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1 BACKGROUND OF THE DOCUMENT 

1.1 SCOPE AND OBJECTIVES 

The deliverable consists of a state-of-the-art report dedicated to the 
evaluation of the world-wide available methodologies for REDA, highlighting 
which of them could be implemented in the areas of the project, based also 
on the situation reflected by the previous deliverable. 

 

1.2 RELATED DOCUMENTS 

1.2.1 Input 

Table 1. List of former deliverables acting as inputs to this document 

Document ID Descriptor

D.T.1.1.1 Evaluation of REDA Capabilities in each partner 
country 

1.2.2 Output 

Table 2. List of other deliverables for which this document is an input. 

Document ID Descriptor

D.T1.3.1 System specifications for a harmonized REDA 

D.T1.4.1 REDA system operational requirements

D.T2.1.1 Data requirements and specifications

D.T2.2.1 Data processing and harmonization

D.T2.3.1 REDA system

 

2 INTRODUCTION 

Over the time, multiple methodologies devoted to the estimation of 
structural damage, human and economic damage due to earthquakes have 
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been developed. The demand of such methodologies is both scientific but 
also practical, with results being of high interest in emergency 
management, risk reduction strategies or the insurance sector. In its sense, 
intensity – a subjective descriptor of earthquake effects, was used in 
evaluating the potential effects of earthquakes long before magnitude 
calculation. Initially, simple methods for estimating what could the losses 
be after an earthquake were developed using equations based on damage 
observations and correlations. Given also the capabilities of years ago 
computational technology, operational limitations had an important impact 
in methodological design. As time passed and new equipment and 
technologies became available but also important data from seismic events, 
for elaborating models and providing validation, more attention was drawn 
to the understanding of earthquake effects on buildings (as “not 
earthquakes kill people so much, but building behavior”) and then linking 
potential damage with probability of injury or economic losses. Coupled 
with progress in seismic instrumentation equipment, building information 
modeling or shaketable increased capacities, progress was significantly 
made in understanding building behavior during various types of earthquakes 
and methods for representing potential damage as a function were 
developed –fragility functions. In order to make a link of structural damage 
with socio-economic loss, consequence functions were developed. 
Vulnerability functions – capable of directly reflecting losses for a specific 
building typology, were also elaborated, as a more direct approach. Either 
way, now there are multiple methodologies and software for estimating 
rapidly after an earthquake damage levels, but among the challenges are: 

- how to better account for local site effects? 

- how to describe more accurately, using fragility functions or other 
methods, the variability in the distribution of structures in different 
areas but also variability within the building typology? 

- how to quantify and express uncertainty? 

- how to consider structure degradation, habitability and economical 
evolution effects throughout the time in vulnerability models? 

- how to quickly integrate real observation in new or altered 
vulnerability models? 

Through our analysis we will evaluate the current state-of-the-art in 
methods and software for rapid earthquake damage assessment (REDA), 
trying to understand which path should the REDACt system take in order for 
it to be scientifically reliable, actual but also innovative. 
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3 OVERVIEW OF REDA METHODOLOGIES 

3.1 HAZARD EVALUATION 

Seismic hazard analysis is based on two main parts. The first is the 
identification of the seismic source zones and the second is the 
characterization of the seismic ground motion at the site of the interest. 
Two commonly used approaches of seismic hazard analysis are deterministic 
seismic hazard analysis (DSHA) and probabilistic seismic hazard analysis 
(PSHA). In the process of selecting the appropriate approach, authors have 
to consider the purpose of the hazard or risk assessment, whether the site 
of the interest is in high, moderate or low seismic risk region and available 
input data. However, in the scientific community, it remains a big question 
which procedure is best to choose.  

(a) The deterministic seismic hazard analysis (DSHA) is used in cases the 
consequences of failure are intolerable and a suitable protection is 
required. Then the worst event that can be reasonably expected to occur at 
the site is usually evaluated. This event can be regarded, for example, as 
the maximum credible earthquake (MCE) maximizing the effects at the 
spectral frequencies for which the critical facility & infrastructure is more 
sensitive for its structural safety and serviceability. Thus, the MCE is defined 
on an engineering basis but without relation to its probability of occurrence. 

DSHA is an approach in which the hazard is estimated as maximum ground 
motion based on parameters of a single earthquake or set of earthquakes. 
To perform DSHA three basic elements have to be specified (Reiter, 1991): 
earthquake source, controlling earthquake of the particular size and level of 
seismic ground motion characteristic at selected distance. Consequently, 
seismic hazard can be expressed as a resulting value of specified ground 
motion characteristics following the occurrence of causative earthquake 
originating from particular source at a specified distance. DSHA is comprised 
of four basic steps:  

1. The identification of seismic source zones. Individual sources may 
have character of points, lines, areas or volumes. In order to identify 
these sources, the seismological, geological, geotechnical and 
geophysical database are compiled. The content of these databases 
can vary based on the purpose of the analysis.  

2. The selection of the controlling earthquake. Maximum earthquake in 
terms of magnitude is assigned to each source zone. Also, the closest 
distance of each source zone from the site of the interest is 
determined. Controlling earthquake is the one whose characteristics 
at the site of interest are dominant in comparison with 
characteristics of the maximum earthquakes from other source 
zones. Selection of the controlling earthquake may be a difficult task 
(Baker, 2008). If faults in vicinity of the site are poorly mapped, 
seismic source zone is considered to be areal and earthquake can 
occur in any part of this zone. If the site is found to be exactly in the 
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seismic source zone, it is assumed, that the location of the maximum 
earthquake is right under the study site.  

3. The selection of the appropriate ground motion prediction model 
(GMPM). GMPMs, previously known as attenuation relationships, 
estimate the value of chosen ground motion characteristic for an 
earthquake characterized by source parameters, distance and site 
conditions (Douglas 2018).  

4. The estimation of the seismic hazard at the site of the interest. 
Basically, it is the combination of the steps mentioned above and 
estimation of the ground motion characteristic according to 
magnitude and distance of the causative earthquake using GMPM.  

(b) The Probabilistic seismic hazard analysis (PSHA) allows estimation of 
the probability that selected ground motion parameters will be exceeded, 
at a given site, within a certain time interval (Cornell, 1968). It represents a 
powerful tool that integrates over all earthquake occurrences, in space and 
time, surrounding a selected study site. Unfortunately, the concept of a 
causative earthquake is lost when performing a PSHA. That is, there is no 
specific earthquake, in terms of magnitude and source-to-site distance, 
reproducing the uniform hazard spectrum (UHS) at the selected exceedance 
probability within a reference time return period. 

Unlike DSHA, probabilistic seismic hazard analysis is not constrained on 
maximum earthquake but rather comprises effects of all earthquakes of all 
magnitudes up to a predefined source-to-site distance, which can affect 
ground motion at the site of interest (Kramer, 1996; Baker, 2008). PSHA 
allows inclusion of various alternatives of input data into computation, 
along with their associated uncertainties. Seismic hazard can be expressed 
as the annual probability of exceeding selected level of ground motion 
characteristic. The results of the analysis can be used to estimating seismic 
risk.  

Four basic steps of the PSHA are illustrated in Error! Unknown switch 
argument..  The prerequisite of this computation is the compilation of the 
aforementioned databases for the site of interest, similarly as for DSHA. The 
content of the databases can vary, due to the purpose of the analysis. The 
data of the database should comprise following information about the 
earthquakes: date and time of the origin of the earthquake, coordinates of 
the epicenter, depth of the focus, all determined magnitudes and seismic 
moment, maximum and epicentral intensity along with the type of the 
scale, description of the observed damage, isoseismal map, estimation of 
the uncertainty for each of the parameters mentioned, information about 
felt foreshocks and aftershocks. Beneficial is also knowledge on focal 
mechanism, data from the broadband seismometers and strong motion 
accelerographs.  
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Figure 1. Four basic steps of PSHA (Reiter, 1991) 

Steps in PSHA: 

1. The identification of seismic source zones. In this step the PSHA is 
analogous to DSHA, individual sources may have character of points, 
lines, areas or volumes. Seismotectonic model is composed of the 
synthesis of seismological, geological, geotechnical and geophysical 
databases. Consequently, two types of seismic sources can be 
distinguished. Seismogenic structures are defined from the data of 
geological and seismological databases based on the features for 
which exists direct or indirect evidence that were active in the last 
tectonic regime. Diffuse seismicity zones are those where no 
apparent correlation can be made between earthquakes with any 
specific geological structures.  

2. The determination of the recurrence law and maximum magnitude, 
together with associated uncertainties, for each source zone. 
Recurrence law is the relation between the magnitude of the event 
with its occurrence frequency inside the source zone during selected 
period of time T (usually is considered annually). This step is 
significantly different from the DSHA. Prior to computation of the 
parameters in recurrence law it is inevitable to process the 
seismological database. Consistent type of the magnitude, usually 
Mw, for each earthquake have to be determined (homogenization), 
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foreshocks, mainshocks and aftershocks have to be separated 
(declustering). Estimation of the temporal and spatial completeness 
of the database in the terms of magnitude have to be performed. 
Most frequently the Gutenberg and Richter (1944) recurrence law is 
used in the form: 

                                         logNm =a−bm                                                (1)  

where Nm is the annual rate of exceedance of magnitude m and m ≥ 
0 (Reiter, 1991). Parameter 10a is mean yearly number of 
earthquakes with magnitude larger or equal to zero and value b 
determines the ratio of strong to weak earthquakes in each seismic 
source.  

3. The determination of earthquake effects. Since in PSHA earthquakes 
of all magnitudes and from all distances in seismic source zones are 
included in the computation, equations related to selected ground 
motion characteristic have to be considered along with the estimated 
uncertainties. The effects are estimated using empirical GMPMs for 
selected ground motion characteristic. GMPMs are usually function of 
magnitude, source-to-site distance and other relevant parameters 
(e.g. local conditions, style of faulting) (Douglas 2018). These models 
comprise also random error term, assumed as normally distributed 
with zero mean and standard deviation σ. This term represents the 
aleatory uncertainty of ground motion.  

4. The estimation of the seismic hazard at the study site. This step is 
significantly different compared to DSHA. In PSHA effects of all 
earthquakes of all magnitudes and distances along with uncertainties, 
contribute to hazard output. The result of PSHA is seismic hazard 
curve which can be expressed as annual probability of exceedance of 
specified level of ground motion characteristic at the site of the 
interest. Alternatively, the curve can be expressed as annual 
frequency (or mean return period) in which a specified level of 
ground motion characteristic will be exceeded at the site. The results 
are not determined as single values but as probability distribution 
function. Therefore, usually median, 84 percentile and mean hazard 
curves are estimated (Error! Unknown switch argument.). The 84 
percentile is presented as mean plus one standard deviation. The 
one-standard- deviation bounds should enclose about 2/3 of the 
observed values if the uncertainties are normally distributed. A 
thorough explanation of the methodology of computing percentiles 
can be found in background documents of the relevant software 
CRISIS 2007 (Ordaz et al., 2007).  
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Figure 2. Illustration of the seismic hazard curves with percentiles determined by PSHA 
approach (Abrahamson and Bommer, 2005). 

 

3.2 SHAKEMAP METHODOLOGY 

The most widespread system for generating maps reflecting the ground 
motion distribution of parameters and instrumental intensity is the 
ShakeMap developed by USGS (Wald et al., [5,9]). This system is also 
installed, with minor modifications, both in Romania and Greece at the 
moment. An informative summary on the general methodology of ShakeMap 
was provided in the review paper of Guerin-Marthe et al. (2020); given its 
usefulness in our purpose, we replicate most of the paper’s content below.   

“The still widely used version 3.5 of ShakeMap is based on a weighted 
interpolation algorithm (Worden et al., 2010). At the locations of 
observations, the global bias introduced by the observations with respect to 
the initial Ground Motion Model (GMM)/ GMPE estimate is computed: the 
bias is corrected by finding the magnitude that reduces the errors between 
the observed and the predicted ground motions, when the GMM is evaluated 
for the adjusted magnitude. The bias-adjusted GMM is applied in order to 
estimate corrected ground parameters over a spatial grid. At each grid 
point, the ground-motion parameter of interest is updated through a 
weighted average between the bias-adjusted GMM estimate and the 
interpolated observations: the GMM estimate is weighted by the inverse of 
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the variance provided by the GMM, while each observation is weighted by 
the term 1/σ2

obs (i.e., σobs is the standard deviation assigned to the 
observation - it increases with the distance between the observation and 
the grid point, based on a ground-motion spatial correlation model). 

Based on the interpolation scheme proposed by Worden et al. (2010), the 
mean updated ground-motion parameter Y at grid point (x,y) is expressed 
as: 

 

where YGMM,xy is the bias-corrected GMM estimate at the point (x,y), and 
Yobs,xy,i (resp. Yconvobs,xy,j) is the ith ground-motion measurement out of n 
(resp. the jth macroseismic observation out of m) scaled to the point (x, y). 
The scaling from the observation’s location to each grid point (x,y) is 
performed using the relative source-to-distance factors provided by the 
GMM: 

 

 

Similarly, the total variance of the updated ground-motion parameter Y at 
grid point (x,y) is expressed as: 

 

 

where  

σGMM is the standard deviation of the intra-event error term associated with 
the GMM: when enough observations are present, it is assumed that the 
inter-event error term is well enough constrained by the bias correction; 
σobs,xy,i is the standard deviation associated with an observation location at a 
given distance d from the grid point (x,y): for instance;  

σobs,xy,i = σGMM . f(d), where f is decreasing function with distance d.  
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Usually, if d tends towards zero, σobs,xy,i tends towards zero (i. e., the 
observed value becomes the dominant term in near field); and if d tends 
towards infinity, σobs,xy,i tends towards infinity (i.e., the GMM estimate 
becomes the dominant in far field).  

The functional form and values taken by f depend on the spatial correlation 
model that is associated with the ground-motion parameter of interest. By 
default, Worden et al. (2010) propose a radius of 10 km, within which we 
have σobs,xy,i < σGMM; another radius of 15 km is defined, beyond which it is 
assumed that σobs,xy,i = ∞. The radius of influence of observations has a 
strong influence on the local shape of the shake-map; and further sensitivity 
studies should be performed in order to assess its link with the spatial 
correlation of the ground-motion parameters. On the other hand, the 
standard deviation σconvobs,xy,j, related to the uncertainty associated with 
macroseismic observations, is decomposed into the distance-based standard 
deviation σobs,xy,j (as detailed above), and the standard deviation of the 
Ground Motion to Intensity Conversion Equation (GMICE) (i.e. uncertainty 
from converting the macroseismic intensity into a ground-motion 
parameter): 

 

The simple equations used by the algorithm prevent the build-up of 
computational complexity, since the optimization of the first presented 
equation allows the computation time to remain linearly proportional to the 
number of grid points. This shake-map system is flexible enough to produce 
updated maps of various types of ground-motion parameters (e.g., PGA, 
PGV, SA at different periods), as long as the ad-hoc GMMs are available. 
Shake-maps in terms of macroseismic intensity are also provided, thus 
making a direct use of the macroseismic testimonies that are collected after 
the earthquake event. 

It should be noted that the recent version change of ShakeMap® (from 
version 3.5 to 4) has introduced a different interpolation scheme (Worden 
and Wald, 2020), namely the use of the multi-variate normal (MVN) 
distribution. The vector of ground-motion parameters Y (assumed to be 
normally distributed) is divided into Y1 (m prediction sites, or grid points) 
and Y2 (n observations sites), with the following expressions for the mean 
and variance: 
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Then, given a set of observations Y2 = y2, a vector of residuals is defined as ζ 
= y2 – μY2. Thanks to the MVN, it is possible to express the mean and 
variance of the set of predictions Y1, as follows: 

 

The initial mean values of Y1 are obtained from a GMM, and the variance-
covariance matrix is assembled from the standard-deviations associated 
with the GMM and from the spatial correlation structure of the ground 
motion parameter(s) of interest. Therefore, the results from the previous 
two equations may be directly used as the updated ground-motion 
distribution for the generation of the shake-map. Worden et al. also show 
that this approach enables the consideration of multiple types of ground-
motion parameters (e.g., PGA, SA at different periods) simultaneously: 
thanks to the cross-correlation structure between some ground-motion 
parameters (esp. spectral responses), it is possible to gain knowledge and 
constrain shake-maps when only parameters of a given type have been 
recorded, for instance.” 

 

Figure 3 Schematic main principles of ShakeMap® v3.5 and the Bayesian inference shake-
map procedures. ShakeMap® v4 does not correct to rock conditions before 

Interpolation (from Guerin-Marthe et al., 2020) 

Other ways of generating shake-maps have been investigated by Douglas 
(2007) and Guerin-Marthe et al. (2020). 
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3.3 GEOTECHNICAL HAZARD MODELLING 

3.3.1 LIQUEFACTION 

Assessment of liquefaction susceptibility 

In this section, the most widely used approaches for the assessment of 
liquefaction susceptibility are presented. Initially, a discrimination of these 
published methodologies is taken place based on the scale of the project. 
The regional scale approaches are mainly oriented and suggested to be used 
for projects dealing with scales smaller than 1:25,000, while the local scale 
or site-specific projects aim to assess the liquefaction susceptibility on 
scales higher than 1:25,000 i.e. urban environment. The latter 
methodologies are based on the information provided by laboratory testing 
performed on recovered soil samples from borings, while the former 
approaches are based on geological-geomorphological maps where the 
spatial distribution of surficial geological formations is provided. 

Regional scale 

The liquefaction susceptibility of a geological unit can be evaluated on the 
basis of its depositional environment; the depositional process affects the 
sediment’s liquefaction susceptibility, since fine- and coarse-grained soils 
sorted by fluvial or wave actions are more susceptible than unsorted 
sediments (Youd, 1998). In the same direction, Youd and Perkins (1978) 
stated that the younger, looser and more segregated the deposit, the 
greater the susceptibility, while they defined as non-liquefiable the Pre-
Pleistocene sediments. 

Furthermore, Papathanassiou and Pavlides (2011), as well as Knudsen and 
Bott (2011), studied the spatial distribution of liquefaction occurrences, at a 
regional/state scale, triggered by earthquakes in Greece and California, 
respectively. They concluded that the manifestation of liquefaction 
phenomena is strongly related to the type and age of sediments, as well as 
their proximity to water bodies. Papathanassiou and Pavlides (2011) 
concluded that 68% of liquefaction-induced surface disruption sites in 
Greece were documented at a distance of 0-50 m from a water body, 31% 
between 50 and 100 m and only 1% farther than 100 m. Regarding the type 
of the surficial geological unit where liquefaction phenomena were 
reported, 89% of liquefaction occurrences are related to recent formations 
that mainly consisted of alluvial and fluvial deposits. In addition, 5% of 
liquefaction manifestations observed in coastal, fluvial, deltaic, marsh 
deposits, while 6% reported in artificial fills. In addition, Knudsen and Bott 
(2011) concluded that liquefaction tends to occur in young sediments, near 
water bodies and on low to flat grounds. They found that 90% of liquefied 
surface evidences were reported in areas characterized as historical or late 
Holocene surficial deposits, with 73% in artificial fills or near streams and 
67% at an elevation less than 10 m. 
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Moreover, the earthquakes that recently occurred in New Zealand (2010-
2011) and Italy (2012) confirmed the strong correlation of the sedimentary 
depositional environment with the liquefaction occurrences. Wotherspoon 
et al. (2012) studied the liquefaction-induced failures at the town of 
Kaiapoi, New Zealand and concluded that the most significant ones occurred 
in areas where river channels had been reclaimed or in old channels that 
have had flow diverted away.   

 

Figure 4.  Geomorphological oriented map of liquefaction manifestations at the area of 
Christchurch 

Bastin et al. (2015, 2017) concluded that the severity and distribution of 
earthquake-induced liquefaction phenomena were strongly influenced by 
the distance from a free-face and the depositional environment, by 
considering that liquefaction phenomena (including lateral spreading) are 
mainly concentrated around modern waterways and areas underlain by 
Holocene to recent deposits. For the study area of Avonside, New Zealand 
they pointed out that the most susceptible to liquefaction sediments were 
recent fluvial and paleo-channel deposits, and that severe liquefaction 
occurrences were reported within 50 m of a free-face.  
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Figure 5. Spatial correlation of lateral spreading phenomena and the type of deposits at the 
area of Avon river (Bastin et al., 2017) 

 

Recently, Villamor et al. (2016) suggested that liquefaction manifestations 
triggered by the 2010-2011 Canterbury Earthquake Sequence (CES) are 
strongly correlated with specific environments within the alluvial systems. 
More specifically, they studied the sites of Hardwick and Marchand near 
Lincoln, New Zealand and concluded that ridges of scroll bars on the inside 
bends of meander loops hosted most of the liquefaction manifestations e.g. 
sand blows and sand fissures, while this correlation was not presented in the 
swales. Finally, Bastin et al. (2018, 2020), considering data collected from 
the 2016 Kaikoura M7.8 Earthquake, proposed that liquefaction occurrences 
were strongly correlated with the point-bar and paleochannel deposits. 

 

 

Figure 6. Detailed presentation of liquefaction-induced ground failures (Bastin et al., 2020) 

 
Regarding the earthquake-induced liquefaction phenomena at the Emilia-
Romagna region, Italy that were triggered by the 20th and 29th May 2012 
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earthquakes, it has been shown that a strong correlation with the type of 
geological units also exists. Di Manna et al. (2012) and Papathanassiou et al. 
(2015) suggested that numerous liquefaction phenomena were induced, 
being more severe than expected for such moderate magnitude 
earthquakes. These liquefaction features were mainly concentrated along a 
narrow zone of 3-4 km long and 1 km wide, described as a paleο-river 
channel. Civico et al. (2015) performed a detailed study within this area 
using an airborne Lidar data and highlighted the correlation between the 
depositional environment and the density of liquefaction phenomena. They 
concluded that more than 50% of the observed liquefaction features were 
mapped on fluvial landforms, namely alluvial ridges, levee ridges, crevasse 
splays and abandoned riverbeds. 

Moreover, an additionally parameter that is taken into account for the 
assessment of liquefaction susceptibility is the occurrence of historical 
liquefaction occurrence. This has to be investigated since it is known that 
liquefaction tends to occur repeatedly at the same site. Thus, maps showing 
the localities of past liquefaction may be considered as likely to liquefaction 
area in future earthquakes (Youd, 1984). However, lack of evidence does 
not provide adequate proof that a site is immune to liquefaction (Youd, 
1988).  

