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Abstract. This paper provides a comparison between
Earthquake Loss Estimation (ELE) software packages and
their application using an “Open Source Procedure for
Assessment of Loss using Global Earthquake Modelling
software” (OPAL). The OPAL procedure was created to pro-
vide a framework for optimisation of a Global Earthquake
Modelling process through:

1. overview of current and new components of earth-
quake loss assessment (vulnerability, hazard, ex-
posure, specific cost, and technology);

2. preliminary research, acquisition, and familiarisa-
tion for available ELE software packages;

3. assessment of these software packages in order to
identify the advantages and disadvantages of the
ELE methods used; and

4. loss analysis for a deterministic earthquake
(Mw = 7.2) for the Zeytinburnu district, Istanbul,
Turkey, by applying 3 software packages (2 new
and 1 existing): a modified displacement-based
method based on DBELA (Displacement Based
Earthquake Loss Assessment, Crowley et al.,
2006), a capacity spectrum based method HAZUS
(HAZards United States, FEMA, USA, 2003) and
the Norwegian HAZUS-based SELENA (SEis-
mic Loss EstimatioN using a logic tree Approach,
Lindholm et al., 2007)software which was adapted
for use in order to compare the different processes
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needed for the production of damage, economic,
and social loss estimates. The modified DBELA
procedure was found to be more computation-
ally expensive, yet had less variability, indicating
the need for multi-tier approaches to global earth-
quake loss estimation. Similar systems planning
and ELE software produced through the OPAL
procedure can be applied to worldwide applica-
tions, given exposure data.

1 Introduction

The OPAL procedure (Fig. 1) has been developed to provide
a framework for optimisation of a global earthquake mod-
elling process, and to provide a state-of-the-art look at what
open-source software tools are available globally.

It is up to the user to select those software packages that
are deemed appropriate for use, and to then critically review
using both the user manual (Daniell, 2009b) and the refer-
ences to next test the applicability. A logic-tree approach is
subsequently applied between the software packages in order
to achieve an objective result combining systems, as no one
system will be correct due to uncertainties in each of the four
steps of the Earthquake Loss Estimation (ELE) procedure,
as discussed below. This weighting is based on the quality
of the ELE software package. This will minimise outlier re-
sults. For insurance purposes, the software package results
should be critically reviewed and the variance of the separate
models used.
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Figure 1. Flowchart of the generalised OPAL Procedure 2 
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Fig. 1. Flowchart of the generalised OPAL procedure.

2 Overview of Earthquake Loss Assessment

Earthquake Loss Assessments are produced in order to de-
tect possible economic, infrastructure and social losses due
to an earthquake. In order to produce an effective ELE, four
components must be taken into account in that define seismic
loss as a function of:

1. exposure is defined as the amount of human activity lo-
cated in the zones of seismic hazard as defined by the
stock of infrastructure in that location (usually defined
by geocell);

2. vulnerability is defined as the susceptibility of the in-
frastructure stock;

3. hazard is defined as the probability of a certain ground
motion occurring at a location, which can be deter-
mined by scenario modelling via stochastic catalogues,
PSHA (Probabilistic Seismic Hazard Assessment) or
other such methods, and can include different types of
earthquake effects; and

4. damage loss conversion can be defined as the mean
damage ratio (ratio of replacement and demolition to
repair and restoration cost; economically-speaking), or
the social cost (i.e. number of injuries, homeless and
deaths).

Because of the myriad of ways that each of these compo-
nents (see Fig. 2) that make up seismic loss can be deter-
mined, there is a large range of earthquake loss estimation

methods available. For some regions one particular method
may be more applicable. This is because of a possible re-
duction in epistemic uncertainty (lack of knowledge) due to
data collection and scientific assumptions used for the ELE
method not being the same at any location in the world.
In addition, probabilistic regional uncertainties in source,
path, and site occur, quantified by aleatory variability. ELEs
should quantify the uncertainties for a particular earthquake
scenario (both epistemic and aleatory). Unfortunately, the
scenario is nearly never realised in terms of an actual earth-
quake, as seen by the recent 2011 Tohoku earthquake exceed-
ing estimates of the maximum magnitude thought to exist on
the fault and also the 2011 Christchurch earthquake occur-
ring on previously unrecognised faults.

It is necessary to define an area of interest in which the
seismic hazard should be pinpointed at every location. For
this paper, the Zeytinburnu district in Istanbul, Turkey with
50, 0.005◦ × 0.005◦ geocells was defined as the location
where full earthquake loss estimation would be undertaken.
The vulnerability of the infrastructure stock exposed to this
hazard can be convolved with this hazard, and therefore a
damage distribution is able to be established based on various
classes of infrastructure damage. From this damage distribu-
tion, economic and social losses can be derived. All of these
components constitute an ELE. Calculation of the losses can
either be done in a proactive way (pre-earthquake scenario
modelling) or a reactive way (post-earthquake fixed scenario
modelling).
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Figure 2. Flowchart of Identified Components of an Earthquake Loss Assessment (Rapid-3 

Response, Post- or Pre-Earthquake). 4 

Scenario Earthquakes or 

Given Earthquake 

Given Exposure location or 

Area for analysis set 

Characterisation of infrastructure stock (material and 

mechanical), population density, variability of infrastructure 

within type, lifelines – use of infrastructure. 

