

 

The third term is: 

 

Ὢ Ὢ Ὢ ὰὲάὭὲὅὃὠȟρπππὬ Ὢ άὭὲὓ Ⱦρπȟρ   Eq. 3.28

  

where heff is the effective height of the structure (m), and Mst is the inertial mass of 

the structure (kg). The orders of the terms in this equation reflect the expectation that 

the buildingôs effective moment of inertia should affect its ratcheting behaviour, which 

in turn influences settlement. An upper and a lower bound are given to CAV are 

included to allow the functional form to capture the trends discussed in points (e), (f), 

and (i) in the previous section describing trends in the numerical model. 

 

3.6.4 Discussion of settlement prediction methods 

One main question arises on the Intensity Measure relevant for liquefaction hazard; 

to this regard, Kramer and Michell (2006) argue that because of the complexity of the 

liquefaction process, an ideal ground motion parameter does not exist. Although with 

different hypotheses, each of these analytical formulas agrees in defining the seismic 

input through cumulative intensity measures. While traditional liquefaction triggering 

analysis evaluate the CSR by combining peak ground acceleration and magnitude (e.g., 
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Seed and Idriss, 1971), in recent studies 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 more 

appropriate to represent intensity measure, more than peak variables which are 

commonly used in free field liquefaction triggering analyses. They propose the 

cumulative absolute velocity (Campbell & Bozorgnia, 2011) as a potential candidate 

as also recently assumed by Bray & Macedo (2017) in the standardized form CAVdp 

and Bullock et al. (2018).  

Table 3-5 and Table 3-6 resume the most known peak and cumulative-energy 

variables used as seismic Intensity Measures. About them, Luco and Cornell (2007) 

formally defined the quality of an IM for predicting a DP in terms of ñefficiencyò and 

ñsufficiency.ò An efficient IM results in relatively small variability around its 

predictions of the engineering demand parameter (i.e., smaller uncertainty in 

probabilistic predictive models). A sufficient IM results in projections of DP unbiased 

on all earthquake source, path, and site parameters that affect the IM. Further, Bullock 

et al. (2019.a) highlight the importance of considering both predictive performance 

(efficiency and sufficiency) and predictability in IM selection when developing 

probabilistic models applicable to future scenario analyses. Predictability refers to the 

availability and efficiency of ground motion models (GMMs) for predicting a given 

IM. In this context, some IMs can be predicted by the available GMMs (e.g., ὖὋὃ, 

ὅὃὠ); others require additional effort (e.g., Ὓὥ,ὥὺὫ and ὅὃὠὈὖ). A complete and more 

exhaustive dissertation about them can be found in Bullock et al. (2019.a). 

Table 3-5 Definition of a subset of the principal peak transient and duration related Intensity 

Measures. 

IM  Definition  Units 

PGA - Peak Ground Acceleration ÍÁØȿὥὸȿ g 

PGV- Peak Ground Velocity ÍÁØȿὺὸȿ cm/s 

PGD ï Peak Ground 

Displacement 

ÍÁØȿὨὸȿ cm 

EPV ï Effective Peak Velocity Ὓὠ Ὕ ρȾςȢυ  

SA - Spectral Acceleration ὛὃὝί g 

TP - Predominant Period ὝÍÁØὛὃ s 

D595 ï Significant Duration  ὸπȢωυὍὥ ὸπȢπυὍὥ s 

Ic ï Characteristic Intensity  ὥȢ Ὀ Ȣ  

 

cm 1.5 s -2.5 
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Table 3-6 Definition of a subset of the principal ground motion Cumulative Measures. 

IM  Definition  Units 

Ia - Arias Intensity (Arias 

1970) 

“

ςὫ
ὥὸ Ὠὸ 

cm/s 

CAV - Cumulative Absolute 

Velocity 
ȿὥὸȿὨὸ 

cm/s 

CAV,dp ï Standardized 

version of the Cumulative 

Absolute Velocity (Campbell 

and Bozorgnia, 2011) 

ὌὖὋὃ πȢπςυ ȿὥὸȿὨὸ 
g-s 

SI ï Response Spectrum 

Intensity (Housner, 1959) 
ὖὛὠ ‚ πȢπυȟὝȾὨὝ 
Ȣ

Ȣ

 
cm 

amaxT2N - (Karamitros et al., 

2013) 
“ ȿὺὸȿὨὸ 

m 

Sa,avg - mean of the log 

spectral accelerations at a set 

of periods of interest  

ρ

ὔ
ÌÎὛὥὧ Ὕz  

g-s 

arms - Root Mean Square 

Acceleration (Vanmarcke 

and Lai, 1977) 

ρ

Ὀωυ
ὥὸ ςὨὸ

Ὕς

Ὕρ

 

 

Where Ὀ Ὕ Ὕ 

g 

 

Looking at the fundamental mechanisms driving the absolute settlements, 

Karamitros et al. (2013) recognize the shear deformation of the foundation soil, which 

accumulates during shaking because of the inertia forces developing in the foundation 

subsoil, following a Newmark-type sliding-block mechanism. This hypotehsis differs 

from Tokimatsu and Seed (1987) and Ishihara and Yoshimine (1992) experiences, 

which attributed their free-field settlements to post-shaking excess pore pressure 

dissipation causing the densification of soil. Covering only deviatoric mechanisms, 

Bray and Macedo (2017) suggest combining the evaluated shear-induced settlement to 

the volumetric deformation term calculated with the Zhang et al. (2002) procedure. 

However, van Ballegooy et al. (2014) observed that ground settlement associated with 

sand ejecta accounted for nearly 90% of the land damage in residential neighborhoods 
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resulting from the 2011 earthquake in Christchurch, New Zealand. This contribution 

is difficult to quantify with traditional indicators. On the contrary, Bullock et al. (2018) 

perform a comprehensive series of 3D analyses, covering both (volumetric and 

deviatoric) deformation mechanisms. Finally, they account for sedimentation and 

ejecta contribution effects by correlating with an extensive case histories database. 

Concerning the subsoil modelling, Karamitros et al. (2013) emphasize the 

beneficial role of a non-liquefiable soil crust in both reducing the seismic settlements 

and increasing the post-shaking static bearing capacity. In a practical application, Bray 

and Macedo (2017) schematize the subsoil as a three-layer profile whose thickness of 

the liquefiable layer (HL) is estimated as the summation of the layers with safety factor 

against liquefaction lesser than 1.0. This implies preliminary liquefaction triggering 

analysis of available CPT-profiles. Bullock et al. (2018) introduce a multi-layer subsoil 

modelling which exacerbates the contribution to the total settlement of the top 

susceptible liquefiable layer and the presence of a low-permeability silt crust above it 

which may increase settlement by slowing down the drainage and amplifying the pore 

pressure, strength loss and deformations in the soil. Differently from the previous 

models, the Bullock et al. (2018) procedure does not require an initial liquefaction 

triggering analysis (e.g., Youd et al., 2001; Boulanger & Idriss, 2014) since the extent 

of soil softening and the likelihood of triggering below the foundation are explicitly 

accounted by introducing the structural inertial effects. 

Another debated question concerns the role of structural inertial effects. The first 

existing empirical procedures to evaluate settlements account for structures only as a 

surcharge load or only consider the foundation width in relation to the thickness of the 

liquefiable layer (e.g. Liu & Dobry, 1997) like Karamitros et al. (2013) do. To 

overcome this limitation, Bray & Macedo (2017) developed a probabilistic procedure 

for the settlement of structures allowing practitioners to combine the predictions of 

this model with estimates of volumetric-type deformations and ejecta to predict the 

total settlement of structures. After experiments and case history/physical model 

studies (Sancio et al., 2004; Karimi et al., 2018) which have shown that the building 

dynamic properties that control inertial interaction can influence pore pressure 

generation and, hence, a buildingôs settlement and particularly tilt potential, Bullock 

et al. (2018) explicitly introduced the role of building mass, stiffness, and height in 

their formula.  
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Table 3-7 Main features of the above defined method for liquefaction induced settlement evaluation. 

INDEX  REFERENCE IMs SUBSOIL 

MODELLING  

BUILDING 

MODELLING  

ɟdyn Karamitros et 

al., 2013 

Á 4.

ȿÖÔȿÄÔ 

Three-layer 

model 

Foundation bearing 

pressure. 

Ws Bray and 

Macedo, 

2017 

CAVdp, Sa1.0 Three-layer 

model 

Building geometry, 

depth and contact 

pressure on 

foundation. 

Sadj Bullock et 

al., 2018 

CAV Multi -layer 

model. 

Accounts to the 

presence of a 

Low/High 

permeability 

cap. 

Building geometry, 

inertial mass, 

foundation 

embedment depth, 

foundation contact 

pressure. 

 

 Procedures and Software  

 

In Hazus (FEMA, 1999), a procedure to estimate liquefaction hazard based on 

geological data concerning the depositional environment and age of the subsoil is 

proposed and accomplished with the following steps. Firstly, the geological 

susceptibility is evaluated with a qualitative rating based upon general depositional 

environment, and geologic age of the deposit is given following 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: 

0 ,ÉÑÕÅÆÁÃÔÉÏÎ
0 ,ÉÑÕÅÆÁÃÔÉÏÎȿ0'!Á

+ Ͻ+
Ͻ0  Eq. 3.29 

where the conditional liquefaction probability 0 ,ÉÑÕÅÆÁÃÔÉÏÎȿ0'!Á 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 



Chapter 3     Prediction of liquefaction effects  

74 

 

catalogue presented by Liao et al. (1986) for a magnitude 7.5 earthquake and an 

assumed groundwater depth of five feet. Correction factors to account in for moment 

magnitudes (M) and groundwater depths (dw) different than respectively 7.5 and 5 feet, 

are given by Equations 3.30 and 3.31 (Seed and Idriss, 1982; Seed et. al., 1985; 

National Research Council, 1985) and represented graphically in Figure 3-14: 

 

ὑ πȢππςχὓ πȢπςφχὓ πȢςυὓ ςȢωρψψ Eq. 3.30 

ὑ πȢπςςὨ πȢωσ 
Eq. 3.31 

Where M and dw respectively are the earthquake moment magnitude and the 

groundwater depth. 

