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ABSTRACT 
 
Vulnerability assessment and seismic risk management using advanced methodologies are of major 
importance for the reduction of seismic risk in urban areas. The development of an advanced and 
integrated methodological tool for the efficient seismic risk management of complex lifeline and utility 
systems is necessary for the establishment of efficient and effective mitigation schemes. To this end, a 
modular methodology has been recently developed in Greece in the framework of national and EU 
research projects for the vulnerability assessment and seismic risk management of lifelines, utilities and 
infrastructures. The general description of the methodology is provided, along with several representative 
example applications. Key factors of the methodology are the inventory, the typology, the fragility, the 
specific characteristics and the importance (global value) of the elements at risk, the development of 
seismic scenarios (seismic hazard) and the geotechnical characterization, with the detailed site response 
analysis. Based on estimated losses and assigned priorities, restoration policies and mitigation strategies 
could be defined. Furthermore, new developments and important aspects of the risk mitigation procedure 
are further analyzed and commented on, while the ongoing research efforts in Europe are shortly 
summarized. These new developments include mainly the systemic physical and socio-economic 
vulnerability and risk analysis, the incorporation of decision-making processes in the seismic 
rehabilitation studies and the use of real-time damage estimation for the reduction of potential impact on 
urban societies on the basis of timely and correct actions after a disastrous earthquake. Finally, specific 
guidelines are provided for the management and reduction of seismic risk of lifelines and infrastructures in 
urban environments. 
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INTRODUCTION 
 
Large destructive earthquakes occurred worldwide in highly urbanized areas in the last twenty years or so, 
(Loma Prieta, CA, 1989; Northridge, CA, 1994; Kobe, Japan 1995; Izmit, Turkey and Chi-Chi, Taiwan, 
1999) have prompted researchers to undertake large-scale studies on the expected losses due to a major 
earthquake. Studies of this type serve the main purposes of designing mitigation strategies and of planning 
emergency and recovery measures. 
 
Existing methodological frameworks have been developed mainly in the United States. HAZUS (NIBS, 
2004) is a risk assessment methodology for analyzing potential losses from floods, hurricane and 
earthquakes and distributed by FEMA. HAZUS couples scientific and engineering knowledge with 
geographic information systems (GIS) technology to produce estimates of hazard-related damage before, 
or after, a disaster occurs. Recently the Impact of Earthquakes on the Central USA has been the object of 
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the “New Madrid Seismic Zone Catastrophic Earthquake Response Planning Project” funded by FEMA 
and carried out by the Mid-America Earthquake Center (MAEC, 2009). This project comprises a multi-
phase investigation of possible earthquake scenarios, analytical earthquake impact assessments, and social 
impact estimates that will assist federal, state, and local governments to develop coordinated response 
plans for a catastrophic earthquake in Central USA. In Latin America there is a very interesting tool of 
similar possibilities (Central American Probabilistic Risk Assessment - CAPRA; Anderson, 2008). In 
Europe, among other efforts we state a software developed by the Earthquake Engineering Department of 
Bogazici University, Kandilli Observatory and Earthquake Research Institute (KOERI) (KOERILoss, 
Erdik and Aydinoglu, 2002; Erdik et al., 2003; Erdik and Fahjan, 2006), which applies a loss estimation 
methodology to perform analyses for estimating potential losses from earthquakes (building damage 
estimation analysis and estimation of the direct economic losses and casualties related to building 
damages). Another example is the LNECLOSS software package developed by the Laboratorio Nacional 
de Engenharia Civil (LNEC) in Lisbon, Portugal (Sousa et al., 2004). However, the direct application of 
these approaches to areas different than the ones they have been developed is not straightforward and 
requires serious re-adjustments. Moreover, a systemic treatment of the complex network of lifelines and 
infrastructures is still missing, while socio-economic issues are only addressed in a very simplified way.   
 
A general modular methodology for the vulnerability assessment and seismic risk management of lifelines 
and infrastructures (potable water, waste-water, gas, electric power, telecommunication, fire-fighting, 
roadway, railway, airport, port and critical facilities) has been recently developed in Greece, in the 
framework of national and EU research projects (SRMLIFE, 2003-2007; RISK-UE, 2001-2004; 
LESSLOSS, 2004-2007). The general description of the methodology is provided below along with some 
representative example applications, while some important aspects of the risk mitigation procedure are 
further discussed, providing specific guidelines for the management and reduction of seismic risk of 
lifelines, utilities and infrastructures in urban environments.  
 
 

METHODOLOGICAL FRAMEWORK 
 
The general framework of the methodology is illustrated in Figure 1. The vulnerability of buildings and 
lifeline systems in the city are assessed for different seismic scenarios (Pitilakis et al., 2006a,b; Pitilakis et 
al., 2007a,b; Argyroudis et al., 2005). Loss estimates including direct and indirect losses, depend on the 
inventory and typology classification of the elements at risk, the vulnerability models and the existing 
interactions between lifeline components. Inventory is an essential step to identify, characterize and 
classify all types of lifeline elements, according to their specific typology and their distinctive geometric, 
structural and functional features. Geographical information systems (GIS) offer the perfect platform to 
implement any inventory inquires. Within this context, earthquake damage is directly related to structural 
properties of lifeline elements. Typology is a fundamental descriptor of a system, derived from the 
inventory of each element at risk. The level of seismic input motion is defined on the basis of site specific 
ground response analysis for several probabilities of exceedance. The hazard analysis is thus based on 
seismic scenarios, and a detailed ground response mapping (Anastasiadis et al., 2001; Pitilakis et al., 
2007a). The vulnerability assessment deals mainly with the quantification of damage of each element at 
risk, using appropriate fragility functions. Given the spatial distribution of the characteristics of 
earthquake motion, loss scenarios for buildings, utility and transportation systems, critical facilities and 
strategic buildings are produced, using inventory data and adequate fragility relationships. Furthermore, a 
hierarchy model has been proposed to evaluate and quantify the relative importance of various elements at 
risk and systems as well as city regions and districts, taking into account different criteria, such as their 
functional relations and the urban activities and relations of lifelines with the surrounding urban or rural 
environment (see Global Value approach in RISK-UE, 2001-2004). The assessment of the “global value” 
(physical and non-physical) is performed, in order to classify the importance of each lifeline element in 
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different periods (normal, crisis and recovery) and prioritize in a more efficient way the pre-earthquake 
retrofitting actions and the post earthquake restoration efforts. Based on the hierarchy of importance of 
lifeline components, as well as available techniques, man-power, material and equipment, estimates of the 
restoration process are performed. An important step for the implementation of an “efficient mitigation 
strategy” includes a simplified or a more advanced reliability analysis of the damaged and the undamaged 
system, in order to estimate the level of the remaining serviceability of the system, which is closely 
connected with the functionality of the community. Thus, a rigorous disaster management process 
including mitigation, preparedness, response and recovery actions could be assigned.  
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Figure 1. Seismic risk mitigation approach for lifelines and infrastructures. 

