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Abstract. The prediction of possible future losses from earthquakes, which in many cases
affect structures that are spatially distributed over a wide area, is of importance to national
authorities, local governments, and the insurance and reinsurance industries. Generally, it is
necessary to estimate the effects of many, or even all, potential earthquake scenarios that
could impact upon these urban areas. In such cases, the purpose of the loss calculations
is to estimate the annual frequency of exceedance (or the return period) of different levels
of loss due to earthquakes: so-called loss exceedance curves. An attractive option for gener-
ating loss exceedance curves is to perform independent probabilistic seismic hazard assess-
ment calculations at several locations simultaneously and to combine the losses at each site
for each annual frequency of exceedance. An alternative method involves the use of multi-
ple earthquake scenarios to generate ground motions at all sites of interest, defined through
Monte–Carlo simulations based on the seismicity model. The latter procedure is conceptu-
ally sounder but considerably more time-consuming. Both procedures are applied to a case
study loss model and the loss exceedance curves and average annual losses are compared to
ascertain the influence of using a more theoretically robust, though computationally inten-
sive, procedure to represent the seismic hazard in loss modelling.
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1. Introduction

Earthquake loss modelling is an area of growing importance, driven to
a large degree by the needs of the insurance and reinsurance industries
but also with application to emergency planning and also to seismic code
drafting committees (Bommer et al., 2005). All of the inputs to an earth-
quake loss model have large associated uncertainties, and the identification,
quantification and incorporation of these uncertainties into the calculations
form an integral part of establishing a loss model. Equally important is to
develop an understanding of how these uncertainties impact on the results
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of the loss estimation. Crowley et al. (2005) performed a systematic anal-
ysis of the impact of epistemic uncertainties in the ground motion and
vulnerability elements of a model for estimating losses from a single earth-
quake scenario, concluding that the parameters with the greatest impact are
those related to the seismic resistance of the exposed building stock. This
paper extends that earlier study by calculating losses – using a single set
of vulnerability parameters – from multiple earthquake scenarios in order
to estimate loss rates. In a companion paper (Bommer and Crowley, 2006)
the specific issue of the way the aleatory variability in the ground-motion
prediction equation can be included in the loss calculations, and the con-
sequences of using the different options, is examined in detail.

The same region used for the sensitivity study by Crowley et al. (2005),
located to the north of the Sea of Marmara in Turkey (Figure 1) has been
chosen as a test case for this study because of the high levels of hazard and
exposure in this area, and also to take advantage of the previous data col-
lection and experience in earthquake loss modelling in this area (Bommer
et al., 2002). The reader is referred to Crowley et al. (2005) for more infor-
mation on the assumptions made in the loss model used herein. An impor-
tant issue, which should be highlighted here is that the study presented in
this paper should not be considered as a definitive loss model for the Mar-
mara region and the results are presented for comparative purposes only.

Only reinforced concrete buildings are considered in the case study loss
model presented herein, the structural characteristics of which are discussed

Figure 1. Location of study area showing boundaries of the provinces of Kocaeli,
Istanbul and Tekirdag, and the fault segmentation model proposed by Erdik et al.
(2004).
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in detail in Crowley et al. (2005). The vulnerability of these buildings is
predicted using the DBELA method, which models the seismic demand
and the structural capacity in terms of displacements (Crowley et al., 2004).
The uncertainty in the displacement capacity (that arises when a group of
buildings, which may have different geometrical and material properties, is
considered together) and the displacement demand is modelled using the
first-order reliability method (FORM). In the applications in this paper, the
variability in the earthquake demand is removed from the reliability calcu-
lations since it is necessarily included in the seismic hazard model (Bommer
and Crowley, 2006).

It is important to state that the DBELA vulnerability methodology is
in continuous development and is used herein because of the advantages it
offers of computational efficiency. The results, however, must not be taken
to be indicative of actual expected losses in the Marmara region. The vul-
nerability procedure currently models the buildings as single bare frames,
whereas in fact they are three dimensional structures with infill panels; the
inclusion of these factors into the methodology is part of ongoing research.
The losses calculated using the current formulation are almost definitely
overestimated; an earlier study by Spence et al. (2003), although not based
on DBELA, concluded that observed losses in this region due to the 1999
Kocaeli earthquake may have been overestimated as a result of underesti-
mating the contribution of infill panels to seismic resistance. However, since
the loss results obtained in this paper and in the earlier study by Crowley
et al. (2005) are only used for comparative purposes, this limitation is not
important.

A probabilistic seismic hazard assessment for the Marmara Region has
been carried out and stochastic earthquake catalogues have also been gen-
erated using the procedure discussed in Section 2.5. A FORTRAN pro-
gram has been coded to produce the stochastic earthquake catalogues,
whilst the program EZ-FRISK Version 4.1 (Risk Engineering Inc., 1998)
has been used to carry out the probabilistic seismic hazard assessment
(PSHA). The data regarding the tectonics and seismicity of the region
required for both of these hazard assessments are described below.