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 quantifies 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 

3-14. 
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Figure 3-14 ï a) Liquefaction geological susceptibility Map (Youd & Perkins, 1978); b) Conditional 

liquefaction probability for a given susceptibility class; c) Conditional liquefaction probability for a 

given susceptibility category at a specified level of peak ground acceleration; d) groundwater depth 

and Moment Magnitude (Seed and Idriss, 1982) Correction Factors  for Liquefaction Probability 

Relationships; e) 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): 

%0'$ +ЎϽ%0'$ȿ0'!Ⱦ0, Á Eq. 3.32 

where %0'$ȿ0'!Ⱦ0, Á is the expected ground displacement for a given 

susceptibility category under a specified level of normalized ground shaking 

(PGA/PGA(t)), PGA(t) is the threshold ground acceleration necessary to induce 

liquefaction (Figure 3-15). 

 

Figure 3-15: Lateral spreading displacement relationship (after Youd & Perkins, 1978; Sadigh et al., 

1986) and threshold ground acceleration (PGA(t)) corresponding to zero probability of liquefaction. 

KD is the displacement correction factor introduced to account for Moment 

magnitudes different than 7.5 (Seed and Idriss, 1982), expressed by Eqn. 3.33 and 

plotted in Figure 3-16. 

+ πȢππψφ- πȢπωρτ- πȢτφωψ-πȢωψσυ Eq. 3.33 

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 multiplying a characteristic settlement amplitude 

appropriate to the susceptibility category (Figure 3-16) with the probability of 

liquefaction computed with for a given ground motion level. 
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Figure 3-16: Displacement correction factor, KD for Lateral spreading displacement relationship 

(after Seed & Idriss, 1982); Ground settlements amplitudes for liquefaction susceptibility categories 

(after Tokimatsu & Seed, 1987). 

The above-described procedure enables to estimate the probability and, with 

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 to this issue to drive 

user-defined risk assessment procedures (called Expert-Generated Ground Failure 

Estimation) based on the collection of geotechnical data. 
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 MULTILEVEL  RISK ANALYSIS  

 Abstract  

Population, structures, utilities, and socio-economic activities form together an 

integrated system of interdependent entities. About them, the extensive physical 

damage produced on buildings and lifelines is only a part of the impact of liquefaction, 

as injuries are aggravated by the prolonged reduced serviceability of the critical 

infrastructures, i.e., those systems and organizations that deliver goods and services 

fundamental for the functioning of society and economy. This implies that the 

challenge for liquefaction risk assessment on buildings comes from the need to 

investigate the concurrent factors in liquefaction triggering (namely the seismicity and 

subsoil response) and the purpose of quantifying the liquefaction-induced physical 

impact and the consequent economic loss. To this aim, adequate fragility and economic 

models must be introduced depending on the building structural typology and intended 

use. In this chapter, a procedure to assess the liquefaction risk on buildings is defined, 

highlighting the non-negligible role of geostatistics tools and error propagation in 

evaluating such risk over urban areas. 
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 The cascade process of liquefaction 

 

Liquefaction is a seismic-induced hazard and, as a secondary seismic hazard, it 

involves different factors in a cascade process that starts with the release of energy 

associated with rapid movement on active faults, the propagation of motion through 

layers of different properties, the generation of excess pore pressure in the shallower 

subsoil portions and finally to the damage on structures and infrastructures. The 

liquefaction impact on constructions moves from a physical level (structural damage) 

to the losses for the community that involve serviceability consideration. All these 

aspects form the logical scheme depicted in Figure 4-1, whose elements act in a way 

that the output of the lower level forms the input of the upper level. This chain scheme 

may be applied from bottom to top to compute the holistic risk or interrupted at 

intermediate levels to assess risk on specific subsystems (ground, physical asset, 

service, community).  

In any case, the response of each element must be characterized, defining a 

correlation between input and output variables, individually or in conjunction with the 

closer elements depending on the relevance of the interaction between the two systems. 

 

 

Figure 4-1 The cascade scheme implemented for liquefaction risk assessment and the PBEE equation are 

here specified to the evaluation of risk on buildings. 



Chapter 4      Multilevel Risk Analysis 

80 

 

Considering the intrinsic nature of the phenomenon together with the cause-and-

effect diagram governing initiation and development of liquefaction, the PBEE 

approach (Cornell and Krawinkler, 2000) of Eqn. 3.2 can be adapted:  

 

ὖὒ ᷿ ᷿ ᷿ ὖὠὈȿὈὓ ὴzὈὓȿὉὈὖz ὴὉὈὖȿὍὓ ὴzὍὓ        Eq. 4.1 

 

Following the logic of the systemic risk, the earthquake represents 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 located 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 also becomes 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. 

The resulting 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 Eqn. 4.1 can be quantified in different manners, sometimes with a 

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 the severity of damage in terms of financial 

losses based on expert judgement, qualitative estimates or even rules of thumb that 

make the process unavoidably subjective. 

In Figure 4-1, the fundamental aspects of multilevel analysis are implicitly 

introduced since for each entity (e.g., subsoil, structure, infrastructure..) it is possible 

to evaluate the risk by defining the convolutional integral of the PBEE. Once the 

element understudy has been identified (characterized by its vulnerability to the 

liquefaction phenomenon), the input represents the demand (i.e., everything is below 
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the selected element in the cascade process). On the other hand, the output represents 

the risk for the selected element and, in turn, the hazard factor if looking at the 

following item. Considering liquefaction, the risk for the ground represents the hazard 

for buildings and infrastructures, and the physical damage of the building represents 

the hazard for the loss of functionality which in turn represents the hazard for the loss 

of function from a social point of view.  

 Although the risk can be assessed looking at each entity, the next paragraphs will 

focus on urban aggregates.  

 

 Risk Assessment 

 

The assessment of liquefaction risk carried out over large areas implies to identify 

on a local basis the different factors forming risk (hazard, vulnerability and exposure) 

and, for each type of analysis, characterise the mechanisms defining and quantify the 

most suitable representative parameters. Looking at the building/city block resolution 

level, the analysis of liquefaction-induced permanent ground deformation becomes a 

preparatory phase to assess the risk, since it moves from the susceptibility to the 

expected liquefaction severity in free field conditions.  

For buildings subjected to liquefaction, the sequence depicted in the right part of 

Table 4-1, which terms will be explained in the following paragraph, is employed. The 

basic steps in a liquefaction risk assessment 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 liquefaction propensity, triggering and 

liquefaction-induced permanent ground deformations (PGDf).  

Inventory Collection: (depending on the study detail level) identification of 

structures 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 

underground shaking and seismic liquefaction, development of damage functions (the 

relationship between levels of damage and corresponding demand), estimation of the 
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combined damage to the inventory by introducing relationships between damage and 

a series of earthquake intensity measures (IMs) or Liquefaction Severity Indicators.  

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. 

 

 

4.3.1 Hazard Analysis 

Liquefaction hazard can be defined for a generic structure as the probability that a 

given value of the liquefaction severity indicator (demand) will be produced in a 

specific time interval (e.g., 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. ICMS-LIQ 2017, 

MBIE, 2016, Yasuda and Ishikhawa, 2018). 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 ñliquefaction demandò for the assessment of 

the response of the overlying structures and infrastructures, characterized by their own 

vulnerability.  

As described in Chapter 3 and summarized in the Flowchart of Figure 4-2, the 

output of liquefaction hazard assessment is represented by maps of liquefaction 

severity indicators, obtained from geostatistical interpolation of the punctual results. 

Despite such indicators are derived from the safety factors along with the investigated 

profile and can be formally referred to a common structure (see Eqn. 3.12), each 

indicator differs from the other. Thus, a different performance is expected when 

applying them to estimate liquefaction hazard over the investigated area. 

 The classical LPI (Iwasaki, 1978) index adopts a linear weight function of the 

complement of FSL to 1, reaching zero at a depth equal to 20 m. According to this 

formulation, there is no contribution where FSL>1. The modification introduced to 

this indicator by Ishihara (e.g. Maurer, 2015a) considers the presence of a crust and 

adopts a hyperbolic weight function, giving in this way larger importance to the 

shallower liquefiable strata. The settlement wv (Zhang et al., 2002) puts the function 

f1(FSL) equal to the vertical deformation, expressed as a function of the safety factor 

and the normalized CPT resistance. Differently from the previous two, this method 
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computes a contribution even when FSL>1. The Liquefaction Severity Index (LSN) 

(van Ballegooy, 2014) adopts the same function f1(FSL) of Zhang et al., (2002) but 

introduces a hyperbolic weight function.  

Therefore, the objective of validation is to evaluate the predictive capability of the 

adopted indicators comparing the value assumed in an investigated profile with the 

effects observed in the surrounding area after an assigned earthquake. In the following, 

the above-described procedure (Figure 4-2) is applied on two different examples, 

respectively the case studies of 22nd February 2011 Christchurch (New Zealand) 

MW=6.2 and the event of May 20th 2012 in Terre del Reno (Italy) MW=6.1 

Earthquakes.  

 

 

Liquefaction Susceptibility Analysis 

Å Robertson (1998) criterion 

Å Equivalent Soil Profile method 
(Millen et al., 2020) 

Determination of 

seismic input at the 

CPT position 

(from specific event 
ShakeMaps) 

Subsoil 

Characterization 

Collection of the 
available in-situ tests 
(the procedure has been 

applied on CPT profiles) 

Groundwater modelling 

(specific event 
groundwater level) 

Å LPI (Iwasaki et al., 1978) 

Å W (Zhang et al., 2002) 

Å LSN (van Ballegooy, 2014) 

Å LPIish (Maurer, 2015) 

Å LDI (Zhang et al., 2004) 

Mapping of Liquefaction Severity Indicators 

Geostatistical interpolation of punctual values 

and evaluation of the estimate error 
Outliers filtering 

Validation tests focusing only on areas where the 

knowledge is adequate 

Evaluation of liquefaction severity indicators 

DATABASE 

CREATION 

DATA 

PROCESSING 

SPATIAL 

ANALYSIS 

VALIDATION 

Validation 

Figure 4-2 Flowchart for liquefaction hazard analysis and validation of the obtained results. 
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4.3.2 A generalized indicator for combined liquefaction and 

lateral spreading 

Since almost all the indicators account to 1D topographic conditions, a preliminary 

study is here in carried out about lateral spreading. Lateral spreading is a particular 

liquefaction-induced phenomenon that typically occurs in sloping grounds or level 

ground close to waterways/open faces (e.g., riverbanks, streams), where this slope may 

drive the liquefied soil mass (heavy liquid) to move in the down-slope direction. The 

process will continue until equilibrium is re-established, or resisting forces reach the 

level of driving forces.  