Either set or probabilistically defined by pre-existing location, 

magnitude, fault type, source characterisation, stochastic 

catalogues, historical earthquake activity, probabilistic seismic 

hazard assessment. 

Hazard at the exposure 

location or area 

Path and site effects, tectonic regimes, distance from fault, 

ground motion prediction equations/attenuation relations 

leading to ground motion characterisation, hazard type (ground 

shaking, liquefaction, tsunami, landslide, surface fault rupture, 

seiche or other), National Earthquake Hazard Reduction 

Program (NEHRP) or other site class characterisation. 

Set a damage scale to calculate vulnerability. Damage Scale - exposure 

Vulnerability Assessment 

Procedure 

Empirical (damage probability matrices or vulnerability 

functions based on field surveys, typology or expert 

judgement), Analytical (using capacity spectrum or other non-

linear static procedures, collapse mechanism-based or 

displacement-based methods) or Hybrid (to fit exposed stock 

into damage scale) 

Economic, Social and 

Infrastructure Losses 

Loss assessment via economic means (direct and indirect losses 

using the vulnerability results – i.e. mean damage ratio – ratio 

between cost of repair and replacement for the entire 

infrastructure stock), social losses using empirical tables or 

previous data, or social vulnerability functions. 

Fig. 2. Flowchart of identified components of an Earthquake Loss Assessment (ELA) (Rapid-Response, Post- or Pre-Earthquake).

A review of all recent literature available in these 4 com-
ponents can be seen in Daniell (2009b), but only the differ-
ence between capacity spectrum (Applied Technology Coun-
cil (ATC), 2005) and displacement-based methods is shown
above in Fig. 3 as part of the overview for use in the loss
assessment. Displacement-based models will be examined
here, as these types of models have been seen to provide a
significant reduction in error in terms of calculating struc-
tural and non-structural damage (Calvi, 1999; Priestley et al.,
2007). The capacity spectrum method is a quicker method
computationally than the displacement-based method and
also requires less building parameters to create the final loss
estimate (i.e. building column and beam lengths, depths, etc.
are not required). However, it is subject to greater uncertain-
ties than the displacement-based method in locations where
all these details are available.

3 Preliminary acquisition and assessment of ELE
software

Considerable research has been done to provide adequate
earthquake loss estimation (ELE) models for region specific
scenarios and other studies. Many different software pack-
ages have been produced around the world in order to pro-
vide accurate loss estimates; however, these can be used si-
multaneously in order to reduce uncertainty in the result.

With the wealth of software packages available for these
risk assessment studies and economic, social and infrastruc-
ture loss estimations, a synopsis of many available pack-
ages has been undertaken and a full documentation can be
viewed in Daniell (2009b). ELE software packages are both
closed (proprietary or not freely available but documented)
and open-source (freely available or by contacting the devel-
opers), and the study first requires a preliminary research,
sourcing and familiarisation stage with these ELE software
packages. These packages are detailed in Table 1 below with
a quick synopsis of the applicable region, software availabil-
ity/modifiability, ownership, vulnerability types examined,
complexity of the socio-economic module, exposure level
and hazard types examined, which are all needed for the loss
assessment process in the Zeytinburnu case study.

The test regions for ELE software packages are gener-
ally synonymous with the owner, i.e. NORSAR with the SE-
LENA software, where the test region was Oslo (Lindholm et
al., 2007) or a high seismic risk city such as Istanbul, Tokyo,
or Los Angeles. The region that the software is applicable to
defines which software packages can be used for a globally
chosen test case. The test regions are shown in Fig. 4.

All software packages shown can be run on a standard
PC; however, some require GIS (Geographical Information
System) licences and other software. The complexity differs
significantly between the various software packages and the
problem is that most software is not freely available as open
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Figure 3. Displacement-based vs. Capacity Spectrum Method 3 
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Figure 4. The following are the test regions used by the software packages reviewed (with the 2 

exception of QLARM and PAGER which are globally produced) 3 
Fig. 4. Test regions used by the software packages reviewed (with
the exception of QLARM and PAGER which are globally pro-
duced).

source. Thus, although documentation and reproduction of
every software package is available, the actual versions are
not available in most cases, as seen in the modifiable (mod.)
column. Many of these procedures can be changed by the
user to add complexity to the social and economic loss out-
puts.

Exposure is a function of the population, remote sensing,
building use and other building inventory data used for the
test region. Some software coding has been hardwired for
only a district or city, whereas some are also able to include

regional (R) and full country level analysis. With further cod-
ing, some city-district style procedures can be increased to a
country level analysis.