Regarding the approaches that can be used for the assessment of the 
liquefaction susceptibility on regional scale, Youd and Perkins (1978) 
qualitatively defined the liquefaction susceptibility of the geological units, 
based on the sedimentation process and the age of deposition and stated 
that the Pre-Pleistocene sediments should be classified as non-liquefiable. 
The proposed classification is illustrated on table 3. 

Furthermore, a well-known procedure that can be appropriately used for 
the characterization of an area as liquefiable at small scale maps was 
proposed by the California Department of Conservation, Division of Mines 
and Geology (CDMG, 1999). According to these guidelines, a zone is 
considered as prone to liquefaction when meeting the following criteria: 

 evidence of historical liquefaction occurrences 

 data from in-situ tests and analyses indicate that the soils are likely to 
liquefy 

In case of lacking of the above data, a site is considered as susceptible to 
liquefaction when: 

 area containing soils of late Holocene age, the groundwater is less 13 
meters deep and the peak ground acceleration (PGA) having a 10% 
probability of being exceeded in 50 years is greater than 0.1g 

 soils of Holocene age where the depth of groundwater table is less 
than 10 meters and the PGA (10% in 50 years) is greater than 0.2g 
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 areas containing soil deposits of latest Pleistocene age, where the PGA 
has a 10% probability of being exceeded in 50 years is greater or equal 
to 0.3g and the depth of the groundwater table is less than 6 meters. 

 

Table 3. Assessment of liquefaction susceptibility of the geological units, based on the 
sedimentation process and the age of deposition (Youd and Perkins, 1978) 
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Recently, Witter et al. (2006) stated that susceptible to liquefaction areas 
can be identified through detailed geological, geomorphological and 
hydrological mapping. 

Regarding seismic loading, appropriate parameters for the assessment of the 
liquefaction susceptibility (corresponding either to the maximum intensity 
and/or the peak ground acceleration) have been introduced by Kuribayashi 
and Tatsuoka (1975) and Wakamatsu (1992). According to their results, 
liquefaction phenomena can be triggered by seismic shaking with intensity 
in excess of V (JMA scale) or VIII (MM scale) (TC4 1999).  

For this intensity value, Wakamatsu (1992) classified sedimentary deposits, 
using geomorphological criteria, in 3 categories of liquefaction 
susceptibility, namely “likely”, “possible” and “not likely”.  

Areas classified in the “not likely” liquefaction susceptibility class 
correspond to zones where liquefaction-induced failures are not expected. 
On the contrary, zones covered by geomorphological units such as natural 
levee, former river channel, sandy dry river channel and artificial fills were 
classified as the highest level of liquefaction potential, (i.e. liquefaction 
likely, TC4 1999). At these areas, further investigation using in-situ tests 
should be performed for evaluating the physical and mechanical parameters 
of subsoil layers.  
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Table 4. Susceptibility of detailed geomorphological units to liquefaction subjected to 
ground motion of the MMS intensity VIII (Wakamatsu, 1992) 

Geomorphological conditions Liquefaction 
potential Classification Specific conditions

Valley plain 

Valley plain consisting of 
gravel or cobble 

Not likely 

Valley plain consisting of 
sandy soil 

Possible 

Alluvial fan 

Vertical gradient of more 
than 0.5% 

Not likely 

Vertical gradient of less 
than 0.5% 

Possible 

Natural levee 
Top of natural levee Possible 

Edge of natural levee Likely

Back marsh  Possible 

Abandoned river 
channel  Likely 

Former pond  Likely

Marsh and swamp  Possible 

Dry river bed 

Dry river bed consisting of 
gravel Not likely 

Dry river bed consisting of 
sandy soil Likely 

Delta  Possible 

Bar 
Sand bar Possible 

Gravel bar Not likely 

Sand dune 
Top of dune Not likely 

Lower slope of dune Likely

Beach Beach Not likely 
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Artificial beach Likely

Interlevee lowland  Likely

Reclaimed land by 
drainage 

 Possible 

Reclaimed land  Likely

Spring  Likely 

Fill 

Fill on boundary zone 
between sand and lowland 

Likely 

Fill adjoining cliff Likely 

Fill on marsh or swamp Likely 

Fill on reclaimed land by 
drainage Likely 

Other type fill possible 

 

The Chinese building code (CNS 2001) stated that soil is considered non-
liquefiable or the consequences of liquefaction can be neglected for 
Pleistocene deposits for shaking intensities 7 to 9; Moss and Chen (2008) 
note that Chinese Intensity 7 through 9 is approximately equal to Modified 
Mercalli Intensity VI through X. 

The selection of one of the above approaches depends on the amount and 
type of collected data, but mainly on the scale (spatial accuracy) of the 
corresponding information available on the geological maps. 

Summarizing, it should be pointed out that the liquefaction susceptibility 
maps do not predict liquefaction-related ground failures, although ground 
failures may accompany liquefaction and are more likely to occur in areas 
with higher liquefaction susceptibility (Tinsley et al., 1985).  

Considering the parameters that should be taken into account for the 
assessment of liquefaction susceptibility of surficial geological formations on 
regional scale, in areas where the expected peak ground acceleration of the 
ground motion is >0.1g, it can be stated that i) the age and ii) the 
depositional environment of the sediments, and iii) the distance from a 
water body are the most critical proxies; almost all the liquefaction 
manifestations were reported in a short distance from a river, lake and 
seashore. 
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Local scale 

In order to examine the susceptibility to liquefaction of the subsoil layers on 
a local scale, samples from boreholes should be tested in the laboratory 
regarding the grain-size characteristics and the values of Atterberg limits of 
the soil element. In general, it was believed that sands were more 
susceptible than silts or gravels, but laboratory test to fine-grained soils 
from liquefied soils collected after the earthquakes of Kocaelli, Turkey and 
Chi-Chi, Taiwan in 1999, showed that cohesive soils could also liquefied 
under specific conditions. Recently, ejection of coarse material i.e. gravel 
and sand, on liquefied areas i.e. Lefkada, Greece (Papatheodorou et al., 
2007), Lyxouri, Greece (Papathanassiou et al., 2016) indicated that gravelly 
soils may also liquefied under specific conditions. In the following 
paragraph, a brief description of the most applied methodologies 
considering the liquefaction susceptibility of soil layers on local scale are 
presented. 

Initially, Tsuchida (1971) defined boundaries curves for potentially 
liquefiable soils based on their grain size distribution curves. Few years 
later, Wang (1979), as well as Seed and Idriss (1982) suggested that the 
classification of a soil element depends on the Atterberg limits and the 
percentage of clay-size material. Andrews and Martin (2000) re-evaluated 
the liquefaction field case histories and transported the “Modified Chinese 
Criteria” to US conventions. However, Seed et al. (2003) suggested that the 
“modified Chinese criteria” and the liquefaction susceptibility criteria 
proposed by Andrews and Martin (2000) should be considered as 
conservative. This approach was mainly based on the use of data provided 
by post-earthquake in-situ tests at liquefied sites triggered by the two 
devastating earthquakes of Kocaeli and Taiwan in 1999. Seed et al. (2003) 
concluded that the plasticity behaviour of fine size particles of soils is more 
important than the percent clay size, and there are numerous cases of 
liquefaction with more than 10% clay-size fines. According to these 
recommendations, soils with fines content more than 35% are characterized 
potentially liquefiable when its liquid limit is less than 37 and the plasticity 
index is less than 12 (LL ≤ 37 and PI ≤ 12), and the water content (wc)  is 
high relative to their Liquid Limit (wc > 0.8 LL). Soils with (i) PI ≤ 20 and (ii) 
LL ≤ 47 are transitional and require further testing if wc /LL>0.85, and soils 
whose properties lie outside these bounds are not susceptible to 
liquefaction but might be vulnerable to strength loss.  

Boulanger and Idriss (2006) proposed that soils with PI < 3 exhibit “sand-
like” behavior; soils with PI ≥ 7 exhibit “clay-like” behavior, but if a soil is 
classified as CL-ML according to the Unified Soil Classification System (USCS) 
(ASTMD-2487-11; ASTM, 2011), this criterion may be reduced to PI ≥ 5. Also, 
soils with 3 < PI < 6 may exhibit intermediate behavior and should be tested 
further. Idriss and Boulanger (2008) proposed that in the absence of cyclic 
laboratory testing on undisturbed samples, soils with PI<7 can be 
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conservatively assumed to exhibit “sand-like” behavior and be evaluated 
using the simplified procedure. Thus, soils with PI<7 can practically be 
considered as soils of sand-like behavior that are susceptible to liquefaction, 
and when PI≥7 as clay-like behavior that are judged as not susceptible to 
liquefaction (Donahue et al., 2007). It should be pointed out that the latter 
soils can still have the potential for generating earthquake-induced 
deformations, but the quantitative evaluation of the failures requires the 
use of procedures dealing with cyclic softening. 

Finally, Bray and Sancio (2006), based on data provided by Adapazari silts 
and clays from the Kocaeli 1999 event, that have been tested in laboratory, 
recommended that a fine-grained soil can be characterized as susceptible to 
liquefaction when the Plasticity Index PI≤12 and water content to liquid 
limit ratio (wc/LL) ≥0.85. Soils with 12 < PI < 18 and wc /LL >0.8 may be 
“moderately susceptible” to liquefaction and require further testing; and 
soils whose properties fall outside these bounds are not susceptible to 
liquefaction but may undergo deformation.  

 

Figure 7. Ranges of wc/LL and plasticity index for various susceptibility categories 
according to Bray and Sancio (2006) 

Consequently, fine-grained soils, previously characterized as non-liquefiable 
based on the liquefaction susceptibility criteria proposed by Wang (1979), 
Seed and Idriss (1982) and Andrews and Martin (2000), are currently 
considered as potentially liquefiable according to the more recent 
recommendations of Seed et al. (2003), Boulanger and Idriss (2006) and Bray 
and Sancio (2006). Despite the fact that the above research groups 
recommend slightly different susceptibility criteria, it is clear that fine-
grained soils can undergo severe strength loss due to increased pore water 
pressure that temporarily reduce the effective stress in soil (Donahue et al., 
2007).  

Regarding the data provided by CPTs, classification of soil units follows the 
normalized CPT soil behavior type index Ic, as proposed by Robertson and 
Wride (1998), which is a function of tip resistance and sleeve friction ratio 
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for cohesionless soils with high fines content. The value of Ic that was 
suggested as a boundary between susceptible and non-susceptible to 
liquefaction soils (clay) is 2.6. However, as it is pointed out by Maurer et al. 
(2017), because Ic boundaries between soil types are approximate and may 
need regional refinement (e.g., Yi  2014), the Ic < 2.6 criterion may in some 
cases be inappropriate (e.g., Zhang et al. 2002; Li et al. 2007; Pease, 2010). 
For this reason, Youd et al. (2001) recommended that soils with Ic > 2.4 be 
sampled and tested to evaluate their susceptibility. 

The Ic is defined as follows: 

𝐼஼ ൌ ඥሺ3.47 െ  𝑙𝑜𝑔ଵ଴𝑄ሻଶ ൅ ሺ1.22 ൅ 𝑙𝑜𝑔ଵ଴𝐹ሻଶ 

where Q and F are the normalized CPT penetration resistance and 
normalized CPT friction ratio, respectively. 

 

Figure 8. CPT-based Soil Behavior Type chart (Robertson, 1990) 
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CPT soundings offer advantages over other methods of estimating 
liquefaction resistance in both the detection of thin layers that may affect 
liquefaction triggering and subsequent pore pressure redistribution and in 
the reproducibility of results. CPT results are less dependent on the 
equipment operator or setup than most other in situ test methods, and CPT 
can be performed with relative speed and economy. CPT-based simplified 
procedure has disadvantages too; soil samples are typically not recovered 
during CPT sounding, and consequently cannot directly be characterized or 
tested further in the laboratory. 

Evaluation of liquefaction potential 

Regional scale 

The procedures presented in this section are focused on the development of 
maps showing the spatial distribution of liquefaction hazard on a regional 
scale, which can consequently be incorporated in relevant rapid response 
maps and loss estimates. 

Holzer et al. (2011) proposed a method for computing the probability of 
liquefaction occurrences on a regional scale and particularly, a method for 
developing liquefaction probability curves that would enable surficial 
geologic maps to be transformed into liquefaction hazard maps. More 
specifically, these curves are related to 14 different types of surficial 
geologic deposits that according to Holzer et al. (2011) are the principal 
types in which liquefaction occurred in historical earthquakes. Thus, the 
probability of surface manifestations of liquefaction for each surficial 
geologic unit is inferred from complementary cumulative frequency 
distributions of LPI. Distributions were computed for a specific earthquake 
magnitude, PGA, and water table condition. The probability of liquefaction 
is the frequency at LPI> 5, the empirical threshold value for surface 
manifestations of liquefaction determined by Toprak and Holzer (2003). The 
proposed methodology was developed using a scenario of earthquake 
magnitude M 7, however it can also be used for other magnitudes by scaling 
the seismic demand by the magnitude scaling factor (MSF) as it was defined 
by Youd et al. (2001). The probability of surface manifestations of 
liquefaction (p) is computationally simplified by curve fitting the relation 
between probability and PGA/MSF and can be computed using the following 
regression: 

1

c

a
p

PGA
MSF
b


 
 

  
 
 
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In particular, it is the probability that a surficial geologic unit will exhibit 
surface manifestations of liquefaction conditioned on PGA and M and it is 
usually computed for a specified water table depth; 1.5 and 5m following 
the procedure proposed by Holzer et al. (2011). 

 

Table 5. Values of parameters a, b and c depending the type of geological deposits and the 
depth of water table (Holzer et al. 2011). 

 

 

Matsuoka et al. (2015) proposed a method to quantitatively and easily 
estimate the liquefaction occurrence probability using engineering-based 
geomorphologic classifications compiled in a 7.5-arcsec map. This 
probability is defined as the liquefaction occurrence ratio (number of 
liquefaction grid cells divided by total number of grid cells of the region) on 
a regional scale. They established their suggestion on the correlation of the 
seismic intensity describing by the Japanese Meteorological Agency (JMA) 
with the geomorphological characteristics of the geological formations i.e. 
sediments. The soil deposits were classified in four groups: 

 Group-1: Liquefaction began at a seismic intensity (JMA) around 5.0. 
[Natural levee (NTL), abandoned river channels (ARC), lower slope of a 
dune (LSD), lowland between coastal dunes and/or bars (LDB), reclaimed 
land (REC), and filled land (FLL)] 

 Group-2: Liquefaction did not occur at a seismic intensity of ∼5.0, but as 
the seismic intensity increased, the liquefaction occurrence ratio 
increased rapidly. [Alluvial fan (ALF), alluvial fan with a slope angle of 
less than 1⁄100 (AFS), and marine sand and gravel bars (BAR)] 
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 Group-3: Some liquefaction occurred at a seismic intensity of ∼5.4, but 
the liquefaction occurrence ratio did not increase significantly even as 
the seismic intensity increased. [Back marsh (BKM), delta and coastal 
lowland (DEL), and sand dune (DUN)] 

 Group-4: Liquefaction occurred at a seismic intensity of ∼6.0, and the 
ratio increased rapidly as the seismic intensity increased. [Gravelly 
terrace (GVT), valley bottom lowland (VBP), valley bottom lowland with 
a slope angle less than 1⁄100 (VPS)] 
 

They pointed out that ALF deposits experienced liquefaction for gradients of 
1/100 or less and they subdivided ALF and VBP based on the slope angle. 

In addition, they assigned the following specific characteristics for each of 
the group: 

 Group-1: Shallow groundwater level and loose sand deposits.   
 Group-2: Shallow groundwater level and sand or sandy gravel 

deposited widely, but firm compared to the sand in Group-1. 
 Group-3: Groundwater level and sand distribution varied. Shallow 

groundwater level, but a localized distribution of loose sand 
(cohesive soil was predominant) (BKM, DEL). Loose, clean sand (sand 
with a small fine fraction) distributed widely, and generally deep 
groundwater level (DUN). 

 Group-4: Soil material varied. Sandy gravel deposited widely (GVT, 
VBP). Cohesive soil was predominant with localized sand distribution 
(VPS). 

Thus, they concluded that when the seismic intensity (JMA) exceeded 5.0, 
the sediments classified in Group-1 were the most susceptible to 
liquefaction and the liquefaction occurrence ratio increased as the seismic 
intensity increased. Although the seismic intensity at which liquefaction 
became pronounced was higher for Group-2 (seismic intensity of around 
5.4), the trend for the increase in the ratio was similar to Group-1. In 
Group-3, liquefaction occurred at a rather low seismic intensity (∼5.4), but 
the increase in the ratio was slow as the seismic intensity increased 
(Matsuoka et al., 2015). They justified this outcome by suggesting that the 
possible reasons might be the deposition of clay and the deep ground water 
level. In Group-4, liquefaction occurred when the seismic intensity was 
around 6.0, but the trend for the ratio was similar to Group 1. 

Furthermore, they constructed a regression to estimate liquefaction 
occurrence probability from the seismic intensity by taking into account the 
classification of soil deposits in these four groups.  

𝑃௟௜௤ሺ𝐼ሻ ൌ 𝛷ሾ𝛪 െ 𝜇ሻ/𝜎ሿ 
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Where the 𝑃௟௜௤ሺ𝐼ሻ represents the liquefaction probability of a 250-m grid cell 
at JMA-scale Seismic intensity I, μ is the mean value, and σ denotes the 
standard deviation. According to Matsuoka et al. (2015), this regression 
quantitatively and easily determined the large-area liquefaction potential 
estimation for each geomorphologic classification for a range of earthquake 
magnitude Mw from 6.0 to 8.1. 

 

Table 6. Regression parameters obtained for each group (Matsuoka et al., 2015) 

 

 

Furthermore, the last decade geoscientists and engineers focus on the 
correlation of geological, geomorphological and climatic factors in order to 
assess the liquefaction hazard on a regional scale. Afterwards, these 
probabilistic liquefaction maps can be integrated with event-specific 
shaking intensity maps for rapid response and loss estimation. 

In particular, Zhu et al. (2015) have developed a logistic regression model to 
predict the probability of liquefaction occurrence as a function of simple 
and globally available geospatial features (e.g., derived from digital 
elevation models), standard earthquake-specific intensity data (e.g. peak 
ground acceleration), and spatially continuous data as a proxy for important 
subsurface parameters. Applying a probabilistic modeling framework, their 
geospatial liquefaction model estimates the spatial extent and variability of 
liquefaction occurrence (Zhu et al., 2015). 

The model of Zhu et al. (2015) is developed with respect to the areal extent 
of liquefaction, which can identify broad zones likely to liquefaction and not 
to achieve a model that can explain the liquefaction features at a site-by-
site scale. The Global Geospatial Liquefaction (GGL) model is developed 
using logistic regression and is based on the following variables: compound 
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topographic index (CTI), slope-derived shear wave velocity (VS30), and 
magnitude weighted peak ground acceleration (PGAM). The CTI is a 
hydrologic parameter that provides a proxy for soil saturation and VS30 is a 
geotechnical parameter that is commonly used as a proxy for soil stiffness. 
Zhu et al. (2015) used the magnitude scaling factor (MSF) as a proxy for 
earthquake duration; the PGAM is PGA divided by MSF. The resolution of the 
developed maps is at 30 arc-sec resolution, which is roughly a 900 m x 900 
m pixel. 

The model outputs the probability of liquefaction (P), which is given by  

 

𝑃 ൌ
1

1 െ 𝑒ି௫ 

 

where 𝑥 ൌ 24.10 ൅ 2.07 𝑙𝑛ሺ𝑃𝐺𝐴ெ ሻ ൅ 0.36𝐶𝑇𝐼 െ 4.78𝑙𝑛 ሺ𝑉௦ଷ଴ሻ 

Zhu et al. (2015) concluded that the model performance is good in native 
soils where liquefaction coincides with river channels but does not always 
capture the liquefaction potential of artificial fill (Error! Unknown switch 
argument.). 

 

Figure 9. Maps of the observed liquefaction features and the predicted probability of 
liquefaction for the 1989 Loma Prieta earthquake (Zhu et al., 2015) 
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Zhu et al. (2017) updated the previous GGL model by taking into account 
previous works, such as Youd and Perkins (1978), which characterized the 
relationship between geologic depositional environments and liquefaction 
susceptibility, and Wald and Allen (2007), which identified a first-order 
approximation of soil conditions from topography. In particular, they 
inspected 14 broadly available geospatial proxies and concluded that the 
most promising are slope-derived VS30, modeled water table depth, distance 
to coast, distance to river, distance to the closest water body, and 
precipitation, while they found that peak ground velocity (PGV) performs 
better than PGA as the shaking intensity parameter. The spatial resolution 
for all variables is 30 arcsec (approximately 900 x 900m). 

Table 7. Summary of all candidate explanatory variables (Zhu et al. 2017) 

 

They proposed two models, one for coastal areas and one for noncoastal 
areas. The latter model is based on the proxies of PGV, VS30, water table 
depth (wtd), distance to the closest water body (dw), and precipitation and 
is recommended by the authors for global implementation.  
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They used logistic regression to model the probability of liquefaction which 
lies in the range between zero and one: 

𝑃 ൌ
1

1 ൅ 𝑒ି௫ 

Where 𝑥 ൌ 𝛽𝜊 ൅ 𝛽ଵ𝑥ଵ ൅ ⋯ ൅ 𝛽఑𝑥఑,, 𝑥ଵ, 𝑥ଶ, … , 𝑥఑ are the explanatory variables, 
and β0; β1; …; βk are the coefficients estimated from the regression. 

They concluded that the estimated probability of liquefaction seems 
negatively correlated with ln(PGA) and ln(PGV) when PGA is beyond 0.3g 
and PGV is beyond 50 cm/s. In addition, they heuristically assigned zero to 
the predicted probability for both models when PGV < 3 cm/s. Similarly, 
they assigned zero to the probability when VS30 > 620 m/s. They stated that 
a threshold of 0.3 of liquefaction probability is more conservative in that it 
overpredicts liquefaction, whereas a threshold of 0.4 is a more balanced 
classifier. 

Table 8. Coefficients of top performing coastal models and GLM-Zea15g (Zhu et al., 2017) 
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Figure 10. Probability maps predicted from model 1 for earthquakes in the USA (Zhu et al., 
2017). 