Erdik et al. (2004) describe the tectonic regime of the Marmara Sea
region and the work of many researchers to develop tectonic models using
low-resolution bathymetric data and the occurrences of earthquakes. The
western portion of the North Anatolian Fault zone (NAFZ) dominates the
tectonic regime of the Marmara Sea area: the NAFZ manifests as a sin-
gle fault line east of 31.5◦E whereas to the west it splays into a com-
plex fault system (Figure 1). Erdik et al. (2004) have used many published
findings regarding the fault system below the Sea of Marmara (e.g. Pinar,
1943; Ergun and Ozel, 1995; Le Pichon et al., 1999) to develop a fault
segmentation model (Figure 1). The most significant tectonic element in the
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region is the Main Marmara fault: a through-going dextral strike-slip fault
system.

The study area for the PSHA is confined to 39.5◦ – 42◦N, 25.8◦ –
33.5◦E. The background seismicity is assumed to include all earthquakes
of 5.5 < Mw < 7.0. All earthquakes greater than Mw = 7 are assumed to
occur on faults through characteristic earthquakes, and the fault segmen-
tation model proposed by Erdik et al. (2004) has been used to model
the location of these characteristic earthquakes (Figure 1). The GSHAP
catalogue (www.seismo.ethz.ch/gshap/turkey) has been used to model the
historical and instrumental seismicity of the Marmara region. The cata-
logue is comprised of events of Mw ≥5.5; the data of earthquakes of Mw ≥
5.5 are assumed to be complete from 1900. The removal of fore- and
after-shocks was not considered necessary as these are rarely of magni-
tude ≥ 5.5. The Gutenberg–Richter recurrence relationship has been cal-
culated using maximum likelihood regression for the sources of back-
ground seismicity using the events of magnitude 5.5 < Mw < 7.0 from
1900 until 1999 from the earthquake catalogue using the program Wizmap
(http://www.quakes.bgs.ac.uk/hazard/wizmap.htm). The b-value was calcu-
lated for the whole area due to a lack of data in some zones and was found
to be 0.69; this was then fixed for each zone and the a-value was calculated
accordingly.

The characteristic magnitudes of the fault segments have been deter-
mined using the empirical relationship between magnitude, sub-surface rup-
ture length and rupture area for strike-slip faults (Wells and Coppersmith,
1994). The historical seismicity, the tectonic models and the known slip
rates along the faults were the main data used by Erdik et al. (2004) to
assign recurrence intervals to the fault segments (from which the annual
rates of occurrence are calculated, as shown in Table 1). All faults are
assumed to be strike-slip with a dip of 90◦ and the minimum magnitude
has been taken as the characteristic magnitude minus 0.1 units and the
maximum magnitude was assumed to be the characteristic magnitude plus
0.1 units.

Although the use of a time-dependent stochastic model would lead to a
more rigorous assessment of the probabilistic hazard, when characteristic
fault models are used, the influence of the recurrence model on the PSHA
of the Marmara region is outside the scope of this study, and the Poisson
model is used herein. Furthermore, the aim of this paper is to compare the
loss results when two different procedures are used to represent the seismic
hazard and so provided the same assumptions are made for both methods,
the use of the Poisson model as opposed to time-dependent models should
not influence the conclusions made herein.

The ground-motion prediction equations of Boore et al. (1997) have
been used in this study to produce displacement spectra using the same
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Table I. Poisson model characteristic earthquake parameters associated with fault
segments shown in Figure 1 (from Erdik et al., 2004)

Fault Characteristic Annual Fault Characteristic Annual
segment Magnitude rate of segment Magnitude rate of

(Mw) occurrence (Mw) occurrence

S2 7.2 0.0071 S12 7.2 0.0040
S3 7.2 0.0071 S13 7.2 0.0017
S4 7.2 0.0071 S14 7.2 0.0017
S5 7.2 0.0057 S15 7.2 0.0010
S6 7.2 0.0048 S25 7.2 0.0010
S7 7.2 0.0040 S40 7.2 0.0010
S8 7.2 0.0040 S41 7.2 0.0010
S9 7.2 0.0050 S42 7.2 0.0010
S10 7.2 0.0050 S43 7.2 0.0010
S11 7.5 0.0067

methodology and assumptions as applied in the sensitivity study of the
Marmara region carried out by the authors (Crowley et al., 2005). In
HAZUS and the NEHRP guidelines (FEMA, 2004), a constant displace-
ment plateau is taken to commence at a period TVD (TL in NEHRP), given
by the following equation:

TVD =10
Mw−5

2 (1)

In FEMA 366 (FEMA, 2001) the corner period is taken to be constant
for spectra derived from the hazard curves and it is assumed to be 10 s,
which corresponds to an earthquake of magnitude 7. This assumption is
necessary with the use of PSHA because all of the earthquakes have been
aggregated to attain the hazard curve and thus the corner period cannot
be modified with magnitude. In the loss exceedance curves obtained herein
a corner period of 12.6 s, corresponding to a magnitude of 7.2, has been
assumed considering that the majority of the fault segments have this char-
acteristic magnitude (Table 1).