 
 

SEISMIC SCENARIOS – SITE SPECIFIC GROUND RESPONSE ANALYSIS 
 
Seismic hazard for the vulnerability analysis and risk assessment of lifelines, utilities and infrastructures, 
should be specified according to the precise needs for the particular lifeline components and networks, as 
well as the most adequate models used to describe vulnerability and fragility relationships. Moreover due 
to the spatial extent of lifeline systems, spatial variability of ground motion, considering local soil 
conditions, is of great importance (Pitilakis et al., 2005a). Site effects play a crucial role and with respect 
to the spatial variability and typology of various assets, their spatial variability may change completely the 
intensity and spatial variability of damages and losses. The simple use of seismic code soil classification 
schemes, and associated design acceleration values, is completely inadequate for a “high technology” 
vulnerability analysis and risk assessment. 
 
 
Thus, specific geotechnical-surface geology information is required, and adequate studies should be 
performed to estimate the necessary ground shaking parameters, in terms of seismic scenarios with 
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different mean return periods. These studies are conventionally referred as “microzonation studies”. 
Moreover, advanced seismic risk analysis studies require maps with the spatial distribution of strong 
ground motion parameters (e.g. PGA, PGV, PGD) in the study area. 
 
In the following, two examples are given of the detailed microzonation and ground response analyses that 
have been performed in the cities of Thessaloniki (Greece) and Düzce (Turkey) in the framework of 
national and European research projects (RISKUE, 2001-2004; SRMLIFE, 2003-2007; MERP, 2002-
2005; SRM-DGC, 2006-2008), aiming to the definition of ground motion input parameters for the 
vulnerability assessment of lifelines and infrastructures in the two cities.  
 
Thessaloniki microzonation study 
In Thessaloniki, a detailed microzonation study has been conducted for three different mean return periods 
of Tm=100, 475 and 1000 years. The study is based on the results of a probabilistic seismic hazard analysis 
using recent data regarding the seismicity, the corresponding seismic zones and the seismic faults in the 
greater area (RISK-UE, 2001-2004; SRMLIFE, 2003-2007). A detailed model of the surface geology and 
geotechnical characteristics, for site effect studies, was generated for the city area. The initial geotechnical 
map is based on numerous data provided by geotechnical investigations, geophysical surveys, 
microtremors measurements, classical geotechnical and special soil dynamic tests (Pitilakis et al., 1992; 
Pitilakis and Anastasiadis, 1998; Raptakis et al., 1994a,b; Raptakis, 1995; Anastasiadis et al., 2001; 
Apostolidis et al., 2004). The dynamic properties of the main soil formations have been defined from an 
extended laboratory testing including resonant column and cyclic triaxial tests (Pitilakis et al., 1992; 
Pitilakis and Anastasiadis, 1998; Anastasiadis, 1994). 
 
Site effects are based mainly on 1D linear equivalent response analyses, and few 2D analyses in selected 
cross sections, in order to take into account the influence of local geotechnical characteristics and dynamic 
properties of the main soil formations, on expected seismic ground motion. The analysis is conducted for 
five different scaled real accelerograms (for bed rock motions), appropriately selected according to the 
seismic hazard study, for the three scenarios (Papaioannou, 2004). 
 
As an example, the characteristics of the calculated mean seismic ground motions at the free surface, in 
terms of peak acceleration (PGA) and velocity (PGV) are presented in Figure 2 for the earthquake 
scenario with 10% probability of exceedance in 50 years (mean return period of 475 years). It is 
mentioned here that PGA values are varying from 0.15g to 0.55g while, if the whole analysis was based 
on the Hellenic seismic code, the design PGA should be equal only to 0.16g. Similar maps have been 
generated for all seismic scenarios, and for several other ground motion parameters (i.e. ground strains, 
response spectra at different periods, etc).  
 
Finally, in order to account for the liquefaction-induced phenomena, the evaluation of permanent ground 
horizontal and vertical displacements, (lateral spreading and settlements), has been performed for the three 
scenarios, using empirical and analytical procedures (Seed et al., 2003; Youd et al., 2001; EC8; Ishihara 
and Yoshimine, 1992; Elgamal et al., 2001). Figure 3 illustrates the spatial distribution of permanent 
ground settlements for the 475 years scenario. 
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Figure 2. (a) Distribution of mean peak ground acceleration (PGA in g) and (b) mean peak ground 

velocity (PGV in cm/s) for the 475 years seismic scenario. 
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Figure 3. Distribution of the mean values of peak permanent ground settlements due to 
liquefaction - Δv(cm) for the 475 years seismic scenario. 
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Düzce microzonation study 
The region of Düzce is one of the more active seismic areas worldwide, as is located very close to the 
North Anatolian Fault (NAF). Both Kocaeli (August 17, 1999, M=7.8) and Düzce (November 12, 1999, 
M=7.2) earthquakes occurred in a region dominated by the North Anatolian Fault. Site-specific ground 
response analysis has been performed for the city of Düzce, for different earthquake scenarios, based on 
one hand on the available geological, seismological and geotechnical data, and on the other hand on 
specific geotechnical and geophysical surveys performed for the purposes of this study (Manou et al., 
2007, 2010; Pitilakis et al., 2010a). The study has been conducted in the framework of several research 
projects (MERP, 2002-2005; SRM-DGC, 2006-2008). 
 