An earthquake may have no ground shaking losses, some
ground shaking losses, or all ground shaking losses when
compared to secondary effects (tsunami, landslide, fire, liq-
uefaction, etc.). Aggregating the result of losses from earth-
quakes, the following conclusions have been found. In terms
of demand or hazard, ground shaking, as demonstrated by
Bird and Bommer (2004) in 50 earthquakes reviewed from
1980–2003, contributes most (approx. 90 %) to the social
and economic losses in earthquakes, and therefore only ELE
software packages which consider ground shaking have been
tabulated. Marano et al. (2010) use the PAGER -CAT cat-
alogue from 1968–2008 for 749 fatal earthquakes, showing
that the expanded data show approximately 21.5 % of social
losses are due to secondary effects of earthquakes. Through
work looking at around 1950 fatal earthquakes from 1900–
2010 using the CATDAT catalogue, Daniell (2010) found
that only 75 % of these social losses and approx. 85 % of
the economic losses were due to shaking, however a much
lower amount is due to building collapse. In the Asia-Pacific
Region this value reduces to 63 % (Daniell et al., 2010). Sec-
ondary effects such as liquefaction, fault rupture, landslides
and slope stability, tsunami, and standing waves can cause
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Table 1. A synopsis of the components of 30 mostly open source worldwide ELE software packages.

ELE Software Mod. Region Owner Exp. Haz. Vuln SE.

CAPRA Ya Cent. A. EIRD Mult. DP, DO, P Both Unk.
CATS North A. DTRI, FEMA Mult. DP, DO Emp Ec, Sc
DBELA Yes World EUCENTRE D, Ci DP, DO, P Anl. Ec, Ss
ELER* Ya Europe JRA-3, NERIES D, Ci DP, DO, P Both Es, Ss
EmerGeo* Unk. World EmerGeo Mult. DP Emp Ec, Sc
EPEDAT North A. EQE International, California OES D, Ci DP, DO Emp Es, Ss
EQRM* Yes Aust. Geoscience Aust. D, Ci DP, P Both Es, Ss
EQSIM* Ya Europe KIT, CEDIM D, Ci DP, DO Anl. Sc
Extremum World Extreme Situations Res. Ctr. Ltd. Ci, R, Co DP, DO Emp Es, Ss
HAZ-Taiwan* Asia National Science Council Mult. DP, DO, P Anl. Ec, Sc
HAZUS-MH North A. FEMA, NIBS Mult. DP, DO, P Anl. Ec, Sc
InLET* North A. ImageCat Inc. D, Ci DP, DO Emp Es, Ss
LNECLOSS Europe LNEC D, Ci DP Anl. Ec, Ss
PAGER 2010 Ya World USGS Mult. DO Both Es, Ss
MAEViz* Yes North A. Uni. Illinois D DP, DO, P Both Ec, Sc
OPENRISK Yes World AGORA, USGS, OpenSHA Mult. DP, DO, P Emp Ec, Ss
OSRE* Yes World Kyoto U., AGORA Mult. DP, DO, P Emp Es
PAGER v1* World USGS, FEMA Ci, R, Co DO Emp
QLARM* World WAPMERR Ci, R, Co DP, DO Emp Es, Ss
QL2 World M. Wyss Ci, R, Co DP, DO Emp Ec, Ss
RADIUS Ya World Geohazards Int., IDNDR Ci DP Emp Ss
REDARS North A. MCEER, FHWA D, Ci, R DP, DO, P Emp Ec
RiskScape Ya Aust. NIWA, GNS D, Ci, R DP, DO Emp Ec, Sc
ROVER-SAT Ya North A. Uni. of Boulder Mult. DP, DO Emp
SAFER* World 23 worldwide institutions D, Ci DP, DO, P Both Es, Ss
SELENA* Yes World NORSAR D, Ci DP, DO, P Anl. Es, Ss
SES2002 & ESCENARIS Europe DGPC, Spain Mult. DP, P Emp Es, Ss
SIGE Europe OSSN, Italy Mult. DP, DO Emp Es, Ss
SP-BELA** Yes Europe EUCENTRE D DP, DO, P Anl. Es, Ss
StrucLoss* Ya Europe Gebze IT, Turkey D, Ci DP, P Both Ec, Ss

*those have had a past influence based on HAZUS, ** those on DBELA, Mod = Modifiability, Ya = Yes, but subject to availability, Aust = Australasia, World = Worldwide, North
A. = North America, Cent. A. = Central America, Exp = Exposure, D = district, Ci = city, R = regional, Co = Country, Mult. = Multiple levels, Haz = Hazard, DP = deterministic pre-
dicted, DO = deterministic observed, P = probabilistic, Vuln = Vulnerability Type, Anl. = Analytical, Emp. = Empirical, SE = Socio-economic loss, Unk = Unknown as yet, due to
pending release of software, Es = simple economic, Ec = complex economic, Ss = simple social, Sc = complex social.

much damage. However, due to complexity, these have not
been included in most of the ELE software packages.