This means that the temporal evolution of lateral spreading is closely related to the 

development of excess pore water pressures and soil liquefaction in the spreading 

deposit. While spreading due to the biased seismic loads might be initiated at the early 

stages of strong shaking during the pore pressure build-up, the magnitude of lateral 

spreading displacements will increase substantially once the soils liquefy, because soil 

liquefaction will dramatically reduce the stiffness and strength of soils and will reduce 

their shear resistance to levels below the amplitude of the driving shear stresses. The 

spreading may continue even after the strong shaking has diminished and is influenced 

by a number of factors such as the available soil resistance (soil properties and in-situ 

state), driving stresses (topography, and ground motion characteristics), dissipation of 

excess pore water pressures (dynamic permeability and water flow conditions) and 

magnitude of lateral displacements (change of overall soil volume during spreading). 

Trying to enumerate the factors affecting lateral spreading, the following aspects 

should not be neglected (Cubrinovski et al., 2012): a complex interplay of the 

topography, soil characteristics and conditions, temporal and spatial development of 

pore pressures and strains in the ground during cyclic loading, residual strength and 

stiffness of liquefied soils, conditions for dissipation of excess pore water pressures, 

mode of deformation and  characteristics of ground motion (earthquake loads). 

The modeling of such a complex phenomenon, influenced by numerous aspects, 

collides with the practical need to have a synthetic and reliable indicator capable of 

predicting the triggering of lateral spreading. Also, the use of traditional indicators of 

liquefaction severity (LPI, LSN, W) can lead to a significant underestimation of the 

consequences of lateral spreading since almost all these indicators only account for 1D 

geometrical conditions. From the perspective of semiempirical approaches, Zhang et 



Chapter 4      Multilevel Risk Analysis 

85 

 

al. (2004) propose an expeditious approach to estimate liquefaction-induced lateral 

displacements. The authors combined SPT- and CPT- based methods to evaluate the 

liquefaction potential with laboratory tests to estimate the potential maximum cyclic 

shear strains for saturated sandy soils under seismic loading and an amplification factor 

accounting to the topography. In their procedure, Zhang et al. (2004) suggest 

calculating a lateral displacement index ñLDIò by integrating the maximum cyclic 

shear strains with depth; then, empirical amplification functions derived from case 

histories are applied to characterize the site geometry, ascribable to three different 

conditions: gentle sloping ground without a free face, gently sloping ground with a 

free face and level ground with a free face.  

The lateral displacement index ñLDò defined by Zhang et al. (2004) is 

dimensionally a length (L). Therefore, it can only be used and tested against the 

prediction of lateral displacement. However, in practical situations, a punctual 

validation of the forecast is difficult to be achieved due to the lack of punctual 

horizontal displacement measures. On the contrary, in cases where measurements of 

horizontal displacements are available, ad-hoc studies should be carried out to evaluate 

the horizontal correlation distance, i.e., the maximum within which the measured 

effects can be attributed to the surveyed vertical. 

Furthermore, due to the small number of worldwide case histories that implies the 

processing of a small number of CPT/SPT profiles and a limited number of  PGAs, the 

authors do not provide a classification range describing the severity of possible 

manifestations, like the ones proposed by Iwasaki et al. (1978) and Sönmez (2003) for 

the LPI. The proposed topographic functions only reflect a limited number of 

geometries (12 sites for gently sloped without free face and 4 with a free face).  

Despite the Zhang et al. (2004) framework is robust since it accounts for the soil 

relative density Dr (%), observers may thus argue that it is only applicable in a limited 

number of situations and engineering judgment and additional data are required 

respectively in interpreting the results or trying to customize the LD indicator to further 

scenarios. Filling this gap, i.e., to generalize the Zhang et al. (2004) framework by 

introducing a novel indicator capable of predicting the whole range of liquefaction-

induced surficial manifestations, including lateral spreading, is the purpose of the 

present study.  

Taking advantage of the Zhang et al. (2004) experience and preserving the formal 

structure of the most adopted among the liquefaction severity indicators (Eqn. 3.12), 

the functional form of the herein proposed Generalized LD ñGLDò is shown in Eqn. 

4.2:  
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',$4&᷿ ‎ ύzᾀὨᾀ                                  Eq. 4.2 

 

Where: 

  ɔ is the shear strain (expressed as a decimal) computed (as for Figure 3-10b) as a 

function of the normalized CPT resistance (qc1N)cs and the liquefaction safety factor 

FSL and TF is the topographic factor computed; w(z) is the weight function. 

The correcting factor TF of Eqn. 4.2 expresses the influence of the local topography 

on the liquefaction hazard. It is derived by adapting the Zhang et al. (2004) topographic 

factor, in a way that provides a value equal to 1 when 2D conditions are not verified. 

The analytical formula is reported in Eqn. 4.3, respectively, for the case of sloped 

ground and free faces (Figure 3-11): 

4& ρȢς 3                         for sloped ground                Eq. 4.3a 

4& ρ φϽ
Ȣ

                         for free face with L/HҖ40          Eq. 4.3b 

4& ρ                          if S = 0 or L/H>40                Eq. 4.3c 

S in Eqn. 4.3a represents the slope steepness, expressed as a percentage. H and L in 

eq. 4.3b are the height of the free face and the distance from the free faceôs toe. 

Concerning the topography, the factor TF applied in the GLDI framework maintains a 

similar mathematical formulation to the Zhang et al. (2004) LDI , since it plays a role 

in determining lateral spreading in the presence of sloped ground (Eqn. 4.3a) or free 

face (Eqn. 4.3b). Conversely, in the case of a sub-horizontal ground surface (S=0) and 

Figure 4-3 Post liquefaction volume strain (a) and maximum cycle shear stain (b) as function of 

relative density and Liquefaction Safety Factor (FSL) (modified from Ishihara & Yoshimine, 1992). 
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absence of free faces (L/H>40), no topographic amplification is required (TF = 1), but 

this does not imply that liquefaction is unlikely to occur. Lastly, when both the effects 

(of S and H) are found over a site, the topographic factor should be evaluated by 

applying both Eqn. 4.3a and Eqn. 4.3b and taking the maximum among them. 

On the other hand, the introduction of the weight function w(z) of Eqn. 4.4 

represents an innovative term if compared to the Zhang et al., (2004) original approach. 

 

ύᾀ ρ Ͻὥὸὥὲ            Eq. 4.4 

 

Where: 

Z is the i-th layer depth (m); 

Zmax is assumed to equal 20 m; 

n1, n2 respectively equal to 5 and 20 in a way that emphasizes both the severity of 

liquefaction if happening in the upper 10 meters and decreasing the surficial 

manifestations for deeper triggering.  

A comparison among the adopted weighted functions w(z) is showed in Figure 4-4. 

Despite with different laws (i.e., Iwasaki et al. in the LPI propose a linear attenuation 

law, while van Ballegooy et al. (2014) and Maurer et al. (2015a) adopt hyperbolic 

Figure 4-4 Comparison among the adopted  weight functions in evaluating liquefaction severity 

indicators. 
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functions in defining their LSN and LPIish), all of them are consistent in exacerbating 

the relevance of liquefaction-induced effects when liquefiable layers are shallow, say 

<5-6 m considering hyperbolic functions, considering negligible the liquefaction-

induced manifestations if the phenomenon is triggered at greater depth (>12-15m). 

 

The procedure to evaluate the GLDI on a given CPT profile is summarized in  

Figure 4-5: similarly to any other liquefaction severity indicator, the integral of the 

maximum shear strain is evaluated and weighted by the depth. Lastly, it is multiplied 

by the topographic factor TF, evaluated as shown in Figure 4-6, dependently from near 

profile geometric conditions (H, L and S) which can be determined from the Digital 

Elevation Model of the area. 

 

 

In conclusion, the new index GLD preserves the logical structure of the Zhang et 

al. (2004) ñLDò extending its application to a wider variety of conditions, not only in 

cases where lateral spreading occurs. Similarly to other prediction variables, its 

computation in a fixed geographical position requires the seismic input definition, with 

expected Magnitude and Peak Ground Acceleration PGA, the CPT tip resistance and 

sleeve friction profiles necessary to compute FSL, (qc1N)cs and consequently g. Finally, 

topographic characteristics like maximum slope steepness, the height of the possible 

Figure 4-5  Schematic procedure to assess the integral of the maximum shear strain from a generic 

CPT profile. 
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free face and distance of the considered point from the toe are also needed.  In case of 

S = 0 or L/H>40, the herein adopted topographic factor is placed equal to 1; as a 

consequence of the functional correlations shown in Figure 4-3, this provides GLD 

values proportional to the Zhang et al. (2004) ñLDIò and the van Ballegooy et al. 

(2014) ñLSNò.  

In the following Chapters, examples of application and testing of the performance 

of the GLD indicator will be presented applied to real case studies. 

 

4.3.3 Vulnerability of buildings  

A fundamental issue for the application of Eqn. (1) is the definition of vulnerability 

that passes through the identification of a representative parameter, EDP in the 

equation, and the expression of the p(EDP|IM) and p(DM|EDP) functions. The 

physical damage induced by liquefaction on buildings depends on the intensity of the 

ground shaking and pore pressure build-up, coupled with the capability of structures 

to adsorb absolute and differential movements. As a preliminary step of the analysis, 

it should be considered that prior to experiencing settlements buildings affected by 

earthquakes undergo shaking that may produce additional damage. The coupling 

between ground shaking and liquefaction effects on buildings form the subject of 

Figure 4-6 evaluation of the topographic factor TF (modified after Zhang et al., 2004). 



Chapter 4      Multilevel Risk Analysis 

90 

 

previous studies carried out on empirical or theoretical basis. Some events, like the 

one occurred in Adapazari, Turkey, after the 1999 Kocaeli Earthquake (Bakir, 2002), 

showed that the buildings damaged by liquefaction suffered limited effects of shaking 

and vice versa. This evidence suggests that the liquefied soil may act as a sort of natural 

seismic isolator for the shaken buildings, also raising the extreme idea of inducing 

liquefaction into selected soil layers to reduce the more severe damage of shaking (e.g. 

Mousavi et al., 2016). This conceptual scheme implies the idea that shaking prevails 

in the initial phases of the earthquake whereas liquefaction overlaps in a second phase, 

with the result that a combination of both gives the whole earthquake damage. 