A simplified soil classification provided by EC8 was followed taking into consideration the geological 
zonation of the Düzce region, for the case of the Düzce 1999 earthquake event based to the deconvoluted 
acceleration time history of Düzce 12-11-1999 record. The estimation of the peak ground acceleration was 
based on the results of the seismic hazard study for the Düzce case. Then a series of 1D analysis was 
performed in several well-selected and representative sites along the city of Düzce, for several seismic 
scenarios proposed by the seismic hazard analysis (Alexoudi et al., 2008a) and for six input motions 
scaled to the estimated in each scenario, PGA for outcrop conditions. The dynamic properties of the soil 
configurations for the synthesis of the soil profiles were derived from the results of all available 
geotechnical data and geophysical surveys (HVSR technique and microtremor measurements), that are 
performed in Düzce. This correlation led to the synthesis of 2D geotechnical cross-sections; then, based on 
these detailed cross sections, we derived thirty representative 1D dynamic soil profiles for the 1D EQL 
site response analysis. 
 

a)  b)  
Figure 4. Spatial distribution of (a) average PGA (g) and (b) average PGV (cm/sec) values in Düzce. 

 
The results derived from the 1D seismic response study were further analyzed in order to estimate average 
acceleration response spectra, peak ground acceleration and displacement values at the ground surface, 
peak ground velocity values at the pipelines’ depth and peak spectral acceleration values for specific 
period values. Based on the geophysical, geotechnical and geological investigations, a correlation of the 
results in adjacent sites was carried out in order to accomplish the zonation of the city in uniform seismic 
response zones. The results are presented in terms of tables, diagrams and maps in GIS format that present 
the spatial distribution of the strong ground motion. Figure 4 illustrates the spatial distribution of the 
average Peak Ground Acceleration (PGA) and Velocity (PGV) values in Düzce. 
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VULNERABILITY ASSESSMENT AND LOSS SCENARIOS 
 
A fundamental requirement for assessing the seismic performance of a system is the ability to quantify 
correctly the damages related to the level of seismic hazard intensity, and of course the typology of each 
component and system. In general, vulnerability functions are deterministic, statistical or probabilistic 
relationships relating the component’s damage state, functionality, economic losses etc, with an 
appropriate measure of the intensity of the earthquake hazard. The characterization of the components is 
based on the specification for each component type generic fragility functions (see e.g. HAZUS, NIBS, 
2004; RISK-UE, 2001-2004; LESSLOSS, 2004-2007). Besides the great inherent uncertainties, the key 
assumption in the vulnerability assessment of lifeline systems and infrastructures is that structures having 
similar structural characteristics, being in similar geotechnical conditions are expected to perform in the 
same way for a given seismic loading. The spatial variability of the ground motion, which is one of the 
major causes of lifeline damages, is due mainly on the differential site amplification characteristics 
inherent to the local site conditions. Basin edge and azimuth effects may be also considered through 
appropriate 2D or/and 3D modeling of ground motion, which may modify the final ground motion for the 
vulnerability assessment (Pitilakis et al., 2010b; Pitilakis et al., 2001; Paolucci and Pitilakis, 2007). Thus, 
the respective fragility functions should be defined on the basis of the typological characteristics of the 
elements at risk, taking also into consideration specific construction practices and distinctive features 
affecting their seismic behaviour.  
 
Several representative examples are given below of the vulnerability assessment of lifelines and 
infrastructure systems in the cities of Thessaloniki and Düzce. Seismic loss scenarios have been estimated 
in the framework of national and European research projects (RISK-UE, 2001-2004; SRMLIFE, 2003-
2007; LESSLOSS, 2004-2007; SRM-DGC, 2006-2008), based on the results of the microzonation studies 
performed for the two cities. To this end appropriate inventory has been performed and appropriate 
fragility curves have been selected. 
 
Roadway system of Thessaloniki 
The inventory for the roadway network in the metropolitan area of Thessaloniki includes about 600 km of 
road-lines and 80 bridges. The roadway system is rather insufficient, especially in the centre, where the 
densely built up area creates a complex network, with narrow streets and inadequate parking areas. Roads 
are classified in freeways, major and secondary arterials, primary and secondary collectives, based on their 
geometry and functional role in the network. The majority of bridges are in the ring road and the main 
exits of the city. Their classification is based on the number of spans (single or multiple), the design 
seismic code level (low or upgraded), the pier type (single or multiple columns) and the span continuity 
(continuous or simple support). The vulnerability analysis of the network includes the estimation of direct 
losses such as bridge and road damage due to ground shaking or ground failure, and indirect such as street 
blockades, due to debris of collapsed buildings.  
 
The expected level of damages for bridges is assessed based on the fragility curves that are provided in 
HAZUS (NIBS, 2004), for the input earthquake hazard scenario and the estimated mean spectral 
acceleration at T=1.0sec considering the site specific analysis of ground motion (Argyroudis, 2010). The 
estimated damage state for each bridge for the 475 years seismic scenario is presented in Figure 5 
(Pitilakis et al., 2010c). The majority of bridges will respond in a satisfactory way, but there are still few 
bridges, which are expected to sustain serious damage for the specific seismic hazard scenario. This is due 
to the higher vulnerability of these bridges (single column, simple support bridges and inadequate seismic 
design), and the higher values of the expected surface spectral acceleration. The latter is attributed to the 
local soil conditions and the proximity of the seismic source (ex. southeast part). For instance, in the west 
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part of the city, deep soft alluvium deposits of sandy-silty clays to clayey sands-silts, with low strength 
and high compressibility, (category C and D in EC8), present stronger amplification at longer periods. 
 

 
Figure 5. Distribution of expected damages to roadway bridges of Thessaloniki for the 475 years 

seismic scenario. 
 
For the functionality of roads just after the earthquake a correlation between the building’s height (i.e. 
number of storey) and the width of the induced debris is used, in order to estimate the impact of collapsed 
buildings (Anastassiadis and Argyroudis, 2007; Argyroudis, 2010). The spatial distribution of the 
collapsed or heavily damaged buildings is again depending on their typology and the site conditions. A 
Gaussian distribution describes the variation of the debris width, which is a function of the building 
collapse angle (φ) and the building volume reduction (kv). This model is used in order to estimate the 
exceedance probability of certain road function levels (100% open, 50% open, 0% closed or one lane 
open). The collapse probability of buildings is estimated based on appropriate fragility models which have 
been developed for the building types commonly presented in Thessaloniki, as a function of the peak 
ground acceleration (Kappos et al., 2006; Penelis et al., 2002).  
 
Past experience in Greece reveals that a percentage of collapses ranging between 10 and 20% can have 
such form and amount of debris, which can result to road closure. The probability of closure due to 
building collapse is calculated based on the combination of the aforementioned probabilities for each road 
segment (node to node). Figure 6 illustrates the probability of closure for the main roads in the central city 
due to building collapses for the scenario with a mean return period 1000 years. The reduction of the road 
width depends on the distance from the buildings, the width of the road and the induced debris width, 
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while the closure probabilities depends on the concentration of the most vulnerable building type, the 
length of the road segment and the discrete collapse probabilities related to the local site conditions. 
 