To obtain response spectra for damping levels higher than 5% (which
are necessary given the equivalent linearization approach in the vulnera-
bility assessment procedure), the response spectra are reduced using the
spectral ratio equation in EC8 (CEN, 2003):

η=
√

10
5+ ξ

(2)
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Bommer and Mendis (2005) have shown that current reduction factors used
to modify the 5% response spectrum for higher levels of damping should in
fact be dependent on the duration of the ground motion, which is related
to the distance and magnitude of the earthquake. Spectral ratios (the ratio
between the spectral ordinate of a given equivalent viscous damping level
and that at 5%) for ground-motion prediction equations can easily be cal-
culated at various distances and magnitudes. Regression analysis can then
be used to produce relationships between the spectral ratio and the viscous
damping ratio, magnitude and distance. When scenario earthquakes are
used in loss calculations, the spectral ratio can thus be modified for each
magnitude-distance pair, whilst when a PSHA-based approach is applied, a
constant spectral ratio has to be used throughout.

2. Modelling seismicity for loss assessment

In this section, different options for modelling earthquake occurrences in
a loss estimation model are considered. In each case, the resulting ground
motions will be calculated using a ground-motion prediction (attenuation)
equation, which will inevitably have a large associated scatter that is gen-
erally represented by the standard deviation of the logarithmic residuals,
which are assumed to follow a normal distribution. The influence of this
scatter in the ground motion is discussed in detail in the companion paper
by Bommer and Crowley (2006). Since in this paper the purpose is to cal-
culate loss rates, the aleatory variability in the ground motion is necessar-
ily removed from the vulnerability calculations and included directly in the
estimation of the seismic demand.

2.1. single earthquake scenarios

For the communication of seismic risk to the general public, or for
emergency planning purposes, the estimation of the impact on the built
environment from a single scenario, such as the repetition of a significant
historical earthquake, can be very useful. In fact, many loss assessment
studies have adopted a deterministic approach using a single event or a
small set of earthquake scenarios (e.g. Cardona and Yamin, 1997; Facci-
oli et al., 1999; Tantala et al., 2002). In general, the scenario earthquakes
are determined by studying the historical destructive earthquakes that have
occurred in the region and identifying their sources; repetitions of these
earthquakes are then adopted as the damage scenarios in the loss study.

Nevertheless, for most decision-making processes such as those within
the insurance and reinsurance industry and in seismic code draft commit-
tees, the prediction of the effects of all possible future events is neces-
sary. In this case the purpose of the loss calculations is to estimate the
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annual frequency of exceedance (or the return period) of different levels of
loss due to earthquakes: so-called loss exceedance curves. Loss exceedance
curves can also be used to calculate the annual average loss (AAL), which
is the expected value of a loss probability distribution; the AAL is partic-
ularly important for the insurance industry as it can be used to set annual
premiums. In the following sections, various possibilities are presented for
modelling the ground motions from all future events such that loss excee-
dence curves can be generated.

2.2. probabilistic seismic hazard analysis

A straightforward option for representing the demand in a loss model
(when ground motions with a range of return periods need to be simulta-
neously defined at multiple sites) is to first perform a PSHA for each site
and then convolve the hazard curves at each site with the exposure and
vulnerability of the building stock; finally, the losses at each site are com-
bined at each return period. Conventional PSHA was not, however, derived
for this purpose and so its use in loss modelling has recently been called
into question (e.g. Chang et al., 2000; Rhoades and McVerry, 2001; Taylor
et al., 2001; Leonard and Steinberg, 2002). Nevertheless, this approach was
proposed, for example, by Cao et al. (1999), wherein the shaking was rep-
resented in the form of macroseismic intensity, and it was also employed in
FEMA 366 (FEMA, 2001) to calculate the annual estimated loss (equiva-
lent to the AAL) for each county in the USA. Campbell et al. (2000a, b)
have also proposed PSHA models for use in loss estimation and risk man-
agement in the United States and Japan.

The main problem with using conventional PSHA for the derivation
of loss curves for spatially distributed exposure is that the ground-motion
variability, which has a large spatial (inter-event or station-to-station)
component, is implicitly assumed to be entirely temporal (intra-event or
earthquake-to-earthquake), which consequently leads to overestimation of
the seismic demand on the exposed building stock (Bommer and Crowley,
2006).

Nevertheless, PSHA hazard curves can be used when a single site is
being considered in the loss model because there is no need to produce a
correlated random field of ground motions, as will be illustrated in the case
study presented herein. The use of PSHA hazard curves in the generation
of loss exceedance curves is described in detail in Section 3.1.