Table 1 considers the various demand (hazard) possibili-
ties between analysis modes that can be undertaken for earth-
quake loss estimation. The difference between probabilistic
(multiple scenario) and deterministic (scenario-based) SHA
is important and thus a desirable software package should
allow for both methods, including using real-time, historical
and user-specified data to provide a pre- and post- earthquake
analysis tool.

The temporal distribution of earthquakes in probabilis-
tic methods is generally looked at in two ways: a Pois-
son distribution process in which earthquake probability is
independent of time from the last earthquake (earthquakes
are a random process as shown by the Parkfield predic-
tion exercise – Bakun, 1985); or time-dependent meth-
ods which assume that earthquake events are linked tem-
porally. Considering the difficulty of interseismic Coulomb

stress modelling, a Poisson distribution process is a reason-
able assumption. However, the 2011 Christchurch earth-
quake has also shown that temporal models are not neces-
sarily better.

For the single scenario deterministic-predicted method,
the software can be utilised for a certain chosen earthquake
by the user. PAGER and QLARM are the only methods
which do not allow this, due to their real-time nature. A user-
defined event for the ground motion can sometimes be ap-
plied, allowing the user to apply a complex theoretical model
or any model desired. In contrast, deterministic-observed
values are also used in various packages, utilising either
historical ground motions or corresponding to ShakeMap
ground motions from an automated near real-time network
(i.e. strong-motion networks). This can usually only be ap-
plied for a few locations in the world, but the new method-
ologies of PAGER and QLARM make it possible to employ
ground-motion maps.
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The Intensity and Response Spectrum are generally linked
with the vulnerability component, i.e. intensity-empirical
and response-spectrum-analytical methods. Regional and
Next Generation (NGA) GMPEs are used in many methods.
HAZUS uses a response spectrum based on PGA, Sa = 0.3 s,
1 s, 3 s and many are based on such theories. Most of the soft-
ware packages also allow for observed, theoretical, or empir-
ical ground motions. Observed spatial ground motion distri-
butions generally use past earthquake catalogues or real-time
ground motions to develop the ground motions. Theoretical
ground motions derived from seismological models for vari-
ous earthquake scenarios have also been allowed through this
user-defined setting in a few different ELE software packages
(DBELA, EQSIM, OPENRISK, REDARS and SP-BELA
and most likely in CAPRA, QL2 and SAFER). However,
these are time-consuming. Site effects are generally taken
into account via geotechnical site classification, i.e. NEHRP
site classes (1997) and the relative changing of the bedrock
frequency spectrum due to shear wave velocity. Geological
classification is also used in a number of city-specific soft-
ware packages and a few use borehole-based classification.

The vulnerability module can be empirical (Damage Prob-
ability Matrices, vulnerability indices, functions and curves,
or screening method), analytical (analytical vulnerability
curves, capacity spectrum, collapse-based and displacement-
based) or hybrid (combination). Occupancy criteria gen-
erally include use (residential, etc.) and sometimes oc-
cupancy rate (day/night). Structural criteria include basic
structural criteria such as number of floors, material prop-
erties, and member dimensions. SP-BELA and DBELA
use complex failure mechanisms, i.e. simplified pushover-
and displacement-based, respectively. Quality criteria also
include age of buildings (generally 4 categories) and rela-
tive quality of construction, but in complex cases, such as
DBELA, SP-BELA, QLARM, and EQSIM, variability in
construction materials and type is examined.

Social and economic losses are generally a function of
damage. Simple social (Ss) losses usually only include
deaths, but sometimes include levels of injuries and home-
less. More complex social (Sc) losses include indirect losses,
commuting disruptions, dislocation and shelter analysis, as
well as social vulnerability. Simple economic (Es) losses
include simple damage-based multiplication of floor areas
and housing prices, whereas complex economic (Ec) losses
include economic vulnerability analysis, indirect economic
loss, flow-on market effects and ripple effects.

By applying the test case of the user into Table 1 and set-
ting what the desired complexities are, software packages
and/or a coding system can be chosen.

4 Multicriteria analysis using OPAL to decide optimum
software package

For Zeytinburnu, Turkey as a test case, a multicriteria anal-
ysis tool was produced in order to aid decision analysis for
the 30 reviewed software packages. This uses a number of
criteria including the following modules. Each of these has
been applied in an easy to use GUI (Graphical User Interface)
for people to apply whatever test region they want to code.
Depending on complexity within each of the modules, the
ranking will change based on the components and informa-
tion that is available. In some cases, a vulnerability method
may be too complex to apply to a certain software package.
It also may be that a certain test region has been undertaken
that limits the software, or certain hardwiring in the software
code means that certain parameters cannot be changed.

These 5 modules include:

1. Technical Aspects and Software Detail Module

2. Hazard and Demand Module

3. Vulnerability and Exposure Module

4. Specific Cost Module

5. Rapid Response Use and Technology Module

In each of these modules, there is a decision engine for
the various contributing components. This is detailed below.
This was based on the work of Stafford et al. (2007) with
respect to choosing criteria to analyse the models. A series
of questions are asked of the user in order to rank the ELE
software packages. A range of 110 criteria using qualitative
and quantitative measures has been calculated and is used to
then rank the packages. A summary of these is shown in
Fig. 5.