 
Figure 6. Sample map with probabilities for 50% road width closure of the main road network 

due to building collapses for the 1000 years seismic scenario. 
 
Port system of Thessaloniki 
The Port of Thessaloniki covers an area of 1,500,000 m2 and trades approximately 15,000,000 tons of 
cargo annually, having a capacity of 200,000 containers and 6 piers with 6,500m length. In collaboration 
with the port authority (Thessaloniki Port Authority, THPA), various data was collected and implemented 
in GIS format for the construction, typological and functional characteristics of the considered elements at 
risk, including cargo and handling equipment, waterfront structures, electric power, potable and waste 
water, telecommunication, railway and roadway systems as well as buildings and critical facilities. 
 
Loss estimations are performed for the port facilities, utility networks, transportation systems and 
buildings based on the results of the site specific (microzonation) study presented earlier and for the three 
seismic scenarios (Tm= 100, 475 and 1000 years). The soil conditions are quite poor dominated by soft – 
loose alluvial deposits at great depth. In each particular system, adequate fragility curves and/or 
vulnerability relationships were used, based on the specific features and typology of the considered 
elements at risk. The type, extent and spatial distribution of induced earthquake damage were specified 
and illustrated in GIS thematic maps (Kakderi and Pitilakis, 2011). In the following, an example of the 
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vulnerability assessment and estimated direct damages is provided for the building structures of 
Thessaloniki’s port. 
 
Buildings in a port system include administration and control buildings, traffic control buildings, 
passenger terminals, offices, security and maintenance buildings, sheds and warehouses and other critical 
facilities. Furthermore, buildings within lifelines systems and infrastructures are also considered (e.g. 
pumping stations, engine-houses, electric power substations, etc). Thessaloniki’s port includes 88 
elements of this type. Their typology was defined based on the construction material, structural type, 
height and seismic design code level.  
 
The vulnerability analysis of R/C buildings is performed based on fragility curves (in terms of PGA) that 
have been developed using a hybrid technique combining analytical results and statistical data (Kappos et 
al., 2006). Moreover, fragility curves (in terms of both PGA and Sd) for masonry structures that were 
developed for all typologies common in Greece were used in the present application (Penelis et al., 2002). 
Vulnerability assessment for the three seismic scenarios has been performed, using a reduction factor of 
0.7 for the conversion of peak to effective values of ground acceleration. The distribution of estimated 
damages for the port building for the 475 years scenario is illustrated in Figure 7. 27%, 64% and 9% are 
estimated to sustain minor, slight and complete damages respectively. 
 

 
Figure 7. Distribution of damages to building structures of Thessaloniki’s port (Tm=475 years). 

 
 
Water system of Düzce 
The water system in Düzce is about 500 km long and the great percentage dates back to 1940s (Tadday 
and Sahin, 2001). The network consists mainly of cast iron (CI) and asbestos cement (AC) pipes, which 
could be classified as brittle pipes. A 600mm diameter AC pipe conveys raw water from the main source, 
the River Ugur, to the water treatment plant at the south of the town. A 100 cm diameter steel pipe then 
carries the treated water to the distribution network, joining the town in the Azmimilli District. Twin CI 
pipes, of diameter 125 mm, transport water from a well field and reservoir to supplement the main river 
water supply; these pipes join the town in the north east district. The digitized pipeline network, with a 
total length of 298km, is a mixed system, comprising both old and recently constructed parts. 
 
The vulnerability assessment of the water supply network of Düzce (in terms of the expected Repair Rate 
per pipe km - RR/km) is performed combining the results from the microzonation study of Düzce, with a 
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mean return period of 475 years, and from two specific earthquakes using as input the deconvoluted time 
histories of Kocaeli and Düzce earthquakes recorded at the Meteorological Station in Düzce. Expected 
damages (leaks and/or breaks) caused by wave propagation are estimated using O’ Rourke and Ayala 
(1993) fragility relation proposed by HAZUS (NIBS, 2004) according to the type of ground failure (for 
wave propagation: 20% of failures is assumed as breaks and 80% as leaks); the seismic loading is 
described in terms of peak ground velocity (PGV). Prior to their application, these empirical vulnerability 
functions have been validated with recorded damages in Düzce 1999 earthquake and in Lefkas- Greece 
2003 earthquake (Alexoudi, 2005; Pitilakis et al., 2005b). Tromans’ (2004) and Alexoudi (2005) database 
for water pipelines in Düzce was used for the validation. The percentage of the pipelines of the network 
that are expected to have some type of damage for the Kocaeli and Düzce earthquakes, and for the average 
values given by the microzonation study, is 7%, 9% and 13% respectively (Alexoudi et al., 2010).  
 
Figure 8 illustrates the spatial distribution of the estimated water pipe damages per district in Düzce for 
the microzonation study. The majority of damages are expected at the southern and eastern part of the city, 
which is well compared with the recorded damage distribution during the sequence of Kocaeli and Düzce 
earthquakes (Manou et al., 2007). 
  

 
Figure 8. Estimated water pipe damages per district (machala) in Düzce for the microzonation 

study. 
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SYSTEMIC SEISMIC PHYSICAL AND SOCIO-ECONOMIC VULNERABILITY AND RISK 

ANALYSIS 
 
The impact of the disaster caused by a natural hazard (like an earthquake event) on a system evolves with 
time elapsed from the event and in space. In the aftermath of the event, the damaged infrastructure 
operates in a state of emergency, and only progressively returns to the previous or a different state of 
normal functionality. Correspondingly, the spatial extent of interest to the study of the infrastructure 
response increases, involving adjacent regions in the economic recovery phase and multiple interactions 
between systems and with the built environment. A representative case of interactions among different 
lifeline systems during the restoration period is reported after the 1995 Kobe earthquake by Hada and 
Meguro (2000). They outlined the problems in the restoration activities of water and gas network in Kobe 
area due to traffic congestion, street blockades, damaged buildings and water flowed into gas pipelines; 
they also analyzed their effects based on real data. In the framework of a comprehensive risk analysis and 
management of interacting lifeline and infrastructure systems, their seismic performance should be 
considered in a rigorous and unified way. This could only be achieved through the assessment of the 
systems functionality, considering the complexity of structures and the interdependencies among systems 
and their components. 
 