2.3. disaggregated scenario earthquakes from psha

Disaggregation of PSHA results is a process, which allows the identifica-
tion of individual earthquake scenarios that contribute to the hazard for
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a given ground-motion parameter at a selected annual frequency of excee-
dance (e.g. McGuire, 1995; Bazzurro and Cornell, 1999). The proportion of
the total hazard caused by different magnitude, distance, number of stan-
dard deviations triplets (M–D–ε) defined in ranges of values or bins can
be identified and plotted on a 4D plot, which gives the proportion of the
total hazard on the vertical axis as a function of the distance and magni-
tude on the two horizontal axes, whilst the contribution of the scatter ε is
plotted as a different colour on the vertical axis, for each M–D bin. For
many purposes, the most dominant scenarios can be selected from these
disaggregated plots and used to produce realistic response spectra or to
select appropriate accelerograms for the design of structures. For earth-
quake loss assessment, however, all of the scenario earthquakes defined in
the plot need to be accounted for, as described below.

The use of disaggregated scenarios in earthquake loss modelling would
first require a PSHA of the whole region to be carried out. At each site
within the study, and at each annual frequency of exceedance (AFOE) of
interest (of which there will most likely be more than 10), the hazard esti-
mate would need to be disaggregated to obtain a plot of M–D–ε. Each sce-
nario in the plot would then be used to produce demand spectra and these
would be convolved with the vulnerability, and the loss calculated. The loss
obtained for each scenario would then need to be multiplied by the con-
tribution of that scenario to the hazard estimate and then the losses from
all scenarios would be integrated. This would then need to be repeated for
each AFOE in order to produce a loss exceedance curve; when hundreds
of sites are to be considered, the computational effort required to produce
loss vs AFOE curves using disaggregated scenarios would most likely ren-
der the loss study unfeasible.

2.4. modified historical catalogues

The simulation of earthquake catalogues that are compatible with the seis-
micity of a given area is one method, which can be used to produce multi-
ple scenario earthquakes for the derivation of loss exceedance curves. The
historical catalogue cannot generally be used for the definition of such
event sets as it is unlikely to describe the full range of events in time and
space that could occur within a specified region.

Bommer et al. (2002) modified the historical catalogue to eliminate spa-
tial incompleteness for their Turkish loss model based on multiple earth-
quake scenarios. A total of 1039 earthquake scenarios were triggered with
a minimum magnitude of 5.5; each scenario in the catalogue had an annual
frequency of occurrence assigned to it, calculated from the recurrence rela-
tionship. A projected fault rupture plane was used as the model of each
earthquake event based on the predominant mechanism and average dip
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angle for each source zone. For an event of given magnitude, slip type
and dip angle, surface fault rupture length and width were calculated from
relationships of Wells and Coppersmith (1994). Events were triggered with
random epicentral locations: anywhere within a source zone for magnitude
< 7 and along a mapped fault of a certain minimum length for magni-
tude ≥ 7. The estimated length of the fault rupture for a given magnitude
defined the selection of available faults within a zone; it was assumed that
the rupture would not exceed the mapped fault length. For a given (sub-)
zone, multiple events were triggered for a given magnitude and the event
annual frequency was calculated by dividing the frequency for that magni-
tude by the number of events triggered in the (sub-)zone, so as to maintain
the temporal description of the seismicity (see Figure 2).

For each event in the modified earthquake catalogue, ground motions at
each of the sites in the loss model can be predicted using a ground-motion
prediction equation. The location and magnitude of each event can be used
in conjunction with the site conditions in a prediction equation to give the
median ground-motion parameter of interest.

2.5. stochastic earthquake catalogues using monte–carlo simulation

The Monte–Carlo simulation method, also known as stochastic model-
ling, provides a simple and robust method to generate large numbers
of synthetic earthquake catalogues or stochastic event sets, which, unlike
historical catalogues, are temporally and spatially complete. The use of
stochastic catalogues for earthquake loss assessment appears to be com-
mon in the commercial sector (e.g. Eugster et al., 1999; Liechti et al., 2000;
Zolfaghari, 2000; Windeler et al., 2004).

Figure 2. Illustrative diagram showing the modification of historical earthquakes to
compensate for spatial incompleteness.
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Musson (1998, 1999) has provided an insight into the mechanism of the
Monte–Carlo method for the generation of synthetic earthquake catalogues
and their use in probabilistic seismic hazard analysis. The basic concept
to the Monte–Carlo method is the controlled generation of random num-
bers from specified probability distributions. A seismic source zone model
prepared for a conventional probabilistic seismic hazard analysis describes
with a certain degree of completeness the spatial and temporal distribution
of earthquakes within a given region. The temporal distribution is mod-
elled using recurrence relationships; in general a Gutenberg–Richter rela-
tionship is used for area sources and a characteristic earthquake model
is used for active faults. The method described herein assumes a Poisson
model, such that the occurrence of earthquakes is independent of the time
elapsed since the last event, although time-dependent models can also be
used.

