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ABSTRACT 
Traditionally, probabilistic seismic hazard studies have employed as ground 
motion parameters strength-based measures such as spectral acceleration and 
peak ground acceleration.  Parameters related to energy demands on structures 
may also be employed in such hazard studies.  Energy descriptors of ground 
motion may provide useful information regarding damage potential. 
 
A necessary input to any probabilistic seismic hazard analysis (PSHA) is a 
predictive attenuation relationship relating a ground motion descriptor to 
magnitude, distance, and, in some cases, soil type, faulting type, etc.  The 
availability of a large number of records from the recent Kocaeli and Düzce 
earthquakes has made it possible to study attenuation of ground motions for 
Northwestern Turkey.  Comparison of these to predictions based on empirical 
attenuation models for the Western United States has suggested some 
similarities.  Accordingly, appropriate attenuation models are employed in 
probabilistic seismic hazard calculations for an energy-based acceleration 
parameter derived from input energy.  PSHA studies for four sites – Atatürk 
Airport, Avcılar, Gebze, and Mecidiyeköy – are discussed.  Hazard maps for a 
region centered on Istanbul have been created for an energy-based parameter.  
Comparisons of these hazard results for the energy-based parameter are made 
with those for spectral acceleration, a strength-based parameter. 
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INTRODUCTION 
Probabilistic Seismic Hazard Analysis (PSHA) studies are often performed to develop ground motions 
for use in the design of structures.  These studies are usually performed using a strength-based ground 
motion parameter such as spectral acceleration and available appropriate empirical attenuation models 
for it. 
 
Our interest here is in using alternative energy-based ground motion parameters in PSHA studies since 
it is believed that such parameters might provide useful information related to damage potential since 
they convey some indication of the cyclic nature of the loading and the duration of ground shaking 
which a parameter such as spectral acceleration does not.  Like spectral acceleration, parameters such 
as input energy or absorbed energy are frequency-dependent measures that relate to the structure’s 
natural frequency (and damping) as well as to the character of the ground motion in contrast, peak 
ground acceleration is purely related to the ground motion. 
 
With regard to attenuation relationships, for the region of interest in this study – Northwestern Turkey 
– there are no definitive empirical attenuation models available today that may be used in PSHA 
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studies for either strength- or energy-based ground motion parameters.  However, recent studies 
comparing observed strength and energy demands from ground motions recorded during the Kocaeli 
earthquake and similarities observed with empirical attenuation models developed for the Western 
United States, except possibly in the near field (see Sarı and Manuel, 2002), lead us to suggest here that 
some Western U.S attenuation models may be employed in PSHA studies.  Results from such studies 
can help to make comparisons between strength and energy demands on a regional basis in the form of 
typical hazard analysis products, namely, hazard curves, uniform hazard spectra, and hazard maps. 
 
For the sake of comparison with spectral acceleration (Sa), a new energy-based parameter is defined 
(with units of acceleration) that is derived from input energy.  This parameter, the input-energy 
equivalent acceleration, Ai, is chosen as a PSHA parameter in this study.  For various natural periods 
and for 5% damping levels, Sa and Ai are considered in PSHA studies.  The Northwestern Turkey 
region included in this study is assumed in this study to be mainly influenced by eleven fault segments 
on the northern portion of the North Anatolian Fault (NNAF) system.  Only characteristic events on 
these faults are considered in the hazard analysis results discussed in the following. 
 
Seismic hazard results for four sites – Atatürk Airport, Avcılar, Gebze, and Mecidiyeköy – distributed 
at varied locations some distance north of the NNAF system are discussed.  For one site (Atatürk 
Airport), a detailed comparison of hazard curves for strength- and energy-based parameters is 
presented.  For a larger region on Northwestern Turkey, seismic hazard maps are presented where 
again conventional strength-based parameters as well as energy-based parameters are used for the 
maps.  For the sake of brevity, maps are presented for only one return period - 5% probability of 
exceedance in 50 years.  Finally, work completed on the inclusion of site effects for the hazard 
estimates based on spectral acceleration is summarized by considering a region centered on the city of 
Istanbul; similar studies are underway for the energy-based acceleration parameter. 

 
STRENGTH- AND ENERGY-BASED GROUND MOTION PARAMETERS 

Traditionally, strength-based parameters (such as spectral acceleration (Sa) or velocity (Sv) or even peak 
ground acceleration) have been used to understand the effect of ground motion on structures with 
different natural period and damping values.  Regression-based models describing the attenuation of 
these parameters as a function of magnitude and distance (for specified site conditions and faulting 
types) have been developed for various regions of the world.  Not as extensively studied are energy-
based ground motion parameters and models describing their attenuation.  We review the definitions of 
these various parameters next. 
 