The relation/ interactions between the components can be distinguished into intra-relations between the 
components of each system, and inter-relations between the systems making up the infrastructure (Figure 
9). The formulation of a system function allows for the evaluation of the state of the system as a function 
of the states of its components. The availability of such a function is a prerequisite for the evaluation of 
the system performance. It is noted here that the spatial characterization of the components (sub-systems) 
of an infrastructure has a direct relation with the approaches to be used for the definition of both their 
hazard and vulnerability. 
 

(components’)
Intra-relations

Systems

Components

(systems’)
Inter-relations

Infrastructure  
Figure 9. Graphical representation of an infrastructure comprising a number of systems with 

their interactions. 
 
Several approaches are available in the literature to help describe the relations existing between a system’s 
components. Some of these are: Graph theory; Fault-tree analysis (FTA); Event-tree analysis (ETA); 
Series system in parallel (SSP); Agent-based models and Complex Adaptive Systems (Amin, 2001; Little, 
2002; Brown et al. 2004; Bernhardt and McNeil, 2004; Tolone et al., 2004). 
 
The probabilistic evaluation of the performance of the system (PNET) can be carried out employing the 
methods of System Reliability Analysis. These include expansion methods, such as FORM/SORM or the 
response surface technique (Ditlevsen and Madsen, 1996), as well as the Monte Carlo simulation methods 
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(Rubinstein, 1981). Depending on the nature of uncertainty and the aptitude to determine them, the 
probabilistic approach may be replaced or enhanced by possibilistic approaches based on Fuzzy Logics, 
so-called Fuzzy Networks. 
 
Despite the fact that non-simulation methods have recently seen interesting advances, e.g. in the form of 
Matrix System Reliability Analysis (Song and Der Kiureghian, 2003; Der Kiureghian and Song, 2008), 
the complexity of civil infrastructural systems, (especially the analysis of capacitive networks such as 
transportation, power transmission and water-supply networks), and the increasingly quantitative approach 
to the evaluation/ prediction of the behavior of other complex systems, of economic or social nature, the 
simulation approaches have recently undergone most significant progresses. These new developments, 
collectively denoted as “Modern simulation methods”, consist of smart techniques dealing with sensitivity 
analysis and stochastic optimization of computer simulation models (Rubinstein and Melamed, 1998) or 
Neural networks (NN). 
 
Several researchers have tried to go beyond the simple summation of direct loss and include consideration 
of the interactions between system components in determining the deterioration of the system function due 
to an earthquake. As an example, one can mention the studies undertaken by Franchin et al. (2006), Nuti 
and Vanzi (1998), Basoz and Kiremidjian (1996), Werner et al. (1999), Shinozuka et al. (2003), Douglas 
et al. (2007), Karaca (2005), and Veneziano et al. (2002) for transportation networks,  by Pachakis and 
Kiremidjian (2003, 2004) for harbor facilities and by Shinozuka et al. (1999), Liu et al. (2004), Ostrom 
(2003), Giannini et al. (1999), Vanzi (1996, 2000), Nuti et al. (2007) for electric supply networks. The 
studies for the seismic risk analysis of roadway networks in terms of road closures due to collapsed 
buildings and/or adjacent are limited (Goretti, 2005; Anastassiadis and Argyroudis, 2007; Argyroudis, 
2010). 
 
Furthermore, the probabilistic assessment of the seismic performance of any system must yield as outcome 
a quantity that is meaningful to the decision-makers and the stake-holders (JCSS, 2008). The definition of 
the most appropriate quantity for each system, denoted as “performance measure”, is itself a challenging 
task. For example, measures have been proposed to quantify the reduced performance of a damaged/ 
congested transportation network in the form of a “Driver’s Delay” (Shinozuka et al., 2003) or, to quantify 
the performance of a health-care facility, in the form of the “Hospital Treatment Capacity” (HTC) i.e. the 
number of patients that can be given surgical treatment per hour (Lupoi et al., 2008). For electric power 
transmission or water supply networks performance measures have been proposed in the form of the 
“Service Flow Reduction”, i.e. the amount of flow that can be delivered to users compared to the amount 
prior to the damage/ disturbance (Dueñas-Osorio et al., 2007).  
 
Moving to a higher level, interactions between different critical infrastructures which may seriously affect 
the seismic risk management (response, recovery and mitigation) is an emerging research area where 
special interest has been recently given into. Several researchers have proposed different types of 
interdependency simulation models (Wong and Isenberg, 1995; Kameda, 2000; Giannini and Vanzi, 2000; 
Rinaldi et al., 2001; Peerenboom et al., 2001; Amin, 2001; Haimes and Jiang, 2001; Little, 2002; Li and 
He, 2002; Tang et al., 2004; Yao et al., 2004; Brown et al., 2004; Bernhardt and McNeil, 2004; Santos and 
Haimes, 2004). Only few methodologies have incorporated interdependencies in the seismic risk analysis 
of lifelines (Hoshiya and Ohno, 1985; Nojima and Kameda, 1991; Scawthorn, 1992; Eidinger, 1993; 
Shinozuka et al., 1993; Shinozuka and Tanaka, 1996; Menoni, 2001; Dueňas-Osorio, 2007; Tang and 
Wen, 2009) in a quite simplified way and lacking an integrated view of the response of complex 
infrastructure networks during the different periods in respect to the occurrence of an earthquake event.   
 
Furthermore, very few studies can be found in the literature dealing with the highest level problem of 
multiple systems interaction in the case of seismic vulnerability and loss estimates (Dueňas-Osorio et al. 
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2007, Kim et al. 2007). They have still an exploratory character and are based on rather extreme 
simplifications, being limited to the analysis of at most two systems. Infrastructures’ interdependencies are 
usually addressed through network analysis. Graph theory is adopted by several researchers. The Bayesian 
approach is often used for network analysis. The function states of the systems are also analyzed using 
flow analysis and connectivity analysis. One of the most comprehensive studies available, albeit including 
only a part of the vulnerable systems, is the one in Karaca (2005), which explores the consequences of a 
major earthquake in the Central-Eastern US by modelling the economic activity in the whole US and its 
disruption due to the event. Finally some recent studies have been focused on the proposal of a 
methodology to evaluate the associated losses of interacting lifeline elements for various strong motion 
intensities and the estimation of complex fragility curves of interdependent components (Kakderi et al., 
2007, 2008; Alexoudi et al., 2008b,c). 
 