The following criteria have been selected as a test case for
the MCA tool. The codes are shown in Fig. 6.

– Chosen Location: Zeytinburnu, Turkey.

– Building class data given: detailed – 3E (as shown in
Fig. 6).

Site class, buildings, seismological information, and cost
data are all present on geocell level 3.

– Level wanted for analysis: district – split into geocells
– level 3.

– Best result given vulnerability: using displacement
based (3V), followed by HAZUS (2-3V), followed by
intensity (1-3V), i.e. analytical and then empirical.

– Hazard wanted: Use of response-spectrum.

– Coding wanted: major – to achieve best result (com-
plex), allows complete changing of functions.

Nat. Hazards Earth Syst. Sci., 11, 1885–1900, 2011 www.nat-hazards-earth-syst-sci.net/11/1885/2011/
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Figure 5. The Components contributing to the MCA Decision Tool 
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Fig. 5. The components contributing to the MCA Decision Tool.

– Socio-economic analysis wanted: both complex (3SE).

At the end of the input, the following software tool output
from MCA results in the given top 10 ranking:

1. MAEviz

2. DBELA

3. SP-BELA

4. ELER

5. SELENA

6. StrucLoss

7. EQRM

8. HAZU,

9. EQSIM

10. CAPRA

Thus, it was decided that SELENA (HAZUS-based) and a
modified HAZUS (MHAZUS) and modified DBELA (MD-
BELA) software would be used as they could all be applied
at district level, analytical methods could be used (since the
given exposure data was of high quality), the software was
open-source based, and socio-economic functions and algo-
rithms could be changed. MAEviz has already produced a
Zeytinburnu case study so it was not used.

5 Loss assessment for Zeytinburnu District, Istanbul,
Turkey

MHAZUS and MDBELA were coded and produced in
MATLAB ™, the source code of which is available in part in
Daniell (2009b); and SELENA was modified and adapted in
MATLAB ™. MHAZUS and MDBELA are transferable to
the open source software version of MATLAB called Octave.
The four key components include exposure, hazard, vulner-
ability, and socio-economic loss for a deterministic scenario
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Fig. 6. Multi-level spatial complexity in the ELE software for the simplified MCA – Level 1 = global (national), Level 2 = grid type system
(large geocells), Level 3 = city/district (small geocells).

earthquake ofMw = 7.2, located at approximately 28.84◦ E,
40.9◦ N between fault segments 7 and 8 on the Marmara Sea
fault (DBELA, Crowley et al., 2006).

5.1 Review of existing studies

A number of other studies have undertaken a comparison for
Turkish conditions including an analysis of certain parame-
ters and also software packages. As part of the EU LESS-
LOSS project, a case study was undertaken for Istanbul and
its Zeytinburnu district looking at retrofitting strategies as
well as exposure and vulnerability function details (Spence
et al., 2007). Much of this was based on the previous work
in the BU-ARC Project (BU-ARC, 2002).

Strasser et al. (2008) undertook a review of 5 different soft-
ware packages with respect to Istanbul (KOERILOSS, SIGE,
ESCENARIS, SELENA, and DBELA). Erduran et al. (2010)
showed that a minor difference in damage states was defined
by the GMPE chosen. Virtually no difference was seen from
the choice of global (PAGER) or local (KOERI) exposure
building stocks however the most important parameter is the
vulnerability function choice (dependent on code choice).

5.2 Exposure

Zeytinburnu District consists of mainly commercial build-
ings in the north, and primarily residential buildings in the
south. It consists of 37 building types (4 masonry types, 33
RC types), 1 to 9 stories high, with 11 250 buildings in 50,
0.005◦ × 0.005◦ geocells.

As seen in Table 2, this follows the definition and work
of Bal et al. (2008a), using numerals for the number of
stories, a or b refers to low yield (220 MPa) or high yield
steel (420 MPa), and RC Frame (RC) and RC Frame Soft-
storey (SRC), in defining the Turkish building stock. The 8
HAZUS codes used include p = pre-code (pre-1979 stock),
and m = low code (post-1980 stock).

The number of buildings in each geocell is shown in Fig. 8.
From aerial photos from a Turkish Govt website, most of the
buildings in the Zeytinburnu district were built between 1966
and the present, but the Turkish seismic code was only de-
fined from 1940 to the present and not enforced well (H. Su-
cuoglu, personal communication, 2008). From 1975, a better
seismic code was in place, but again not greatly enforced.
Revisions in 1944, 1947, 1949, 1953, 1961, 1968, 1975,
1981, 1985, 1997, and 2006 have occurred, but not always
affecting Istanbul. In addition, other minor revisions have
also occurred. The pre-1979 stock was defined as pre-code,
whereas the post-1980 stock was defined as low-code.