 

 

Figure 11. Probability maps predicted from model 2 for a) Wenchuan 2008, b) Northridge 
1994, c) Hector Mine 1999, d) Chi-Chi 1999, e) Nepal 2015, f) Bhuj 2001 earthquakes (Zhu 
et al., 2017). 
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Moreover, they proposed an equation that can be used for predicting the 
spatial extent of liquefaction within a probability class. For models 1 and 2, 
they fit a logistic function which has the same form as the equation 
developed for computing the probability of liquefaction occurrences, except 
that in this case they found that squaring the denominator improves the fit 

 

𝐿ሺ𝑃ሻ ൌ
𝑎

ሺ1 ൅ 𝑏𝑒ି௖௉ሻଶ 

 

in which L is the areal liquefaction percent, P is the predicted probability, 
and the parameters a, b, and c are given in Error! Unknown switch 
argument.. This equation can either be used to convert the predicted 
probability to liquefaction percent or to define simplified classes. For 
example, to define a class in which the percent liquefaction is between 10% 
and 20% from the probabilities predicted by model 2, one would insert the 
value of 10 and 20 for LP into equation and solve for P with the model 2 
coefficients from Error! Unknown switch argument., which would yield 
probabilities of 0.37–0.47 (Zhu et al., 2017). 

 

Table 9. Parameters for relating model probabilities to areal liquefaction percent 

parameters Model 1 Model 2

a 42.08 49.15

b 62.59 42.40

c 11.43 9.165

 

Local scale 

Having assessed the liquefaction susceptibility of the soil layers, and 
estimated the seismic parameters, PGA and M, a quantitative evaluation of 
liquefaction potential can be performed by taking into account data 
provided by borings with in-situ tests (νSPT). 

In particular, the ability of a soil element to resist liquefaction is defined as 
liquefaction factor of safety, fs, and two variables are required for its 
calculation: the cyclic resistance ratio CRR and the earthquake induced 
cyclic stress ratio CSR at a specific depth for a given design earthquake. The 
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factors of safety against liquefaction of the susceptible to liquefaction 
layers can be computed using simplified procedures proposed by several 
researchers e.g. Seed and Idriss (1971), Seed et al. (1985), Youd et al. 
(2001), Idriss and Boulanger (2012) and Cetin et al. (2016).  Soil layers with 
factors of safety greater than 1.0 are considered as non-liquefiable.  

 

𝑓𝑠 ൌ ஼ோோళ.ఱ

஼ௌோళ.ఱ
                                             

      

 The CRR, according to Youd et al. (2001) is approximated with the 
following equation: 
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The calculation of N1(60) is influenced by the measured standard penetration 
resistance N, the overburden pressure factor Cn, the correction for hammer 
energy ratio (ER) Ce, the correction for borehole diameter, Cb the 
correction factor for rod length Cr and the correction for samplers with or 
without liners. Afterwards, a “fine content” correction is applied to the 
calculated N1(60) value in order to obtain an equivalent clean sand value 
N1(60)cs . 

The CSR defines the seismic demand and is expressed as: 
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where, σvo: total vertical stress at depth z, σ'νο: effective vertical stress at 
the same depth, amax: peak horizontal ground acceleration, g: gravity 
acceleration and rd: stress reduction factor.     
      

Finally, the CSR values will be divided by the magnitude scaling factor, MSF. 
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Liquefaction Potential Index LPI 

Furthermore, the overall liquefaction potential of a soil column, defined as 
Liquefaction Potential Index (LPI), has been suggested to be computed 
based on the methodology proposed by Iwasaki et al., (1982) using the 
following equation:  
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𝐿𝑃𝐼 ൌ ׬ 𝐹ሺ𝑧ሻ𝑊ሺ𝑧ሻ𝑑𝑧
௭

଴                                                                                 

where z is the depth below the ground surface in meters and is calculated 
as w(z)=10-0.5z; F(z) is a function of the factor of safety against 
liquefaction, fs, where F(z) =1-fs when fs<1 and if fs>1, then F(z)=0. The 
index is proportional to the thickness of the liquefiable layer, the thickness 
of the non-liquefiable crust layer and the factor of safety against 
liquefaction. For the calculation of the LPI per borehole only soil layers with 
fs<1 that satisfies at the same time the liquefaction susceptibility criteria 
are taken into account. 

The LPI values have the capability of characterizing liquefaction potential of 
soil column of 20m from ground surface. According to Toprak and Holzer 
(2003), the “simplified procedure” predicts what will happen to a soil 
element, whereas the LPI predicts the performance of the whole soil column 
and the consequences of liquefaction at the ground surface. Papathanassiou 
(2008) stated that the advantage of LPI is that it quantifies the likely of 
liquefaction of the site, by providing a unique value for the entire soil 
column, instead of several factors of safety per layer and accordingly assess 
the spatial probability of liquefaction potential. According to the threshold 
values proposed by Iwasaki et al. (1978), the liquefaction potential should 
be characterized as 'low' at sites where 0 < LPI < 5, 'high' where LPI is in the 
range 5-15 and 'very high' above 15. 

Sonmez (2003) developed a modified scale by adding a threshold value of 
1.2 instead of 1 for the calculation of Fs and introduced two new categories 
of liquefaction failure potential by distinguishing LPI = 0 as 'non liquefiable', 
0 to 2 as 'low', 2 to 5 as 'moderate', 5 to 15 as 'high' and >15 as 'very high'. 

Papathanassiou (2008) proposed an LPI-based probabilistic approach for the 
evaluation of liquefaction-surface evidences and, by taking into account a 
cut-off value of 50% probability, he defined a threshold value of LPI = 14 for 
discriminating the cases of liquefaction surface manifestation from the non-
liquefaction ones.  

The probability of liquefaction surface manifestation is computed based on 
the following equation: 










  )218.0092.3(1
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In this model, the LPI value is the independent variable while the 
occurrence or not of liquefaction phenomena is the dependent one.  
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Figure 12. LPI-based probability curve (Papathanassiou, 2008) 

 

The above classifications have been developed exclusively using SPT data, 
while the one proposed by Papathanassiou (2008) took additionally into 
account the susceptibility to liquefaction criteria proposed by Seed et al. 
(2003) for the classification of the soil layers. The fact that Papathanassiou 
(2008) followed the recently published susceptibility criteria, and 
accordingly took into acount silty soils for the computation of LPI, is the 
main reason for this higher threshold value of LPI = 14. Moreover, Maurer et 
al. (2014) concluded that this high LPI value might be explained by the fact 
that Papathanassiou (2008) analyzed soils with high fines content. The same 
conclusion was also used to explain the high LPI threshold proposed by Lee 
et al. (2003), which is briefly presented in the next paragraph. 

An important confirmation of the Iwasaki et al. (1978) classification was 
provided by Toprak and Holzer (2003) which compared LPI values with the 
liquefaction-induced failures of several earthquakes, obtained from CPTs 
instead of SPTs. They concluded that sand boils likely occur where LPI  5 
and lateral spreading phenomena will occur where LPI  12. They also 
suggest that LPI  5 can be used as a threshold for the surface manifestation 
of liquefaction. Furthermore, Lee et al. (2003) by implementation of the 
Robertson and Wride (1998) method, in order to determine the factor of 
safety, suggest that liquefaction risk is 'high' for sites with LPI > 21 and 'low' 
for sites with LPI < 13. Juang et al. (2008) computed LPI with the concept of 
probability of surface manifestation of liquefaction (PG) and recommended 
the following classification of risk for surface manifestation of liquefaction; 
'extremely low' when PG < 0.1, 'low' for 0.1 < PG < 0.3, 'medium' when 0.3 < 
PG < 0.7, 'high' when 0.7 < PG < 0.9 and 'extremely high' for PG > 0.9. 

Juang et al. (2008) concluded that the two threshold values (5 and 15) 
assumed in the Iwasaki criterion are likely not universally applicable and 
that the LPI scale should be rigorously re-calibrated anytime a component 
model of the LPI procedure is modified. Moreover, this discrepancy between 
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the existing calibrations proposed by several authors, as briefly reviewed 
above, may be also due to different types of considered liquefiable layers, 
e.g. clean sand or silty sands and sandy silts. Furthermore, Maurer et al. 
(2014) pointed out the inportance of having consistency in the way 
threshold LPI values are determined and how LPI values are computed to 
assess liquefaction hazard. 

Liquefaction Severity Number LSN 

The LSN is a recently developed parameter by Tonkin and Taylor (2013), 
proposed to be used in order to reflect damaging effects of shallow 
liquefaction and is proposed to be considered as a probabilistic measure 
indicating risk assessment (Tonkin and Taylor, 2013). The LSN could be 
considered as an extension of the philosophy at the basis of the LPI and 
represents an alternative method for assessing the response of structures to 
liquefaction. The LSN rating represents the intensity of liquefaction by using 
volumetric densification strain as a proxy (ev), with depth weighting by a 
hyperbolic (1/z) rather than a linear reduction (van Ballegooy et al., 2012). 
According to Tonkin and Taylor (2013), the LSN is higher for liquefying soils 
closer to the ground surface in comparison to liquefying layers at depth. The 
equation that should be used for computing the LSN is: 

   

where the volumetric densification strain in the subject layer, ev, is 
estimated by the approach proposed by Zhang et al. (2002) and z is the 
depth from the surface to the layer of interest in meters. As shown in 
equation, the integration depth is commonly posed equal to 20m because 
the contribution of the underlying layers would be negligeable. 

Based on the observed land damages caused by Christchurch 2010-2011 
earthquakes and the results provided by thousands CPTs performed in the 
epicentral area, Tonkin and Taylor (2013) developed a first classification of 
LSN associating 'little-to-no expression of liquefaction' to 0 < LSN <10, 'minor 
expression of liquefaction and sand boils' to 10 < LSN < 20, 'moderate-to-
severe expression of liquefaction and likely settlement' when 20 < LSN < 30 
and 'major expression of liquefaction, damage to ground surface and severe 
settlement of structures' when 30 < LSN < 40. Finally, for LSN values greater 
than 50, 'severe damage and widespread evidence of liquefaction at the 
surface' is reported. 

Furthermore, Ishihara recognizing the influence of the non-liquefied capping 
layer on mitigating the surficial manifestation of liquefaction, he plotted 
observations of liquefaction surface effects using the thicknesses of the non-
liquefied capping layer, H1, and the liquefied strata, H2. Based on this 
diagram, he proposed boundary curves for predicting liquefaction 
manifestation as a function of H1, H2, and peak ground acceleration (PGA). 
Ishihara (1985) initially proposed a single boundary curve using data from 
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sites subjected to a PGA of 0.2g while incorporating the work of others, a 
series of curves was then proposed corresponding to different PGAs. The 
proposed boundary curves indicate that for a given PGA, there is a limiting 
H1 beyond which surface manifestations are not form, regardless of H2 
(Maurer et al. 2014). 

 

Figure 13.  Discriminating between occurrence and non-occurrence of ground rupturing due 
to liquefaction 0.2g PGA); and (b) boundary curves proposed for identification of 
liquefaction-induced damage (Ishihara, 1985) 

 

3.3.2 LANDSLIDES 

Landslide Hazard Assessment (LHA) on a regional scale is a useful tool, that 
can support decisions regarding strategic planning for disaster prevention, 
but it can also make part of a REDA system. Landslide Hazard maps can be 
used to estimate the potential risks, prioritize areas in terms of the 
necessity to apply preventive measures and plan local investigations (slope 
stability analyses) which require a more detailed planning for funding and 
implementation. Such a strategic planning can provide the State Regional 
and local administration with the tool to effectively plan landslide disaster 
mitigation measures in both their financial and technical aspects. In case of 
a seismic event, it will provide in “near real-time”, maps where likely 
landslides are expected to have occurred, as soil or rock instabilities are 
considered as “potential damage”. 

Numerous methods based on two different quantitative methodological 
approaches exist for assessing Landslide Hazard on regional scale, each one 
of them with a number of advantages and disadvantages. The multitude of 
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existing methods and the different methodological approaches that exist in 
international bibliography, result into non comparable outputs, which is a 
major issue in cross-border areas and cross-border cooperation. Taking into 
consideration the existing lack of accessible landslide inventories, the 
scarceness of reliable data and meta-data and the requirements of a REDA 
system, a small number of methods feasible to be implemented under the 
existing conditions is initially adopted for a regional scale landslide hazard 
assessment. 

For the needs of the present project two different methodological 
approaches for LHA have been selected. The first is a statistically based 
method, whilst the second one belongs to the category of physically based 
models. Implementation of these methodologies is feasible under the 
existing conditions in the broader project implementation area. These 
methodologies will be reasonably adapted to specific conditions and their 
outputs reliability and accuracy will be once again verified in the framework 
of this project. 

In the following paragraphs, the statistically based models being essentially 
oriented to a regional scale assessment of landslide hazard, are presented. 
In this case, an empirical landslide probability model initially developed by 
Nowicki et al (2014) and improved by Jessee et al. (2018) who proposed an 
updated model regarding the near-real time assessment of seismically 
induced landslides, has been selected. Another method which also belongs 
to the statistically based methods, yet combined with two failure criteria 
for soils or rock masses, is the one proposed by Saade et al (2016), which is 
also going to be incorporated into the models used by REDACt. 

On a second stage, a physically based method resulting in the calculation of 
the factor of safety, based on modelling slope failure processes, is 
presented. Namely, the infinite slope model used to describe shallow 
landslides or to the deterministic model for planar and circular failures are 
being presented. 

The statistical approach is rather oriented to regional scale assessment of 
landslide hazard, especially when spatial variability of mechanical 
parameters that determine slope stability is not reliable or adequate, thus 
reducing the reliability and accuracy of the applied methods. On the other 
hand, if required data and their spatial variability are appropriate and 
sufficient, calculation of landslide hazard in terms of a factor of safety, 
provides more “engineer oriented” outputs which are definitely better 
conceived in engineered projects of seismic scenarios and decision making, 
during or just after, a seismic event. 
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Methods based on statistical approach 

Empirical landslide probability model 

Nowicki et al. (2014) developed an empirical landslide probability model, 
combining shaking estimates with broadly available landslide susceptibility 
proxies, i.e., topographic slope, surface geology, and climate parameters. 
As a core layer for the seismic shaking, they used deterministic estimates of 
the ground motion from earthquake events (e.g., peak acceleration and 
velocity) produced by the U.S. Geological Survey (USGS) ShakeMap system. 

For their research, they applied the statistical analysis of logistic regression, 
which is appropriate for a process involving only a binary outcome (slide or 
no slide) and allows the observed outcomes to be fitted to the logistic 
function using data representing multiple predictor variables. They included 
the following predictor variables in the regression: ground motion produced 
by the earthquake, topographic slope, material strength, and soil wetness. 
In particular, they used the maximum slope obtained by the SRTM elevation 
data, the angle of friction of the geological material as a parameter of 
strength and the CTI regarding the soil wetness. The resolution of the 
developed maps was 30 arcseconds (approximately 900m pixels).  

Their study resulted to the following equation which is considered as the 
best fitting model: 

Z = a + b*x1 + c*x2 + d*x3 + e*x4 + f*x5  

 

where x1=PGA, x2=max slope, x3=friction, x4=CTI and x5 =PGA*max slope. The 
values of these variables are listed in Error! Unknown switch argument.. 

 

Table 10 Results of the regression on the global dataset (Nowicki et al., 2014) 

 

The predicted probability of landslide occurrence P(z) can be computed 
based on the following formula: 

P(z)=1/(1+exp(-z)) 
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Recently, Jessee et al. (2018) proposed an updated model regarding the 
near-real time assessment of seismically induced landslides. This model is 
the outcome arisen from the statistical analysis of data provided by 23 
seismically induced landslides that span a range of earthquake magnitudes 
and climate and tectonic settings. In order to develop this model, they used 
logistic regression for relating the spatial distribution of slope failures with 
factors representing the ground shaking, the topography, lithology, land 
cover type and the soil wetness. The resulted maps were validated following 
the high balance accuracy (correctly versus incorrectly classified pixels). 

Their study resulted to the following equation which is considered as the 
best fitting model: 

𝑧 ൌ 𝑎 ൅ 𝑏 ൈ 𝑙𝑛ሺ𝑃𝐺𝑉ሻ ൅ 𝑐 ൈ 𝑠𝑙𝑜𝑝𝑒 ൅ 𝑑 ൈ 𝑙𝑖𝑡ℎ𝑜𝑙𝑜𝑔𝑦 ൅ 𝑒 ൈ 𝑙𝑎𝑛𝑑 𝑐𝑜𝑣𝑒𝑟 ൅ 𝑓 ൈ 𝐶𝑇𝐼
൅ 𝑔 ൈ 𝑙𝑛 ሺ𝑃𝐺𝑉ሻ ൈ 𝑠𝑙𝑜𝑝𝑒 

 

The values of the coefficients are listed in Error! Unknown switch argument.. 

The predicted probability of landslide occurrence P(z) can be computed 
based on the following formula 

P(z)=1/(1+exp(-z)) 

In order to validate their model, Jessee et al. (2018) applied the developed 
analysis in several areas where earthquake-induced slope failures were 
documented, by taking into account a 50% probability threshold; every 
probability 50% and above is classified as a landslide. More specifically, they 
estimated that the balance accuracy for the Wenchuan, China map is 94.6%, 
while the relevant accuracy for the Haiti map is 93.7% (Jessee et al., 2018). 
In addition, they tested their model to the Chi-Chi Taiwan and Kobe Japan 
earthquakes, resulting to 92.5% and 93.1% accuracy, respectively. 

Taking into account those results, they concluded that the developed model 
performs well but at the same time, some pixels exist where this statistical 
model either underestimate or overestimate the actual landslide risk. 
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Table 11 Best fit model coefficients (Jessee et al., 2018) 

 

Furthermore, Jessee et al. (2018) proposed an equation for estimating the 
frequency of landslide occurrence that can be interpreted as the areal 
coverage Lp; the portion of each cell that is expected to have landslide 
occurrence. 

𝐿௣ሺ𝑃ሻ ൌ 𝑒ሺ௔ା௕ൈ௉ା௖ൈ௉మାௗൈ௉యሻ 
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where P is the predicted probability of landslide occurrence, a=-7.592, 
b=5.237, c=-3.042 and d=4.035. 

Hybrid statistical model combined with failure criteria 

Saade et al. (2016) conducted a parametric study aiming to identify the 
relationship between the critical acceleration of the slope, the slope angle, 
and the slope shear strength parameters. In order to achieve this, they used 
the two failure criteria of Mohr-Coulomb (MC) and Hoek-Brown (HB) and 
particularly the former one for soil slopes less than 45o and the latter one 
for steep slopes greater than 45o. In addition, they used the equations 
deriver by Li et al. (2008) in order to calculate the equivalent parameters 
for a particular set of material strength. 

As an outcome, they proposed the following formula for soil slopes of less 
than 45o angle (MC criterion) 

𝑎  
௖ ൌ 𝐶1

𝑐
𝛾𝐻

൅ 𝐶2 

where C1 and C2 are the coefficients of the proposed equation varied in 
function of the slope angle β and 𝑎  

௖ is the value of critical acceleration. 

 

Table 12 List of equations for coefficients C1(MC) and C2(MC) (β < 45°). 

 

For slopes greater than 45° and the HB criteria, the variables used were: 
the geological strength index GSI, the material constant mi, the unconfined 
compressive strength σci, and the slope angle β. The results of the 
parametric study were sorted for a combination of GSI - mi. The a  

ୡ is 
computed based on the following equation: 

a  
ୡ ൌ C1 ൈ ln

σୡ୧

γH
൅ C2 

where C1 and C2 are the coefficients of the proposed equation varied in 
function of the slope angle β and a  

ୡ is the value of critical acceleration. 
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Table 13 List of equations for coefficients C1 and C2 (β > 450). 

 

In the following flow chart the steps of the proposed method that should be 
followed in order to compute the critical acceleration are presented. 

 

Figure 14 Flow chart for steps involved in the proposed approach to obtain the 
displacement predictions (boxes in light red signify available data) (Saade et al., 2016) 

 

Physically based methods 

Natural hazard is defined as the probability of occurrence of potentially 
damaging phenomena within a specified period of time and within a given 
area (Varnes, 1984). Zonation refers to the division of the land in 
homogeneous areas or domains according to the degree of actual or 
potential hazard (Varnes, 1984). Hence, the proposed models are able to 
predict landslide prone areas without any clear indication when those are 
likely to take place. So, in this framework, hazard is used as a quantitative 
estimation of landslide occurrence over a given region, whilst the time 
period is not defined in the model, since parameters such as lithology, slope 
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inclination, structure, mechanical properties and geomorphology are time 
independent parameters and can be calculated in a deterministic way, by 
means of a safety factor. 

Those models are hybrid models and can be applied at regional or local 
scales; in physical based models (or else, geotechnical landslide hazard 
models), the probability of occurrence of a landslide is based on the 
respective triggering the failure, factor (i.e. rainfall, earthquake induced 
ground motion) and expressed throughout FS values. 

Physically based landslide hazard assessment methods are based on the 
modelling of slope failure processes. They can be applicable over large 
areas (regional scale), if geological and geomorphological conditions are 
fairly homogeneous and landslide types relatively simple. They also apply to 
areas with incomplete or inexistent landslide inventories; this is considered 
as a major advantage for countries with incomplete landslide inventories.  

Most of physically based landslide hazard assessment methods use the 
infinite slope model, therefore they are suitable for shallow landslides and 
this is one of the reasons why they have been used extensively in Greece 
and also in other countries. The above models account for different 
triggering parameters, such as: rainfall and transient groundwater response 
or effects of earthquake excitation (Corominas et al., 2014). 

The main advantages and drawbacks of physically based methods for 
landslide hazard assessment are presented as follows: 

Main advantages 

a) they can be easily implemented in GIS environment; 
b) outputs are more consistent and better conceived by engineers, 

compared to other  approaches; 
c) they present higher predictive capability and appear to be more 

suitable to quantify  the influence of individual parameters 
contributing to shallow landslide initiation; 

d) based on slope stability models, they allow the calculation of 
quantitative values of  stability (safety factor, probability of 
failure). 

 

Main drawbacks 

a) parameterization can be a difficult task, as well as access to critical 
parameters, such as: regolith depth, transient slope hydrological 
processes, temporal changes in hydraulic properties; 

b) there is a risk of over simplification, since a large amount of reliable 
input data is  often necessary; 



Rapid Earthquake Damage Assessment Consortium-REDACt [BSB 966] 
Contract Nr: MLPDA 88712/26.06.2020 
Deliverable D.T1.2.1: Available methodologies for REDA 

Deliverable-No: D.T1.2.1                                                                      Internal - Partners 

Issue: I.04 Date: 31 January 2021  Page: 50 of 
132 

 

c) noticeable heterogeneities in geological, geomorphological and 
geotechnical conditions over large areas, might be misleading. 

As it appears, the physically based methods for landslide hazard assessment, 
albeit they can provide relatively reliable results, their accuracy is 
dependent on the quality (ie. reliability, accuracy, completeness etc) of the 
available input data and information. However, their use is rather well 
conceived, by engineers and non-expert scientific personnel with a 
minimum of training. 