In the most recent study developed in Aristotle University of Thessaloniki (AUTH) by Selva et al. (2010) 
a generic procedure is developed for the assessment of the serviceability of a system, if one or more 
interacting components of the system are damaged by an earthquake, assessing and merging the different 
levels of both “physical damage” and “non-functionality”. Either a single system composed by many 
interacting components (e.g., one lifeline) or a system of systems (e.g., a set of lifelines and 
infrastructures) are addressed, where interaction among components and systems are accounted for. The 
various types of uncertainties (aleatory and epistemic) are treated with the use a Bayesian inference. The 
proposed methodology is quite general and it is applicable, eventually with several further improvements, 
assumptions and/or simplifications, to real systems with diverse degrees of complexity and knowledge of 
system and components details. 
 
What is also of major importance is to transfer the interdependencies and consequences of losses in 
physical systems (buildings, utility and transportation network components, critical facilities) to their 
direct and indirect consequences on society and economy (city and regional scale), as measurable 
indicators and values of socio-economic losses upon which policy and decision-making can take place. 
The quantification of the socio-economic consequences of a major earthquake is currently carried out at 
different levels of complexity. The vast majority of available studies are limited only to a first estimation 
of direct economic losses. The simple summation of the monetary losses separately incurred by the 
various systems does not represent, however, the actual total loss suffered by a society hit by an 
earthquake. Loss can be subdivided into direct and indirect. The former correspond to direct damage to the 
physical components of the system, while the latter stem from loss of function resulting from the physical 
damage, associated for example with economic losses due to business interruption, loss of productivity 
due to increased travel times on damaged transportation networks, the interruption of harbour activities, 
etc. Even if indirect loss can likely be the dominant contributor to total loss, it is usually estimated in 
approximate ways, since an accurate estimation of the economic consequences of the loss of function of 
one system requires the evaluation of its impact on the other systems of the infrastructure.  
 
Regarding merely social costs losses (i.e. fatalities, injuries, homeless, shelter needs, etc.), one of the most 
referenced social loss methodologies is the one proposed by Coburn and Spence (2002), which however 
has not been proved reliable for developed countries. Other available in the literature global social and 
economic consequence functions include the methods proposed by Spence (2007), ATC-13, Badal and 
Samardzhieva (2003), KOERILoss (Erdik et al., 2003) Bal et al. (2008 a, b), MAEViz (MAEC, 2009), 
Porter et al. (2008 a, b). The current state of the art in earthquake loss estimation software provides several 
parameters of direct socio-economic consequences which are needed to support effective decision making. 
These include parameters such as casualties, homeless, and business failures by industry, for example. 
However, poor linkages between damage estimates at a system’s and system of systems level and the 
social and economic vulnerability conditions contribute to significant limits within existing earthquake 
loss estimation. Including social vulnerability allows for a greater level of information to be obtained from 
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the vulnerability modeling results for use in disaster response (e.g. homeless shelter needs and required 
supply). The definition and characterization of human, institutional and functional vulnerability (and 
resilience) of a city or region to earthquake damage of complex infrastructures should be accounted for in 
terms of recovering from the impacts of an earthquake. 
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Figure 10. General graphical layout of the concept and goals of SYNER-G (2009-2011) 

(www.syner-g.eu)  
 
Currently, there is an ongoing research effort to increase the understanding of the vulnerability of various 
societal elements at risk belonging to a system (city, region, lifeline network, etc) and to develop 
appropriate methods and tools to consider inter-element and intra-systems interdependencies, including 
socio-economic features under the European project SYNER-G (2009-2011) coordinated by the first of 
the authors of this paper (www.syner-g.eu). Figure 10 illustrates graphically the main concepts and goals 
of SYNER-G. Apart from the selection of the most advanced fragility functions and methods to assess the 
physical and societal-economic vulnerability of assets (buildings, utility systems and transportation 
infrastructures, society, economy), improving and further developing new ones where necessary, 
considering European distinctive features and the proposal of the most appropriate means of selecting 
seismic scenarios at system level, the ongoing research efforts are focused on the development of a unified 
methodology to assess vulnerability at a system level considering interdependencies between elements at 
risk (physical and non-physical), belonging to different systems and between different systems as a whole 
at city and regional scale. An appropriate open-source software and tool will be built to deal with systemic 
vulnerability in order to improve the seismic risk assessment and management, while the effectiveness of 
the methodology and the tools will be validated to specific and well selected case studies at city and 
regional scale. 
 

MANAGEMENT AND MITIGATION OF SEISMIC RISK  
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Global value analysis 
A conventional seismic risk analysis is limited to the evaluation of the direct impact (usually in economic 
terms and fatalities), of isolated components, based on the seismic hazard and the physical vulnerability of 
the elements. An advanced seismic risk study of lifelines, utilities and infrastructures should include the 
functional and social vulnerability, taking into account the functional relations between the different 
elements, urban activities (production, consumption, exchanges) and relations of the network with its 
surrounding urban or rural environment. In that way each system will be analyzed as an integrated part of 
the seismic risk scenario and as a part of the urban system, while the main issues of the lifeline system will 
be identified. This is performed through a “global value” analysis of the elements at risk; a methodology 
originally developed within the RISK-UE (2001-2004) project. 
 
The aim of the global value analysis is to identify the main issues and relative importance of each lifeline 
network, through appropriate ranking of the value of the exposed elements, based on various factors that 
describe the role of each element in the urban system. In that way, the global value of each element at risk, 
depends not only on its direct specific value or content (physical and human), but also upon its 
indirect/immaterial value, that is represented by the usefulness and relative role in the whole urban system, 
at a specific time. Three periods are identified in respect to the occurrence of an earthquake event: normal, 
crisis and recovery. “Global value” evaluation in different periods could be a powerful tool for the 
prioritization of pre-earthquake actions and quantification of the overall importance of different complex 
and coupled lifeline systems (Pitilakis et al., 2006a). Several criteria for this are used, such as operational 
attributes, land use, population influenced, human losses, economic and social weight under normal, crisis 
and recovery circumstances, identity/ radiance, environmental impact and other. Appropriate qualitative or 
quantitative indicators can then be defined for each period, while relevant measuring units are used for 
their evaluation and the identification of “main”, “important” and “secondary” elements and system’s 
weak points.  
 