However, while liquefaction reduces the effects of shaking, the consequence in the 

opposite direction is less evident, with the practical consequence that the estimate of 

liquefaction damage can be performed autonomously from shaking. Concerning the 

definition of EDP, Bird et al. (2006) theoretically and van Ballegooy et al. (2014) 

empirically focus on the differential settlements as the major cause of damage. This 

option matches closely with the definition of damage given by Boscardin and Cording 

(1989) and adopted in design standards, e.g. the Eurocode PrEN 1997-1 (CEN, 2008), 

that express the serviceability performance of buildings in terms of distortion. A recent 

study by Fotopoulou et al. (2018) uses differential settlement as EDP into the definition 

of four liquefaction fragility curves for buildings, each referred to damage limit states 

(Table 4-1). Fragility curves are statistical tools that quantify the probability that a 

system undergoes a given performance state (e.g. damage level) as functions of the 

engineering demand parameter. A fundamental requirement for their definition is the 

taxonomic classification of buildings into classes that group homogenous elements, 

i.e. buildings having similar typology, extension, structural stiffness and weakness 

(e.g. Brzev et al., 2013). In choosing the buildings classification, a compromise must 

thus be unavoidably sought between particularization and available knowledge. In 

fact, a more particular classification would give to more reliable prediction but at the 

expenses of a deeper knowledge of the building characteristics, rarely viable in 

territorial analyses. The fragility criterion defined by Fotopoulou et al. (2018) chosen 

for the present study represents a compromise between immediateness and accuracy. 

It refers to low code reinforced concrete buildings, i.e. designed without specific 

seismic regulation, resting on shallow isolated footings. They have been obtained from 

statistical analyses of the results of non-linear numerical calculation considering two 

possible failure mechanisms, flexural damage of beams and shear failure of columns, 

induced by random differential displacements applied at the foundation. An example 

of fragility curves for two stories buildings is given in Figure 4-7, while a table of the 
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parameters (median A and dispersion ɓ) of the log-normal distribution for 2, 4 and 9-

storey buildings is reported in Table 4-1. 

 

Table 4-1 Median and dispersion of differential settlements associated to different damage levels for 

low code reinforced concrete buildings of 2, 4 and 9 stories (from Fotopoulou et al., 2018). 

 Level of damage 

Slight Moderate Extensive Complete 

  A(m) b A (m) b A(m) b A(m) b 

Number of 

storeys 

2 0.034 0.54 0.124 0.54 0.210 0.54 0.307 0.54 

4 0.027 0.50 0.098 0.50 0.176 0.50 0.305 0.50 

9 0.022 0.50 0.083 0.50 0.156 0.50 0.270 0.50 

 

Damage evaluation with the above curves implies to estimate the differential 

settlements of earthquake solicited buildings. This evaluation is normally affected by 

significant uncertainty, being dictated by the nonhomogeneous subsoil conditions 

(Ishihara and Yoshimine, 1992), distribution of loads and structural properties of the 

buildings. Knowing these factors in detail is difficult, even for the study of a single 

building under static conditions, and thus alternative simplified approaches are 

pursued, that base the estimate of differential settlements on the values of absolute 

Figure 4-7 Example of fragility curves for a two stories low code framed building (adapted from 

Fotopoulou et al., 2018). 
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settlements (e.g., Grant et al., 1974; Viggiani et al., 2012). The estimate of differential 

settlements is moreover difficult when dealing with large scale analyses where 

information become somehow vaguer. However, data on age and structural typology, 

plan dimensions, height and number of stories of buildings obtained from databases 

can be exploited to perform a preliminary risk assessment. With this aim, a two-step 

calculation is proposed in the present study, extending to liquefaction assessment the 

previously recalled procedure adopted for static conditions: firstly, absolute 

settlements are quantified with a simplified formula that includes the dependency on 

seismic input, subsoil characteristics and simple building properties; then a relation 

between differential and absolute settlements is inferred from the results of parametric 

numerical calculations where the coupling between heterogeneous liquefiable subsoil 

and structures having variable flexural stiffness is accounted for. 

4.3.4 Absolute vs Differential Settlements 

The factors influencing differential settlements of buildings recalled in the 

Eurocode 7 - PREN 1997 (CEN, 2008) include occurrence and rate of settlements; 

variation of ground properties; loading distribution; construction method and sequence 

of loading; stiffness of structures. 

Compared to Bray and Macedo (2017) and Bullock et al. (2018), which provide 

estimates of the absolute building settlement, Bullock et al. (2019.b) propose three 

different approaches to calculate the probabilistic distribution of building residual and 

peak transient tilt s depending on the available information. In the present study, the 

role of the above factors on the differential settlements is quantified with a specific 

calculation. Neglecting the effects of the construction sequence, not related to 

liquefaction, and considering for simplicity a uniform load distribution on building 

foundations, the effects of settlement rate, the variation of subsoil properties and 

stiffness of the structure have been evaluated performing a parametric numerical 

analysis (ITASCA V2D, 2016). The performed analysis shows that, while the 

settlement distribution depends on different factors like seismic motion, subsoil 

layering and properties, foundation width, soil-foundation contact, building inertia etc. 

(e.g., Karimi et al., 2018; Ramirez, 2019; Tokimatsu et al., 2019), the ratio between 

distortion and absolute settlements depends mainly on the stiffness of the structure-

foundation complex and the variability of subsoil properties. 

The studied subsoil scheme consists of three-strata (Figure 4-8), an intermediate 

liquefiable layer whose stress-strain response has been simulated with the critical state-
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based plasticity model (PM4 sand; Ziotopoulou & Boulanger, 2013), a lower base and 

an upper crust whose stress-strain response has been simulated with hysteretic models 

coupled with Mohr-Coulomb (MC) failure criterion. For the sake of validation, the 

model has been inspired to the case study of a building in Terre del Reno (Emilia-

Romagna, Italy) struck during the earthquake of May 20th, 2012 (Mw 6.1). Figure 4-8 

shows a summary of the model characteristics, geometrical mesh, and constitutive 

parameters. Further details can be found in Modoni et al. (2019). In the first series of 

analyses, the flexural stiffness of the building-foundation system is pointed out. The 

studied scheme, depicted in Figure 4-8, includes a 10 m long plate of variable flexural 

stiffness modulus EI (from 0 to 260 MN*m), carrying a uniform load (50 kPa). To 

estimate the influence of seismic input, the calculation is performed for three different 

acceleration time histories, the one recorded during the May 20th, earthquake in Emilia 

Romagna and the other two scaled times 0.7 and 1.6, respectively. The plot of Figure 

4-9.b, reporting the angular distortion ɓ (defined in Figure 4-9.a) as a function of the 

maximum settlements wmax shows a clear correlation between the two variables. Both 

depend significantly on the seismic input, but the angular distortion can be 

significantly restrained, increasing the slab stiffness. It is also worth noting that the 

dots representative of EI=0 matches closely the curve proposed by Grant et al. (1974) 

that represents the upper bound of observation under static conditions. Multiple 

analyses performed with a different set of characteristics (e.g., soil relative density, 

layers thicknesses, foundation width, etc.) have shown a limited influence of these 

factors on the ɓ - wmax relation. 

 

 

  

Figure 4-8 Numerical model implemented to study the absolute vs differential settlement relation. 
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Table 4-2 General properties defined in the numerical modelling. 

ɟ: soil density; K: bulk modulus; G: shear modulus; n: porosity; k: soil permeability; ʟ : friction 

angle; c: cohesion. 

 

Table 4-3 Damping and PM4 Sand parameters. 

 L1 and L2: soil damping parameters; Dr: relative density; G0: small-strain shear stiffness; hpo: plastic 

modulus calibration parameter; nd: dilatation surface calibration coefficient; nb: bounding surface 

calibration coefficient; Ad0:  dilatancy calibration coefficient. 

 General Properties 

Layer ʄ όƪƎκƳ3) 
K 

(MPa) 
G (MPa) n 

k 

(m/s) 

ʊ 

(°) 

c 

(kPa) 

Clayey crust 1250 65.8 14.1 0.48 8.15E-12 - 50 

Deeper 

clayey layers 
1330 388 83 0.55 1.02E-13 - 50 

Sandy Layer 1449 13.79 29.88 0.44 2.00E-06 33 - 

 Damping PM4 Sand 

Layer L1 L2 Dr G0 (Mpa) hpo nd nb Ad0 

Clayey crust -3 0.5 - - - - - - 

Deeper clayey 

layers 
-2.2 0.3 - - - - - - 

Sandy Layer - - variable 500 0.4 2.2 0.1 0.1 
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The second considered factor is the variability of subsoil properties, claimed by 

Ishihara & Yoshimine (1992) as one of the main causes of differential settlements. 

This issue has been investigated by introducing in the above numerical model the 

spatial variability of relative density in the liquefiable soil layer and performing 

random field analyses (Fenton & Griffiths, 2000). The definition of spatial variability 

requires an autocorrelation function that reproduces the spatial dependency within 

relatively short distances and a stochastic function characteristic of the spatially 

uncorrelated variability, i.e., at larger distances. These functions have been derived 

from the investigation carried out in Terre del Reno (Italy). Therefore, the spatially 

correlated variability has been modeled with an anisotropic exponential function 

having vertical autocorrelation distance equal to 0.77 m, found with a maximum 

likelihood criterion (Honjo & Kazumba, 2002) on the profiles of CPT tests Figure 

4-10; the horizontal autocorrelation distance has been given considering literature 

indications (Studlein et al., 2012) that suggest values variable between 2 and 5 m 

depending on the depositional history of the deposit. Proven that the differential 

settlement is directly related to the ratio between the characteristic length of foundation 

and the correlation distance, a value equal to 2.0 m (i.e., the lower defined by Studlein 

et al., 2012) has been assumed in the present study to maximize the soil heterogeneity. 

The Markov correlation functionôs choice is justified by the simplicity of the model, 

primarily due to the definition of a process where the future only depends on the 

a b

Figure 4-9 (a) Scheme adopted for the numerical calculation; and (b) angular distortion vs. maximum 

settlement for variable seismic input and flexural stiffness of the foundation raft. 
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present and not on the entire history, which fits with almost all the engineering 

applications. 