In physically based methods, predisposing factors play an important role in 
landslide hazard analysis, under static or seismic conditions. Therefore, the 
following points are highlighted as being crucial for a reliable assessment, 
given the detail dictated by the scale used: 

 Topographic information and its derivatives (need for high-resolution 
DEMs). 

 Geological maps focusing traditionally in lithological and 
stratigraphical subdivision need to be converted into an engineering 
geological / geotechnical classification with emphasis on Quaternary 
sediments and rockmass structure, as well as shear strength 
characteristics. 

 Structural information is important for landslide hazard assessment; 
information regarding dip and dip direction can improve reliability of 
output, but also depends strongly on the number of measurements 
and complexity of structure. Rock fracturing and faulting is also an 
important parameter since it defines at large, the mechanical 
properties of rock formations. 

 Soil properties in the use of physically based slope stability models 
for LHA are key parameters, especially for shallow depth failures. Soil 
depth, defined as the depth from free surface down to a consolidated 
material (also known as regolith depth) is a crucial parameter. 

 Spatial variability is also a crucial parameter, often ignored in 
landslide modeling due to lack of adequate data. 

 Soil thickness can be estimated throughout physical based methods 
that model rates of weathering, denudation and accumulation.   

The factor of safety landslide hazard assessment method can be calculated 
according to the assumed failure mechanism (static conditions): 

 Infinite slope model:    
tanβγ

'tanγm

tanβ

'tan

sinβt

' w











c

FS   (1) 

 where 
 φ’: effective angle of friction of geomaterial (deg) 
 c’ : effective cohesion of geomaterial (kPa) 
 γ : specific weight of geomaterial (kN/m3) 
 β : slope angle (deg) 
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 γw: specific weight of the water (kN/m3) 
 t : normal thickness of failure slab (m) 
 m : percentage of the water saturated failure slab (%) 
 ru =  pore pressure ratio (ru = γw/γ ) 
 

 Deterministic model for plane landslides:       FS = tanφ’ / tanβ (2) 

 where 
 φ’: effective angle of friction of geomaterial (deg) 
 β : slope angle (deg) 
 

 Deterministic model for circular landslides (Ferentinou et al., 2006):   
  

   005.0
tanβ

'tan
*122.1

sinβHγ

'
32.4 













uS r
c

F   (3) 

where 
 φ’: effective angle of friction of geomaterial (deg) 
 c’: effective cohesion of geomaterial (kPa) 
 H: height of the slope 
 γ : specific weight of geomaterial (kN/m3) 
 γw: specific weight of the water (kN/m3) 
 β : slope angle (deg) 
 ru:    pore pressure ratio (ru = γw/γ) 

 

In the above geotechnical landslide hazard models two basic advantages are 
added to the already widely used physically based methods (deterministic 
methods): 

1. The proposed tool is a dynamic tool which enables the user to modify as 
necessary the values of the geotechnical parameters, optimizing accordingly 
the landslide hazard model and producing landslide hazard maps referring to 
the temporal variability of geotechnical and hydrological or even 
seismological parameters. 

2. Using the determinist model, the user can estimate FS, assuming circular, 
planar or infinite slope failure mechanisms. 

In case of seismic conditions, the driving equation of the infinite slope 
model turns into: 

(4) 

where 
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 φ’: effective angle of friction of geomaterial (deg) 
 c’: effective cohesion of geomaterial (kPa) 
 H: height of the slope (m) 
 γ : specific weight of geomaterial (kN/m3) 
 γw: specific weight of the water (kN/m3) 
 ρ: density (Mg/m3) 
 β : slope angle (deg) 
 ru:    pore pressure ratio (ru = γw/γ) 
 a: seismic acceleration (g) 
 z: depth of sliding zone or failure surface (m) 
 zw: height of water table (m) 
 m: percentage (%) of the water saturated failure slab (m = zw/z) 
 

The aforementioned physically based models have been tested successfully 
in pilot implementation areas in Greece and other partners countries both in 
regional scale or in local scale in the framework of the project SciNetNatHaz 
(2014). 

 

3.4 Damage estimation methodologies for buildings 

A brief discussion on existing vulnerability assessment methodologies, 
focusing mainly on fragility curves, will be presented in this section, since 
several extensive state-of-the-art reviews are already available in the 
literature and the reader is referred to them for further information. A JRC 
technical report for the seismic fragility curves for the European building 
stock has been published by Maio & Tsionis (2015) emphasizing on analytical 
fragility curves, “A beginner’s guide to fragility, vulnerability and risk” is 
under continuous development by Porter (2020), a book chapter by Rossetto 
et al. (2014) included in a publication presenting fragility functions for 
elements at risk, as a part of the SYNER-G research project (Pitilakis et al., 
2014), to name just a few. Vulnerability functions are typically classified 
into four general approaches: empirical, expert judgement, analytical and 
hybrid.  

Empirical approaches 

Empirical methodologies are based on the study of statistical results of 
actual observed damages of elements at risk (i.e. buildings, bridges, 
lifelines etc.) exposed to past earthquakes. Vulnerability functions can be 
expressed in the form of damage probability matrices or tables of mean 
values and standard deviations of loss for each level of excitation. When 
reliable extensive damage data are available, empirical vulnerability 
functions are considered highly credible since they are derived from 
observations of the actual performance of assets in real seismic events. On 
the other hand, empirical approaches can have some important drawbacks 
(Porter, 2020): 
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- Several building types may have not yet experienced strong motion 
(especially new buildings) 

- Extensive damage data are not available for high levels of excitation, 
where high losses are most likely, due to the rarity of such events 

- Available data can be heterogenous, the sample may not be 
representative of the building stock, inadequate inspections of 
buildings may have not revealed the actual damage  

- Actual loss data (in economic terms) can be hard to collect either 
from construction permits or insurers 

- It is difficult to estimate the ground shaking level at the observations 
(macroseismic intensity values are sometimes being used which also 
involve damage in their definition) 

- Small or poor-quality databases can lead to misleading results. 

Expert judgement  

In cases where no empirical data are available or the assets are difficult to 
model, the opinion of experts is asked to provide estimates on vulnerability 
quantities (e.g. mean loss, damage probability etc.). Expert opinion can be 
very efficient, capable of producing a new vulnerability function at the cost 
of a few person-hours each and of estimating the performance of buildings 
that have not yet experienced strong motion. Expert approaches can be 
grouped in two main categories, mathematical and behavioral. The first 
mathematically combines the answers of several experts that have no 
interaction with each other, while the latter aim at producing some type of 
group consensus among experts, who are typically encouraged to interact 
with one another and share their assessments (Maio & Tsionis, 2015). The 
major disadvantages of expert judgement approaches relate to the 
subjectivity of their opinions, the influence of dominant personalities and 
the tendency to reach speedy conclusions. 

Analytical methods 

Analytical methods are based on the estimation of damage distributions 
through the simulation of an element’s structural response subjected to 
seismic action. They are widely used to provide insight where empirical 
methods cannot (new buildings, high intensities, effects of special building 
properties such as soft storey conditions, the infill panels configuration 
etc.). Seismic input can be represented by a response spectrum (static 
methods) or an acceleration time-history (dynamic methods). Numerical 
models need to be developed and a compromise has to be made between 
the accuracy of the representation of the nonlinear behavior and the 
robustness and cost-efficiency of the model (Rossetto et al., 2014). 
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The major problems of analytical methodologies are the computational cost 
(especially in the case of time-consuming inelastic dynamic time-history 
analyses) and the lack of validation by earthquake experience and/or 
experimental tests. 

Apart from the analysis method distinctions between analytical approaches 
can relate to the modelling of structural (i.e. distributed plasticity or 
concentrated plastic hinges) and non-structural elements (e.g. infill panels), 
the choice between more realistic 3D models or less time-consuming 2D 
representations (or even single degree of freedom oscillators in some 
cases), the selection of the intensity measure (PGA, Sd, Sa(T), etc.), the 
selection of appropriate damage index models, the probability distribution 
model and the associated uncertainties, etc. An extensive review of 
analytical approaches for the derivation of fragility curves has been 
presented by Maio & Tsionis (2015).  

 

Figure 15. Main components and phases considered in analytical fragility assessment 
methodologies and associated uncertainties Maio & Tsionis (2015) 

 

Some of the available mechanics-based vulnerability assessment methods 
are DBELA (Displacement-Based Earthquake Loss Assessment) and SP-BELA 
(simplified displacement-based method) – both considering that the 
nonlinear response of a reinforced concrete structure can be obtained from 
a nonlinear static analysis of the structure. 

DBELA method (Crowley et al. 2004; Bal et al. 2008a) relies on the principles 
of direct displacement-based design method of Priestley (1997, 2003). 
DBELA method compares the displacement capacities of the substitute SDOF 
models of the buildings are compared with the seismic demand at their 
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effective periods of vibration at different levels of damage. Buildings are 
classified on the basis of their response mechanisms: beam-sway or column-
sway and the displacement capacities and periods of vibration for each 
damage state computed. Structural displacements are used to define the 
limit states of damage. 

This methodology is used additional to HAZUS methodology to get more 
sophisticated structural loss estimates where applicable due to structural 
element knowledge of the building inventories at the region in interest. 
DBELA methodology is also written as an open source (Python or Matlab) 
code on GitHub platform. 

SP-BELA stands for a simplified displacement-based method; it can be 
considered as an alternative to DBELA (Crowley et al., 2008) and is included 
along with DBELA and many other analytical methods (such as SPO2IDA of 
Vamvatsikos and Cornell, 2006; Dolsek and Fajfar, 2004; Ruiz Garcia and 
Miranda, 2007; Vidic, Fajfar and Fischinger, 1994; Lin and Miranda, 2008; N2 
from EC8 or Capacity Spectrum Method from FEMA, 2005 but also DBELA) in 
the GEM’s Integrated Risk Modeller’s Toolkit 
(https://github.com/GEMScienceTools/rmtk). 

Hybrid approaches 

It is possible to combine two (or more) of the aforementioned techniques 
for the derivation of vulnerability models, an approach that is usually 
referred as hybrid. The need to develop such methodologies rises from 
limitations of each of previous approaches, for example the lack of 
empirical damage data for several building typologies or for high levels of 
input motions, or the lack of validation for analytically estimated results. In 
Deliverable T1.1.1, a hybrid approach developed at the Laboratory of 
Reinforced Concrete and Masonry Structures in the Aristotle University of 
Thessaloniki (Greece) has been presented, that combines the results of 
inelastic time-history analysis of 2D models of typical RC structures, with 
available (empirical) damage data from previous seismic events. A 
combination between analytical, empirical and expert opinion was 
presented by the EERI-WHE group within the PAGER project (Jaiswal and 
Wald, 2010), attempting to define the proportion of collapses for building 
typologies given a shaking intensity expressed in EMS-98 Intensity for several 
nations worldwide. A comparative analysis of building types has been 
carried out and then comparison of analytically or empirically derived 
curves by national studies (Pomonis et al., 2009). 

New trends in fragility curves derivation – Soil-structure interaction 

The common practice in seismic risk assessment of structures in urban scale 
is to derive fragility curves that were developed for fixed base structures. 
The soil properties are not taken into account with respect to their effect 
on the foundation stiffness and the resulting dynamic characteristics of the 
examined structures. Yet, soil-structure interaction (SSI) effects have been 
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extensively investigated and their importance in the dynamic response of 
structures has been proved to be quite significant in several cases (e.g. 
Veletsos and Meek 1974, Stewart et al. 1999).  

Since soil-structure interaction results in an elongation of the structural 
period and in increased system damping due to the radiation of seismic 
waves, it is common belief that it leads to reduced response in most cases 
and is often neglected in modern Seismic Codes, as being on the safe side of 
the calculations. Indeed, consideration of SSI is mandatory during the study 
of a new structure only when it leads to unfavorable response. On the other 
hand, since the purpose of seismic risk assessment studies is not to be on 
the safe side of the design but to estimate the actual building response as 
closely as possible, the interaction phenomena should be properly 
introduced even when the expected result is favorable for the examined 
structure. Therefore, along with possible detrimental effects of SSI, the 
cases of reduced response compared to the fixed-base structure should also 
be identified, in order to provide an accurate feedback to the involved 
stakeholders and to facilitate proper decision making during the post-
earthquake crisis management. 

Recent studies have been reported considering the soil-structure interaction 
effects on the seismic vulnerability of structures, by developing fragility 
curves for flexibly based structures (Ulrich et al 2011, Saez et al. 2011, 
Rajeev and Tesfamariam 2012, Fotopoulou et al. 2012, Pitilakis et al. 2014, 
Karapetrou et al. 2015, Cavalieri et al. 2020). Comparisons with fragility 
curves of fixed base structures reveals that soil structure interaction seem 
often - but not always - result in a reduction of the structural fragility due 
to the combined effect of radiation damping, modification of vibrating 
modes and hysteretic soil dissipation considering its non-linear behavior 
(Saez et al. 2011, Rajeev and Tesfamariam 2012). Yet, there are several 
combinations of structures and soil deposit properties where SSI may yield 
increased vulnerability, especially when nonlinear soil response is 
appropriately accounted for (Karapetrou et al. 2015). Especially, when the 
comparison takes place between the fixed base structural response for type 
A earthquake motion (outcrop) and the SSI response for modified 
earthquake motion that considers the site effects, there are several cases 
that SSI effects are detrimental, depending also on the combination of the 
examined soil deposit properties and structural features (Fotopoulou et al. 
2012, Pitilakis et al. 2014 etc). It should be mentioned that research in this 
field is ongoing and most of the aforementioned studies are not conclusive, 
considering the dependence of the investigated effects on the specific 
selection of the examined structures and foundation soil properties in each 
study. 

On the other hand, Rovithis et al. (2017) proposed a simplified approach to 
consider SSI effects in the framework of seismic risk assessment at urban 
scale, employing a methodology based on FEMA 440. This approach, which 
was initially presented for the case of Kalochori, N. Greece (Rovithis et al. 
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2017) and later applied for the city of Thessaloniki (Karatzetzou et al. 
2018), comprises of the following stages: 

1. modification of the imposed seismic motion at the base of the 
structure due to increased damping (kinematic interaction may also 
be included if considered significant for the examined foundation 
type); 

2. modification of the dynamic characteristics of the SSI system due to 
foundation soil compliance. 

Despite the approximate nature of the aforementioned pilot studies, the 
estimation may drastically improve in cases where more refined data are 
available for the structural properties of the examined building stock (i.e. 
foundation type, structural system, response period etc). Of course, this 
approach does not offer an exact estimation of the SSI effect on the 
structural fragility, yet, it can provide insight of its potential effect in urban 
scale for a specific set of building features and foundation soil 
characteristics.  

Apart from soil structure interaction, recent studies also investigate the 
effect of additional parameters on the structural fragility, such as aging of 
buildings (Pitilakis et al. 2014), building foundation near slopes (Fotopoulou 
et al. 2013, Mavrouli et al. 2014), soil liquefaction, tsunamis etc. 
Furthermore, machine learning techniques have recently been proposed to 
derive seismic fragility curves (Kiani et al., 2019). Research on those topics 
is still ongoing. 

Fragility curves conversion into different intensity measures 

In seismic risk assessment studies, the choice of appropriate ground motion 
intensity measures IM (scalar, vector etc) is of crucial importance. This is 
especially true for the development of fragility curves conditional on an 
intensity measure, in order to perform seismic scenario-based risk 
assessment. Given that fragility curves are, in general, structure and site 
specific, a comparison among them, is complicated. The same is true when 
hazard at a site of interest is not available for the IM originally considered in 
the fragility assessment. Therefore, the need of development of 
methodologies to convert fragilities into a target IM is now well recognized 
and various relevant studies have been published in recent years (e.g. 
Ohtori and Hirata, 2006; Weatherill et al., 2015; Michel et al, 2018; Suzuki 
and Iervolino, 2020).  
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Figure 16. Fragility curves for masonry (thin lines) and reinforced concrete (thick lines) 
building typologies converted to PGA (left) and Sa(0.3s) (right) (Michel et al., 2018) 

 

 

Figure 17. Comparison of converted and reference fragility curves to spectral acceleration 
at a larger period (from Sa(0.5s) to Sa(T>0.5 s)) (Suzuki and Iervolino, 2020) 
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3.5 INFRASTRUCTURE LOSS ESTIMATION METHODS 

3.5.1 FRAGILITY FUNCTIONS FOR TYPICAL BRIDGE STRUCTURES 

The numerous studies in literature focus on the main issues in vulnerability 
of bridges structures, such as classification of bridges, methods for deriving 
fragility functions, selecting proper intensity measures, damage states and 
damage measures in order to estimate the seismic loss accurately. The 
methodology for the production of fragility curves is a crucial step of this 
complex process. There are various methods to develop fragility curves for 
bridge structures such as empirical, expert opinion, numerical (nonlinear 
static and dynamic analyses), and parameterised methods. Empirical and 
opinion-based curves are the first introduced and limited ones in the 
literature, while most previous studies use numerical analysis The advantage 
of implementing the numerical (analytical) method is that it can take into 
account all uncertainties successfully. However, the analysis is time-
consuming, very sensitive to modeling and computational inefficient. The 
aformentioned methods and the other issues as constracting the fragility 
curves are summarized in the following and detailed literature review is 
presented in Error! Unknown switch argument.. 

Empirical Methods 

Empirical fragility curves for bridges are rather limited in comparison to 
those for buildings. Basöz et al. (1999) used damage data from the 1994 
Northridge earthquake to produce damage probabilities and fragility curves 
for as-built or retrofitted bridges with continuous or simply-supported deck. 
Shinozuka et al. (2000a) and Tanaka et al. (2000) proposed fragility curves 
based on the damage observed on the bridges of the Hanshin Expressway 
and those managed by the Japan Highway Public Corporation (Yamazaki et 
al. 2000) after the 1995 Kobe earthquake. Elnashai et al. (2004) derived 
fragility curves using damage data from the Northridge and Kobe 
earthqaukes. 

Expert Opinion 

Fragility assessment based on expert opinion was developed for bridges and 
other facilities in California by ATC (1985). Earthquake engineering experts 
were asked to suggest estimates of the probability of a bridge being in one 
of seven damage states and of the expected repair time. They were also 
asked to rate their experience to reduce the uncertainty due to the 
subjective nature of the estimates. The results were first presented in the 
form of damage probabilities, later converted to vulnerability functions and 
restoration curves. Vulnerability functions describe the expected damage of 
bridges as a function of the Modified Mercalli Intensity, whereas restoration 
curves define the fraction of pre-earthquake capacity or usability as 
function of time after the earthquake. 
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Numerical Methods: Nonlinear Static Analysis 

This method was first presented in FEMA 273 where the ‘‘Coefficient 
Method” has been used to define the target displacement and then it was 
updated in FEMA 356. The non-linear static analysis refers to the pushover 
analysis that will result in a well-known curve identified as ‘‘Capacity 
Curve”. The ultimate goal of this approach is to obtain the structure’s 
dynamic properties such as stiffness, strength, and ductility under seismic 
loading. 

The capacity spectrum method (CSM) makes use of an equivalent single-
degree-of-freedom (SDOF) system which is characterised by the capacity 
curve of the full multi-degree-of-freedom (MDOF) structure obtained by 
nonlinear static (pushover) analysis. The force-displacement capacity curve 
is converted to the acceleration-displacement format (Fajfar and Gašperšič 
1996). Damage states are defined on the capacity curve and the 
corresponding median value of the intensity measure is either read directly 
for spectral displacement, or it is adopted from the damped acceleration-
displacement response spectrum that intersects the capacity curve at that 
point for PGA. The damping ratio of the spectrum should match the 
displacement of the SDOF system at each performance level. 

The primary application of the CSM for the development of bridge fragility 
curves was in HAZUS and its updates (FEMA 2010), where a uniform value of 
standard deviation β = 0.6 was adopted on the basis of observed data. 
HAZUS also provides the median values of fragility curves for reference 
bridges together with modification factors that account for the skew, period 
and arch action of the deck of specific bridges. The fragility curves of 
HAZUS were adapted by Azevedo et al. (2010) for the bridges in the Lisbon 
area, based on the requirements of the applicable seismic design code for 
the performance objectives and the material properties.  

Moschonas et al. (2009) used the CSM for the development of fragility curves 
for modern highway bridges in Greece. The analysis was performed for the 
earthquake acting separately in the longitudinal and the transverse 
direction of the bridge and considering the closure of the gap between the 
deck and the abutments. The pushover curve of each bridge was estimated 
by means of pushover analysis. A default value for the lognormal standard 
deviation β = 0.6 was used throughout. For existing multi-span simply-
supported highway bridges in Italy, Cardone et al. (2011) performed 
adaptive pushover analysis, where the modal properties at each step were 
used to estimate the shape of the displacement increment vector, as well as 
for the conversion of the capacity curve to the acceleration displacement 
response spectrum format. Again, a uniform value, β = 0.6, was used for the 
standard deviation. 
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Numerical Methods: Nonlinear Dynamic Analysis 

Nonlinear time-history analysis is more time-consuming than the CSM but 
makes it possible to account for the variability of the ground motion by 
running analyses for a set of recorded or artificial ground motion data. The 
analysis is normally performed for a complete three-dimensional (3D) model 
of the bridge that properly accounts for the nonlinear behaviour of all key 
components such as the piers, bearings, joints, soil, etc. According to 
literature review, refinements in modeling of the soil body reveals more 
accurate results than modeling superstructure. However, the computational 
time increases due to detailed soil body model. 

In order to reduce the computation time, Marano et al. (2006) performed 
pushover analysis of the complete bridge in order to define the properties of 
an equivalent SDOF system that was subsequently used in the time-history 
analyses. Shinozuka et al. (2000b) compared fragility curves for a four-span 
regular bridge obtained with the CSM and nonlinear dynamic analysis. The 
fragility curves were in excellent agreement for minor damage state 
whereas for the high PGA, the capacity spectrum method underestimated 
the response parameters by almost 50 % and the agreement was not as good 
for the major damage state. 

Moschonas et al. (2009) obtained similar fragility curves for a three-span 
regular bridge with monolithic deck-pier connection that were produced 
based on nonlinear dynamic analysis and on the CSM. Banerjee and 
Shinozuka (2008) compared empirical fragility curves and numerical ones 
that were based on nonlinear dynamic analyses of three reinforced concrete 
(RC) bridges with different configurations of geometry, using a set of 60 
artificial accelerograms.  