Consider the equation of motion for a single-degree-of-freedom (SDF) system subjected to a horizontal 
ground motion: 

0=++ st fucum &&&           (1) 
where m, c, and fs are the mass, viscous damping coefficient, and restoring force, respectively.  Also, ut 
is the absolute (total) displacement of the mass, while u = ut – ug is the relative displacement of the 
mass with respect to ground, and ug is the ground displacement. 
 
For a linear elastic SDF system with a specified natural period and damping, solution of Eq. 1 can yield 
the maximum displacement, umax, which is also referred to as the spectral displacement, (Sd).  In terms 
of the natural frequency, ω, it is convenient to define two parameters, pseudo-spectral velocity, (Sv) and 
pseudo-spectral acceleration, (Sa).  Thus, we have: 
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Note that, in most cases, insignificant differences are noted between the maximum relative velocity of a 
SDF system and the pseudo-spectral velocity defined in Eq. 2 as well as between the maximum total 
acceleration and the pseudo-spectral acceleration defined there (Chopra, 2001).  Both Sa and Sv are 
commonly used as ground motion parameters in empirical attenuation models.  These are referred to as 
spectral velocity and spectral acceleration in the following. 
 
Transformation of the equation of motion into an energy balance equation can be easily accomplished 
by integration with respect to u (see, for example, Uang and Bertero, 1988).  This leads to: 
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where the right-hand side of Eq. 3 is, by definition, the input energy, Ei, since it represents the work 
done by the total base shear (which is the same as the inertial forces) acting through the 
foundation/ground displacement. 

 
It is convenient to define parameters with units of velocity that relate to the input energy.  Thus, we 
define an input energy-equivalent velocity, Vi as follows: 
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Also, in order to make direct comparisons with the conventional strength-based parameter, spectral 
acceleration, Sa, in seismic hazard analyses, we define an input energy-equivalent acceleration, Ai, in 
terms of Vi as follows: 

ii VA ω=         (5) 
In the following, we discuss results from PSHA studies using both Sa and Ai as ground motion 
parameters.  Recent studies on energy demand parameters in the context of attenuation and seismic 
hazard include those by Chapman (1999), Chou and Uang (2000), and Sarı and Manuel (2002).  These 
studies also include comparisons with strength demand parameters. 

 
ATTENUATION MODELS FOR STRENGTH- AND ENERGY-BASED PARAMETERS 

For the region of interest in this study – Northwestern Turkey – there are no definitive empirical 
attenuation models available today for either strength- or energy-based ground motion parameters.  
However, in a recent study (Sarı and Manuel, 2002), a comparison of strength and energy demands 
from ground motions recorded during the Kocaeli earthquake with predictions based on empirical 
attenuation models developed for the Western United States suggested that it might be reasonable to 
use Western U.S. attenuation models in planned PSHS studies for Northwestern Turkey.  The 
attenuation model predictions are good except possibly in the near field.  In Figure 1, comparisons of a 
typical Western U.S. model for Sa (Sadigh et al, 1997) with Kocaeli data are shown for 0.1 and 1.0 
second natural periods.  Also shown, to contrast with these spectral accelerations, are Ai data and model 
predictions based on Chapman (1999) for the same natural periods.  The comparisons are shown as a 
function of distance.  Model predictions for both Sa in particular are somewhat higher than the observed 
data in the near field but otherwise the models for both parameters at both periods show reasonable 
comparisons with data, and are believed to be appropriate for use in PSHA studies.  In general, Fig. 1 
suggests that, at all distances, Ai as defined by Eq. 5 takes on higher values than Sa. 
 

PROBABILISTIC SEISMIC HAZARD ANALYSIS 
Quantification of the seismic hazard at a site involves the characterization of seismic sources, the 
compilation of seismicity data, and the use of ground motion attenuation models.  The kernel of the 
seismic hazard assessment is the estimation of the frequency of exceeding a specified ground motion 
level, a*, at a site due to earthquakes that occur on a given fault/source.  The seismic hazard or 
frequency of exceedance of level a* for the ground motion parameter, A, at the site is computed as: 
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where M refers to earthquake magnitude, R refers to the source-to-site distance; and where fM(m) and 
fR(r) represent probability density functions for M and R, respectively.  The term, P(A>a*|m,r) 
represents the conditional probability of exceeding the level a* given M = m and R = r; it may be 
computed using the ground motion attenuation model selected.  The integration is carried out for each 
source i with activity rate, νi; the summation is done over all sources. 
 
