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The severity of earthquake ground motion is generally characterized using 

peak ground acceleration and spectral acceleration, which are force-based or 

strength-based parameters.  Modern seismic provisions adopt such strength-based 

design procedures, where seismic demand is represented in the form of an elastic 

response spectrum.  Such design procedures implicitly account for the ductility 

capacity that a structure might possess by the use of reduction factors, but they do 

not include in a direct way consideration of the cyclic nature of the response that 

the structure undergoes and the resulting cumulative damage.  In contrast with 

such strength-based parameters, energy-based parameters may be easily defined 

that include both the effects of oscillation amplitude as well as cycles 

experienced.  Hence, these parameters may be expected to correlate better with 

structural damage.  The correlation of structural damage measures with strength- 
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and energy-based parameters is studied using inelastic dynamic analyses of 

reinforced concrete and steel buildings. 

The two earthquakes that occurred in Turkey in 1999 and the damage 

suffered by structures in those events offer a regional framework within which to 

study recorded ground motions to understand strength and energy demands over 

different distance ranges and for structures of different natural periods.  This same 

framework, focused on a region in Northwestern Turkey, is used in probabilistic 

seismic hazard analysis (PSHA) studies where design ground motions associated 

with different return periods derived from both strength and energy considerations 

are compared for four sites as well as using maps for a larger area around 

Istanbul. 

Finally, new attenuation models for strength- and energy-based parameters 

are developed using an extensive database of earthquakes in Turkey.  A 

noteworthy aspect of the new attenuation models is that they are developed using 

random effects models that account for distinctions between inter-event and intra-

event variability in estimates of ground shaking.  These attenuation models 

highlight differences in strength and energy demands felt at different sites.  

Results from hazard studies that use the new models are compared with those 

obtained for Western U.S. models and show some differences in design motions 

that are based on strength but smaller differences when energy is considered. 
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Chapter 1:  INTRODUCTION 

1.1 MOTIVATION 

The intensity of ground shaking and the demand on structures during an 

earthquake has traditionally been characterized using parameters such as peak 

ground acceleration as well as force-based or strength-based parameters such as 

response spectrum ordinates (e.g., spectral acceleration) that describe the 

maximum amplitude of shaking for structures with specified natural period and 

damping values.  It has long been recognized that to understand the demands 

placed on structures during earthquakes one might also employ an energy-based 

approach, especially when there is an interest in assessing the damage potential of 

ground motions (Housner, 1956; Uang and Bertero, 1988).  An input energy 

spectrum, obtained with the same level of effort as is required to construct a 

conventional response spectrum, is a convenient single-parameter description of 

both amplitude and duration of ground motion and can be a useful means by 

which to describe the performance of structures with different natural periods and 

damping ratios.  Both elastic and inelastic input energy spectra can be easily 

constructed – the latter can provide useful information for systems that undergo 

plastic deformation (or that are designed with adequate ductility capacity) and for 

assessing the damage potential of ground motions. 
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1.2 OBJECTIVES AND SCOPE 

In order to assess the importance of energy-based parameters in describing 

ground motion and in influencing damage potential of structures, it is useful to 

study these parameters in contrast with strength-based parameters.  This type of 

comparison is necessary for simple single-degree-of-freedom (SDOF) systems 

(since this allows one to assess the difference in conventional response spectral 

ordinates and energy spectral ordinates).  Such comparisons are, however, also 

necessary for real buildings (using appropriate multi-degree-of-freedom (MDOF) 

models in nonlinear/inelastic dynamic analyses) since their performance when 

studied in relation to the strength or energy parameters directly explain how well 

each parameter helps explain what the structure experiences during the 

earthquake.  Accordingly, comparing strength- and energy-based parameters in 

the context of structural performance is a focus of the first part of this work where 

we first study the degree to which these two types of parameters are correlated 

with each other.  We also study the correlation of local and global structural 

performance/damage measures with each parameter using regression analyses. 

After the distinctions between strength- and energy-based parameters are 

highlighted based on the correlation/regression studies involving the performance 

of structures, it then becomes clear that energy-based parameters (e.g., input 

energy spectra or absorbed energy spectra) are equally sound measures of ground 

shaking intensity experienced by structures as are more conventional strength-

based parameters such as spectral acceleration.  These energy-based parameters 

convey information about the response of an elastic or inelastic SDOF system 
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with a specified period and damping for a given ground motion record.  This 

information especially about the ground motion recognizes the cyclic nature of 

the excitation that conventional response spectra do not.  The second part of this 

work seeks to describe how recorded ground motions differ in their response 

spectra and their energy spectra.  Studying the energy demands of ground motion 

on structures has been a topic of recent interest (see, for example, studies by Chou 

and Uang (2000), and Chapman (1999)). 