It’s been found that the analytical curves were more conservative than the 
empirical ones. An iterative optimisation procedure was then developed so 
that the limit values of damage measures were calibrated and a better 
agreement was obtained between empirical and numerical fragility curves. 

Parameterized Fragility Curves 

It is well-known that bridges with different structural configuration will 
have different fragility curves (e.g. Zhang et al. 2008). On the other hand, 
bridges belonging to the same class may have different fragilities because of 
their specific geometric characteristics (e.g. Moschonas et al. 2009). To 
avoid time-consuming calculations for individual bridges, parameterized 
fragility curves were proposed in literature.  

Karim and Yamazaki (2003) constructed fragility curves for idealised bridges 
with fixed or sliding bearings based on nonlinear dynamic analyses of 30 
bridge models for a suite of 250 accelerograms and found a strong 
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correlation between the mean and standard deviation of the fragility 
curves.  

Mackie and Stojadinovič (2007) derived fragility curves based on time-
history analysis of 22 two-span bridges with monolithic deck-pier 
connection, considering different values of the span length, pier height, 
material properties, amount of longitudinal and transverse reinforcement 
and soil stiffness. Instead of using the same damage fragility curve for all 
within a class of bridges in the bridge inventory, such as those provided by 
HAZUS, the proposed damage fragility curves account for the structural 
characteristics of each particular bridge through the use of the bridge force 
reduction factor parameter.  

Regarding to intensity measures, the criteria for the selection of the most 
appropriate one is mainly the correlation with damage and the effort 
required for its computation. In addition, there is a concern about the 
uncertainty related to the modelling, to the seismic action, the geometry 
and the material properties. Refinements in vulnerability analysis of bridges 
relate to the effects of skew and cumulative seismic damage after the main 
shock and provoking a reduction of their structural capacity. As regards the 
seismic action, the effect of spatial variability is included in the analysis and 
the hazard is related not only to ground shaking but also to ground failure 
such as liquefaction. Also, according to significant number of studies, 
fragility curves should be developed for the whole lifetime of a bridge in 
order to account for corrosion and flood scour. 

Intensity Measures 

Peak ground acceleration (PGA) is the most common seismic intensity 
measure in the literature because it has been demonstrated to have high 
correlation with damage. Other intensity measures used in existing fragility 
studies for bridges are the peak ground velocity (PGV) and the acceleration 
or velocity spectrum intensity (SI).  

In a comprehensive study, Avşar and Yakut (2010) investigated the 
correlation between different intensity measures and damage of ordinary 
modern highway bridges in Turkey. Nonlinear dynamic analysis was 
performed for 52 prototype bridges (constructed after the 1990s in different 
parts of Turkey) with 25 recorded accelerograms and accounted for the 
variability of geometry and material parameters. The damage parameters, 
in terms of deck displacement and column curvature, was correlated to 
PGA, PGV, the ratio PGA/PGV and also to acceleration spectrum intensity 
(ASI). ASI was defined as the area under the 5 %-damped elastic response 
spectrum within the periods Ti and Tf. The values Ti = 0.40 s and Tf = 1.10 s 
were selected in order to reflect the period range for the ordinary highway 
bridges in Turkey. Both damage measures had higher coefficients of 
determination with ASI and PGV than with PGA and PGA/PGV. 
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Damage States, Damage Measures, Functionality 

Fragility curves of bridges involve several damage states. The most studies 
in the literature adapted of five damage states, namely: no damage, slight, 
moderate, extensive or complete damage. Although different wording is 
used, the definitions originate from the first version of HAZUS. 
Intermediate, i.e. moderate or extensive, damage states are not examined 
in some of the studies available in literature. Moreover, as the shortcomings 
of several studies consider only collapse or loss of load-bearing capacity.  

Damage measures refer to specific components of the bridge, in particular 
piers, cap beams, bearings, abutments, deck and gaps. Drift ratio, 
curvature, rotation and displacement are the pier response quantities 
normally used as damage measures. The values of drift limits are taken from 
literature or from experimental data (Li J et al. 2012). As regards curvature 
ductility, similar values are adopted. However, the higher values used by 
Nielson and DesRoches (2007) relate to steel-jacketed columns. Divergence 
in the threshold values for the rotation of the pier end is due to the fact 
that they originate from experimental data in Qi’ang et al. (2012) and 
Saxena et al. (2000), while they have been calculated for a specific bridge 
by Yi et al. (2007).  

Bearings are often the critical elements in bridges and are therefore 
included in the model used for the development of fragility curves. There is 
no consensus on the limit states; the choice depends on the available data 
from manufacturers, guidance from design codes and engineering 
judgement, resulting in different values for the shear deformation of 
elastomeric bearings and the two extreme damage states. Divergence is also 
observed for fixed and expansion bearings when the limit values are based 
on experimental data only (Choi et al. 2004) or a combination with expert 
opinion (Ghosh and Padgett 2010). The friction force, horizontal strength 
and the displacement that lead to unseating of the deck have also been 
used as damage measures for the bearings. Other damage measures used in 
previous studies include concrete and steel strain at the component level, 
as well as the Park and Ang (1985) Damage Index and the bridge 
displacement ductility, calculated from the capacity curve. 

Damage states may be further associated to the functionality of the bridge. 
Functionality levels were defined by the loss of vertical and lateral load-
capacity. Among the approaches examined for relating the vertical load-
carrying capacity and the intensity measure, detailed analysis of the bridge 
to establish a relation between the residual horizontal capacity and the 
maximum horizontal displacement showed the lowest model error. Monti 
and Nisticὸ (2002) proposed three levels of functionality: full for light 
damage, emergency traffic for high damage, and closure for collapse. 
Lehman et al. (2004) also defined three service levels, each associated to a 
description of physical damage and the required repair. Mackie and 



Rapid Earthquake Damage Assessment Consortium-REDACt [BSB 966] 
Contract Nr: MLPDA 88712/26.06.2020 
Deliverable D.T1.2.1: Available methodologies for REDA 

Deliverable-No: D.T1.2.1                                                                      Internal - Partners 

Issue: I.04 Date: 31 January 2021  Page: 64 of 
132 

 

Stojadinovič (2006) identified five levels of traffic capacity, ranging from 
immediate access to closure, related to the remaining traffic capacity of 
the bridge.  

Padgett and DesRoches (2007a) used data collected from experts to relate 
damage states and bridge functionality. Results were presented as 
functionality probabilities that provide the probability that the bridge 
functionality will be 0,50 or 100 % in a number of days after an earthquake 
that causes a certain level of damage on abutments, bearings, columns and 
footings. Based on HAZUS (FEMA 2010) provided restoration curves for 
highway bridges. They give the percentage of functionality of a bridge that 
suffered a given damage level as a function of time following the seismic 
event.  

The uncertainties regarding the seismic action, geometry, material 
properties and modelling are also mentioned in the recent existing studies 
as well as the special issues refer to damaged and retrofitted bridges, the 
effects of corrosion, skew angle, soil-structure interaction, and liquefaction. 
For instance, regarding to skew angle, Avşar et al. (2011) confirmed the 
increased mean value and the negligible influence on the fragility curves for 
ordinary highway bridges with the deck supported on bearings and a skew 
angle higher than 30o . Skew did not change the fragility curves for the 
lower damage level, corresponding to yielding.  

Table 14 Literature review; references, bridge types, methodology, intensity measure, 
damage parameters, damage states (reproduced and updated from Tsionis and Fardis 2014 
in SYNER-G project) 

Reference Bridge 
type 

Methodol
ogy 

Intensi
ty 
measu
re 

Damage 
parameter/ind
ex 

Damage 
state 

Agrawal et 
al. (2012) 

Multi-span 
continuous 
steel  

Nonlinear 
dynamic  

PGA Curvature 
demand 

Slight, 
moderate, 
extensive, 
complete 

Akbari et 
al. (2012) 

RC 
Continuous 
span 
bridges 
(irregular 
configurati
on) 

Nonlinear 
dynamic  

PGA Curvature 
demand 

none, 
minor, 
moderate, 
major, 
collapse 

Amirihormo
zaki (2015) 

Horizontall
y curved 
steel 

Nonlinear 
dynamic 

PGA Curvature, 
displacement 

Slight, 
Moderate, 
extensive, 
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bridge, I-
girder 

and static collapse 

ATC (1985) Continuous
, simply-
supported; 
monolithic
, bearings 

Expert 
opinion 

Mercal
li 
Intensi
ty 

Observed 
Damage 

Seven 
damage 
states 
considered
. 

Avşar et al. 
(2011) 

Continuous
; 
elastomeri
c bearings 

Nonlinear 
dynamic 

PGA, 
PGV, 
ASI 

Curvature Slight and 
complete 

Aygün et al. 
(2011) 

Continuous
; fixed 
bearings 

Nonlinear 
dynamic 

PGA Displacement, 
bearing 
deformation 

Slight, 
moderate, 
extensive, 
collapse 

Azevedo et 
al (2010) 

- Adapted 
from 
FEMA 
(2010) 

Sa Observed 
Damage 

none, 
slight, 
moderate, 
extensive, 
complete 

Banerjee 
and 
Shinozuka 
(2008) 

Continuous 
w/joint(s); 
monolithic 

Nonlinear 
dynamic 

PGA Rotational 
ductility 
demand 

none, 
slight, 
moderate, 
extensive, 
complete 

Basöz et al. 
(1999) 

Continuous
, simply-
sup., 
retrofitted 

Empirical PGA Observed 
Damage 

none, 
minor, 
moderate, 
major, 
collapse 

Billah 
(2020) 

Multi-span 
continuous 
concrete 
girder 

  PGA Column 
displacement 
ductility, 
deformation of 
elastomeric 
bearing, 
abutment wing 
wall, back wall 

Slight, 
moderate, 
extensive, 
complete 

Cardone et 
al. (2011) 

Simply-
sup.; 
fixed, 

Nonlinear 
static 

PGA Curvature Slight, 
moderate 
and 
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sliding, 
elastomeri
c bearings 

complete

Ceresa et 
al. (2012) 

Continuous
, simply-
sup.; 
elastomeri
c bearings 

Nonlinear 
dynamic 

PGA Rotational 
ductility, 
demand, shear 

None, 
slight, 
moderate, 
extensive 
and 
complete 

Chen et al 
(2019) 

Tall-pier 
highway 
bridges 

Nonlinear 
dynamic 

PGV Shear 
deformation 
(rubber 
bearings), 
curvature 
ductility (pier 
columns) 

Slight, 
moderate, 
extensive, 
complete 

Choe et al. 
(2009) 

Continuous
; 
monolithic
; new code 

Nonlinear 
static  

Sa Shear demand  - 

Choi et al. 
(2004) 

Cont., 
simply-
sup.; 
fixed, 
sliding, 
elast. 
bearings 

Nonlinear 
dynamic 

PGA Column 
curvature 
ductility; 
deformation 

none, 
minor, 
moderate, 
major, 
collapse 

De Felice 
and 
Giannini 
(2010) 

Simply-
supported; 
bearings; 
old code 

Nonlinear 
dynamic 

Sa Curvature, 
shear capacity 

collapse 

Elnashai et 
al. (2004) 

- Empirical PGA Displacement none, 
minor, 
moderate, 
major, 
collapse 

Elnashai et 
al. (2004) 

Continuous
; 
monolithic 

Nonlinear 
dynamic 

PGA Displacement none, 
minor, 
moderate, 
major, 
collapse 
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FEMA 
(2010) 

Cont., 
simply-
sup.; 
fixed, 
sliding, 
elast. 
Bearings 

Nonlinear 
static 

Sa Observed data none, 
slight, 
moderate, 
extensive, 
complete 

Franchin et 
al. (2006) 

Simply-
supported 

Nonlinear 
dynamic 

Sa Displacement 
ductility 
demand at 
each pier 

Collapse 

Gardoni et 
al. (2003) 

Continuous 
w/ joint(s) 

Nonlinear 
static 

Sa Drift Demand; 
Normalised 
shear demand 

- 

Gardoni 
and 
Rosowsky 
(2009) 

Continuous
; 
monolithic 

Nonlinear 
static 

Sa Deformation 
demand; shear 
demand 

- 

Jeong and 
Elnashai 
(2007) 

Continuous 
w/ or w/o 
joints, 
simply-
supported 

Nonlinear 
dynamic 

PGA Curvature Slight and 
complete 

Karim and 
Yamazaki 
(2001) 

Bridge 
piers (only 
component
-based) 

Nonlinear 
dynamic 

PGA, 
PGV 

Park and Ang 
Damage Index 

None, 
slight, 
moderate, 
extensive, 
complete 

Karim and 
Yamazaki 
(2001) 

Continuous
; 
monolithic
, 
elastomeri
c bearings 

Nonlinear 
dynamic 

PGA, 
PGV, 
SI 

Park and Ang 
Damage Index 

None, 
slight, 
moderate, 
extensive 
and 
complete).

Karim and 
Yamazaki 
(2003) 

Continuous
; 
monolithic 

Nonlinear 
dynamic 

PGA, 
PGV, 
SI 

Displacement 
and ultimate 
ductility 

slight, 
moderate, 
extensive 
and 
complete 
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Kibboua et 
al. (2011) 

Bridge 
piers (only 
component
-based) 

Nonlinear 
dynamic 

PGA Displacement  
and ultimate 
ductility 

none, 
slight, 
moderate, 
extensive, 
complete 

Kim and 
Shinozuka 
(2004) 

Continuous 
w/or w/o 
joints; 
monolithic
, 
retrofitted 

Nonlinear 
dynamic 

PGA Ductility 
Demand 

none, 
slight, 
moderate, 
extensive, 
complete 

Kurian et 
al. (2006) 

Simply-
supported; 
bearings 

Nonlinear 
dynamic 

PGA Ultimate 
displacement 
ductility 

none, 
minor, 
moderate, 
extensive, 
complete 

Kwon and 
Elnashai 
(2009) 

Continuous
; fixed and 
expansion 
bearings 

Nonlinear 
dynamic 

PGA Displacement Serviceabil
ity, 
damage 
control, 
collapse 
prevention 

Kwon et al. 
(2009) 

Continuous
; 
monolithic 

Nonlinear 
dynamic 

PGA foundation 
displacement, 
rotation and 
pile top 
displacement 

No 
damage, 
repairable, 
irrepairabl
e, collapse 

Li et al. 
(2012) 

Continuous
; 
monolithic 

Nonlinear 
dynamic 

PGA Drift ratio None, 
slight, 
moderate, 
extensive, 
complete 

Liu et al 
(2020) 

Continuous Nonlinear 
dynamic 

PGA, 
Sa 

Displacement 
ductility 
(piers) 

No 
damage, 
slight, 
moderate, 
extensive, 
complete 

Lupoi et al. 
(2004) 

Continuous Nonlinear 
dynamic 

PGA Curvature 
demand 

- 
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Lupoi et al. 
(2005) 

Continuous Nonlinear 
dynamic 

PGA Curvature 
Ductility  

- 

Mackie and 
Stojadinovi
c (2004)  

Continuous Nonlinear 
dynamic 

Sa Drift ratio Slight, 
extensive 
and 
complete 

Mackie and 
Stojadinovi
c´ (2007) 

Continuous
; 
monolithic 

Nonlinear 
dynamic 

Sa The drift ratio 
of the bridge 
column 

Concrete 
cover 
spalling, 
longitudin
al bar 
buckling, 
and 
column 
failure 

Marano et 
al. (2006) 

Continuous Nonlinear 
dynamic 

PGA Drift ratio none, 
minor, 
moderate, 
extensive, 
complete).

Monti and 
Nistico` 
(2002) 

Simply-
supported 

Nonlinear 
static 

PGA Displacement 
(piers) 

Slight, 
extensive 
and 
complete 

Moschonas 
et al. 
(2009) 

Continuous
; 
monolithic
, 
elastomeri
c bearings; 

Nonlinear 
static 

PGA Bridge-deck 
displacement; 
bearing shear 
deformation 

none, 
minor, 
moderate, 
extensive, 
complete 

Nateghi and 
Shahsavar 
(2004) 

Continuous
; 
elastomeri
c bearings 

Nonlinear 
dynamic 

PGA, 
PGV 

Inelastic 
Displacement 
Ductility Ratio; 
Park and Ang 
damage index 

none, 
slight, 
moderate, 
extensive 
and 
complete 

Nielson and 
DesRoches 
(2007) 

Simply-
sup.; 
elastomeri
c bearings 
and steel 

Nonlinear 
dynamic 

PGA Column 
ductility 

slight, 
moderate, 
extensive 
and 
complete 
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dowels; 

Noori et al. 
(2019) 

Simply-
supported 
reinforced 
concrete 
girder 
bridges 
with 
skewed 
superstruct
ure 

Nonlinear 
dynamic  

PGV Column 
curvature 
ductility, shear 
key and 
bearing 
deformation, 
abutment 
unseating 

Aesthetic 
damage, 
minor and 
major 
functional 
damage 

Padgett and 
DesRoches 
(2009) 

Simply 
sup.; 
fixed, 
movable, 
elastomeri
c bearings; 
retrofitted 

Nonlinear 
dynamic 

PGA Column 
curvature,duct
ility; bearing 
deformation; 
abutment 
deformation 

slight, 
moderate, 
extensive 
and 
complete 

Ramadan 
(2020) 

Continuous 
box girder 
bridge 

Nonlinear 
dynamic 

PGV Deck Drift Operationa
l, Life 
Safety, 
Collapse 

Park and 
Choi (2011) 

Simply-
supported; 
fixed, 
expansion 
bearings; 
no seismic 
design 

Nonlinear 
dynamic 

PGA, 
Sa 

Displacement, 
curvature, 
shear, base 
shear 

slight, 
moderate, 
extensive 
and 
complete 

Prasad and 
Banerjee 
(2013) 

Continuous
; 
monolithic 

Nonlinear 
dynamic 

PGA Displacement 
ductility 

Minor, 
moderate, 
major, 
complete 

Qi’ang et 
al. (2012) 

Continuous
; 
monolithic 

Nonlinear 
dynamic 

PGA Rotational 
ductility, 
demand 

none, 
slight, 
moderate, 
extensive, 
and 
complete 

Saxena et Continuous Nonlinear PGA Rotational 
ductility 

none, 
slight, 
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al. (2000) dynamic demand moderate, 
extensive,
and 
complete 

Shinozuka 
et al. 
(2000a) 

Continuous Empirical PGA Observed 
damage 

Minor, 
Moderate, 
Major 

Shinozuka 
et al. 
(2000a) 

Continuous Nonlinear 
dynamic 

PGA Ductility 
demand 

Minor, 
Moderate, 
Major 

Shinozuka 
et al. 
(2000b) 

Continuous Nonlinear 
static 

PGA Rotational 
ductility 
demand 

Slight and 
extensive 

Shirazian et 
al. (2011) 

Simply-
supported; 
fixed 
bearings 

Nonlinear 
dynamic 

PGA Column, 
Displacement 
ductility 

Slight and 
complete 

Soleimani 
(2020) 

Single 
frame, two 
span, box-
girder 

Nonlinear 
dynamic 

Sa Displacement, 
Curvature 
ductility 

Slight, 
moderate, 
extensive, 
complete 

Soltanieh 
(2019) 

RC 
Continuous 
span 
bridges 
(irregular 
configurati
on) 

Nonlinear 
dynamic 

PGV Curvature 
ductility, 
Displacement, 
rotation 

Minor, 
moderate, 
extensive, 
complete 

Sullivan 
(2010) 

Simply-
supported; 
fixed, 
movable 
bearings; 

Nonlinear 
dynamic 

PGA - Slight, 
moderate, 
extensive, 
and 
complete 

Tanaka et 
al. (2000) 

- Empirical PGA Observed 
Damage 

Collapse 
and major 

Yamazaki 
et al. 
(2000) 

- Empirical PGA, 
PGV, 
JMAI 

Damage Rank none, 
slight, 
moderate, 
extensive,
and 
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complete

Y. Xie and 
R. 
DesRoches 
(2019) 

Two-span 
RC box-
girder 
bridge 

Nonlinear 
dynamic 

Sa Displacement 
ductility, 
Passive 
displacement, 
Active 
displacement, 
Transverse 
abutment pile 
displacement, 
Translation, 
Displacement, 
Deck unseating 
displacement, 
Bearing 
deformation, 
Shear key 
displacement 

None, 
slight, 
moderate, 
extensive 
and 
complete) 

Yi et al. 
(2007) 

Continuous Nonlinear 
dynamic 

Return 
period 

Drift ratio slight, 
moderate, 
extensive 
and 
complete 

Zhang et al. 
(2008) 

Cont., 
simply-
sup., joint; 
monolithic
, elast. 
bearings; 

Static 
analysis 

PGD Section 
ductility, shear 
strain 

slight, 
moderate, 
extensive 
and 
complete 

Zhang et al. 
(2008) 

Cont., 
simply-
sup., joint; 
monolithic
, elast. 
bearings; 

Nonlinear 
dynamic 

PGA Section 
ductility, shear 
strain 

slight, 
moderate, 
extensive 
and 
complete 

Zhong et al. 
(2012) 

Continuous
; 
monolithic 

Nonlinear 
static  

Sa Deformation 
demand; shear 
demand 

Only one 
damage 
state is 
considered 
(failure) 
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3.5.2 FRAGILITY FUNCTIONS FOR BURRIED PIPELINES 

Fragility Functions 

From last few years, it has been seen that for post-earthquake analysis, 
empirical based fragility relations are developed by many researchers. 
Fragility is a conditional probability state of a system or its component to 
reach or exceed the limit damage states at a provided damage measuring 
scale.  

 

P, D, C, and IM represents conditional probability, seismic demand, capacity 
of a system or its component and intensity measuring scale. Many relations 
are based on repairs rate (RR) i.e. leaks or breaks per unit length of 
pipelines and intensity of earthquake measure. American Lifelines Alliance 
(ALA) presented a relation for buried pipelines as,  

 

a and b parameters are found by regression analysis of post-earthquake. 
Later, Gehl et al. presented a Poisson Distribution formula for estimation of 
probability of n damages as,  

 

L is the total length of pipelines under consideration. Pipe under 
consideration may fail due to any damage to its length and probability of 
failure may be evaluated as,  

 

Most commonly used seismic intensity parameters are peak ground 
acceleration (PGA), modified mercalli scale (MMI), peak ground velocity 
(PGV), peak ground displacement (PGD), ground strain (ɛg) and composite 
parameter developed by Pineda Pornas and Ordaz as PGV2/PGA. Lanzano et 
al. presented a pie chart for intensity parameters used by various 
researchers. Raja et al. explained that almost 80% leaks and 20% breaks in 
BCPs are due to TWP hazards and 80% breaks and 20% leaks are due to PGD 
hazards.  
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Figure 18 Percentage of various seismic intensity parameters used for development of 
fragility relationships. 