For active faults, modelled using a characteristic magnitude recurrence
relationship, the procedure to define a stochastic catalogue for each fault
segment is as follows:

(i) For each year in the catalogue, a random number between 0 and 1 is
generated from a uniform distribution.

(ii) If the random number is less than the annual probability of earth-
quakes on that fault then this implies an earthquake in that year, oth-
erwise no earthquakes occur.

(iii) The spatial distribution of the earthquakes is already determined from
the fault segmentation model and the characteristic magnitude is as
defined for that fault segment.

If the whole process is repeated for a very large number of years (e.g.
100,000 years of data), then the ratio between the number of times that the
random number falls below the annual rate of earthquakes and the total
number of simulations should be equal to the annual probability of earth-
quakes on the fault.

For distributed seismicity in area sources, a two-step random number
process is required to define the catalogue for each source zone:
(i) For each year in the catalogue, a random number, Prandom, between 0

and 1 is generated from a uniform distribution.
(ii) If the random number is less than the annual probability of events

above a chosen minimum magnitude, Mmin, (i.e. Pmin, obtained from
the annual rate Nmin by assuming a Poisson model) and greater than
the annual probability of events, Pmax, below a chosen maximum mag-
nitude, Mmax, then there is an earthquake within the source zone in
that year:
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Nmin =10a−bMmin (3)

Nmax =10a−bMmax (4)

Pmin =1− exp−Nmin (5)

Pmax =1− exp−Nmax (6)

If Pmin >Prandom >Pmax → earthquake (7)

where a and b are calculated for the area source from the earthquake
catalogue, using the Gutenberg–Richter relationship.

(iii) When an earthquake is randomly generated, the magnitude is deter-
mined using the random number Prandom and the recurrence relation-
ship:

Nrandom =− ln(1−Prandom) (8)

M = a − log(Nrandom)

b
(9)

(iv) Each epicentre within the source zone is located by a random latitude
and longitude co-ordinate (N◦, E◦) by generating uniformly distributed
numbers within the latitude and longitude bounds of the source. The
assumption is thus that any location within the source zone has an
equal probability of being the epicentre of the next earthquake, though
this does not have to be the case and other assumptions can be incor-
porated into the model.

Once a synthetic earthquake catalogue of sufficient length has been gener-
ated, then for each earthquake generated, the ground shaking at each site
can be simulated using a ground-motion prediction equation and the asso-
ciated aleatory variability in the equation.

For each earthquake generated:
(i) A random number is sampled from the standard normal probability

distribution to obtain a random number of standard deviations (ε):
this represents the number of inter-event standard deviations, εinter,
which is multiplied by the inter-event logarithmic standard deviation in
the ground-motion parameter (σinter).

(ii) A ground-motion prediction equation is used to calculate the loga-
rithmic mean value of the ground shaking parameter (e.g. the spectral
ordinate at a given period) at the site using the magnitude and distance
from source to site.

(iii) At each site, a second random draw from the standard normal
probability distribution is made to define the number of intra-event
standard deviations, εintra, which is multiplied by the intra-event log-
arithmic standard deviation in the ground-motion parameter (σintra).
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It would be possible to include the spatial correlation between the
ground motions at different sites here, though at the expense of greatly
increasing the computational effort (e.g. Bommer and Crowley, 2006).

(iv) The two random measures of logarithmic scatter are then added to the
logarithmic mean of the ground-motion parameter and the exponential
is taken to find the predicted ground motion at each site.

Of the three procedures presented in Section 2 for generating earthquake
catalogues and associated ground motions at multiple sites, the use of
Monte–Carlo simulation is the only procedure, which is theoretically robust
in terms of the representation of the aleatory variability; furthermore,
the ground motions produced using Monte–Carlo simulation as described
herein, have the same annual frequency of exceedance as those from PSHA
hazard curves.

2.6. comparison of hazard estimates

A hazard map depicting the peak ground acceleration (PGA) with a return
period of 2500 years at each of the 150 municipalities in the three prov-
inces of Kocaeli, Istanbul and Tekirdag is presented in Figure 3. This haz-
ard map has been compared with an equivalent map produced by Erdik
et al. (2004) in their PSHA study of the Marmara Region, and the two give
consistent results, with slightly higher PGA values predicted by Erdik et al.
(2004) in some areas, mainly due to the fact that the map was plotted using
NEHRP B/C boundary site conditions, compared to the site class B used
in this study.

Hazard curves for the spectral acceleration at 2 s – using the Boore et al.
(1997) ground-motion prediction equation with local site effects modelled
using representative Vs30 values – for three of the 150 municipalities (indi-
cated in Figure 3) are presented in Figure 4: Gölcük is assigned to NEH-
RP site class D, based on the findings of Spence et al. (2003), and Saray
and Adalar are assigned to site class C (as inferred from a geological map
of the region). The consideration of three sites in the loss calculations pre-
sented herein is sufficient for illustrative purposes and these particular sites
have been chosen due to their large geographical separation and distinct
levels of hazard.