In this study, the source characterization for eleven fault segments that make up the northern portion of 
the North Anatolian Fault system was carried out by researchers at the Kandilli Observatory and 
Earthquake Research Institute in Turkey.  These researchers also provided the necessary seismicity data 
needed as input for the PSHA studies.  A geographical representation of the eleven fault segments on 
the NNAF system is shown in Figure 2.  These faults were modeled in such as way that only 
characteristic events assumed to rupture the entire segment were considered.  The magnitudes of these 
events on the segments were either 7.4 or 7.5 and their recurrence rates ranged from 159 to 286 years 
based on slip rate data and on past earthquakes. 
 
For the strength-based PSHA calculations, attenuation models of Boore et al (1997) and Sadigh et al 
(1997) were used for peak ground acceleration and spectral acceleration (Sa).  One additional model as 
suggested by Campbell (1997) was used for peak ground acceleration alone.  For the energy-based 



 4

PSHA calculations, the attenuation model by Chapman (1999) for elastic input energy-equivalent 
acceleration, Ai, was used. 
 
PSHA STUDIES FOR ATATÜRK AIRPORT, AVCILAR, GEBZE, MECIDIYEKÖY 

Probabilistic seismic hazard analysis (PSHA) studies have been completed using two ground motion 
parameters, Sa and Ai, for various natural periods and for 5-percent damping.  We discuss results for 
four locations distributed at various positions some distance north of the NNAF system.  These sites 
include Airport (Atatürk Airport in Istanbul), Avcılar, Gebze, and Mecidiyeköy; their locations are 
indicated in Figure 3.  Hazard results at these four sites are compared for different natural periods using 
both strength- and energy-based ground motion parameters. 
 
PSHA Results for Strength- and Energy-based Parameters 
Seismic hazard curves for both strength- and energy-based parameters for different natural periods at 
the four sites are presented in Figure 4.  In general, the Airport site experiences the greatest hazard (and 
largest strength and energy demands) at all but very short return periods.  Comparing hazards at low 
natural periods for strength versus energy, the four sites show similar relative hazards.  At the higher 
natural period of 1 second, however, the trend is different.  The Gebze site while less important when 
considering PSHA results for Sa is almost as important as the Airport site when Ai results are studied. 
 
In order to compare the strength- and energy-based hazard results, we study the results obtained for the 
Airport site alone.  For two natural periods, 0.2 sec and 1.0 sec, Figure 5 shows hazard curves for both 
Sa and Ai.  As can be seen from the figure, over a large range of return periods, the hazard curves for 
both parameters are fairly close for the 1.0-sec natural period.  For shorter periods, however, the Ai 
hazard estimates are much higher.  For instance, at a return period of 1000 years, the 0.2-second Sa 
estimate is approximately 1.5g while the Ai estimate is about 2.7g. 
 

PROBABILISTIC SEISMIC HAZARD MAPS  
Finally, we present PSHA results in the form of seismic hazard maps for one return period (5% 
probability of exceedance in 50 years).  Seismic hazard maps were created for Northwestern Turkey, 
where strength- and energy-based ground motion parameters were both employed.  Seismic hazard 
maps corresponding to 5% probability of exceedance levels in 50 years are presented in Figure 6 for 
peak ground acceleration and 1.0 sec spectral acceleration.  For the same return period, hazard maps 
are presented in Figure 7 for 0.1 and 1.0 sec input energy-equivalent acceleration.  Consistent with 
Figures 4 and 5, the gradient with distance on the hazard contours for Sa is higher than it is for Ai at 
longer distances.  Also, as expected, the Ai levels reached at a given location are much higher than 
corresponding Sa levels. 
 
Consideration of site effects in PSHA studies 
Finally, for a localized region centered on the city of Istanbul, the consideration of site effects is 
included to modify results from the PSHA studies based on rock.  This work has been completed only 
for peak ground acceleration and spectral acceleration.  Similar studies are ongoing where site effects 
for energy-based parameters are being proposed in PSHA computations.  Hazard maps for a 5% 
probability of exceedance in 50 years including site effects are presented for peak ground acceleration 
and 1.0 sec spectral acceleration in Figure 8.  These maps were created by making simple site 
coefficient adjustments to ground motion levels determined considering rock conditions based on 
prevailing soil conditions.  Amplification factors based on BSSC (2001) were applied to maps such as 
those of Figure 6 in combination with site class information to yield hazard maps that include site 
effects such as those shown in Figure 8.  The larger ground motions for the same return period relative 
to the hazard maps for stiff soil/rock conditions as seen in Figure 6 result from site amplification which 
is on natural period, on excitation level, and on site class. 
 