 
Fragility equations developed by various researchers are enlisted in Error! 
Unknown switch argument..  

Table 15 Fragility equations developed by various researchers 

 

A comparison of fragility curves (RR in kms vs. PGV in cm/sec) developed by 
various researchers have been made. It can be observed that results of 
O’Rourke and Ayala (1993) and O. Rourke and Deyoe (2004) R Wave, are 
overestimated. Edinger et al,. 1995 curve have limited range as it is 
applicable only for small diameter segmented pipes. O’Rourke and Jeon 
(1999) curve is based only on one earthquake i.e. Northridge earthquake. 
Isoyama et al.,2000 used 6 earthquakes records but the curve is only valid 
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for specific region of Japan as it is based on data collected from 1995 Kobe, 
Japan Earthquake. ALA 2001 have exceptionally low values as compared to 
other researchers and does not include the pipe and soil properties. Fragility 
relations developed by O’Rourke and Deyoe (2004) for R-wave (surface 
waves) and S-wave (body waves) are based on damage data from five 
earthquakes. O’Rourke et al., 2014 developed a new fragility relation for 
WP hazards of buried segmented pipes.  

 

Figure 19 Comparison of fragility curves developed by various researchers (RR against PGV) 

It is noted that most of fragility curves are developed only for segmented 
pipes. Similarly, most of the available curves have considered wave 
propagation hazards. Limited curves have been observed related to PGD 
hazards. It is also noticed that most of equation are developed on empirical 
basis.  

ALA equation for PGV is updated by adding a multiplier factor that adds the 
properties of pipe material, their connection types, soil conditions and 
various diameters of buried pipes.  Modification factor values are given in 
below Error! Unknown switch argument..  
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Table 16 Modification factor values for different soil-pipe conditions 

 

CI = Cast Iron, WS= welded steel, AC= Asbestos cement, CS= Concrete with cylinder, PVC= 
Polyvinyl chloride, DI= Ductile iron, C= Cement, RG= Rubber gasketed, Sc=Screwed, Rv= 
Riveted, LAW= Lap arc welded, Small diameter= 0.1-0.3m, Large = 0.4m or more 

Below figure presents the comparison of PGV vs. their repair rates for 
different categories of pipes based on modification factor K1.  

 

Figure 20 Comparison of repairs rate vs. PGV based on K1 
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From above graph, it is observed that geometric, physical, and mechanical 
properties of both pipelines and soil can influence their fragility. Cast iron 
pipes of small diameters with cement- based connection perform poorly 
under corrosive soil condition than all other combinations. Similarly, welded 
steel pipes of small diameters with screwed and riveted connection also 
perform poorly in all soil conditions. However, welded steel pipes of large 
diameter with lap arc welded connection perform very well among all other 
combination. 

Table 17 Damage states for pipelines 

 

Fragility functions are convoluted with the hazard to obtain the risk of the 
system. In particular, for each scenario simulation, i.e., for each PGA and 
PGV simulated in the hazard module for the specific pipeline segment, it is 
possible to calculate the probability of reaching DS0, DS1, and DS2 for both 
strong ground shaking (SGS) and ground failure GF. The simulations provide 
the frequency of damage for each segment of pipeline, and the modal value 
among all the simulations identifies the expected DS for the specific 
segment, resulting in a map of the expected damage states on the 
infrastructure that can be used as tool to prioritize the inspections in the 
aftermath of an earthquake. 
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Figure 21 Scenario-based seismic risk assessment in terms of loss curves and damage maps: 
(I) hazard simulation in terms of PGA, PGV, and PGD; (II) vulnerability functions; (III) loss 
curves; (IV) fragility functions; and (V) damage maps. 

 

3.6 SOCIO-ECONOMIC CONSEQUENCE ESTIMATION 

For computing casualty estimates, occupancy criteria are needed, especially 
if building damage estimates have been computed. These criteria can refer 
to use (residential, etc.) and sometimes occupancy rate (day/night). 

The most common output of seismic risk assessment and loss estimation 
scenarios in urban areas is the assignment of the buildings in appropriate 
damage states (the ones adopted by the fragility curves) that can sometimes 
correspond to post-earthquake tagging (e.g. Kappos et al. 2008, 2010). It 
should be noted though that the tagging scheme is not common in all 
countries (Karakostas et al., 2012). When the fragility curves’ damage states 
are associated with economic loss (i.e. cost of repair / cost of 
reconstruction, Kappos & Panagopoulos, 2010, Martins & Silva, 2020), the 
output can be presented in monetary terms, as well. 

 

Further extensions of the seismic risk scenario results can refer to socio-
economic consequences such as the restoration time required for the 
buildings to be fully operational again. The most common way to plot 
restoration curves is by having as abscissa the restoration time and as 
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ordinate the percentage of restoration. The information that the 
conventional restoration curve gives is the time needed for restoring a 
certain percentage of damage of a building if it has been found in a 
particular damage level. Another way to construct restoration curves (which 
we call here as post-earthquake restoration curves) is having as abscissa a 
seismic variable (peak ground acceleration, intensity etc.) and as ordinate 
the time needed for an actual percentage to be restored. Restoration curves 
have been proposed by Kappos et al. (2009, 2010) for the Grevena (Greece) 
and Düzce (Turkey) scenarios within the framework of the SRM-DGC project 
(Error! Unknown switch argument.). A more recent approach has been 
developed by UCLA (Burton et al., 2015) and integrated it into the QGIS 
framework as part of the OpenQuake IRMT plugin (Tormane 2019, Error! 
Unknown switch argument.). 

 

 

Figure 22. Post-earthquake restoration curves for various restoration levels for moment 
frame reinforced concrete buildings designed according to the old Greek codes (Kappos et 
al., 2009) 
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Figure 23. The community-level recovery function for one of the zones under analysis, 
showing how the normalized recovery level evolves with time after the earthquake 
(OpenQuake Integrated Risk Modelling Toolkit documentation) 

Additional results obtained implicitly from seismic risk scenarios can include 
the number of casualties (deaths or injuries) during an earthquake event, 
taking into account the occurrence time of the earthquake. An application 
of the model proposed by Coburn and Spence (2002) has been carried out in 
the city of Thessaloniki, within the framework of the RiskUE project (Error! 
Unknown switch argument., Pitilakis et al., 2006). Furthermore, collapse 
probabilities of buildings can be taken into account to test the 
transportation network under uncontrolled evacuation scenarios; a case 
study has been carried out at the MASSIVE research project (Error! Unknown 
switch argument., Kontoes et al., 2012) 

 

Table 18.  Expected number of casualties in the Thessaloniki, RiskUE scenario (Pitilakis et 
al., 2006) 
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Figure 24. An evacuation vulnerability example for the municipality of Aghia Paraskevi 
(Athens, Greece). The color corresponds to the ratio of population evacuated to the BLD 
(bulk lane demand). Orange color represents a value of 300 persons per lane while red of 
more than 500 (Kontoes et al., 2012) 
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4 AVAILABLE REDA SOFTWARE 

4.1 REDA SOFTWARE OR SYSTEMS 

Table 19. Comparison of software capable of REDA implementation 

REDA 
Softwa
re or 
system 
name 
and 
last 
versio
n 

Owner 
or 
operato
r 

Licens
ing 
type / 
modifi
able 

Methods Hazard input Exposure and 
vulnerability input 

Outputs and their 
format 

Areas where it 
was applied 
and at which 
scale 

Website and 
reference 

AFAD-
RED 

AFAD 
(Turkey) 

Not 
open 
source
, 
writte
n in 
VB-
Net, 
C# 
enviro
nment 
and 
Arc-

Its methodology is 
mostly similar to 
HAZUS; it relies on 
fragility functions 
for various types of 
structures. 

Preliminary 
results are 
automatically 
generated after 
receiving 
earthquake 
source 
parameters 
(epicenter, 
depth, 
magnitude) using 
attenuation 
relationships at 

Loss estimations are 
computed using 
building fragility 
functions and 
consequence models. 
A HAZUS-based 
damage to Loss 
Model for 
development of 
Vulnerability Model 
can be used for 
determining loss 

Turkey
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Object Vs30=760 m/s 
then applied soil 
amplification 
according to the 
Vs30 database. 
The output is as 
PGA, PGV and 
Intensity maps. 
Different GMPEs 
can be selected 
as a weighted 
average. 

Moderate results 
include Fault 
type, length and 
azimuth 
parameters into 
the calculation 
of expected 
hazard level. 

Advanced Results 
include recorded 
ground motion 
analysis where 
first calibration 
is applied to 
estimate the 
recorded ground 
motion at Vs30 = 
760 m/s, then 
the calibration of 
ground motion 
parameter maps 

ratio.

 

It also provides a 
rapid and brief 
representation of 
seismic damage and 
loss evaluation for 
bridges. The 
vulnerability of 
transportation 
systems can be 
performed by 
choosing seven 
different intensity 
measure parameters: 
PGA, PGV, PGD, Sd, 
Intensity, S1 and SS, 
and defining a 
specific fragility 
functions. 
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is performed, 
and the soil 
amplification is 
applied to get 
the resulting 
final PGA, PGV, 
spectral 
acceleration (SA 
@ 0.2 sec, SA @ 1 
sec), spectral 
displacement 
(SD) and 
Intensity maps. 

Armage
dom  

BRGM Structural damage
estimation: 

- Level 1: empirical 
method (namely 

LM1 in RISK-UE), 
derived from the 
work of Giovinazzi 
and 

Lagomarsino - - 
Level 2: analytical 

method similar to 
HAZUS 99 where 
each building class 
is assigned 

a capacity curve 
and the capacity 

ShakeMap or 
scenarios 

Building typology is 
inspired by the EMS-
98 classes and 
refined with sub-
typologies. 

Collapsed dwellings and 
injuries 

France (used in 
the SEISAID 
system) 

Sedan et al 
(2013) 
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spectrum method is 
used. 

 

Socio-economic 
losses: 

- consequence 
models 

CAPRA 
softwar
e 
collecti
on  

ERN-AL 
Consorti
um for 
the 
World 
Bank, 
the 
Inter-
America
n 
Develop
ment 
Bank  
and the 
UN-
ISDR, 
Universi
tad de 
los 
Andes 
(Colomb
ia), 
CIMOC 
(Resear

Open 
Source 
Apach
e 2.0 
Licens
e 

 

Progra
mming 
langua
ge: 
Visual 
Basic, 
Requir
ement
s: MS 
.NET 
Frame
work 

Probabilistic loss 
assessment 
algorithm: 
expected loss and 
variance calculation 
based on hazard 
analysis and 
vulnerability 
functions. 

Probabilistic
(using CAPRA-EQ 
or CRISIS2007, 
capable also of 
tsunami hazard 
assessment), 
accounting also 
for local site 
effects using 
SEISMIC HAZARD 
INTEGRATION or 
SOIL EFFECTS 
CAPRA modules 

- *.shp files with 
certain formatting 
requirements for 
exposure; 

- estimation of direct 
losses by means of 
vulnerability 

functions (can be 
defined using 
FUNVUL Simplified, 
ERN Vulnerability or 
FUNVUL Components 
CAPRA modules); can 
be provided in *.ASCII 
or *.xml format. 

- Expected Loss and 
variance calculation, 
Loss probability 
distribution function 

calculation for the 
event and Loss 
exceedance rate 
calculation using the 
loss PDF 

associated to each 
event and its 
occurrence frequency. 

 

Output format: 

- Text file *.res 
containing for each 
scenario analyzed the 
expected loss (EP), the 
variance of the loss 

Central and 
South America 
and in some 
countries of 
Europe, Africa 
and Asia. 

https://ecapra
.org/  
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ch 
Center 
on 
Material
s and 
Civil 
Infrastr
uctre) 

(VarP),

• Excepted annual 
damage per building, 
annual human loss per 
building in *.shp file and 
viewed as a map 

ELER 
(3.1, 
launch
ed in 
2010) 

NERIES 
Project 

Free 
downlo
ad, 
writte
n in 
Matlab 
but 
code 
not 
shared 

- Level 0: similar to 
PAGER system of 
USGS 

- Level 1: intensity 
based empirical 
vulnerability 
relationship is 
employed to find 
number of damaged 

buildings. The 
casualty estimation 
is done through 
number of damaged 
buildings. 

- Level 2: spectral 
acceleration-
displacement-based 
vulnerability 
assessment 
methodology is 
utilized for 

the building 

- Level 0 and 1: 
intensity 
distribution 
(ShakeMap or 
included IPE) 

- Level 2: 
ShakeMaps or 
custom ShakeMap 
module with 
different GMPEs 
included 

- Level 0: population 
distribution 
(Landscan data 
included); 

- Level 1: EMS98 
Intensity based 
building vulnerability 
with uncertainties 
and casualty 
distribution;  

- Level 2: capacity 
and fragility 
functions, 
distribution of 
population per 
building typologies, 
replacement cost 
and loss ratio related 
to damage states and 
pipeline location and 
typologies  

- Level 0: estimates the 
number and distribution 
of casualties; 

- Level 1: calculates 
number of damaged 
buildings and associated 
casualty; 

- Level 2: also 
calculates number of 
damaged buildings and 
associated casualty. 

Turkey
(especially 
Istanbul) 

https://eqe.b
oun.edu.tr/en
/eler-tool  
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damage estimation. 
The casualty 
estimation is done 
through number of 
damaged 

buildings using 
HAZUS99 and 
HAZUS-MH (2003) 
methodologies 

HAZUS 
(4.2) 

FEMA, 
USA 

Free 
but 
runs 
with 
ESRI 
ArcGIS 
10.5.1
+ 

Hazus is designed 
to support two 
general types of 
analysis (Basic and 
Advanced) split into 
three levels of data 
updates: 

- Levels 1: default 
hazard, inventory 
and damage 
information. The 
effects of possible 
liquefaction and 
landslide hazards 
are ignored. 

- Level 2: 
combination of 
local and default 
hazard, inventory 
and damage data. 

- Level 3: input 

Probabilistic or 
deterministic 
(includes GMPEs 
mostly specific 
to US). Hazard 
module account 
for soil 
characteristics, 
including site 
classification 
according to the 
National 
Earthquake 
Hazard Reduction 
Program 
(NEHRP). Can 
also perform 
induced 
liquefaction, 
landslide and 
tsunami analysis 
(Potential 
Earthquake 
Hazards). For the 

The Hazus 
Earthquake Model 
comes with a large 
library of baseline 
nationwide inventory 
data, which can be 
updated with local 
data to increase the 
accuracy of the 
model. For most 
elements, capacity 
and fragility 
functions are used, 
as well as 
consequence or 
vulnerability 
functions for loss 
estimation purposes. 

 

Hazus integrates 
local inventory data 
including essential 

- Ground Motion 
Descriptions/Maps 

- Direct Physical 
Damage – General 
Building Stock: 
Structural and 
nonstructural damage 
state probabilities; cost 
of repair or 
replacement; Loss of 
contents; Business 
inventory loss; 
Relocation costs; 
Business income loss; 
Employee wage loss; 
Loss of rental income. 

- Direct Physical 
Damage – Essential 
facilities: Structural 
damage state 
probabilities by facility; 
Expected functionality 

USA, Cairo 
(Egypt) 

https://www.f
ema.gov/hazus
-software  
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detailed 
engineering data. 

 

For the evaluation 
of damage to 
buildings and 
essential facilities, 
a standardized 
response spectrum 
shape is used, 
relying on PGA and 
SA values, as well 
as capacity, 
fragility or 
vulnerability 
functions. 

 

All details can be 
found in the Hazus 
Earthquake Model 
Technical Manual. 

 

analysis of 
building damage, 
three ground 
motion 
parameters are 
used: PGA, SA at 
0.3 seconds, and 
SA at 1.0 second. 
PGV is used in 
the analysis of 
pipeline damage. 

facilities, system, 
general building 
stock, user-defined 
facilities, or 
Advanced 
Engineering Building 
Model (AEBM) 
structures. 

at Day 1, 3, 7, 14, 30 
and 90 by facility. 

- High Potential Loss 
Facilities: Structural 
damage state 
probabilities and 
expected functionality 
for military facilities; 

- Direct Physical 
Damage – User-Defined 
Facilities 

- Direct Physical 
Damage – Advanced 
Engineering Building 
Model: Damage state 
probabilities; 
casualties; losses 

- Direct Physical 
Damage: For 
components of the 13 
transportation and 
utility systems, damage 
state probabilities, cost 
of repair or 
replacement, and 
expected functionality 
for various times 
following earthquake by 
facility; For potable 
water, wastewater and 
natural gas pipeline 
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distribution systems, 
the estimated number 
of leaks and breaks; For 
potable water and 
electric power systems: 
estimate of service 
outages at Day 1, 3, 7, 
30 and 90. 

- Induced Physical 
Damage – Inundated 
Areas, Fire Following 
Earthquake and Debris. 

- Social Losses: Number 
of displaced households 
per census tract; 
Number of people 
requiring temporary 
shelter per census tract. 
Casualties per census 
tract in four categories 
of severity based on 
three different times of 
day (2 am, 2 pm and 5 
pm). Aggregate 
estimates of casualties 
by time of day, injury 
severity, and general 
occupancy class. 

MAEviz MAE 
Center 
through 
the 

Open 
source 
platfor
m:  

It implements 
Consequence-Based 
Risk Management 
(CRM) to estimate 

MAEviz can take 
into account 
liquefaction 
hazard in 

The MAEviz tool 
provides as default 
some inventories 
stored in tables and 

Output table, maps of 
economics losses, social 
losses, fiscal impact. 

Mid-America http://mae.ce
e.illinois.edu/s
oftware/softw
are_maeviz.ht
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Earthqu
ake 
Enginee
ring 
Researc
h 
Centers 
Program 
of the 
National 
Science 
Foundat
ion 
under 
NSF 
Award 
No. 
EEC-
9701785
. 

Eclipse 
RCP 

Progra
mming 
langua
ge: 
JAVA 

the damage and the 
losses for buildings, 
bridges and lifeline 
(gas, water, 
electric facilities). 
For buildings, it 
estimates structural 
and nonstructural 
damage, economic 
losses and 
liquefaction 
damage. For 
bridges, it 
computes damage, 
loss of functionality 
and repair cost 
analysis. For 
lifelines it 
calculates the 
network damage 
and the repair rate 
analysis. Finally, it 
computes socio-
economic losses 
such as shelter 
needs, fiscal and 
business 
interruption. 

 

The hazard used 
when evaluating 
these fragilities is 
obtained by 

addition to 
ground shaking. 
The hazard is 
response spectral 
based and local 
site effects are 
taken into 
account. There 
are some default 
scenarios and 
probabilistic 
hazard maps in 
the catalog box 
however the user 
can upload their 
own hazard 
following a 
graphical 
interface. The 
user can also 
choose to create 
the scenario 
using an analysis. 
The user has to 
provide the 
spectrum type, 
the earthquake 
location, the 
coordinates of 
the region of 
interest and 
some advanced 
parameters such 
as the fault type, 
the dip angle, 

shapefiles. The 
inventory buildings 
contain information 
about the 
construction type, 
number of storeys, 
occupancy level, 
year of construction 
and building area. 
The user can upload 
their own inventory 
in the ‘catalog box’ 
and also can upload 
data about bridges 
and lifelines. 

The vulnerability 
functions were 
derived by structural 
analysis which 
considering the 
aleatory structural 
features uncertainty 
and the excitation 
uncertainty. The 
fragility curves have 
been developed for 
construction typical 
of the Mid America 
region and provide 
the conditional 
probability of being 
in, or exceeding a 
particular damage 
state given by the 

Detailed or summary 
report for structural 
damage 

ml
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performing a 
transformation 
from elastic 
spectral 
acceleration to 
elastic spectral 
displacement 
without regard for 
inelasticity in 
building response. 

Based on analyzes 
for structural 
damage and 
optional 
nonstructural 
damage, MAEViz 
compute the direct 
economic losses.  
More additional 
economic and 
socioeconomic 
analyses are 
available: the 
building repair cost 
based on the 
structural damage 
and building type, 
the building retrofit 
cost estimation, the 
number of 
casualties and the 
fiscal impact. 

etc. seismic demand 
parameter. Three 
fragility curves are 
provided and four 
damage states are 
obtained by 
difference between 
adjacent curves.  

 

OpenQ Global Open Can be used for Classical PSHA Inputs for the - asset-specific loss Worldwide, https://www.g
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uake 
(3.10) 

Earthqu
ake 
Model 
Foundat
ion 
(GEM) 

source various types of 
analyses (providing 
logic tree support), 
combining input 
from the hazard 
module (or user 
provided), exposure 
and vulnerability 
input consisting 
mainly of fragility 
or vulnerability 
functions: 

- Scenario Damage 
Assessment 

- Scenario Risk 
Assessment 

- Classical 
Probabilistic 
Seismic Damage 
Analysis 

- Classical 
Probabilistic 
Seismic Risk 
Analysis 

- Stochastic Event 
Based Probabilistic 
Seismic Damage 
Analysis 

- Stochastic Event 

(hazard curves, 
hazard maps, 
uniform hazard 
spectra, 
disaggregation), 
Event-based 
hazard 
(stochastic 
earthquake event 
sets and ground 
motion fields, 
hazard curves, 
hazard maps), 
Scenario hazard 
(single event - 
stochastically 
generated 
ground motion 
fields). 

 

5 typologies for 
modeling seismic 
sources, 100+ 
GMPEs 
implemented and 
tested. 

damage assessment 
step consist in 
exposure models 
(i.e., GEM building 
taxonomy) in terms 
of built areas or 
single assets. 
Fragility 

models are then 
applied in order to 
estimate damage 
distribution and 
consequence 
functions for loss 
estimation, or 
directly vulnerability 
functions. 

exceedance curves, 
average annual loss, loss 
maps, building typology 
disaggregation 

- event loss tables, loss 
exceedance curves - 
asset specific and 
aggregated, average 
annual loss, loss maps, 
loss disaggregation 

- loss statistics, loss 
maps 

- collapse maps, 
damage distribution per 
asset and building 
typology 

with major 
contributions 
to Australia, 
Arabia, 
Canada, 
Caribbean and 
Central 
America, 
Europe, 
Indonesia, 
South America, 
Southeast Asia, 
Taiwan and 
South Africa 
but also Global 
Hazard and 
Risk 
Earthquake 
Models. 

lobalquakemod
el.org/openqu
ake  
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Based Probabilistic 
Seismic Risk 
Analysis 

- Retrofit Benefit-
Cost Ratio Analysis 

PAGER USGS 
(United 
States 
Geologi
cal 
Survey) 

Open 
source 

Loss estimates are 
only based on 
empirical 

models (linking 
intensity with 
casualty 
probability) while 
other estimates 
such as the 
distribution of 
impacted 

buildings make use 
of the other 
methods. 