Table 1. Indicators used for the global value analysis and classification of importance of waterfront 

structures of Thessaloniki’s port. 
WATERFRONT STRUCTURES PERIOD 

Components Indicators Description Normal Crisis Recovery

Operation 1. Operational 
depth 

Maximum draught of the ships able to 
harbor. • • • 

Operation 2. Alternative use 
(redundancy) 

Alternative equipment to cover the 
activity. - • • 

Urban activities 
and interactions 3. Impact radius Impact radius. Type of cargo/ movements

served.  • • • 

 
The methodology has been applied for the global value analysis of lifelines and infrastructures systems in 
Thessaloniki (Greece), in the framework of the national project SRM-LIFE (2003-2007) (Pitilakis et al., 
2007b; Pitilakis et al., 2010c). An example of the indicators used for the classification of the importance 
of Thessaloniki’s port cargo handling equipment is provided in Table 1. Cargo handling operation during 
and after the crisis is crucial for the successful recovery reaction and resilience following a major 
earthquake event. Other elements at risk have different indicators depending on their relative importance 
in the crisis management process. Representative GIS maps illustrating the definition of main, important 
and secondary elements at risk can also be constructed. As a representative example, Figure 11 illustrates 
the classification of the importance of waterfront structures of Thessaloniki’s port during the crisis period. 
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Figure 11. Classification of the importance of waterfront structures of Thessaloniki’s port 

during the crisis period. 
 
Restoration policies and mitigation strategies 
The pre-earthquake mitigation plans must be based on appropriate prioritization criteria that combine 
engineering techniques, economic analysis tools and decision-making or political aspects. The 
identification of “main”, “important” and “secondary” element at risk in “normal” period provides a 
prioritization according to the importance of the activities, the social and economical values and the daily 
demand for serviceability.  
 
A disaster management plan can enhance the pre-earthquake activities for retrofitting (or strengthening), 
important and critical components in the urban environment and prepare an efficient organization of 
public services and local authorities for “crisis” period. For the “recovery” period an efficient management 
plan must minimize the restoration time, the efforts and the cost. In order to achieve reliable estimates of 
the required time for recovery, lifeline owing and operating companies, local actors in collaboration 
should define restoration curves for every component in each lifeline system, with lifelines experts using 
basically qualitative evaluations. 
 
A method was developed applying the “global value” approach which uses the classification of lifeline 
system components into main, important and secondary, according to their global value (SRM-LIFE, 
2007-2007). Combining “global value” evaluation and vulnerability assessment, it is possible, using, if 
necessary, an “expert opinion” as well, to estimate priorities and to account for the economic and social 
losses, for a specific utility system and a given seismic scenario. Recovery activities could also follow 
these priorities aiming at efficient seismic risk management procedures.  
 
This method was applied to the city of Thessaloniki (Pitilakis et al., 2007b; Pitilakis et al., 2010c). Table 2 
provides an example of the pipelines retrofitting priorities. Restoration curves have also been defined in 
collaboration with the local authorities, based on available man power, and capabilities, local experience 
and expertise. Figure 12 illustrates the functionality level of water pipelines 7 days after the seismic event 
for the 475 years scenario, assuming that the restoration process starts immediately after the earthquake. 
 

 
Table 2. Risk analysis matrix showing pipelines seismic retrofit priorities. 

PRIORITIES URBAN RISK/              
SEISMIC HAZARD Main Important Secondary 

Break 1st priority 1st priority 2nd priority 
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Leak 2nd priority 3rd priority 4th priority 
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Figure 12. Functionality of pipelines of Thessaloniki’s water system 7 days after the seismic 

event (Tm=475 years).  
 
Retrofitting actions – Decision analysis 
Seismic rehabilitation of structures is certainly the best way to reduce seismic losses. Multiple conflicting 
criteria and various uncertainties inherent in the seismic hazard and the systems’ response, are 
systematically incorporated in any decision of intervention schemes to be applied for the reduction of 
earthquake risk (Park, 2004). Several factors like structural performance and/or direct structural cost, life 
losses and secondary economic losses, should be taken into consideration. 
 
On the basis of a decision analysis for identification of the optimal target reliability level for rehabilitation 
of a given structure against seismic hazard as well as the best solution among several alternative 
rehabilitation schemes, different mitigation actions could be identified and implemented. The final 
decision on mitigation action(s) and level of intervention should be based on estimated results in relation 
to the reduction of potential losses, direct and indirect costs estimates for different mitigation actions and 
expected economic losses. Cost–benefit models have been proposed for the evaluation of the profitability 
of public or private investment in seismic retrofitting. Cost-benefit analysis (CBA) is a systematic 
procedure for evaluating decisions that have an impact on society. There are different ways to conduct a 
CBA, depending on the information one has and the nature of the problem at hand. In the case of seismic 
mitigation strategies, a comparison between the upfront investment costs of mitigation to the benefits of 
mitigation (e.g., reduction in loss, reduction in casualties, and reduction in lifeline system downtime) is 
completed. Studies performed mainly for buildings are for example the ones given in FEMA(1992), 
Chang and Shinozouka (1996) and Kanda and Shah (1997). These models permit comparison among 
alternatives by assigning monetary values to costs and benefits happening in the future and discounting 
them at the present time accounting for inflation and interest rate. In the case of Thessaloniki, the effects 
of three mitigation schemes that could be proposed for the reduction of potential losses of the building 
stock are investigated (Pitilakis et al., 2007a). Some of the most advanced models also account for the 
system behaviour of the networks (e.g. Augusti and Ciampoli, 1997; 1998; Kunreuther et al., 2001; 
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Chang, 2003; Seligson et al., 2003). However, whether particular mitigation measures will be viewed as 
worth adopting is not a foregone conclusion but requires a detailed assessment of the costs and benefits 
under various hazard scenarios. The final decision is conditional to the available budget and the desirable 
level of the intervention and of course the anticipated level of physical damage for the specific seismic 
scenario. Finally, it is pointed out that a rigorous and effective risk management plan should be based on 
the comparative consideration of estimated losses through the assessment of the relative effects of 
different mitigation actions. 
 
Real-time mitigation of seismic risk  
Finally, an important progress is expected to the risk management of lifelines by applying real-time 
damage estimation data under GIS platforms. More accurate, and thus much more reliable data could be 
the basis for emergency services, predictions of damages intensity and spatial distribution for future 
events, loss estimations for each material and immaterial element at risk and mitigation strategies. 
Earthquake Early Warning (EEW) systems are mainly involved in the co-seismic phase. These involve the 
generation of real time ground motion estimation maps as products of real-time seismology and/or 
generation of alarm signals directly from on-line instrumental data. The Rapid Response Systems take part 
immediately after the earthquake and provide assessment of the distribution of ground shaking intensity 
(Shake Maps) or physical damage and casualties (Loss Maps). These maps can serve to direct the search 
and rescue teams to the areas most needed and assist civil protection authorities in the emergency action. 
 