The two earthquakes that occurred in Turkey in 1999 and the damage 

suffered by structures in those events offer a regional framework within which to 

study recorded ground motions to understand strength and energy demands over 

different distance ranges and for structures of different natural periods.  

Accordingly, in this study, input energy spectra and response spectra are 

computed for recorded ground motions from the 1999 Kocaeli earthquake.  These 

and other recorded ground motions from earthquakes in Turkey are used 

extensively in this study to compare strength and energy demands. 

The same regional framework discussed above, that permits a comparison 

of energy and strength demands from recorded ground motions on structures of 

different periods that are sited at various distances, which is focused on a region 

in Northwestern Turkey, is next used in probabilistic seismic hazard analysis 

(PSHA) studies where estimates of design ground motions associated with 

different return periods are sought from both strength and energy considerations.  

There has been considerable research interest in studying the recent Turkish 

earthquakes’ recorded ground motions as well in estimating the seismic hazard at 
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sites in Northwestern Turkey around İstanbul considering various possible fault 

rupture scenarios that originate on one or more of the fault segments of the North 

Anatolian fault system (NAFS).  Because of reported similarities between the San 

Andreas and the North Anatolian fault systems, observed response spectra and 

energy spectra are first compared with empirical attenuation models developed for 

the Western United States.  Several such attenuation models for the Western 

United States are available and these have been established from a larger database 

of ground motions than is available for Turkey.  Hence, first appropriate Western 

U.S. attenuation models are employed in probabilistic seismic hazard calculations 

for both strength- and energy-based parameters considering “characteristic” 

events that rupture entire fault segment lengths on the northern portion of the 

North Anatolian fault system.  Seismic hazard results for four sites – Atatürk 

Airport, Avcılar, Gebze, and Mecidiyeköy – that span critical regions influenced 

by the northern portion of the North Anatolian fault system are presented.  Return 

periods similar to those employed by the U.S. Geological Survey are considered 

in the hazard estimates.  Maps for a region centered on İstanbul are also created 

for natural periods up to 1 second and for both strength- and energy-based 

parameters. 

Finally, recognizing that the attenuation models available in the literature 

used in the seismic hazard studies were not developed using ground motions 

recorded in Turkey, an improved attenuation model is developed using a random 

effects approach.  An extensive database considering several earthquakes in 

Turkey including main shocks and aftershocks is used in this study.  A new 
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energy-based attenuation model is developed.  For input and absorbed energy 

spectra, there exist only a few such empirical attenuation models and all of those 

employed a database made up predominantly of Western U.S. ground motions.  

Hence, the new energy-based empirical attenuation model is the first of its kind 

for Turkey.  A similar attenuation model is also developed for spectral 

acceleration using the same Turkish ground motion database.  A noteworthy 

aspect of the new attenuation models is that they are developed using random 

effects models that take into consideration the distinctions between inter-event 

and intra-event variability in estimates of ground shaking at a site. 

Revised estimates of design ground motion based on PSHA studies are 

reported where the new empirical attenuation models developed during this study 

are employed in place of the Western U.S. models.  Even though the Western 

U.S. and the Northwestern Turkey regions are essentially shallow crustal zones, 

some differences are noted.  Finally, consideration of site effects is included for 

energy spectra.  While the earthquake engineering community has long 

appreciated the need to consider amplification of period-dependent spectral 

acceleration due to the site/soil conditions, such amplification of energy spectral 

ordinates has not received much attention.  Accordingly, this is discussed 

following the attenuation model development where data grouped by site class 

helps assess amplification of energy demands as a function of the input bedrock 

motion and the natural period of interest. 

Throughout the ground motion analyses, seismic hazard studies, and the 

attenuation model development, detailed comparisons between strength- and 
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energy-based parameters are made in this study.  This serves as the dominant 

focus of this work. 

1.3 ORGANIZATION OF THIS DISSERTATION 

The focus of this dissertation is on comparison of energy and strength 

demands that are experienced by structures during earthquakes.  Chapter 2 serves 

to define various parameters necessary for all the subsequent work.  There, 

definitions for various energy-related parameters are presented.  Derived 

parameters with dimensions of velocity and acceleration are also introduced.  

These are convenient because they permit direct comparison with strength-based 

parameters such as spectral velocity and acceleration as well as with other ground 

motion parameters such as peak ground acceleration.  Chapter 2 is where the 

alternative energy parameters used in the literature are presented. 

In Chapter 3, inelastic dynamic analyses of several reinforced concrete 

(R/C) and steel structures are carried out using a database consisting of sixty 

ground motions representing eighteen earthquakes and various stations 

representing a broad distribution of soil classes.  Results from these analyses 

provided measures of local and global damage that are used in correlation studies 

involving both spectral acceleration as well as an energy spectral parameter.  The 

objective of this chapter is to compare strength- and energy-based parameters in 

the context of their separate correlations with structural performance.  