 

PAGER generates 
estimates of the 
ranges of potential 
fatalities and 
economic losses 
based on country-
specific loss models 
that account for 
differences in 

Updated

ground-motions 
maps are 
provided by the 
USGS ShakeMap® 
system 

The number of people 
exposed to various 
levels of shaking is then 
calculated by combining 
the maps of predicted 
ground shaking with Oak 
Ridge National 
Laboratory's Landscan 
global population 
database. 

 

Pager report contain: 

• Summary of the basic 
earthquake parameters; 

• Impact scale alert 
level for fatalities and 
economic losses 

• Table showing 
population exposed to 
different MMI levels 

• Map of MMI contours 

World-wide https://earthq
uake.usgs.gov/
data/pager  
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construction 
practices and 
building 
vulnerabilities 
around the globe. 
In addition, the 
PAGER system 
estimates potential 
for earthquake-
induced landslides. 

 

• Region specific 
structures and general 
description of 
vulnerability of the 
buildings in the region 

QLARM ICES 
Foundat
ion 

Parameters
introduced in the 
QLARM database 
are the following:  
1) soil amplification 
factors; 2) 
distributions of 
building stock and 
population into 
vulnerability 
classes; and 3) the 
most recent 
population numbers 
by settlement or 
district. 

 

The building and 
population 
distributions are 
constructed using 

Approaches to 
estimate soil 
amplification: (a) 
local approach 
based on the 
existing data 
regarding soil 
properties, 
microzonation, 
and geological 
maps to derive 
the amplification 
factor for each 
discrete city 
model; (b) global 
approach based 
on Vs30 values 
derived from 
topographic 
slopes  

Vulnerability classes 
are assigned to 
different building 
types considering the 
vulnerability table 
given by the 
European 
Macroseismic Scale 
EMS-98. 

QLARM provides 
estimates on the 
number of fatalities and 
average damage on 
buildings on global 
scale. 

 

It is used daily: a) in 
real-time to distribute 
alert messages in case 
of large earthquake 
worldwide daily and b) 
in scenario mode to 
estimates losses to be 
expected in future 
events in high-risk 
seismic zones of the 
globe. 

World-wide http://www.ic
esfoundation.o
rg/Pages/Cust
omPage.aspx?I
D=122; 
Trendafilosky 
et al (2009) 
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the percentage of 
the number of 
buildings and 
population 
belonging to a 
particular 
vulnerability class. 
The building 
damage in QLARM is  
calculated using  
the European  
Macroseismic  
Method  
(Giovinazzi,  2005). 
The human losses 
are estimated using 
the casualty event-
tree model 
proposed by 
Stojanovski and 
Dong (1994). 
Simplified daily 
population 
dynamics as 
suggested by 
Coburn and Spence 
(2002) are 
integrated. 

SELENA 
(6.6)  

NORSAR
, 
Universi
dad de 
Alicante 

Open-
source 
(Matla
b or 
others) 

SELENA is an 
adaptation of the 
HAZUS-MH 
Methodology, but 
with additions such 
as integration of 

Has modules for 
probabilistic, 
deterministic or 
Real-time input 
analysis. 

The user has to 
supply built area or 
number of buildings 
in different model 
building  types, 
capacity curves and 

SELENA will compute 
the probability of 
damage in each one of 
the four damage states 
(slight, moderate, 
extensive, and 

Norway, 
Romania, Haiti, 
India, Cuba 

https://person
al.ua.es/en/se
rgio-
molina/selena-
rise-en.html  
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other demand 
spectrums (EC8, 
Indian IS 1983 and 
Cuba NC 46-2013, 
beside IBC 2006). 

 

CSM, MADRS or 
IDCM methods are 
used for 
determining the 
building 
performance 
points. 

A logic tree 
approach is used. 

The  

user has to 
supply 
(depending on 
chosen method) 
earthquake 
sources, 
(empirical) 
GMPEs (some 
included), soil 
maps and 
corresponding 
ground-motion  
amplification  
factors. It can 
account for 
topographic 
amplification of 
ground motion 
(ICMS 2008 Italy 
and EC8 methods 
included). 

fragility curves 
corresponding to 
each of the model 
building  types and 
finally cost models 
for building repair or 
replacement. 

complete) for the given 
building types, 
fatalities, people in 
need of shelter, 
reconstruction costs, 
the amount of debris, 
the total number of 
uninhabitable buildings 
and displaced 
households. 

 

Outputs are supplied as 
text files or maps, using 
the RISE additional 
software (which 
provides .kml output for 
Google Earth). 

 

 



 
 
 

BSB 966 
 

 
 
4.2 AFAD-RED 

The operational parameters of AFAD-RED allow the users to define analysis 
of hazard, building damage, casualty loss, economic loss, critical facilities, 
lifeline systems, transportation systems and fast risk assessment in terms of 
town/village, district, county or user defined grids for scenario or real 
event. Custom-developed graphical user interfaces are used throughout to 
insert parameters and monitor results. The code is developed for AFAD users 
only and is closed source in VB-Net and C# environment; Arc-Object is used 
for mapping and GIS visualization. 

Preliminary results are automatically generated after receiving earthquake 
source parameters (epicenter, depth, magnitude) using attenuation 
relationships at Vs30=760 m/s then applied soil amplification according to 
the Vs30 database. The output is as PGA, PGV and Intensity maps. Different 
attenuation relationships can be selected as a weighted average. 

Moderate results include Fault type, length and azimuth parameters into the 
calculation of expected hazard level. 

Advanced Results include recorded ground motion analysis where first 
calibration is applied to estimate the recorded ground motion at Vs30 = 760 
m/s, then the calibration of ground motion parameter maps is performed, 
and the soil amplification is applied to get the resulting final PGA, PGV, 
spectral acceleration (SA @ 0.2 sec, SA @ 1 sec), spectral displacement (SD) 
and Intensity maps.  

It provides estimates of (%) of the lifelines and critical facilities structural 
damage rates and forecasts of direct economic losses in tabular form. 

Building loss estimation is performed by AFAD-RED by considering 
consequence model from HAZUS together with fragility functions. 
Vulnerability functions were derived from damage ratios defined at Error! 
Unknown switch argument.. 

Table 20. Damage to Loss Model for development of Vulnerability Model (HAZUS) 

Damage States Loss Ratio

 Slight 0.02

 Moderate 0.10

 Extensive 0.50

 Complete 1.00
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TYPICAL BRIDGE STRUCTURES DAMAGE ASSESSMENT IN AFAD-RED 

AFAD-RED provides a rapid and brief representation of seismic damage and 
loss evaluation for highway bridges. The software offers eight different 
analyses options in the operational parameters module including seismic 
hazard and risk assessment for transportation systems (Error! Unknown 
switch argument.). Damage and loss results can be reported in five different 
modules, such as grid, county, district, town/ village, intensity levels. Soil 
amplification, Topography elevation, and station record data (in case real 
ground motion data parameters would be included into the analyses) can be 
taken into account by “include” module.  

 

Figure 25. Analysis option for transportation system 

In the vulnerability module represents six different sub-modules including 
bridges in the transportation system (Error! Unknown switch argument.). The 
vulnerability of transportation systems can be performed by choosing seven 
different intensity measure parameters: PGA, PGV, PGD, Sd, Intensity, S1 
and SS. 

 

Figure 26. Vulnerability for bridge structures 

The damage probability curves calculate the probability of the cumulative 
damage that is equal or greater than a certain damage level (slight, 
moderate, extensive, complete), taking into account the log-normal 
distribution of the damages. For bridge vulnerability assessment, log-normal 
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distribution parameters such as Mean and Beta (standard deviation) can be 
embedded for each damage level (Error! Unknown switch argument.). 

 

 

Figure 27. Vulnerability types for bridge structures. (log-normal distribution parameters) 

The majority of the fragility functions were relied on the methodology and 
data that were presented in ATC-13 (ATC 1985) and ATC-25 (ATC 1991) 
reports following an expert judgement approach. Loss estimation method 
for transportation systems is adopted from Applied Technology Council, 
ATC-25 (1991) – see Error! Unknown switch argument.. Different methods 
can be improved after comprehensive literature review. 

 

Figure 28. Loss estimation method for transportation system 

In the database parameters, transportation input files can be uploaded 
(Error! Unknown switch argument.) 
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Figure 29. Uploading the shape file and Bridge and Tunnels inventory 

 

 

Figure 30. Shape file for the bridges in Turkey 
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Regarding to analyses methodology, NEHRP 1997 is being used. Regarding 
“minimum Intensity for Lifeline Losses”: the lowest intensity of earthquake 
that damages in lifeline systems will be included in the analysis is entered in 
this box. As a standard, this value is taken as 7, life vein damage is not 
included in the analysis in less severe earthquakes. These values are used in 
accordance with the purpose. In order to predict ground motions 
empirically, various numbers of attenuation relationships are introduced in 
the attenuation relationships module for parameters such as PGA, PGV, 
PGD, SA, and intensity. The weight of chosen attenuation relationships can 
be adjusted. The PGD-based attenuation relationships can be used to obtain 
more sensitive results for transportation systems (Error! Unknown switch 
argument.). 

 

Figure 31. Attenuation Relationship Equations 

The GMP can be plotted by taking account of some parameters such as fault 
type (unknown, strike slip, normal, reverse), average dip, rupture width, 
rupture depth, shear wave velocity (Error! Unknown switch argument.).  
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Figure 32. Attenuation Relationships module in AFAD-RED 

After running the analysis for hazard and risk assessment, the output can be 
present in a report choosing risk type, class, table header, and color bar 
type. The output can be presented in map or table. As Error! Unknown 
switch argument. illustrates, a reference point from a transportation 
network chosen. The value of 0.0276 shown in the red frame in the figure 
means that the related transportation facility has a probability of 
completely collapse with a ratio of 27.6/1000. 

 

Figure 33. Results, in the form of GIS Maps 
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Serviceability ratios of bridges can be adjusted in the reporting options 
(Error! Unknown switch argument.). 

 

Figure 34. Results: reporting options 

The fragility curves can be constructed by various methods in the literature 
(empirical methods, expert opinion, numerical methods, parameterized 
fragility curves). AFAD-RED utilizes proper methods for transportation 
systems and is able to estimate the damage probabilities at certain damage 
state. 

4.3 CAPRA SOFTWARE COLLECTION 

CAPRA (Central American Probabilistic Risk Assessment) is a techno-
scientific methodology and information platform, composed of multi-
hazards software for computing loss estimates. 

The platform CAPRA (Comprehensive Approach to Probabilistic Risk 
Assessment) has been developed by the ERN-AL Consortium for the World 
Bank, the Inter-American Development Bank and the UN-ISDR, Universitad 
de los Andes (Colombia), CIMOC (Research Center on Materials and Civil 
Infrastructure); ERN-LA consortium is composed by the following companies 
and institutions: ERN Ingenieros Consultores (México), ITEC (Colombia), 
INGENIAR (Colombia) and CIMNE (Spain). 

The main software is CAPRA GIS and this needs three main sets of files in 
order to run: one file related to the hazard provided by CRISIS module, in 
*.ame format; one file related to the vulnerability can be obtained using 
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ERN-Vulnerability, or this can be user-defined with any methodology chosen 
by the user, provided they are input in the *.dat required standard format; 
one file related to exposure data base in *.shp format. 

CRISIS 2007 is the CAPRA seismic and tsunami hazard module is available for 
download at (https://ecapra.org/topics/crisis-2007). It provides the 
probable maximum value of the parameter characterizing the seismic 
intensity for different exceedance rates or return periods. An .ame file type 
is created in this module, which includes multiple grids on the area of 
study, for the different possible intensity parameters of the seismic hazard. 
Hazard is calculated combining the following: sources geometry (which will 
influence on the probability distribution of the hypocentral distances), 
sources seismicity (defined by a Poisson seismicity model, which will provide 
the probability distribution of the occurrence of a particular magnitude 
within the source) and attenuation functions (which provides the probability 
distribution of strong motion, given the magnitude and hypocentral 
distance). 

The ERN-Vulnerabilidad_v2 module is available for download at 
(https://ecapra.org/topics/ern-vulnerability) and includes a vulnerability 
curves data base, proposed by different authors and ERN-AL, and allows 
their edition depending on the main characteristic of the structural types 
under analysis, and on formats compatible with CAPRA-GIS. 

The vulnerability module quantifies the damage caused to each asset class 
by the intensity of a given event at a site. The classification of the assets, 
for buildings of an urban area, is based on a combination of structural 
characteristics like construction material, construction type, building use, 
number of levels, age, etc. Damage is estimated in terms of the Mean 
Damage Ratio (MDR) that is defined as the ratio of the expected repair cost 
to the economic value of the structure. A vulnerability curve is defined 
relating the damage to the earthquake intensity, expressed, at each 
location, in terms of the maximum acceleration or spectral acceleration, 
velocity, interstory drift or displacement.  

The exposure is mainly related to the infrastructure components or to the 
exposed population that can be affected by a particular event. 
Characterization of exposure requires identification of individual 
components, including variables such as location, physical, geometric and 
engineering characteristics, economic value and level of human occupancy. 

The precision degree of the results depends on the level of resolution and 
on the details of the information. Each building is characterized by the 
geographic location, the economic value, the year of construction, the 
number of levels, the structural type and the human occupancy. 

CAPRA Data Entry is a new CAPRA software oriented to support building 
inspection processes. This software is the technical solution developed to 
enhance collection and administration of field information of exposed 
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structures, required in the refinement of the exposure model integrated in 
seismic risk assessment projects. CAPRA Data Entry offers various tools for 
managing evaluation forms of diverse projects, consolidating work teams, 
field work assistance, data analysis, and generation of various formats to 
visualize results such as reports, maps, tables and statistical graphs, among 
others. This software will be available online and for mobile devices 
(https://ecapra.org/topics/capra-data-entry) (not available for free 
download). 

The main output of CAPRA-GIS is the expected annual damage ratio (the 
ratio of repair cost to the real monetary value of the structure) of each 
structure that is geo-referenced. When it is multiplied by the exposed value 
yields the total economic loss for that specific structure. Another result that 
CAPRA delivers is an aggregate loss exceedance curve for the whole building 
portfolio. 

The results per building are appended to the *.shp file, which are the total 
annual loss value per building, and the corresponding normalized ratio of 
annual loss per building or expected annual damage, as well as the annual 
human loss per building.  

The main results of CAPRA-GIS are provided in a *.res file that can be 
opened using any text editor 

and contains, for each scenario analyzed, the expected loss (EP), the 
variance of the loss (VarP), and parameters a and b that fully define the 
beta distribution of the loss for a given scenario.  

CAPRA’s risk assessment tools can be used for rapid post-event damage and 
loss assessments at different scales depending on information availability, 
having been tested with events in Asia, Europe (i.e. Spain, Italy) and Latin 
America. 

4.4 ELER 

ELER software uses a proxy procedure that relies on land use cover and 
population distributions to develop regional scale building inventories 
(Demircioglu et al. 2009). 

ELER is designed as open-source software to allow for community-based 
maintenance and further development of the database and earthquake loss 
estimating procedures. The software provides for the estimation of losses in 
three levels of analysis. These levels of analysis are designed to 
commensurate with the quality of the available building inventory and 
demographic data. The first two levels are in Intensity based whereas the 
third level is more sophisticated and based on the event parameters the 
distribution of PGA, PGV, SA (T=0.2 s) and SA (T=1 s). The spectral values 
are estimated depending on a choice of ground motion prediction models. 
Local site effects are incorporated either with the Borcherdt (1994) 
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methodology or, if available, with the use of Vs30 based amplification 
functions within GMPEs. If strong ground motion recordings are also 
available, the prediction distributions are bias corrected using the peak 
values obtained from these recordings. The loss estimation of buildings is 
estimated using HAZUS methodology, and the lifeline (pipeline, 
transportation, etc.) losses are estimated from PGV based hazard calculated 
via PGV related GMPEs. 

ELER is structured in such a way that a building inventory can be classified 
in terms of any classification system as long as the empirical and/or 
mechanical fragility relationships associated with each building type is 
defined by the user. 

Pipeline Damage Assessment in ELER 

The pipeline damage module in ELER v3.0 can be used to estimate damages 
to urban pipeline systems such as potable water, wastewater and natural 
gas. Observations acquired from past urban earthquakes supplemented by 
the worldwide experience are used as a guide to assess the physical 
vulnerabilities of pipelines. ATC 25 (1991) provides an extensive compilation 
of lifeline vulnerability functions and estimates of required time to restore 
the facilities. A number of empirical correlations relating expected pipeline 
damage to PGV are available in the literature. O’Rourke and Ayala (1993), 
Eidinger and Avila (1999) and O’Rourke and Deyoeto (2004) can be cited 
among them. These correlations may be used to estimate repair rate and 
number of repairs in the pipeline system due to wave propagation. ELER 
uses the HAZUS-MH (FEMA, 2003) methodology, which is based on O’Rourke 
and Ayala (1993), to estimate pipeline damages. The O’Rourke and Ayala 
(1993) model correlates the repair rate with PGV and material type as given 
in the equation below. 

 

where repair rate is the number of repairs per a km of pipeline and PGV is in 
cm/sec. In this methodology, damages due to seismic waves are expected to 
consist of 80% leaks and 20% breaks. 

The pipeline inventory is a grid-based distribution of pipe length for each 
cell. The damage results are given in the form of repair numbers per 
kilometer, due to leaks and breaks. Numbers of expected repairs at each 
cell are calculated as the product of repair rate and total pipeline length. 

4.5 HAZUS 

HAZUS (version 4.2) estimate physical, economic, and social impacts of 
disasters, such as earthquake, hurricane, flood and tsunami (since 2017) in 
USA. It’s main dependency is of ESRI ArcGIS commercial software. 
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The software is not open source but a very detailed documentation is 
available for modifiable reproduction. Many regional or country based loss 
estimation tools uses the HAZUS methodology. Beside multiple 
implementations in its design area (United States of America territory), 
HAZUS was also directly used for Egypt. 

HAZUS can use  seismic hazard input maps from USGS, in which the soil 
effects are already implemented. For methodology users, an important 
input methodology for hazard calculations is the weighted GMPE usage 
which is explained in detail in the Open file report of USGS 2014-1091 
(“Documentation for the 2014 Update of the United States National Seismic 
Hazard Maps”). HAZUS uses Capacity Spectrum Method based on the 
analytical fragility relationships for building damage assessment. 

HAZUS output is spatially given in terms of potential loss estimates of 
physical damage to residential and commercial buildings, schools, critical 
facilities, and infrastructure; economic loss including lost jobs, business 
interruptions, repair, and reconstruction costs; and social impacts, including 
estimates of shelter requirements, displaced households, and population 
exposed to scenario floods, earthquakes, and hurricanes, and tsunamis 
(https://www.fema.gov/flood-maps/tools-resources/flood-map-
products/hazus).  

US nationwide databases include the following groups and could give good 
insight to check if the same type of inventory data is available at the Black 
Sea Programme area as well as their distribution (total count in city, 
district, etc. level) or exact location: 

- Demographics: Population, Employment, Housing 

- Building Stock: Residential, Commercial, Industrial 

- Essential Facilities: Hospitals, Schools, Police Stations, Fire Stations 

- Transportation: Highways, Bridges, Railways, Tunnels, Airports, Ports 
and Harbors, Ferry Facilities 

- Utilities: Waste Water, Potable Water, Oil, Gas, Electric Power, 
Communication Facilities  

- High Potential Loss Facilities: Dams and Levees, Nuclear Facilities, 
Hazardous Material Sites, Military Installations 

Building damage functions are in terms of capacity response spectrum 
curves for structural, non-structural acceleration, non-structural drift 
fragility curves with possibility of combination of damage assessment due to 
both ground shaking and ground failure together as well as separately. 
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4.6 MAEVIZ 

MAEviz, developed in the Mid-America Earthquake Center in University of 
Illinois, integrates spatial information, data, and visual information to 
perform seismic risk assessment and analysis 
(http://mae.cee.illinois.edu/software/software_maeviz.html). It can 
perform earthquake risk assessment for buildings (structural and non-
structural damage), bridges and gas networks with a built-in library of 
fragility relationships. In addition to applications in USA and important 
application of the software has been conducted for the Zeytinburnu District 
of Istanbul (Elnashai et al., 2007). 

MAEViz is a seismic risk assessment software developed by the Mid-America 
Earthquake (MAE) Center and the National Center for Supercomputing 
Applications (NCSA). 

MAEviz implements Consequence-Based Risk Management (CRM) to estimate 
the damage and the losses for buildings, bridges and lifeline (gas, water, 
electric facilities). For buildings, it estimates structural and nonstructural 
damage, economic losses and liquefaction damage. For bridges, it computes 
damage, loss of functionality and repair cost analysis. For lifelines it 
calculates the network damage and the repair rate analysis. Finally, it 
computes socio-economic losses such as shelter needs, fiscal and business 
interruption. To achieve these results the following are required: hazard, 
inventory and fragility models. 

Regarding the hazard module MAEviz can take into account liquefaction 
hazard in addition to ground shaking. The hazard is response spectral based 
and local site effects are taken into account. There are some default 
scenarios and probabilistic hazard maps in the catalog box however the user 
can upload their own hazard following a graphical interface. The user can 
also choose to create the scenario using an analysis. The user has to provide 
the spectrum type, the earthquake location, the coordinates of the region 
of interest and some advanced parameters such as the fault type, the dip 
angle, etc.  

The MAEviz tool provides as default some inventories stored in tables and 
shapefiles. The inventory buildings contain information about the 
construction type, number of storeys, occupancy level, year of construction 
and building area. The user can upload their own inventory in the ‘catalog 
box’ and also can upload data about bridges and lifelines. This data stored 
in shapefiles allows a direct visualization. 

The vulnerability functions were derived by structural analysis which 
considering the aleatory structural features uncertainty and the excitation 
uncertainty. The fragility curves have been developed for construction 
typical of the Mid America region and provide the conditional probability of 
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being in, or exceeding a particular damage state given by the seismic 
demand parameter. Three fragility curves are provided and four damage 
states are obtained by difference between adjacent curves. The hazard 
used when evaluating these fragilities is obtained by performing a 
transformation from elastic spectral acceleration to elastic spectral 
displacement without regard for inelasticity in building response. 