After verifying the goodness of fit, the random variability of relative density has 

been modeled by assigning a lognormal probability function with a mean equal to 0.36 

based on the interpretation of the CPTs available in the study area (Robertson & Wride, 

1998; Idriss & Boulanger, 2008) (Figure 4-10). The standard deviation found in this 

specific case is equal to 0.07, but this value has been parametrically varied in future 

analyses for the sake of generality (Modoni et al., 2019). The lognormal distribution 

of the relative density agrees with both the study of Fenton (1999) and most of the real 

geotechnical situations, where variables are not symmetrically distributed. Last but not 

the least, negative values of geotechnical variables like the soil relative density that 

may result from a normal distribution do not have a physical meaning. 

 Fields of relative density like the one depicted in Figure 4-11 can be randomly 

generated with the local average subdivision method (Fenton & Griffiths, 2000) and 

considered as input for calculation of settlements. 

 

 

The numerical analyses have been performed assigning random fields of relative 

density to the liquefiable layer in the liquefaction scheme of Figure 4-8, a 10 m wide 

slab with a uniform unit load equal to q = 50 kPa. Nil flexural stiffness (EI = 0) has 

Figure 4-10 Random field analysis: derivation of random and spatial variability models. 

Figure 4-11 example of random field of relative density for the liquefiable layer. 
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been assigned to the slab to infer the most conservative condition according to Figure 

4-9.b, i.e., the one that amplifies differential settlements. As before, the seismic input 

has been assigned scaling times 0.7, 1.0, and 1.6, the acceleration time history of May 

20th, 2012 event in Terre del Reno. The variability of subsoil properties has been 

parametrically varied, assigning different variation coefficients to the log-normal 

random distribution (CV = 0.1, 0.2, and 0.3). Together with the low assumed values 

of autocorrelation distances, these quantities should provide conservative estimates of 

the differential settlement (see Studlein et al., 2012). For each combination of factors, 

twenty random fields of relative density have been generated and subjected to the 

numerical calculation. This number has been chosen considering the time necessary 

for one calculation. Absolute and differential settlements have been estimated from the 

deformation of the slab, as shown in the sketch of Figure 4-12.a. The plot of Figure 

4-12.b readily shows that, despite a large variation of settlements generated by seismic 

inputs of largely different intensity, a direct proportionality can be inferred between 

differential (ŭmax) and absolute (wmax) values. 

Based on this observation, the following linear relation is adopted between these 

two variables:  

‏ ‌Ͻύ       Eq. 4.5 

Figure 4-12.b shows the statistical distribution of the coefficient Ŭ, from which a 

normal distribution having mean value equal to 0.53 and standard deviation equal to 

0.08 is inferred. 

 

Figure 4-12 (a) Differential (dmax) vs. absolute (wmax) settlements from the parametric random field 

analysis; and (b) statistical distribution of the coefficient a defined in Eqn. (5). 
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4.3.5 Loss model 

The computation of losses associated with damage (DV|DM) is the last step of the 

assessment procedure depicted in Figure 4-1. Several studies have proposed to define 

damage/losse relations based on socio-economic consideration (e.g., Lee and 

Mosalam, 2006; Moehle, 2003; Comerio, 2005; Krawinkler, 2005; Mitrani-Reiser et 

al., 2006). Focusing for simplicity on the repair losses, i.e., neglecting other indirect 

costs, a deterministic evaluation scheme defined in Hazus (FEMA, 2003) has been 

adopted in the following. This scheme introduces four different damage limit states 

(Slight, Moderate, Extensive, and Complete) and associates to each of them a loss cost 

(rci) expressed as a percentage of the total demolition and reconstruction cost (RCi). 

The ratios (rc/RC)i are defined in the code for 33 different building categories. Table 

4-4 shows an example for residential and industrial buildings. 

Combining the loss factors with the probability of reaching each of the four defined 

damage states (Pdsi) enables to compute the Mean Damage Rate (MDR) as follows: 

ὓὈὙ  Вὖ ᶻὶὧȾὙὅ            Eq. 4.6 

The economic losses due to the combination of physical damage and the loss of 

serviceability can be determined following the Hazus (FEMA, 2003) procedure. 

Considering the generic building, the method proposes to calculate the total loss by 

adding the repair cost to the loss of income arising from the non-use of the building. 

The repair cost, tot_rci, results from the structural and non-structural damage (rci), 

including those related to the business inventory (INV_DAMi), if present. 

In general, assumed the total demolition and reconstruction cost RCi and estimated 

the annual gross product of the Company PRODi, the total loss due to the physical 

damage and loss of business inventory could be evaluated as follows:  
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Eq. 4.7 
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Where (rci/RCi), (INV/PROD)i  and the fraction of damaged stocks are listed in 

Table 4-4; for each of the building typology defined in Hazus and Pids is the probability 

of reaching predefined damage limit states. 

An additional term that corresponds to the total loss accounts for the buildingôs lack 

of functionality and is related to the time needed for building restoration FLTi. The 

latter differs according to the building use; in this calculation, they were considered 

equal to the costs of renting an alternative structure for housing and to the loss of 

income for industrial activities. 

 

                     όὰ В ὍὔὅϽὊὒὝϽὖͅ   

Eq. 4.8 

The loss of functionality FLTi (expressed in days) associated with each damage 

limit state was assessed as a product of the time necessary to restore the generic 

function of the building BRTi and a reduction factor linked to the possibility of 

transferring the activity elsewhere, SIMi (FEMA, 2003). 

 

                                         ὊὒὝὄὙὝϽὛὍὓ                      Eq.4.9 

    

Table 4-4 reports the loss factors values considered in the above-described 

procedure.            

    

Table 4-4 Loss factors introduced in the risk assessment procedure, as reported in the Hazus code 

(FEMA, 2003). 

  Slight Moderate Extensive Complete 

RES1 

Residential 

buildings 

rc/RC 0.02 0.10 0.45 1.00 

INV/PROD - - - - 

INV_damage - - - - 

BRT (days) 5 120 360 720 

SIM 0 0.5 1.0 1.0 

IND 

Industrial 

buildings 

rc/RC 0.02 0.10 0.355 1.00 

INV/PROD 0.05 0.05 0.05 0.05 

INV_damage 0.0 0.0 0.0 0.50 

BRT (days) 10 90 240 360 

SIM 0.5 1.0 1.0 1.0 
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4.3.6 Remediation 

The decision-making to mitigate risk applies to the above-defined holistic model, 

including the multiscale connections outlined in Figure 4-1. Briefly recalling the 

fundamental steps, liquefaction is triggered when a relatively high seismic demand 

combines with susceptible subsoil. The phenomenon may turn or not into the 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 a lack of serviceability. The consequences 

for 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 to reduce the overall impact on 

society.  

The Japan Geotechnical Society (JGS, 1998) envisages three different intervention 

classes (Figure 4-13), acting respectively on auxiliary facilities supporting/replacing 

the function of the concerned infrastructure, on the physical reinforcement of the 

structures or of the ground. In general, mitigation actions can be subdivided into 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 modified 

management to face critical situations, or technical when operating on the physical 

systems with structural reinforcement or ground improvement.  

 

 

Non-technical strategies generally require an analysis of the behavior of a system 

under critical scenarios and to prepare a series of actions able to reduce the impact on 

the community and improve its resilience.  From a technical viewpoint, being the 

liquefaction phenomenon ruled by the concurrence of different factors, i.e., non-plastic 

Strategies (JGS,1998) 

Prepare auxiliary facilities 

Strengthen the structures 

Improve the soil 

Figure 4-13 Strategies for liquefaction risk mitigation. 
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soil in a loose state, saturation, hampered drainage, various mitigation techniques may 

be carried out to interrupt the chain of mechanisms responsible for the phenomenon. 

Soil susceptibility may be reduced by decreasing the contractive tendency upon cyclic 

loading, e.g., utilizing dynamic compaction (Mayne, 1984), vibratory techniques 

(Kirsch and Kirsch, 2016) or blasting (Lyman, 1941), 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 of 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 (DôAppolonia, 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). 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. 

From a technical viewpoint, Olarte et al. (2017) show the importance of evaluating 

holistically the potential tradeoff of liquefaction mitigation, which on the one hand 

may reduce foundation settlements and rotations and, on the other hand, may increase 

ground shaking intensity, resulting in more significant drifts and structural damages. 

These authors performed a series of centrifuge tests to rank the effectiveness of three 

liquefaction countermeasures (i.e., densifications, drainages and in-ground structural 

reinforcements) in preventing the liquefaction-induced damage on a 3-story steel 

moment frame structure. In parallel, Ramirez et al. (2019) conducted 3D, nonlinear, 

solid-fluid, fully -coupled, effective stress, dynamic finite element (FE) simulations in 

the object-oriented, open-source, finite element (FE) computational OpenSEES 

platform (Open System for Earthquake Engineering Simulation, Mazzoni et al., 2006) 



Chapter 4      Multilevel Risk Analysis 

102 

 

to evaluate the influence of prefabricated vertical drains (PVDs) on the performance 

of soil-foundation-(mitigation)-structure (SFMS) systems. 

 Olarte et al. (2019) found that settlement and rotation of the foundation strongly 

depend on the drainage conditions, soil properties, and seismic motion, and each 

mitigation strategy can reduce them. On the other hand, the adopted techniques 

differently impacted the generation of excess pore pressures in the underlying soil, the 

foundation accelerations, and transient rotations. Ground densification reduces excess 

pore press generation, permanent foundation settlement, and tilt, but also amplifies the 

accelerations and forces experienced in the superstructure. Prefabricated vertical 

drains reduce the duration of large excess pore pressures in the underlying soil, 

minimizing the permanent and transient foundation settlement and tilt more than other 

mitigation methods, while amplifying the seismic demand and flexural deformations 

in the superstructure. More enormous excess pore pressures and liquefaction that 

boosted the foundation's permanent settlement and tilt than other mitigation methods 

have been recorded due to the presence of in-ground walls that limited the water flow 

and amplified accelerations. 

Given the above, the choice of the optimal solution must come out for each 

application from a series of consideration involving not only technical efficiency but 

also: the feasibility of treatments concerning the scope of the project and the existing 

boundary conditions, taking into account also environmental issues and, last but not 

least, cost-effectiveness. A classification of the considered methods considering all 

these aspects is summarized in Table 4-5 where a score is given to each technique. 