5.3 Hazard

The Ground Motions used were 100 spatially correlated
ground motion (GM) fields, 100 spatially uncorrelated GM
fields for MHAZUS and MDBELA, and 1 median GM field
and variability for SELENA, HAZUS, and MDBELA. Tem-
poral correlation was not taken into account for this study;
however, it has been discussed in Daniell (2009a).

The GMPE used was Boore et al. (1997) with the erra-
tum (BJF97). The newer NGA datasets could also be used,
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Table 2. Building damage % in HAZUS-based codes for the 3 ELE packages.

Turkish Building Stock Code HAZUS Code

RC-1-a,RC-2-a,RC-3-a,SRC-3-a,RC-1-b,RC-2-b,RC-3-b,SRC-2-b,SRC-3-b C1Lp, C1Lm

RC-4-a,RC-5-a,RC-6-a,RC-7-a,SRC-4-a,SRC-5-a,SRC-6-a,SRC-7-a, C1Mp, C1Mm
RC-4-b,RC-5-b,RC-6-b,RC-7-b,SRC-4-b,SRC-5-b,SRC-6-b,SRC-7-b

RC-8-a,RC-9-a,SRC-8-a,SRC-9-a,RC-8-b,RC-9-b,SRC-8-b,SRC-9-b C1Hp, C1Hm

M-1, M-2 URML

M-3, M-4 URMM
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Figure 7. Process Flowchart for application of 3 ELE Software Packages 3 
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Fig. 7. Process flowchart for application of 3 ELE Software packages.

however it was deemed that the BJF97 GMPE was a rea-
sonable single GMPE to use via the findings of Baise and
Kaklamanos (2009). For more accuracy, a number of GM-
PEs should be used, however this is not the focus of this pa-
per. Site classes using NEHRP, latitude, and longitude are as
shown in Fig. 8.

The distance from the closest fault source to the geocell is,
as shown in Fig. 8, ranging from 11–16 km. Both aleatory

variability (σ) and epistemic uncertainty (ε) were accounted
for in the randomised ground motions up to±3 standard de-
viations.

5.4 Vulnerability

The Capacity Spectrum Method (CSM) was used for SE-
LENA and MHAZUS (with a modified iteration) and the
Modified Acceleration Displacement Response Spectrum
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Figure 8. Left:-Geocell NEHRP Site Class (C, D or E), Distance from the closest source (in 3 

km) and no. of buildings in that geocell, Right:- Mean Damage Ratio per geocell for 4 

MDBELA given Bal et al. (2008a) damage ratios for Turkish settings  5 
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Fig. 8. Left: Geocell NEHRP Site Class (C, D or E); distance from the closest source (in km); and no. of buildings in that geocell, right:
Mean Damage Ratio (MDR) per geocell for MDBELA given Bal et al. (2008a) are damage ratios for Turkish settings.

method (MADRS) was also utilised for SELENA. Erdu-
ran et al. (2010) showed, however, that virtually no differ-
ence in damage states is seen between CSM and MADRS.
Displacement-based design was used for MDBELA. The
flowchart in Fig. 7 shows the process to develop a dam-
age matrix based on limit states. A pre-code assumption
was used for the Zeytinburnu district for MHAZUS and SE-
LENA, based on the aerial photos and seismic code enforce-
ment assumption. The material and mechanical properties
for MDBELA were contributed by Bal et al. (2008b).

5.5 Socio-economic loss

Using the 37 building classes of MDBELA, and the 8
HAZUS building classes for MHAZUS and SELENA, and
the number of buildings in each damage limit state, the fol-
lowing formula could be used to calculate economic cost of
repair. Repair cost per damage limit state is a convolution of
floor area, an economic cost of 187 to 225C per m2 (from ap-
proximate unit construction costs for new buildings in Turkey
found in Bal et al., 2007), depending on size of building,
number of storeys, damage class repair % as defined below,
and the number of buildings in that damage limit state.

The mean damage ratio (the ratio of repair to replacement)
in each limit state for Turkish conditions was found in Bal
et al. (2008a), where any building which is extensively or
completely damaged must be demolished as seen in Table 3.

Table 3. Turkish vs. HAZUS mean damage ratios, Bal et
al. (2008a).

None Slight Moderate Extensive Complete

Turkish 0 0.16 0.33 1.05 1.04
Conditions

HAZUS 0 0.02 0.1 0.5 1

Social losses for day and night populations were calcu-
lated via equations for night and day. Deaths and injuries by
BU-ARC (2002) equations were calculated as a function of
building damage. More research is required into the role of
seismic intensity versus trapped people, damage state, and
casualty classes given the variability of such equations. In-
cluded below are the casualty ratio values in Table 4.

MDBELA and SELENA showed approximately the
same number of buildings within MHAZUS-based damage
classes, whereas MHAZUS showed a high percentage in the
complete bracket. Presented in Table 5 is the total damage
% for the median of the 100 runs for the spatially correlated
ground motions and those of the median ground motion.