An earthquake catalogue for the Marmara region spanning 100,000 years
with approximately 50,000 scenario earthquakes has been generated using
Monte–Carlo simulation and the ground motions at each of the three sites
have been estimated using the Boore et al. (1997) ground-motion predic-
tion equations along with the random generation of an inter-event vari-
ability for each earthquake and an intra-event variability for each site, as
described in Section 2.5. The ground motions from all of the simulations
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Figure 3. The PGA at all municipalities for NEHRP B (rock) site class for a return
period of 2500 years with the location indicated for the three municipalities of Gölcük,
Adalar and Saray.

Figure 4. Hazard curves for three sites in the Marmara region from conventional
PSHA.
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Figure 5. Comparison of hazard curves for spectral acceleration at 2 s using conven-
tional PSHA and by generating a synthetic catalogue of 100,000 yrs with MCS.

have been sorted by size from the largest to the smallest for each of the
sites separately and thus hazard curves have been produced for each site
(Figure 5) and compared with those from conventional PSHA.

It can be observed that the accuracy of the hazard curves gener-
ated from Monte–Carlo simulation diminishes at very low-AFOE. In the
Monte–Carlo method, probabilities are not calculated analytically and so
very low exceedance frequencies may not be accurately represented in the
stochastic catalogues sampled; however, provided a large number of simu-
lations are performed, this potential disadvantage can be overcome. Hence,
in order to study the sensitivity of these curves to the number of simula-
tions, an earthquake catalogue for the region has been generated with a
length of 500,000 years (containing approximately 250,000 scenario earth-
quakes) and hazard curves have again been produced (Figure 6).

The accuracy at low AFOE is significantly improved in Figure 6, though
it could be further improved by an even longer earthquake catalogue. How-
ever, the benefit of producing accurate ground motions at low AFOE needs
to be weighed against the additional computational effort, especially con-
sidering that once a mean damage ratio (MDR: the ratio of the cost of
repair to the cost of replacement) of 1 has been attained at a given AFOE,
calculations at lower AFOE no longer need to be carried out. The sensi-
tivity of the loss curves to the length of the catalogue is studied further in
Section 3.2.
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Figure 6. Comparison of hazard curves for spectral acceleration at 2 s using conven-
tional PSHA and by generating a synthetic catalogue of 500,000 yrs with MCS.

3. Calculation of loss curves

In Section 2, the procedures for generating ground motions at multiple sites
for a range of annual frequencies of exceedance using PSHA and Monte–
Carlo Simulation (MCS) have been presented. In this section, the two pro-
cedures are applied to a case study loss model and the loss exceedance
curves and AAL values that are predicted for the two methods are com-
pared with the objective of determining the error in using the theoretically
flawed, though computationallyefficient, method of PSHA-derived hazard
curves. Hence, these results are specifically for comparative purposes and
should not be taken as loss results for the Marmara Region.

3.1. PSHA-based loss calculations

The procedure documented in FEMA 366 (FEMA, 2001) to produce a
combined loss exceedance curve, and subsequently the AAL, at a collec-
tion of sites has been adapted to allow the use of the DBELA vulnerability
methodology, as described in what follows.
(i) Produce hazard curves of AFOE (λ) of spectral acceleration for various

periods of vibrations at each site by carrying out a PSHA with the site
conditions accounted for in the ground-motion prediction equation.
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At each site:
(ii) Choose a number of return periods (=1/AFOE) at which the loss cal-

culations will be carried out (e.g. 10, 50, 100 years etc.).
(iii) For each return period, obtain the spectral acceleration at each

response period from the hazard curves.
(iv) The acceleration spectra are transformed into displacement spectra

via the pseudo-spectral relationships.
(v) The displacement spectrum should be extrapolated past 2 s up to a

corner period, TVD, taken as 12.6 s as discussed in Section 1 (see
Crowley et al., 2005 for more details).

(vi) For each building class (e.g. 3-storey, reinforced concrete, beam-sway
frame), the probability of failing each limit state is calculated using
the DBELA methodology (Crowley et al., 2004), and these probabil-
ities are used to calculate the proportion of buildings in each damage
band (slight, moderate, extensive or complete).

(vii) The mean damage ratio (MDR) is calculated by assigning damage
ratios to the proportion of buildings in each damage band and inte-
grating the results.

(viii) The MDR values at all sites are summed for each AFOE.
(ix) A plot of AFOE vs combined MDR can now be produced and once

rebuilding costs for each building type have been defined, the MDR
can be directly transformed into loss. The AFOE can be transformed
into an annual probability of exceedance (q) by assuming, for exam-
ple, a Poisson model:

q =1− e−λ (10)

(x) The AAL can be computed by calculating the expected value of the
loss probability curve.