This classification serves as a primary judgment on the suitability of the different 

techniques to different possible situations and as a tool for the first selection of 

mitigation strategies following a risk analysis. Therefore, a grade and a relative weight 

are first given to the following fields, considering their relevance for the project:  

- Site conditions, considering if the ground improvement concerns free field or 

is addressed to existing buildings/infrastructures, distinguishing in this case if 

the structure is in operation or out of order; 

- Subsoil characteristics, distinguishing the type of soil to be treated (with the 

presence of fine component), stratigraphy (crust of non-liquefiable soil), depth 

of the portion to be treated (<3m; 3-12 m; 12-18 m; 18-25 m); 

- Extension of the ground to be treated (<1000 m2; 1000-5000 m2; >5000 m2); 

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

- Constraints like the presence of buildings nearby (presence of buildings or 

utilities); 
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- Environmental restraints; 

- Cost. 

Then, the considered ground improvement methods have been evaluated 

considering each of the above issues. For instance, impacting techniques like deep 

dynamic compaction or blasting are discouraged near existing buildings giving a nil 

grade. Finally, each grade given to a technique with reference to a specific issue is 

weighted for the relevance of the issue. In this way, a score is obtained for all the 

techniques; it drives the stakeholders (managers, technical and non-technical 

personnel) to get oriented on the most suitable solution.
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Table 4-5 : Evaluation of ground improvement methods for liquefaction mitigation (D7.4, Liquefact, 2019). 
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4.3.7 Cost/benefit analysis  

In risk assessment, the effectiveness of mitigation should also be evaluated from 

the cost/benefit viewpoint. This implies to compare on a financial basis the budget 

spent on mitigation with the reduction of losses. Considering that mitigation, when 

undertaken, is a cost while losses depend on the probability of liquefaction occurrence, 

the benefit/cost analysis should be performed on an annual basis considering the 

residual lifecycle of the structure/infrastructure under concern. 

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.  

This cost should be compared with the annualized benefit, i.e., the earthquake losses 

saved per year, which for a probabilistic assessment is computed by integrating the 

product between losses given by earthquakes of different intensity and their annual 

occurrence probability. In the hypothesis of 100% efficiency of mitigation in 

preventing the liquefaction-induced damage, benefit/cost analyses are performed 

considering several unitary treatment costs. For each of them, the annual mortgage rate 

is compared with the reduction in the annualized total loss, which is calculated as 

defined by the PBEE methodology. 

 

ὃὲὲόὥὰ ὒέίί ВὃὊὉϽὸέὸ όὰ        Eq.4.10 

 

In the case of new building construction, the annual loss is calculated to evaluate 

different design approaches to choose the most convenient solution (Blockley, 2013). 

4.3.8 Methodology 

The above relations form the sequence of steps summarized in the flow chart of 

Figure 4-14, conceived to estimate losses on a portfolio of buildings. The procedure 

implies identifying and characterize each building with reference to the implemented 

calculation, i.e., determining the geographical coordinates of the centroid, its structural 

https://en.wikipedia.org/wiki/Fixed_rate_mortgage
https://en.wikipedia.org/wiki/Fixed_rate_mortgage
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typology, extension, and the number of stories, the latter necessary to identify the 

appropriate fragility function and estimate unit load. The subsoil is determined with 

the depth, width, and relative soil density of the liquefiable layer, which implies 

processing all available investigations (boreholes, CPT profiles) as described in 

Chapter 3. Conjugating this information with the base seismic input, the local seismic 

response can be analyzed at the building position to determine the parameters 

necessary for the analysisôs further steps. They consist of estimating the maximum 

absolute settlement of the building with Eqn. (3.23), transform it into a differential 

settlement with Eqn. 4.5, and computing the probability associate with each damage 

level through the procedure described in Figure 4-7 and Table 4-1. 

 Finally, the estimate of losses can be obtained by multiplying each of these 

probabilities with the cost associated with the corresponding damage level (Eqn. 4.6). 

The physical damage computed on each building is a fraction ñMDRò of the total 

demolition/reconstruction cost. Depending on the building use, the translation of 

physical damage into economic loss requires introducing a reconstruction and 

relocation/temporary rental costs (respectively RCi of Eqn. 4.7 and INCi of Eqn. 4.8) 

and defining the annual business revenue PRODi (Eqn. 4.7).  

The calculation can be performed for a selected seismic scenario, assigning the 

corresponding seismic input, or for the entire lifecycles of the building. In this second 

case, the seismic input must be defined in probabilistic terms, considering the seismic 

Building identification: 

¶ structural 

typology 

¶ centroid 

position 

¶ width 

¶ number of 

Subsoil characterization: 

¶ Thickness of the 

liquefiable layer 

¶ Thickness of crust 

¶ Groundwater level 

Calculation of absolute (Eqn.3.23) and differential settlements (Eqn.4.5). 

Calculation of probability corresponding to each damage level (Figure 4.7, Table 4.1). 

Compute mean damage rate and loss (Eqn.4.6 and Table 4.4). 

Determination of 

seismic input at the 

building position 

Figure 4-14 Flow chart for the estimate of losses on a building. 
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hazard of the area: the resulting annual loss (evaluated through Eqn. 4.10) represents 

the benefit in the following benefit/cost analysis.  

 

 Data management and Uncertainty 

 

Earthquake-induced liquefaction disasters EILD has often struck densely urbanized 

areas with severe consequences for the population. Although not being the only event 

of such a size, the case of the February 2011 (Mw6.2) Christchurch Earthquake is 

probably the most impressive example of liquefaction induced damage in an urban 

environment. Due to the widespread liquefaction, a diffuse and unprecedented 

economic loss was experienced by most of the Region, involving the community in a 

slow, tiring, and still ongoing reconstruction process. This and other recent events such 

as the Mw9.0 2011 Tohoku (Japan) Earthquake, the Mw6.1 2012 Emilia (Italy) 

Earthquake, the Mw 7.3 2016 Kumamoto (Japan) Earthquake have clearly shown the 

importance of being prepared for a community by implementing adequate emergency 

plans to face the post-earthquake scenarios, whose main purpose is to reduce the total 

loss, provide reasonable living conditions to the affected population and speed up the 

recovery to normality.  To this aim, Local Authorities and the Scientific Community 

recognized the usefulness of organizing pre-existing data and post-earthquake surveys 

into Geodatabases to facilitate emergency management and data-sharing among the 

stakeholders. Taking advantage of the previous experiences, developing of a 

community database of liquefaction-related phenomena and case histories has been 

recently initiated by the Pacific Earthquake Engineering Research (Stewart et al., 

2016).  PEERôs Next Generation Liquefaction (NGL) project takes advantage of the 

partnership between PEER and various public agencies (in the United States, Japan, 

New Zealand, and Taiwan) to build a robust collection of worldwide liquefaction case 

histories, including laboratory tests, physical modelling and numerical studies on key 

aspects of liquefaction triggering and related phenomena. Finally, the current 

approaches for decision-making against risk rely on tools capable of handling analyses 

characterized by a spatial multiscale approach, in a way that emphasizes both the 

spatial distribution of the phenomena and the spatial relationships with the territory 

elements and human activities. To this aim, the modern Geographical Information 

Systems (GIS) provide an efficient supporting tool in any risk assessment procedures. 
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For liquefaction risk assessment procedures, a GIS Platform allows the following 

activities: 

- The management of geographical information at different resolution levels, 

which in turn enables them to constantly update the amount of georeferenced 

data coming from different public/private stakeholders; 

- The combination of different data format (raster images, vectors, tables, 

spreadsheets é) which can be easily assessed, read, and combined to process 

the input data automatically; 

- The possibility of post-processing the obtained results through dynamic and 

interactive Maps, which allow performing quantitative spatial and reliability 

analyses. 

Such flexibility  in their structure, their wide range of applications, and the existence 

of different opensource GIS Platforms have encouraged the interaction among 

different disciplines (geology, geotechnical/structural engineering, insurance..) and 

stakeholders allowing not only to manage post-Earthquake emergencies but also to 

extend the analysis to wider fields of applications. These aspects resulted in the 

development of consolidated Platforms, whose data acquisition, implementation, and 

presentation are governed by national and International Standards, e.g., the INSPIRE 

Directive (Infrastructure for Spatial Information in the European Community), which 

sets the minimum conditions for interoperable sharing and exchange of spatial data 

across Europe (https://inspire.ec.europa.eu/). On the other hand, the above concerns 

imply dealing with a huge amount of data from different sources, added in different 

periods, and continuously updated. Such data availability represents an advantageous 

situation to the processing purpose, but it inevitably introduces significative 

uncertainty factors whose control can be partially managed through statistics and 

geostatistics methods. 

4.4.1 Uncertainty in data measurements  

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 to measurement biases of in situ 

data (Baecher & Christian, 2003). Despite a tendency to discipline the execution and 

interpretation of subsoil investigation to improve consistency, quality, and reliability 

(e.g., NZGS, 2016), a major part of data presently available for risk assessment has 

been obtained in previous times without of date standards. An attempt to fill this gap 

https://inspire.ec.europa.eu/
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is proposed by Madiai et al. (2016), who performed an experimental study to convert 

the mechanical CPT results into equivalent electrical CPT data. Based on the analysis 

of more than 4000 couple of points measured to the same depth, the authors propose 

to correct the equivalent normalized tip resistance (qc1ncs) and the Soil Behaviour Type 

index Ic as shown in Figure 4-15. 

 

 

 

4.4.2 Geostatistical Analysis of Data 

Regionalized phenomena, i.e., whose characteristics refer to space and present a 

spatial structure or organization, can be modelled through a geostatistics approach that 

defines a regionalized variable z(x) as the realization of the random distribution Z(x). 

It can be modeled through the fitting of a spatial analytical function called variogram.  

In geostatistics (Matheron, 1965), the value of a variable in a generic point of the 

map is computed as a linear interpolation of the values obtained on the investigated 

profiles. A series of actions (displayed in Figure 4-16) consisting in the mathematical 

definition of the spatial structure governing the investigated variable is preparatory to 

the geostatistical interpolation. Firstly, considering pairs of samples, the squared 

difference between the values is calculated. The resulting dissimilarities are plotted 

against the distance among ample pairs ñhò in geographical space, forming the 

Figure 4-15 a) Ic values calculated from CPTm and CPTe data and best regression model adapted to 

mechanical CPT data; b) qc1n,cs values calculated from CPTm and CPTe data by following the 

procedure of Boulanger & Idriss (2014) and best regression models. 
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variogram cloud. The subsequent step concerns the sliced of the variogram cloud into 

classes according to separation in space. The average dissimilarities in each class form 

the sequence of values of the experimental variogram. It can be observed that the 

average dissimilarity between values increases proportionally to the increase in 

spacing between the pairs of sample points. For large distances, the experimental 

variogram reaches a sill that can be equal to data variance. A relevant aspect is the 

behavior at the origin of the variogram, which indicates the type of continuity of the 

regionalized variable: differentiable, continuous but not differentiable, or 

discontinuous. This last case is a symptom of the so-called nugget-effect, meaning that 

no spatial correlation exists among the measured points or equivalently that the values 

of the variable change abruptly at a microscopic scale, like gold grades when a few 

gold nuggets are contained in some samples. On the contrary, a non-zero slope of the 

variogram near the origin indicates spatial structure. An abrupt change in slope 

indicates the passage to a different structuration of the values in space. Theoretical 

variograms, based on the analytical model, and the kriging interpolator allow the 

model to describe such transitions and visualize the different spatial associations of the 

values separately as maps.  