The geocell mean damage ratio values are reasonably sim-
ilar between all methods. As expected, as the site class
moves from E to C (i.e. from around a shear wave velocity

Nat. Hazards Earth Syst. Sci., 11, 1885–1900, 2011 www.nat-hazards-earth-syst-sci.net/11/1885/2011/



J. E. Daniell: Open Source Procedure for Assessment of Earthquake Loss (OPAL) 1895

Table 4. Casualty rates for Reinforced Concrete Buildings and Masonry Buildings used as adapted from BU-ARC (2002).

Casualty Rates for Reinforced Concrete Buildings (%)

Injury No Slight Moderate Extensive Complete
Severity Damage Damage Damage Damage Damage

Basic Medical Aid 0 0.05 0.2 1 14
Greater degree of Medical care 0 0.005 0.02 0.5 8.7
Life threatening 0 0 0 0.01 4.6
Killed/Mortally Injured 0 0 0 0.01 4.6

Casualty Rates for Masonry Buildings (%)

Basic Medical Aid 0 0.05 0.2 1 14
Greater degree of Medical care 0 0.005 0.02 0.5 8.7
Life threatening 0 0 0 0.01 5.5
Killed/Mortally Injured 0 0 0 0.01 5.5

Table 5. Building damage % in HAZUS-based classes for the 3 ELE packages.

Method Type None Slight Moderate Extensive Complete

MDBELA Median 8 8 29 29 26
MDBELA Correlated 8 9 28 28 27
MHAZUS Median 16 13 17 23 32
MHAZUS Correlated 13 14 18 24 31
SELENA Median 9 16 27 25 23
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Figure 9. Daytime social losses for the 3 ELE software packages including the 16% and 84% 2 

(±1σ) values from the 100 runs, fitting a lognormal distribution.  3 

Fig. 9. Daytime social losses for the 3 ELE software packages,
including the 16 % and 84 % (±1σ) values from the 100 runs fitting
a lognormal distribution.

of 200 m s−1 to approx. 600 m s−1), and as distance increases
(attenuation effects), the mean damage ratio decreases due to
the lower relative ground motions for the median case. For
the randomized ground motions this is not the case, due to
spatial correlation. Both the MHAZUS and MDBELA meth-
ods produce the same spatial distribution of social losses de-
spite having considerably different estimates (thus only MD-
BELA is presented in Fig. 8). However, MHAZUS gives
higher and more variable social and economic loss values
(Figs. 9 and 10).
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Figure 10. Daytime economic losses for the 3 ELE software packages including the 2 

minimum, maximum and 84%(+1σ) values from the 100 runs. SELENA was only run using 3 

the available median and 84% values. 4 
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Fig. 10.Daytime economic losses for the 3 ELE software packages
including the minimum, maximum, and 84 %(+1σ) values from the
100 runs. SELENA was only run using the available median and
84 % values.

The following economic and social losses for a daytime
scenario can be seen in Table 6.

This type of socio-economic information shown in Figs. 8,
9, and 10 can be very useful for emergency response plan-
ning, and it is encouraging that all methods show consis-
tent patterns for both day-time and night-time events. Simi-
lar analyses can be undertaken by the user for the test case.
The mean death toll is 4400 from MDBELA and 5800 from
MHAZUS from correlated ground motions, and 3800 from
SELENA for the median ground motion. A conclusion was
made that the MHAZUS version had unrealistic bias due to
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Table 6. Economic and social losses for daytime scenarios (population = 353 657) for median and correlated ground motions for 3 different
ELE software packages.

For 100 runs GM Type
Economic Losses (billionC) Mean exc. SELENA Fitted standard deviation

µ σ Min./Max. Injuries Deaths Injuries Deaths

MDBELA Corr ± σ 1.78 0.44 0.67/2.48 26 348 4441 17 662 2867
MHAZUS Corr± σ 1.62 0.65 0.14/2.53 22 179 5762 23 049 5850
SELENA Median± σ 1.63 0.58 na/2.53 15 683 3766 18 921 4874

the pre-code assumption employed (it was decided that more
of Zeytinburnu was built of pre-1975 quality, even if de-
signed under post-1975 seismic coding). Thus, the complete
damage ratio was greater and more deaths and injuries were
calculated than SELENA. Seeing as though SELENA and
MHAZUS are based on the same principles, the only differ-
ence employed was the ability to model correlated ground
motions, and the change in code assumption for the building
stock. The SELENA building stock was based on the exact
figures of the year of the building and a subsequent low code
assumption for this proportion of the building stock. How-
ever, the variance when calculating the correlated version
was still larger than MDBELA. SELENA did not give such
a high level of completely damaged buildings but more in
the extreme damage range, thus reducing the casualty num-
ber which is calculated based on completely damaged build-
ings, again using BU-ARC (2002). This correlates extremely
well with the findings of Griffiths et al. (2007) that 99 % of
the buildings in Zeytinburnu are extremely vulnerable. It
relates the fact that D̈uzce had building collapses and ex-
treme damage in around 40 %, and this would be expected
in Istanbul. They note that Zeytinburnu has a higher preva-
lence of 3-storey housing that has been shown to be more
vulnerable, thus the numbers could be higher. Thus, these
collapse figures are supported. The casualty estimation cal-
culation seems reasonable when the values are compared to
those of G̈olcuk in the Izmit earthquake (4428 deaths, de-
spite being subjected to 0.82 g). Golcük had a fatality ratio
of 3.33 %. In this study, the fatality ratio for Zeytinburnu is
at 1.26 % (about 3 times less than Golcük). Another study by
the LESSLOSS project had a different scenario earthquake
with 1.03 % completely damaged buildings, killing 484 peo-
ple in the Zeytinburnu district, thus also agreeing in principle
with this analysis (Spence et al., 2007).