Following the FEMA 366 (FEMA, 2001) procedure, 37 return periods
between 10 and 50,000 years at which to calculate the loss have been
selected. FEMA 366 suggests that eight return periods are sufficient (100,
250, 500, 750, 1000, 1500, 2000 and 2500 years), following a sensitivity
study that compared the stability of the loss results to the number of return
periods for 10 metropolitan regions using 5, 8, 12, 15 and 20 return peri-
ods. However, it is stated that more return periods, especially those lower
than 100 years, may be required for more seismically active regions, such as
California. A large number of return periods have been selected herein to
study the required number of return periods for this loss model.

The loss exceedance curves for the three sites that have been calculated
using the procedure of FEMA 366 are presented in Figure 7. The weigh-
ing factors used for the MDR calculations are those suggested in HAZUS:
2% for slight damage, 10% for moderate damage, 50% for extensive damage
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Figure 7. Loss exceedance curves for three municipalities in the Marmara region (note
that the annual frequency of exceedance is the reciprocal of the return period).

Figure 8. Combined loss exceedance curve for the three municipalities using mean
damage ratio (MDR) formula suggested in HAZUS (FEMA, 2003).

and 100% for complete damage. The combined loss exceedance curve, con-
sidering the losses at all three sites, is presented in Figure 8.

By observing Figure 7 it is apparent that a large number of return
periods (the reciprocal of the AFOE) is indeed required between 10 and
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100 years (AFOE = 0.1–0.01) in the Marmara region due to the high seis-
mic activity and vulnerability of the structures; in fact return periods even
lower than 10 years appear to be required at Gölcük. Also, it would not
have been correct to place a cap of 2500 years (AFOE = 0.0004) on the
return period, as suggested in FEMA 366, as the mean damage ratio does
increase at Saray for higher return periods. However, these loss curves are
only illustrative as the current version of DBELA does not account for
the influence of infill panels on the non-linear response of reinforced con-
crete frames, though it is well known that these exert a significant influ-
ence. Thus, this may explain why the loss estimates presented in Figure 7
appear to be very high, especially at Gölcük where it is predicted that all
of the building stock is completely damaged every 100 years (AFOE = 0.01)
on average. Additional factors may also have caused such high estimates to
be made: Gölcük is only 1.2 and 9 km away from two fault segments (S3
and S4) with characteristic magnitude earthquakes of 7.2 (Mw) and recur-
rence intervals of 140 years. In addition, the soil conditions at this site have
been assumed to be stiff soil, which has an assumed shear wave velocity of
just 250 m/s2, hence the ground motion is highly amplified. Furthermore,
the vulnerability of the building stock has been calculated using geomet-
ric and material properties that are assumed to be typical of the building
stock in the region; however the vulnerability predicted using DBELA has
been found by Crowley et al. (2005) to be highly sensitive to the defini-
tion of the capacity parameters and so real statistics of the building stock
would need to be obtained in order to obtain reliable vulnerability esti-
mates. Nevertheless, the aforementioned factors do not affect the conclu-
sions of this study as the results presented herein are only for comparative
and illustrative purposes and are not to be taken as loss model results for
the Marmara region.

3.2. stochastic catalogue-based loss calculations

Once a catalogue of scenarios using MCS has been generated and random
ground motions at each site for each event have been sampled (see Section
2.5), then combined loss exceedance curves are calculated as follows:

(i) For each earthquake event, displacement spectra at each site are pro-
duced using the predicted ground motions and these are convolved
with the capacity to calculate the probability of failing each of the
three limit states and thus the proportion of buildings in each damage
band.

(ii) The MDR at each site is calculated and these are summed together for
each event to give a total value of the loss for that event.

(iii) The procedure is repeated for each earthquake in the catalogue and
then the list of total MDR values is sorted in order of size and when,
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for example, 100,000 years of data have been generated, the MDR with
a 10−3 annual probability of being exceeded can be found by picking
the value, which is exceeded 100 times in 100,000 years, i.e. the 101st
value in the sorted list. Each value of MDR is plotted against its
AFOE to give a loss or MDR exceedance curve.

Loss exceedance curves have been produced for each of the three sites
using the ground motions predicted at each site from the MCS of the
100,000 and 500,000 years earthquake catalogues, as presented in Figures 9
and 10, respectively. These curves are compared with those attained in Fig-
ure 7 using the FEMA 366 procedure and it can be observed that the two
procedures produce very similar results owing to the similarity of the haz-
ard curves, and any differences can be attributed to the limited number of
simulations in the Monte–Carlo method, though these appear to be negli-
gible. Differences could arise in the two curves by considering the influence
of the magnitude of each scenario earthquake on the corner period of the
response spectrum, though Crowley et al. (2005) have found that for this
particular region the results were not particularly sensitive to the change in
corner period. The additional computational effort of calculating the losses
from a catalogue of 500,000 years does not appear to be cost-effective for
this loss model. However, a different loss model with lower seismic hazard
levels or lower vulnerability of the buildings may need the calculations to

Figure 9. Comparison of loss exceedance curves for each of the three municipalities
calculated using the FEMA 366 procedure (PSHA) with a procedure using a catalogue
of earthquake scenarios spanning 100,000 yrs.
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Figure 10. Comparison of loss exceedance curves for each of the three municipalities
calculated using the FEMA 366 procedure (PSHA) with a procedure using a catalogue
of earthquake scenarios spanning 500,000 yrs.

be carried out at even lower AFOE and in such cases it may be beneficial
to use a longer earthquake catalogue.