Few efforts made so far (i.e. Eguchi et al., 1997; Shimizu and Yamazaki, 1998; Nakayama et al., 2004), 
proved that these systems are probably the most powerful and efficient way to mitigate seismic risk 
reducing the uncertainties involved in all other methodologies. A summary of the work done over last 
decades regarding the development of new approaches and setting up of new applications for earthquake 
rapid response systems that function to estimate earthquake losses in quasi real time after an earthquake is 
provided by Erdik et al. (2010). Currently operating near real time loss estimation tools can be classified 
under two main categories depending on the size of area they cover: Global and Local Systems. Global or 
regional near real time loss estimation systems include the Global Disaster Alert and Coordination System 
(GDACS, http://www.gdacs.org), World Agency of Planetary Monitoring Earthquake Risk Reduction 
(WAPMERR, http://www.wapmerr.org), Prompt Assessment of Global Earthquakes for Response 
(PAGER, http://earthquake.usgs.gov/eqcenter/pager/) system of USGS and NERIES-ELER 
(http://www.neries-eu.org) methodologies. Several local systems (country-, city- or, facility-specific) 
capable of computing damage and casualties in near real time already exist in several regions of the world. 
For example the Taiwan Earthquake Rapid Reporting System, the Real-time Earthquake Assessment 
Disaster System in Yokohama (READY), The Real Time Earthquake Disaster Mitigation System of the 
Tokyo Gas Co. (SUPREME) and the Istanbul Earthquake Rapid Response System (IERRS) provide near-
real time damage estimation after major earthquakes (Erdik and Fahjan, 2006). Almost all of these systems 
are based on the assessment of demand in real time from dense strong motion instrument arrays and the 
estimation of damage on the basis of known inventory of elements exposed to hazard and the related 
vulnerability relationships. After an earthquake the shaking and damage distribution maps are 
automatically generated on the basis of the ground motion intensity measure data received from the field 
stations, building inventory and the vulnerability relationships. The latter is probably one of the weak 
points, as they are not actually time dependent, while both structures’ quality and strength, and hazard are 
time dependent. Thus, the development of reliable inventory data and system time dependent vulnerability 
and loss assessment methodologies is a pre-requisite.  
 
 

CONCLUSIONS 
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A rigorous disaster management process includes mitigation, preparedness, response and recovery actions 
in three periods: normal, crisis and recovery. A breakdown between the different processes and periods 
can help to evaluate the contribution of each phase to the overall safety management. A reliability 
earthquake risk reduction policy needs a multidisciplinary approach to estimate the likely emergency 
response resource needs and socioeconomic impacts of large earthquakes in urban areas. The expected 
economical (direct, indirect) and social consequences of an earthquake should be compromised with the 
level of tolerable risk. 
 
Seismic vulnerability assessment is used to quantify potential losses in a given region or to a particular 
portfolio of lifelines, utilities and infrastructures, due to future earthquakes. The existence of preparedness 
plans based on the assessment of the impact of earthquakes and the minimization of their consequences 
are the most important tasks of civil protection. To fulfill these tasks, comprehensive earthquake loss 
scenarios have to be developed, in order to reduce the expected losses and improve the recovery actions. 
 
Seismic risk scenarios take into consideration the inventory, the typology and vulnerability characteristics 
of different elements at risk, as well as the seismic hazard, geotechnical characterization and site response 
of the main soil formations for different seismic scenarios. Thus, vulnerability and loss estimates for 
lifelines and infrastructures are evaluated on the basis of site specific seismic hazard analysis using 
available inventory data and adequate fragility curves. Local site conditions and specific seismic ground 
response, conventionally referred as “zoning study”, plays the key role in the vulnerability analysis and 
loss assessment. 
 
Analyzing physical infrastructure systems in terms of the dimensions of systems interdependencies, 
namely infrastructure system characteristics, inter-system and intra-system causal relationships, 
environmental impact such as climate change, response behavior, failure types, state of operation and 
interdependency risks, yields new insights into infrastructure systems behavior and a consequent 
expanded thinking on risk informed decision making of critical infrastructure. Interdependent analysis can 
enhance loss estimation methodologies and indicate strategies for robust design and growth of 
infrastructures. 
 
The identification of “main”, “important” and “secondary” element at risk in “normal” period provides a 
prioritization according to the importance of the activities, the social and economical values and the daily 
demand for serviceability. A disaster management plan can enhance the pre-earthquake activities for 
retrofitting important and critical components in the urban environment and prepare an efficient 
organization of public services and local authorities for “crisis” period. For the “recovery” period an 
efficient management plan must minimize the restoration time, the efforts and the cost. 
 
Earthquake hazard has in general low probability but high social and economic impact. The aim of a risk 
management strategy, especially for lifelines, is to maintain community safety and also to reduce physical 
damage and social and economic disruption. All decisions are based on the selection of the acceptable risk 
for the estimated seismic scenario. The selection of the acceptable risk and the appropriate seismic 
scenario or scenarios should combine the level of detail of the seismic hazard (microzonation study), the 
will of central and local actors, the available funds, the financial capability of the community and the 
country without neglecting the epistemic and physical uncertainties involved in every path of the any 
earthquake risk reduction policy. 
 
The actual vulnerability and the associated risk of any element at risk may be reduced with appropriate 
mitigation countermeasures. The decision for mitigation of lifelines against seismic hazard is a quite 
complex issue as different parts such as government, local authorities, lifeline companies or insurance 
industry are involved. Moreover the decision by its self is very difficult because it should be made based 
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on the results of the seismic risk assessment of lifelines which includes various uncertainties, owing to 
seismic hazard, vulnerability, performance and loss estimation procedures. The loss results can be used in 
order to prioritize the pre-earthquake mitigation measures, such as the retrofitting or redundancy of the 
elements with greater risk. Moreover, the loss results are considered to be the guide for an effective 
restoration policy. 
 
Finally, potential impact of large earthquakes on urban societies can be reduced by timely and correct 
action after a disastrous earthquake. Modern technology permits measurements of strong ground shaking 
in near real-time for urban areas exposed to earthquake risk and should be further developed. 
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