The maps displayed in the following chapters have been obtained by interpolating 

the theoretical variograms through ordinary kriging. Among the different types of 

kriging, it gives the optimal predictions under the assumption that the process is 

second-order stationary and is distributed normally. That observed values are a 

realization of a stationary stochastic process of a simple structure. This model is the 

weighted linear combination of the observation with the white noise process. Thus, the 

optimal predictor will be accepted by minimizing the mean squared prediction error. 

The observed values are first used to estimate the unknown parameters of the process 

and compute the empirical semivariogram. These observed values, parameters, and 

semivariogram are used to produce the best linear unbiased predictor of the unobserved 

point. For each variable, the standard error map (obtained as a by-product of the 

kriging operation) is overlapped to the prediction map, providing a quantitative 

measure of the uncertainty. Obviously, the smaller the variance, the better will be the 

results. On the contrary, in the lack of new data, areas characterized by a high level of 

uncertainty will be discarded from the analysis. 
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Figure 4-16 Subsequent steps in the modelling of a regionalized variable according to the geostatistics 

method (modified from Wackernagel, 1998). 
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Definitely, starting from the dataset of measures/samplings xi, for any distance h 

and any N(h) pairs of distant points h, the variogram modeling process can be achieved 

in two steps:  

Building the experimental variogram through the function: 
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whereȿὔὬȿ number of pair. 

 

Find a mathematical function capable of best fitting the experimental variogram. In  

Figure 4-17, the most applied interpolators in regionalized variable studies (namely 

the spherical and exponential models) are showed (Chilès and Delfiner, 1999): 
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Figure 4-17 Example of analytical functions used to fit the variogram. 

 

The difference with a straight interpolation with mathematical functions (e.g., 

polynomial) consists of the fact that estimates are considered as statistical variables, 

and thus a standard error term, which is a proxy of the standard deviation, is associated 

with them. The main advantage of this information is that the reliability associated to 

the estimate is known (a large standard deviation implies a greater uncertainty and 

lower reliability). In this way, the analysisôs quality can be improved, confining it to 

the zones where estimates are more robust. Regarding geotechnical and site 

characterization problems, it is immediate to understand that standard deviation drops 
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where more investigations are close to each other, while it assumes intolerable values 

where the investigation is limited or totally missing. Hence, the standard deviation map 

can be viewed as a tool to increase completeness of the analysis, filling the gap of 

information with additional investigation. 

A paramount difficulty of risk assessment for systems spread over large territories 

is evaluating variables (e.g., subsoil properties) from the investigation outcomes 

performed in a discrete number of positions. Sometimes, the original information is 

affected by inconsistencies, like, for example, largely different variable values are 

measured even for boreholes close to each other. Possible reasons for such a 

discrepancy can be sought in different directions, like, for instance, different standards 

adopted in the execution of tests, to a wrong location of the borehole. This 

inconsistency of investigation represents one of the major causes of error in 

interpolating information over the areas, resulting in punctual values of a given 

variable, which markedly differ from the spatial trend inferred from contiguous 

investigations. To identify such singularity and quantify uncertainty of the estimate in 

each position, geostatistical tests (Chilès and Delfiner, 2012) are beneficial. In 

territorial studies of liquefaction, geostatistical tools have been adopted, for instance 

by Baker and Faber (2008) to compute the distribution of liquefaction potential 

indicators in the city of Adapazari (Turkey), by Pokhrel et al., (2015) to map the 

Liquefaction Potential Index (Iwasaki et al., 1978) from SPT results in the city of 

Urayasu (Japan) and by Zhu et al. (2017) to quantify the probability of liquefaction 

based on CPTu data. 

Geostatistical tools can be recurrently used to assess the quality of available 

information and filter low-quality ones. An issue related to the collection of subsoil 

information over large areas is that investigations are rarely performed with the same 

standard, and data are not always consistent each other. This inconsistency frequently 

stems from different execution, reporting, interpretation standards, other sources like 

mispositioning the investigation sites over the map, etc. Geostatistical based tests like 

the boxplot (Montgomery et al., 2012) enable to evaluate the quality of data from the 

continuity of information estimated from nearby investigation. A boxplot test 

represents an expeditious but not arbitrary criterion to filter anomalous data, being 

possible to analyze and manage data in a fully automatic way, i.e. without the need for 

the operator to pick singularly data and drive outcomes. Once problematic data are 

identified, it is possible to verify the origin of inconsistency, correct errors or 

eventually discard the datum. The beneficial effects can then be measured with a 

reduction of the estimate standard error. 

https://www.wiley.com/en-us/search?pq=%7Crelevance%7Cauthor%3APierre+Delfiner
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For a given variable, a boxplot shows the three quartiles on a rectangular box 

representing respectively the 25, 50 (i.e. the median value) and 75 percentiles. The 

interquartile range IQR is defined as the difference between the third and the first 

quartiles: 

 

ὍὗὙ  ὗ ɀ ὗ     Eq. 4.12 

 

Each point falling outside from the interval Q1-1.5*IQR and Q3+1.5*IQR is 

assessed as a potential outlier, extreme outlier if considering the interval Q1-3.0*IQR 

and Q3+3.0*IQR. 

 

In the present case, the tolerability criterion has been fixed considering the 25 and 

75 percentiles of the standard deviation of estimate and discarding the data assessed as 

outlier through the boxplot criterion, red points of Figure 4-18. 

4.4.3 Error Propagation Theory 

Evaluating the role of uncertainty in the assessment of risk is a special case of error 

propagation. The basic idea is that uncertainties in input 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 parameters of a soil model, 

etc.), use them 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 

Figure 4-18 ï a) Box plot test and identification of outliers; b) Example of cross validation to remove 

inconsistent data for a given variable x. 

a) b) 
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will affect the numbers calculated at each subsequent step. The study of error 

propagation aims to deal rationally with this problem (e.g., Baecher & Christian, 

2003). In cascade phenomena like liquefaction, the uncertainty that arises 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. In the First Order Second Moment approach 

(Ang and Tang, 1984), the analytical approximations for the mean and standard 

deviation of a parameter of interest are provided as a function of the mean and standard 

deviations of the various input factors, and their correlations by mean of the first terms 

of a Taylor series. The FOSM approximation only provides estimates of the mean and 

standard deviation, which are not sufficient by themselves for evaluating the failure 

probability. To estimate the failure probability, one must assume the safety marginôs 

distribution function or the safety factor beforehand. Compared to the previous FOSM 

method, the pioneering work of Hasofer and Lind (1974) provided a geometric 

interpretation of the reliability index as a measure of the distance (in dimensionless 

space) between the peak and multivariate distribution of the uncertain parameters and 

a function defining the failure condition. Their approximation implies transforming a 

general random variable into a standard Gaussian vector; to locate the point of 

maximum probability density within the failure domain and estimate the probability 

of failure. SORM analyses define the limit state function as the FORM for compete 

information, although approximating them with a second-order function (Breitung, 

1984). However, for geo-problems, the probabilities of failure obtained with SORM 

are very close to FORMôs values (Lacasse and Nadim, 1999). The Monte-Carlo 

simulation is a procedure, which simulates stochastic processes by repeating many 

times deterministic analyses, i.e., calculation where input values are randomly selected 

in proportion to their joint probability density function. It is a powerful technique, 

applicable to both linear and non-linear problems, but can require many simulations to 

provide reliable distribution of the response (Nadim, 2007). 

Notwithstanding the above situation, it is essential to develop quantitative decision 

support tools for earthquake-related risks mitigation. Such tools are helpful to 

quantify/compare 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 
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thus continuously considered the reference goal along the whole process. Taking 

advantage of the existing literature (Baecher & Christian (2003), the main assumptions 

of the FORM method are first introduced and then contextualized to the liquefaction 

chain phenomenon.   

The study of Baecher & Christian (2003) starts by recognizing that the result of the 

calculations can be considered a function ñgò of the several input parameters and 

variables (X1, X2, . . .,Xn) evaluated at some points (x1, x2, . . . , xn): 

 

Ὣ Ὣὼȟὼȟȣὼ             Eq. 4.13 

 

If only one independent variable X appears and the value of ñgò is known for some 

value of X, say ὢ, then the value of g can be found for any other value x by using the 

Taylor series showed in Eqn. 4.14. 
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           Eq. 4.14 

 

However, in the study of error propagation, more than one independent variable 

usually appears and, therefore, a generalization of Eqn. 4.14 is needed. In this case, the 

initial value of each independent variable Xi is usually taken equal to its mean value, 

ɛXi. An equivalent form of the Taylor series for multiple variables is shown in Eqn. 

4.15. 
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       Eq. 4.15 

 

If all the terms (xi ï ɛXi) are small, their squares, cubes, and higher powers will be 

even smaller and thus can be ignored. This means that only the first-order terms are 

included. Hence methods based on this assumption are called First Order Reliability 
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Methods (FORM) and derive from the HasoferïLind (1974) approach. From the first 

order terms adoption the approximation of Eqn. 4.16 is derived. 
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      Eq. 4.16 

 

Consequently, the expected value ñɛò and the variance ñů2ò of g can be found 

through Equations 4.17 and 4.18. 