More weighting of an expert panel for software package
use should be given to MDBELA using this result. It uses
the exact buildings statistics for Turkish conditions based on
Bal et al. (2008a, b), and thus reflects the building stock bet-
ter. The building stock better captures failure dynamics of
buildings than that of HAZUS due to the extra detail used.
That being said, building stock variability and the use of
more than one vulnerability method is preferred. The CSM is
a previously tested method, and therefore significant values

should also be assigned to SELENA and MHAZUS. Based
on a participatory modelling of the quality of the ELE soft-
ware package result, weights of 0.6 for MDBELA, 0.3 for
SELENA and 0.1 for MHAZUS were given based on pop-
ularity, use of Turkish conditions and vulnerability method
details. MHAZUS was given a lesser ranking simply due
to the code assumptions made. More work is required for a
methodology to be built for the logic tree calculation of risk
results.

A reasonable median estimate of 4400 (1.3 %) deaths dur-
ing the day was found, with a standard deviation of 3800
deaths, depending on random variability within ground mo-
tions. This reduced to 3400 (1.6 %) deaths during the night,
given the lower night-time population in Zeytinburnu. It
should be noted that this methodology only uses the BU-
ARC (2002) casualty functions, but more work must be done
to create appropriate Turkey specific casualty functions to
obtain a more accurate result that does not rely on building
typologies alone.

6 Conclusions

For the Zeytinburnu District an earthquake of significant
magnitude would be catastrophic, and by looking at the infor-
mation provided as to the locations of the social effects such
as deaths and injuries, as well as the infrastructure and life-
line damage locations, disaster response planning can be put
in place in order to greatly reduce the number of casualties.
ELER, MAEviz, and most other major software packages
have attempted to model the Istanbul scenario earthquake.
Policy is currently in place within Zeytinburnu to retrofit
buildings within the district to seismic standards in order
to reduce the approximately 4400 median deaths (DBELA-
based) with a possible range of 3766 deaths (by SELENA)
to 5762 deaths (by MHAZUS) for a daytime scenario. Such
studies into mitigation strategies as undertaken in the LESS-
LOSS Project will aid the selection of the building stock to
focus on (Spence et al., 2007). This can be done on a district
level or a geocell level. The Zeytinburnu district (building
value 2.4 billionC) will have repair costs for a mean disas-
ter of approx. 1.6–1.8 billionC, which is substantial. This
is because repair costs are higher in Turkey than in HAZUS
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for the USA due to Turkish post-earthquake rebuilding laws.
Standard deviations over the 100 ground motions also pro-
vide a good prediction of the uncertainty of these figures for
insurance and reinsurance. The authors believe that the 5762
deaths are too high, and is a direct result of the seismic code
assumption. However, it must be noted that the values in
MDBELA and SELENA are preferred with the final value of
4400 median deaths preferred.

Using the OPAL procedure, enough knowledge can be
gained to undertake an ELE for a desired test case anywhere
in the world. Many ELE software packages have been pro-
duced globally, allowing for reasonably accurate damage, so-
cial, and economic loss estimates of scenario earthquakes to
be made. Displacement-based methods have been found to
give less variability in results, but require a reasonable sam-
ple of building data to be useful. In areas where not such a
detailed dataset of building stock is available to run displace-
ment based methods, capacity spectrum methods should be
used. No one method can mimic losses, as has been seen
in the recent Christchurch and Tohoku earthquakes. Thus, a
combination of two or more software packages into a multi-
tier approach is desirable for greater distribute accuracy. Un-
fortunately, a large disclaimer must be placed: while all pop-
ularly used loss modelling routines are based on similar con-
cepts which are consistent, it is the larger, less frequent earth-
quakes for which the data is required so that better modelling
can be undertaken in the future.

This paper shows the process to obtain an earthquake loss
estimate from first principles using open source software.
Additional work should be undertaken to correctly determine
the seismic code use and enforcement within Zeytinburnu
by better defining which parts of the district should fall into
which seismic code level of HAZUS (pre-, low-, moderate-
or high-code).

OPAL is an ongoing open-source project with further soft-
ware production and data tools to be generated as part of a
second phase, including further production of MDBELA and
MHAZUS in open-source coding software. The use of the
MCA in selecting suitable software packagers for researchers
has already been used by different programmers of earth-
quake loss estimation routines.
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