To obtain combined loss exceedance curves for all three sites, the MDR
estimated at each site from each scenario in the catalogue has been inte-
grated and the resulting total MDR have been ordered in size and plot-
ted against the number of times they are exceeded over the length of
the catalogue (the AFOE). Figure 11 shows the combined loss excee-
dance curve using 100,000 years of seismicity along with that obtained with
500,000 years of seismicity. Again, the additional effort of using approxi-
mately five times more earthquake scenarios in the calculations is shown
to be unwarranted.

3.3. comparison of loss calculations

The combined loss exceedance curve obtained using the FEMA 366
procedure (see Figure 8) is compared in Figure 12 with the loss curve
calculated using the multiple stochastic scenarios procedure (see Figure 11).
There is a marked difference between the two curves with the former pro-
cedure leading to lower losses at high AFOE and higher losses at low
AFOE. This figure confirms the fact that the seismic demand modelled by
performing independent PSHA at several locations is effectively overesti-
mated as a result of treating all of the ground-motion variability as being
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Figure 11. Combined loss exceedance curves for the three sites calculated using the
scenarios from earthquake catalogues spanning 100,000 and 500,000 years.

Figure 12. Comparison of loss exceedance curves obtained following the FEMA 366
procedure (PSHA) and through the use of multiple earthquake scenarios from a sto-
chastic catalogue of 100,000 years length.
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Table II. Comparison of AAL calculated for the
two loss curves compared in Figure 12

Procedure AAL (MDR)

FEMA 366 0.028
Stochastic catalogue 100,000 yrs 0.026

perfectly correlated inter-event (earthquake-to-earthquake) variability,
whereas the main contributor to the scatter in ground-motion prediction
equations is intra-event (spatial) variability (Bommer and Crowley, 2006).
The importance of correctly modelling the correlation of the ground-
motion field in loss models with spatially distributed exposure, and thus
not treating the variability as being perfectly correlated, has also recently
been noted by Wang and Takada (2005).

The AAL (in terms of MDR) has been calculated for the two loss
curves in Figure 12 and the results are presented in Table II. The AAL
obtained with the two procedures are very similar notwithstanding the
differences in the loss curves. The AAL is controlled by the smaller and
more frequent MDRs, whilst the higher MDRs are much less frequent and
have a lower influence on the AAL. Therefore, considering the similarity of
the two curves at higher AFOE, it is unsurprising that the two curves have
similar AAL values. Similar conclusions have been obtained in other loss
model studies (e.g. Bazzurro and Luco, 2005), wherein the modelling of the
uncertainties and variability has been seen to have more influence on the
loss exceedance curves than on the AAL values.

4. Discussion and conclusions

The aim of this paper has been to compare the results of a loss model
using two different procedures to represent the seismic hazard: the use of
conventional PSHA to obtain hazard curves at many locations, and the use
of multiple earthquake scenarios, defined through MCS based on the seis-
micity model, to generate the ground motions at all sites of interest.

The two procedures have been seen to produce very different loss excee-
dance curves for a geographically distributed building stock, even though
the same seismic hazard is represented in both methods. The differences
in the estimated losses arise primarily from the way in which the alea-
tory variability in the ground-motion prediction equation is interpreted,
as discussed by Bommer and Crowley (2006). Additional problems that
arise with using PSHA as the basis for loss modelling are related to the
fact that parameters such as earthquake magnitude are difficult to incor-
porate, which is relevant, for example, when the demand is dependent on
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the duration of ground motion. Although outside the scope of this paper,
this issue is equally relevant to loss models considering the impact of liq-
uefaction (Bird et al., 2006).

The use of the Monte–Carlo method to produce displacement spectra still
requires further improvement because the calculation of the ordinates at each
period using a randomly selected number of standard deviations requires the
assumption that the ordinates are perfectly correlated, which is known not
to be the case (Bazzurro and Cornell, 2002). Elements of the Vector-PSHA
methodology of Bazzurro and Cornell (2002) could be followed to define
correlation functions and combine these with the predictive models in the
MCS so that a joint probability representation of the shaking, as opposed
to an individual parameter characterisation, can be calculated.

The impact of correctly modelling the seismic hazard in loss assessment
has been seen herein to be more evident in the loss exceedance curves than
in the calculation of the AAL. Since the AAL is widely used in insurance
applications, the penalty paid in terms of computational effort, when mod-
elling the hazard through multiple earthquake scenarios may not always be
justified, but it is clear that the use of PSHA should nonetheless be viewed
as a compromise.
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