 

‘ Ὣ‘ὼȟ‘ὼȟȣ‘ὼ    Eq. 4.17 

 

„ Ὁ В ὼ  ‘ὼ         Eq. 4.18 

 

Then, multiplying the expression in brackets by the probability density function and 

integrating over the complete range of probabilities leads to an expression for the 

variance. In this case, care must be taken to multiply out the terms before interchanging 

the order of integration and summation. The result is showed in Eqn. 4.19. 
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Eq. 4.19 

 

Equation 4.19 requires the values of some partial derivatives, although only 

sometimes it is possible to differentiate the function ñgò and evaluate the 

corresponding terms exactly. In the more common situation, the partial derivatives 

must be found numerically. The easiest way to do this is to use central differences that 

implies to evaluate the function g with each of the variables set at its mean value 

(estimate of ɛg in Eqn 4.17). In turn, the partial derivative for each variable is found 

by increasing and decreasing the variable by a small amount, finding the difference 

between the two resulting values of ñgò, and dividing the difference by twice the small 

increment. 
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Example of error propagation in the liquefaction induced physical 

damage  

With reference to the cascade process summarized by the convolutive integral of 

PBEE, the evaluation of the uncertainty in the term p(EDP|IM) of Eqn. 4.1 is a special 

case of error propagation. In particular, the EDP corresponds to the liquefaction-

induced differential settlement evaluated at the building centroid for a given intensity 

measure IM of the seismic scenario. Since in the herein defined approach, differential 

settlements are correlated to the absolute ones based on numerical analyses (Eqn. 

4.20), the evaluation of building differential settlement implies a cascade process 

starting from the definition of the geotechnical subsoil model as well as the spatial 

interpolation of representative variables consisting in the 1D post-liquefaction 

settlement and the contribution of ejecta material (respectively terms Wv and We of 

Eqn. 4.21).  

ύ‏  ‌Ͻύ  

Eq. 4.20 

 

where: Wmax is the total absolute building settlement calculated with the Bray and 

Macedo (2017) formula and Ŭ is the scaling factor.  

 

ὡάὥὼὡὺ ὡὩ ὡί 

Eq. 4.21 

 

As pointed out by Bray and Dashti (2010), the absolute settlement has been 

calculated by the sum of volumetric deformation (Zhang et al., 2002) and shear-

induced deformations evaluated through the Bray and Macedo (2017) formula (Eqn. 

4.22) assumed as independent variables. In this phase, the contribution of ejecta-sand 

material has been neglected in the lack of building-by-building records of ejecta 

liquefied material.  

 

ὡάὥὼ 7Ö 7Ó  7Ö   

ÅØÐ Ãρ τȢυωϽÌÎ 1ȤπȢτςϽÌÎ 1 ς ÃςϽ,"3 πȢυψϽÌÎ ÔÁÎÈ (,Ⱦφ ȤπȢπςϽ" 

 

πȢψτϽÌÎ #!6ÄÐ πȢτρϽÌÎ 3Áρ ϽÅxp(Ů) 
Eq. 4.22 
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It can be observed that significative uncertainties in the estimate of differential 

settlements arise from: 

the spatial variability of geotechnical variables, which includes both the subsoil 

properties (relative density, measured CPT tip resistance and sleeve friction, evaluated 

indicators of liquefaction severity) and the characterization of the geometric 

stratigraphic model (meaning the assessment of a crust thickness and thickness of the 

liquefiable layer); 

the building characterization, i.e., geometry (plan regularity/irregularity), load 

distribution, building mass, inertial effects, foundation types, and depth.  

Concerning the former issue, geostatistics interpolation tools (like the kriging 

showed in Par. 4.6.2) allow to spatially characterize a given variable through its mean 

and normed error (or standard deviation), which is a proxy of the error estimate. About 

the stratigraphy, the application of the ESP method (Millen et al., 2020) is herein 

recommended to build the geotechnical model of the subsoil since its normed error 

allows to prove the consistency with the hypothesis of three strata model. On the 

contrary, engineering judgment should be introduced in defining the subsoil model 

when the normed error is found greater than a critical value of 0.15, as suggested by 

the authors. 

Despite a rigorous application of the FORM method would require an explicit 

evaluation of the error made in defining the building contact pressure on the 

foundation, many National and International Standards (NTC, 2018; CEN-2004a) 

agree in the use of a semi-probabilistic approach assessing the buildingôs loads, which 

are defined in terms of characteristic values accounting to all the uncertainties in 

materials, actions. 

Lastly, the calculation method employed to evaluate the shear-induced deformation 

is usually affected by an error since it is obtained from data regression among 

numerical modeling and observations. To capture this contribution, Bray and Macedo 

introduce in their study a normally distributed random variable epsilon, having zero 

mean and 0.50 standard deviation in logarithmic units.  

The application of Eqn. 4.19 to the absolute total settlement, leads to calculating 

the variance ů2(wmax) as expressed in Eqn. 4.23. Despite in more common applications 

the above-defined ñgò function is not tractable (but partial derivates must be 

numerically evaluated), in this situation, it is possible to differentiate the function wmax 

and evaluate the corresponding terms exactly.  
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Eq. 4.23 

Where the recalled partial derivates have been calculated as follows: 

 

=1                Eq. 4.24 

 

 

‬ὡ

‬ὒὄὛ
Ὡὼὴὧρ τȢυωϽὰὲὗ πȢτςϽὰὲὗ  ὧςϽὒὄὛπȢυψ

ϽὰὲὸὥὲὬὌὒȾφ  πȢπςϽὄ πȢψτϽὰὲὅὃὠὨὴπȢτρϽὰὲὛὥρ ‐

ϽὩὼὴὧςϽ,"3Ͻὧς 

 

     Eq. 4.25 

‬ὡ

‬Ὄὒ
 

ÅØÐ Ãρ τȢυωϽÌÎ 1ȤπȢτςϽὰὲὗ ÃςϽ,"3ȤπȢπςϽ" πȢψτϽÌÎ #!6ÄÐ πȢτρϽÌÎ 3Áρʀ Ͻ 

ȤπȢπωφφφχϽὸὥὲὬ 
Ὄὒ

φ
πȢπωφφφχϽὸὥὲὬ 

Ὄὒ

φ

Ȣ

  

   Eq. 4.26 

‬ὡάὥὼ

‬‐

ÅØÐ Ãρ τȢυωϽÌÎ 1ȤπȢτς

Ͻὰὲὗ ÃςϽ,"3 πȢυψϽÌÎ ÔÁÎÈ (,Ⱦφ ȤπȢπςϽ" πȢψτϽÌÎ #!6ÄÐ πȢτρϽÌÎ 3Áρ ϽÅØÐʀ  

   Eq. 4.27 

Finally, the differential settlements at each building centroids are evaluated by 

applying Eqn. 4.20. At this step, the error propagation theory allows evaluating not 

only a deterministic value of differential settlement (e.g., the mean value ñŭmò) but 

also to characterize the variance ů2 (ŭm), which can be evaluated as showed in Eqn. 

4.28. 

 

„ ‏  „ ‌Ͻύ ‌Ͻ„ ύ  

   Eq. 4.28 
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Where Ŭ is normally distributed, having a mean value equal to 0.54 and standard 

deviation equal to 0.08. On the other hand, wmax in Eqn. 4.28 represents a median 

absolute settlement of a normal distribution, as demonstrated by the introduction of 

the Ů term (Bray and Macedo, 2017). This assumption is justified by numerical 

analyses (see Chapter 4) that showed a statistical independence between Ŭ and the 

maximum liquefaction-induced absolute settlement wmax. 

The aim of the previous steps of calculation is to define for each building a 

probabilistic distribution of differential settlements induced by a selected seismic 

scenario, which also reflects the level of uncertainty in the geotechnical modelling of 

the subsoil. It is evident that: the less is the error in the estimate of the subsoil 

properties and spatial variability, the less will be the evaluated standard deviation of 

differential settlement and the more accurate the prevision model will be. In this 

context, the application of the FORM method in both evaluating the liquefaction-

induced building absolute settlement and relating it to the differential one allows 

defining for a given earthquake scenario the Gaussian distribution of differential 

settlements (defined by the mean and standard deviation calculated as per Eqn. 4.20 

and Eqn. 4.28).  

Proven that, for a normal distribution (having mean ñɛò and standard deviation 

ñůò), the 95.5% and 99.7% of the entire dataset respectively range in ‘ ς„  and ‘

σ„ , (see Figure 4-19), an example of cumulative distribution functions considering 

the 95.5% of the entire differential settlements distribution induced by a predefined 

seismic scenario is showed in Figure 4-20.a. According to the adopted model 

(Fotopoulou et al., 2018), the curves of Figure 4-20.a  relate the evaluated differential 

settlements to their probability of exceedance.  

However, in the logic of the cascade scheme, a liquefaction-induced differential 

settlement represents for a building both the result of a given seismic input and the 

building structural demand also classified as engineering demand parameter ñEDPò, 

responsible for structural/non-structural damage. In this situation, fragility models like 

the Fotopoulou et al. (2018) are normally introduced to quantify the liquefaction-

induced physical impact: they link differential settlements to four predefined damage 

limit states. Although fragility curves represent a probabilistic estimate of building 

damage, a more rigorous application of the error propagation theory implies to join the 

fragility model considering the whole range of possible EDPs and weighting each 

value by its probability of exceedance. It means that for a building, the probability of 
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undergoing a given damage limit state, which accounts for the entire range of possible 

EDPs, can be determined through Eqn. 4.29. 

 

 

ὴ Ὀὒ ρ  ὴὈρȿ‏ύ ὴz‏ύ 

ὴ Ὀὒ ς  ὴὈςȿ‏ύ ὴz‏ύ 

ὴ Ὀὒ σ  ὴὈσȿ‏ύ ὴz‏ύ 

ὴ Ὀὒ τ  ὴὈτȿ‏ύ ὴz‏ύ 

Eq. 4.29 

 

Figure 4-20.b highlights the difference between two possible approaches in 

evaluating the physical impact: the former estimates the term P(D>d|ŭ) 

deterministically , i.e., only considering one value of the EDP (e.g., the median value 

of the differential settlement, or a defined quantile). It is represented by the black line 

of Figure 4-20.b. The latter introduces all the EDP values ranging for instance in ‘

ς„ , each of them weighted by its density probability function. This approach is 

displayed through the areas below each damage state fragility curve of Figure 4-20b. 

Figure 4-19 Areas under the normal curve that lie between 1, 2 and 3 standard deviation on each side 

of the mean. 

Figure 4-20 Probability of exceedance of a liquefaction-induced building differential settlement for a given 

scenario; b) evaluation of liquefaction-induced physical impact on buildings, namely in a deterministic 

(solid line) and probabilistic (areas below each curve) ways. 






























































































































































































































