Comparison of PSHA results with the Turkish code 
Elastic earthquake forces at the base of a structure are calculated using an equivalent static analysis 
procedure given in the Turkish code.  The PSHA results are compared to the design code ground 
motion levels.  Consider residential buildings located in Airport and Mecidiyeköy in Istanbul with 
natural periods of 0.3 and 1.0 seconds.  The site class is chosen as rock (Z1 in the Turkish code).  As 
the Airport site is very close to the NNAF system, the Turkish code defines this site as being in Seismic 
Zone 1 (high seismic region).  Mecidiyeköy is relatively farther from the fault system and is, therefore, 
in Seismic Zone 2.  Ground motion levels from seismic hazard analyses carried out for three return 
periods, corresponding to 2%, 5%, and 10% probability of exceedance (PE) levels in 50 years, are 
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compared to levels required by the Turkish code and presented in Table 1.  Clearly, the Turkish code 
requires ground motion levels for design that correspond to a widely varying range of return periods.  
At the Airport site, for both the 0.3 and 1.0 second natural periods, the design ground motion levels 
appear to correspond to return periods more frequent than the 10% PE in 50 years level (i.e., return 
periods shorter than 500 years).  At the Mecidiyeköy site, the same is true for 1.0 second natural period 
motion; for the 0.3 second case, however, the design motion is more consistent with a rarer return 
period – somewhere between a 2%PE and a 5%PE in 50 years (i.e., a return period between 1000 and 
2500 years). 
 

CONCLUSIONS 
The seismic hazard at four sites in Turkey was studied and results were summarized in the form of 
hazard curves.  From PSHA results for both strength- and energy-based parameters, it was found that 
the Gebze and Airport sites are associated with the highest seismic risk while the Mecidiyeköy site has 
the lowest risk.  The hazard curves for the energy-based parameter were less steep than those for the 
strength-based parameter for comparable natural period.  Comparing the Sa and Ai levels at the Airport 
site, it was found that at longer natural periods these levels were similar whereas for shorter periods, 
the Ai levels were systematically higher than the corresponding Sa levels for all return periods. 
 
PSHA maps were created for a region of Northwestern Turkey.  Strength- and energy-based ground 
motion parameters were both employed.  These maps showed the expected steeper contour gradients 
with distance for the strength-based parameter.  Hazard maps based on strength-based parameters 
including site effects were created for Istanbul area.   
 
A comparison of ground motion levels based on PSHA results for two sites (Airport and Mecidiyeköy) 
with prescribed design motions based on the Turkish code indicates that design ground motion levels in 
general appear to be consistent with a return period smaller than 500 years except for the short period 
motions at the Mecidiyeköy site. 
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Table 1.  Turkish code prescribed design ground motion levels compared with  

PSHA estimates for 0.3 and 1.0 sec natural periods. 
 

Site Period (s) 2% PE 
in 50 yrs 

5% PE 
in 50 yrs 

10% PE 
in 50 yrs 

Turkish 
Code 

Airport 0.3 1.87g 1.50g 1.13g 1.00g 
 1.0 0.83g 0.74g 0.56g 0.38g 
Mecidiyeköy 0.3 0.77g 0.71g 0.57g 0.75g 
 1.0 0.40g 0.37g 0.32g 0.29g 
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a) Comparison of Sa and Ai versus distance for 0.1 sec natural period b) Comparison of Sa and Ai versus distance for 1.0 sec natural period 
Figure 1.  Kocaeli data and Western U.S. attenuation model comparisons for 0.1 and 1.0 sec spectral acceleration and input energy-equivalent acceleration. 

Figure 2.  Map of Turkey showing the eleven fault segments modeled in the  
probabilistic seismic hazard analyses. 

Figure 3.  Map showing the four sites studied in the probabilistic seismic 
hazard analyses: Atatürk Airport, Avcılar, Gebze, and Mecidiyeköy. 
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a) PSHA results for 0.1 sec Ai   b) PSHA results for 1.0 sec Ai   

c) PSHA results for pga   d) PSHA results for 1.0 sec Sa   
 

Figure 4. Seismic hazard curves for strength- and energy-based ground motion parameters 
at four sites in Northwestern Turkey. 

 

a) Comparison of 0.2 sec Sa and Ai hazard curves. b) Comparison of 1.0 sec Sa and Ai hazard curves. 
 

Figure 5.   Comparison of hazard curves based on spectral acceleration and input energy-equivalent 
acceleration at the Atatürk Airport site. 
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Figure 6.  Probabilistic seismic hazard maps for Northwestern Turkey based on peak ground acceleration 

and 1.0-sec spectral acceleration. 

  
Figure 7.  Probabilistic seismic hazard maps for Northwestern Turkey based on 0.1-sec  

and 1.0-sec input energy-equivalent acceleration. 

  
Figure 8.  Probabilistic seismic hazard maps for Northwestern Turkey based on peak ground acceleration 

and 1.0-sec spectral acceleration, including site effects. 
 
 