Based on analyzes for structural damage and optional nonstructural damage, 
MAEViz compute the direct economic losses.  More additional economic and 
socioeconomic analyses are available: the building repair cost based on the 
structural damage and building type, the building retrofit cost estimation, 
the number of casualties and the fiscal impact. 

4.7 OPENQUAKE 

OpenQuake is an open-source multi-purpose tool developed and being 
updated by Global Earthquake Model (GEM) Foundation based in Pavia, Italy 
(https://www.globalquakemodel.org/). 

The hazard component of the OpenQuake-engine can compute seismic 
hazard using various approaches. Three types of analysis are currently 
supported: 

 Classical Probabilistic Seismic Hazard Analysis (PSHA), allowing 
calculation of hazard curves and hazard maps following the classical 
integration procedure (Cornell, 1968, McGuire (1976)) as formulated 
by Field et al., 2003. 

 Event-Based Probabilistic Seismic Hazard Analysis, allowing 
calculation of ground motion fields from stochastic event sets. 
Traditional results - such as hazard curves - can be obtained by post- 
processing the set of computed ground-motion fields. 

 Scenario Based Seismic Hazard Analysis (SSHA), allowing the 
calculation of ground motion fields from a single earthquake rupture 
scenario taking into account ground motion aleatory variability. 

The seismic risk results are calculated using the OpenQuake risk library (oq-
risklib), an opensource suite of tools for seismic risk assessment and loss 
estimation. This library is written in the Python programming language and 
available in the form of a “developers” release at the following location: 
https://github.com/gem/oq-engine/tree/master/openquake/risklib. 

The risk component of the OpenQuake-engine can compute both scenario-
based and probabilistic seismic damage and risk using various approaches. 
The following types of analysis are currently supported: 

 Scenario Damage Assessment, for the calculation of damage 
distribution statistics for a portfolio of buildings from a single 
earthquake rupture scenario taking into account aleatory and 
epistemic ground-motion variability. 
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 Scenario Risk Assessment, for the calculation of individual asset and 
portfolio loss statistics due to a single earthquake rupture scenario 
taking into account aleatory and epistemic ground-motion variability. 
Correlation in the vulnerability of different assets of the same 
typology can also be taken into consideration. 

 Classical Probabilistic Seismic Damage Analysis, for the calculation of 
damage state probabilities over a specified time period, and 
probabilistic collapse maps, starting from the hazard curves 
computed following the classical integration procedure (Cornell, 
1968, McGuire (1976)) as formulated by Field et al., 2003. 

 Classical Probabilistic Seismic Risk Analysis, for the calculation of loss 
curves and loss maps, starting from the hazard curves computed 
following the classical integration procedure (Cornell, 1968, McGuire 
(1976)) as formulated by Field et al., 2003. 

 Stochastic Event Based Probabilistic Seismic Damage Analysis, for the 
calculation of event damage tables starting from stochastic event 
sets. Other results such as damage state-exceedance curves, 
probabilistic damage maps, and average annual damages or collapses 
can be obtained by post-processing the event damage tables. 

 Stochastic Event Based Probabilistic Seismic Risk Analysis, for the 
calculation of event loss tables starting from stochastic event sets. 
Other results such as loss exceedance curves, probabilistic loss maps, 
and average annual losses can be obtained by post-processing the 
event loss tables. 

 Retrofit Benefit-Cost Ratio Analysis, which is useful in estimating the 
net-present value of the potential benefits of performing retrofitting 
for a portfolio of assets (in terms of decreased losses in seismic 
events), measured relative to the upfront cost of retrofitting. 

Each calculation workflow has a modular structure, so that intermediate 
results can be saved and analysed. Moreover, each calculator can be 
extended independently of the others so that additional calculation options 
and methodologies can be easily introduced, without affecting the overall 
calculation workflow. 

The OpenQuake-engine calculators (e.g. Classical PSHA, Event Based PSHA, 
Disaggregation, UHS) produce a set of hazard results (i.e. hazard curves, 
hazard maps, ground motion fields, disaggregation matrices, UHS, for each 
logic-tree realization) which reflects epistemic uncertainties introduced in 
the PSHA input model. For each logic tree sample, results are computed and 
stored. Calculation of results statistics (mean, standard deviation, 
quantiles) are supported by all the calculators. 

The OpenQuake-engine is used in many national and regional seismic hazard 
mapping programs. The use in projects at regional level allowed to develop 
a global fragility/vulnerability database. Globally the risk evaluations can be 
done country based on monetary loss values based on industrial, commercial 
and residential building types instead of proxy (population). In Europe while 
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defining the vulnerability functions, an extra expression is added to define 
the quality of same type of structures, such as low-code, moderate-code 
buildings, etc. (i.e. Turkey is considered to have low-code building types). 
Global vulnerability implemented models are more than 500. (23.09.2020 – 
Willis & GEM Webinar: “Earthquake science for (re)insurance decision-
makers: bridging the gap between academia (GEM) and industry (Willis 
Tower Watson)). Calibration and testing are usually done by the damage 
data when available (i.e. via PAGER system in USGS for USA events). 

The next step would be to use OpenQuake for real-time assessment. This 
opportunity will be explored in the near future.  

4.8 PAGER 

PAGER (Prompt Assessment of Global Earthquakes for Response) is an 
automated system that assesses the impact of significant earthquakes 
around the world, informing emergency responders, government and aid 
agencies, and the media of the scope of the potential disaster. 

PAGER development and maintenance are supported by the USGS under the 
Advanced National Seismic System (ANSS), with additional funding from the 
Global Earthquake Model (GEM) project, and a grant from the U.S. Agency 
for International Development/Office of Foreign Disaster Assistance 
(USAID/OFDA). Landscan population data from Oak Ridge National 
Laboratory, and data from Munich Reinsurance, EM-DAT, and NOAA were 
vital for developing and calibrating PAGER loss models. 

The shaking-related impact assessed by system PAGER is controlled by the 
distribution and severity of shaking, the population exposed to each shaking 
intensity level, and population vulnerability correlated with the degree of 
seismic resistance of the local building stock.  

PAGER uses earthquake parameters to calculate estimates of ground shaking 
by using the methodology and software developed for ShakeMap 
(http://earthquake.usgs.gov/shakemap/). The number of people exposed to 
each shaking intensity level is then calculated by combining the maps of 
estimated ground shaking with a comprehensive worldwide population 
database (Landscan, from Oak Ridge National Laboratory). 

Next, based on the population exposed to each intensity level of shaking, 
the PAGER system estimates total losses based on country specific models 
developed from economic and casualty data collected from past 
earthquakes. Finally, the alert levels are produced, determined by 
estimated ranges of fatalities and economic loss, with the higher of the two 
setting the overall alert level. The alert level determines which users are 
actively notified, and, at the same time, all PAGER content is automatically 
distributed to the Web on the USGS Earthquake Hazards Program Web 
pages, as part of the earthquake summary information, for immediate 
consumption. 
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PAGER uses a new Earthquake Impact Scale (EIS) that is based on two 
complementary criteria. The first criterion is the estimated cost of damage; 
this is most suitable for domestic events and those in earthquake-resistant 
communities. The second criterion, representing estimated ranges of 
fatalities, is generally more appropriate for global events, particularly in 
developing countries. 

 

PAGER provides shaking and loss estimates following significant earthquakes 
anywhere in the world. These estimates are generally available within 30 
minutes and are updated as more information becomes available. Rapid 
estimates include the number of people and names of cities exposed to each 
shaking intensity level as well as the likely ranges of fatalities and economic 
losses.  

Information on the extent of shaking will be uncertain in the minutes and 
hours following an earthquake and typically improves as additional sensor 
data and reported intensities are acquired and incorporated into models of 
the earthquake’s source. Users of PAGER need to account for uncertainty 
and always seek the most current PAGER release for any earthquake. 

The PAGER report contains the following information: 

 summary of the basic earthquake parameters, including origin time, 
local time, magnitude, hypocenter, and the name of the region 
where the earthquake took place. 

 earthquake Impact Scale alert levels for fatalities (left) and 
economic losses (right). 

 table showing population exposed to different estimated Modifed 
Mercalli Intensity (MMI) levels and the possible damage at dfferent 
intensity levels for resistant and vulnerable structures.  

 map of MMI contours plotted over the Landscan (Oak Ridge National 
Laboratory) population base map.  

 The total population exposure to a given MMI value is obtained by 
summing the population between the contour lines. This total is 
shown in the population exposure table (E). 

 region-specific structure and earthquake commentary. The 
Structures comment may contain the most vulnerable building type(s) 
in the region or a  general description of the vulnerability of the 
buildings in the region. The 
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 Historical Earthquakes section includes a table of population exposure 
and  fatalities for three previous nearby earthquakes, and, in some 
cases, the potential for _res, landslides, liquefaction, or other 
hazards, based on past earthquakes in the region, will be noted 

 table of MMI estimates for selected settlements.A maximum of 11 
settlements that fall within the map boundary are included in the 
table. The table contains country capitals and the six settlements 
with the highest estimated intensity. The remaining settlements 
listed are selected by population. Settlement name, location, and 
population are obtained from the freely-available GeoNames 
geographical database (GeoNames.org). 

 

Archive information on the Black Sea area is available: 
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PAGER rapidly assesses earthquake impacts by comparing the population 
exposed to each level of shaking intensity (ShakeMaps) with models of 
economic and fatality losses based on past earthquakes in each country or 
region of the world (Earle et al. 2009a, b). The ShakeMaps are constrained, 
if available, by measurements from strong-motion seismometers in the 
region surrounding the ruptured fault. In case ground motion recordings are 
insufficient, ShakeMaps are constrained using empirical ground motion 
prediction equations based on magnitude, site amplification, and distance 
to the fault. Soil/rock site-specific ground-motion amplification map is 
based on topographic slope and then the estimated ground motions are 
converted to a map of seismic intensities. Based on the population exposed 
to each shaking intensity level, the PAGER system estimates total shaking-
related losses based on country-specific models developed from economic 
and casualty data collected from past earthquakes. 

PAGER products are generated for all earthquakes of magnitude 5.5 and 
greater globally and for lower magnitudes of about 3.5–4.0 within the US. In 
the hours following significant earthquakes, as more information becomes 
available, PAGER’s content is modified. 

The code is not open source, but consecutive number of libraries of data as 
well as documentation is available. It also allows to define datasets used 
within. 

4.9 SELENA 

SELENA (SEimic Loss EstimatioN using a logic tree Approach) (version 6.6) is 
an open source (MATLAB and C#) tool and utilizes the capacity-spectrum 
method with a logic tree-based weighting of input parameters and follows 
the same loss estimation approach of HAZUS. GIS software can be utilized at 
multiple levels of resolution to display predicted losses graphically. 



Rapid Earthquake Damage Assessment Consortium-REDACt [BSB 966] 
Contract Nr: MLPDA 88712/26.06.2020 
Deliverable D.T1.2.1: Available methodologies for REDA 

Deliverable-No: D.T1.2.1                                                                      Internal - Partners 

Issue: I.04 Date: 31 January 2021  Page: 116 of 
132 

 

The user has to supply a number of input files that contain the necessary 
input data (e.g., building inventory data, demographic data, definition of 
seismic scenario etc.) in a simple pre-defined ASCII format. SELENA 
computes ground shaking maps for various spectral periods (PGA, Sa(0.3 s) 
and Sa(1.0 s), damage probabilities, absolute damage estimates (including 
Mean Damage Ratios MDR) as well as economic losses and numbers of 
casualties. 

Earthquake ground shaking estimates can be calculated based on the 
following approaches: 

- Deterministic  

- Probabilistic 

- Real Time 

For real time analysis, data from strong motion stations (at least PGA 
values) can also be used with certain limitations. Based on these ground 
motion parameters SELENA generates site-specific response spectra based 
on IBC-2006 (International Code Council 2006), Eurocode 8 (CEN 2003) and 
Indian seismic building code IS 1893. 

SELENA uses analytical approach for obtaining building damage with 
different user-selectable methodologies: 

- the traditional capacity spectrum method (CSM) as proposed by ATC-
40 (ATC 1996) 

- the Modified Acceleration Displacement Response Spectra (MADRS) 
method according to FEMA 440 (FEMA 2005)  

- the Improved Displacement Coefficient Method (I-DCM) as given by 
FEMA 440 (FEMA 2005). 

SELENA needs the GNU Scientific library (GSL) and the Qt cross-platform 
application and UI framework (for the SELENA GUI). For RISe (Risk Illustrator 
for SELENA) the .NET framework (Windows) or the mono framework 
(Linux/Unix) need to be installed. 

Starting with version 5 of SELENA, the MATLAB m-code has been translated 
into C-code which allows SELENA to run without using MATLAB; it is, 
however, still possible to use SELENA from MATLAB. Furthermore, the m-
code has been changed in such way that it now can run without any special 
MATLAB Toolboxes (which was required before) and it now also now runs 
using the free (open source) MATLAB clone Octave 
(http://www.gnu.org/software/octave/). 
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4.10 OTHER SOFTWARE 

Lu Xinzheng et al. published a new paper in Earthquake Spectra 
(2020),36(2):806 with the title “An open-source framework for regional 
earthquake loss estimation using the city-scale nonlinear time history 
analysis”. Other software and systems can be visualized in the table of the 
4.1 subchapter. In the last years, multiple rapid earthquake loss estimation 
systems started to arise. However, in the Black Sea area, beside national 
systems such as Seisdaro (in Romania) and AFAD-RED (in Turkey) or regional 
and international systems (such as PAGER, QLARM or soon to come EMSC 
estimates beside crowd-sourced processed Did you feel it? Feedback), there 
are no other operational systems at the moment. 

5 METHODOLOGY SELECTION FOR REDA 

In order to show preferences for some of the multiple available REDA 
methods and software also presented in the previous chapters, we think 
that is suitable to start with mentioning our selection criteria, considering 
the expectations and goals for a REDA system in the Black Sea Area along 
with data availability, as reflected by D.T1.1.1. In order for the REDACt 
system to be efficient, we expect that it will need to: 

- be capable of receiving and using either near real-time output from 
seismic network systems in partner countries or critical parameters of 
the time histories (e.g., PGA, PGV, Spectral Acceleration etc.) as well 
as input parameters from other European or world-wide seismic 
institutions such as EMSC-CSEM or USGS or initiatives such as ORFEUS 
EIDA (e.g., real-time earthquake source parameters); 

- produce rapid results (in less than 30 minutes after a moderate or 
large magnitude earthquake in the Black Sea Area), primarily in terms 
of estimated percentage of damaged buildings and fatalities; allow 
for a re-run of the scenario, with updated data but also, for example, 
with ShakeMaps from other institutions; 

- evaluate liquefaction and landslide potential and also their effects in 
terms of damage and socio-economic loss - provide a geotechnical 
failure module; 

- be written using a programing environment flexible, stable, without a 
tendency of depreciation, preferably non-commercial software 
dependency and with multiple connectivity potential also toward GIS 
platforms and webGIS services; 

- be capable of presenting results at different scales (whether 
methodologically imposed but also resulting from aggregation) – in 
order to serve multiple type of stakeholder needs (at national, 
regional or local level);  

- quantify and express uncertainties of the results; 
- be capable of integrating regionally-specific exposure and 

vulnerability models; 
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- account for various building typologies and be capable of showing 
them (along with fragility functions) properly; 

- be capable of integrating aspects referring to other types of structure 
vulnerability, beside buildings (such as bridges, tunnels, lifelines, 
other fragility or vulnerability functions for specific structures); 

- provide a module for the estimation of seismic and co-seismic losses 
on lifeline networks (such as natural gas pipelines); 

- consider the integration of and with important well-acknowledged 
works at national, European and world-wide level (such as CAPRA, 
OpenQuake, PAGER), providing regional improvements and updated 
methods. Also, allow for direct comparison of results with output 
from other works, both for operational and scientific purposes. 

Under these aspects, we foresee as suitable for the development of the 
REDA system in the following framework: 

- The system will work on two modes: 
o on scenario-based mode (a priori); 
o on real-time data provided by seismic networks. 

- It will comprise of multiple levels of analysis (modules): 
o Seismic hazard module: 

 include output from seismic networks and services, 
consisting of: 

 earthquake parameters (first of all: latitude, 
longitude, depth, magnitude, magnitude type, 
but also if available: focal mechanism, fault 
geometry and errors in parameter determination 
etc.); 

 seismic station parameters for the specific 
earthquake: PGA, SA at periods such as 0.3, 1 and 
3 s., PGV (and also, if possible, quality of the 
data and relevant soil characteristics for the 
station site); 

 crowd-sourced intensities or other data useful in 
validation and methodology parameter 
adjustments. 

 be capable of using ShakeMap-like hazard input, as a 
reference methodology at world-wide and European 
level, keeping in mind that ShakeMap systems are 
already in place in Romania, Greece or Turkey, are 
publicly available from USGS and at European scale 
(http://shakemapeu.ingv.it/); 

 capable of running single-scenarios (but check with 
stakeholders if probabilistic approaches would be 
important at this moment to integrate); 

 be flexible enough and easy configurable, allowing the 
integration of multiple rupture models, seismic source 
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definitions, GMPEs (also using the xml format of the 
OpenQuake hazardlib) and weighting schemes. 

o Geotechnical failure module, enabling: 
 evaluation of liquefaction susceptibility, based on 

geological and geomorphological maps; 
 evaluation of liquefaction potential (hazard) based on a 
 logistic regression model to predict the probability of 

liquefaction occurrence as a function of simple and 
globally available geospatial features (derived from 
digital elevation models), standard ground motion 
parameters (e.g. peak ground acceleration) and 
spatially continuous data as a proxy for important 
subsurface parameters; 

 evaluation of landslide hazard assessment, based on:      
a) an empirical landslide probability model, b) hybrid 
statistical model combined with failure criteria and c) 
physically based models; 

o Level 1 loss estimation module, using a Macroseismic damage 
estimation tool consisting of the EMS98 intensity based 
empirical vulnerability relationships and casualty vulnerability 
models; further refinements, at least in exposure data, to 
other systems in place such as PAGER or QLARM, needs to be 
further discussed.   

o Level 2 loss estimation module, performing building damage 
estimation using fragility functions and consequence models 
for socio-economic determination of direct losses. Many REDA 
software relies on fragility functions nowadays from a 
methodological point of view. In our case, multiple accounting 
for different design spectra – with multiple differences among 
country’s specifications in design codes, will need to be 
considered. Beside improvements in the software 
implementation of this methodology and interface 
enhancements in the new REDA, new considerations regarding 
the inclusion of a method of accounting for main-shock impact 
and/or include validated vulnerability data quickly could be 
added, and also a new approach to quantifying and tracing 
uncertainties. 

o Module for the estimation of seismic and co-seismic losses on 
lifeline networks (such as natural gas pipelines), using an 
adaptation of methodologies in HAZUS or AFAD-RED but also 
extended the focus toward economic consequence modelling 
and repairing time and costs, for a Decision Support System 
suitable for stakeholders. 

- It is highly recommended to include both in both loss estimation 
modules a local-specific model accounting distribution of population 
considering the hour but also the day (work day, weekend or holiday) 
of the earthquake.  
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- Among the recommendations of programming environment for REDA 
are Python (general tendency to use it in the scientific community – 
for example in ShakeMap 4, OpenQuake, Seiscomp3, Obspy, Geopsy 
etc.) or Java; the REDA code could be open-source, shared on 
platforms such as GitHub and promoted for use and development in 
the world-wide community. However, it is to be considered that 
limitations of stand-alone Python scripts in providing Graphical User 
Interface and a friendly user experience could make it a less 
favorable choice (compared to alternatives such as Visual Basic 
.NET.) if the REDA system is going to be used not only by the 
scientific community, but also by non-experienced stakeholders – 
which is partially the goal of our project. A consensus is yet to be 
reached, also following stakeholder meetings for understanding their 
needs more specifically. 

- The REDA will provide outputs in the form of maps, graphs (those two 
contributing to automatic reports useful for stakeholder reporting 
needs and bureaucratic procedures) and data which will be easily 
integrated in a webGIS platform but also in the REDACt Smartphone 
app. 

 

6 CONCLUSIONS 

In this deliverable we analyzed the main methodologies and software used 
for rapid earthquake loss estimation world-wide. This allows us to 
discriminate between approaches significantly different, more or less 
detailed from a modeling point of view: 

- based on seismic intensity values and direct correlations with 
potential of casualties and economic losses (PAGER approach; ELER 
Level 0); 

- based on seismic intensity values and vulnerability functions for 
buildings (Giovinazzi, 2005; used in QLARM and in ELER Level 1) and 
casualty models; 

- based on seismic PGA, PGV and SA values, capacity and fragility 
functions or directly vulnerability functions for structures (used in 
HAZUS or EU-RISK and most of the recent REDA software and more 
recommended even though harder to provide input for); 

- more empirical approaches (but generally less used) can be found, 
relying on GIS multi-criteria decision analysis. 

In most REDA systems, an initial effort is put in quantifying the expected 
damage of buildings and structures such as bridges and later using these 
estimates in computing socio-economic direct and indirect impact, generally 
with empirical models. At a systemic level (for transportation networks or 
lifelines), the models are generally observational and highly uncertain in 
applying to other case study areas. The scale of the analysis (which in many 
situations shouldn’t be at individual structure level but at a broader more 
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generic level, depending on the way fragility or vulnerability functions are 
tied to very detailed structural typologies) has a significant impact on the 
analysis, as well as regional and national differences. 

In order for REDACt Project to develop a successful REDA system in the 
Black Sea area we believe that it is suitable for it to contain a combination 
of the above-mentioned methodologies for earthquake loss estimations, 
along with harmonized hazard and exposure datasets as detailed as possible 
and at comparable resolutions from country to country. One of the methods 
should provide very rapidly a first general casualty estimation, enabling a 
prompt activation of emergency management procedures. However, tests 
will be required to examine if the discrepancies between different 
methodologies, using different intensity measurements and datasets, are 
significant enough that may lead to misleading results. 

Compared to existing world-wide systems, the opportunity of the REDACt 
platform to provide improved loss estimations in the Black Sea area is great. 
In its design, new concepts such as rapid loss validation, dynamic 
adjustment of vulnerability models but also regional specific data 
integration (in terms of hazard, with important specific effects of 
intermediate-depth Vrancea earthquakes; in terms of building typologies 
and socio-economic vulnerability) should be considered. Also, adding a 
cascading-hazard module to the REDA, which with available methods can 
assess the susceptibility and the regional hazard for landslides and 
liquefaction, would render it as an important example in the field. 
Designing the platform in order to be easily adjustable elsewhere and 
modifiable would be a significant goal toward the sustainability of this 
initiative. 
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