Quantification of the degree of correlation of performance to the individual 

parameters is employed to explain how use of energy parameters may sometimes 

be at least as effective as strength-based parameters in loss estimation. 
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In Chapters 4-6, the focus is on the regional framework that is to be used 

in the rest of the dissertation where Northwestern Turkey is chosen to illustrate 

how strength and energy demands on structures may be examined in the context 

of recorded ground motions there, probabilistic seismic hazard studies, and the 

development of new attenuation models for energy- and strength-based 

parameters that are relevant to the region. 

In Chapter 4, recorded ground motions from the 1999 Kocaeli earthquake 

serve to highlight the differences in response spectra and energy spectra at various 

distances and for different natural periods.  Additionally, using available Western 

U.S. empirical attenuation models, predictions from such models for both types of 

parameters are compared with the recorded ground motions. 

In Chapter 5, probabilistic seismic hazard analyses are carried out using 

both spectral acceleration as well as an energy-equivalent acceleration parameter 

defined in Chapter 2.  A detailed comparison of the design ground motions for 

several return periods for four sites in Northwestern Turkey is presented.  Hazard 

curves as well as uniform hazard spectra are discussed for these sites.  Seismic 

hazard maps that include strength- and energy-based parameters as mapping 

variables are presented for a region centered on İstanbul.  A discussion of hazard 

differences spatially is presented for the two-parameter types. 

Chapter 6 concludes the regional focus by proposing new attenuation 

models for strength- and energy-based parameters for Northwestern Turkey.  

Details regarding the model development are presented that highlight the nature 

of the statistical analyses carried out so as to distinguish intra-event variability in 
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recorded ground motions (i.e., variability from motions recorded during the same 

earthquake) from inter-event variability (i.e., variability that arises from motions 

of different earthquakes).  The new attenuation models developed for spectral 

acceleration and for the energy-equivalent acceleration parameter are compared 

with levels observed during the Kocaeli and Düzce earthquakes.  These new 

attenuation models are employed in hazard analyses for two sites.  Differences 

between the hazard for a single site using the new attenuation model and that from 

the use of the Western U.S. models are discussed.  Finally, site effects on the 

energy-based attenuation parameter are discussed in the same manner as is 

commonly done for spectral acceleration noting soil amplification factors for the 

energy parameter as a function of natural period and site class. 

Some general conclusions related to this dissertation are presented in 

Chapter 7 and suggestions for future work are also presented there. 
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Chapter 2:  BACKGROUND 

2.1 INTRODUCTION 

In earthquake-resistant design of structures, there are two basic 

requirements to be met: serviceability and adequate capacity or resistance to 

minimize the possibility of structural failure.  Serviceability requirements may be 

understood as a need for the structure to not deflect excessively under gravity, 

wind and moderate earthquake loads.  In addition, it is necessary that the 

likelihood of structural failure is minimized in rare but severe earthquake ground 

motions (Bertero et al., 1972; Akbas, 1997). 

In the context of seismic design, the approach that is well established is a 

force- or strength-based one, which is defined in terms of spectral acceleration or 

velocity demands.  Such approaches are adopted by most modern seismic 

provisions (e.g., FEMA 1997, ICBO 1997, and ICBO 2000).  A strength-based 

design procedure works as follows: an elastic design spectrum is first established 

and a seismic reduction factor is then applied to reduce the elastic force demand 

to a lower design force level that permits some inelastic response.  Additionally, it 

should be verified that specified story drift limits in the seismic provisions are not 

exceeded.  Adequate detailing requirements are specified for the various structural 

members involved.  Contributions to seismic force reduction factors that account 
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for structural ductility have been proposed by several researchers (for a 

discussion, see Chopra and Goel, 1999). 

In recent years, drift- or displacement-based design approaches have been 

proposed as alternatives to the traditional force-based approaches (see, for 

example, Moehle (1992), Priestley and Calvi (1997)) because it is believed by 

some that deformation, rather than force, dictates the seismic performance of 

structures.  Displacement design procedures are, in some sense, a reverse of the 

process implicit in the force-based procedure.  One proposed procedure includes 

the following steps in displacement-based design.  First, a yield displacement is 

assumed, and the designer selects a target displacement.  Using the yield and 

target displacements, a ductility factor is determined.  The energy dissipation 

associated with this ductility may then be expressed in terms of an equivalent 

damping.  With the knowledge of this equivalent damping and the target 

displacement, an elastic displacement response spectrum is then used to determine 

the effective period.  Next, secant stiffness is determined from the effective period 

and the mass.  Knowing this secant stiffness and the target displacement, the 

design yield force is then computed (Chou, 2001). 

Note that the effect of duration-related cumulative damage that might 

occur as a result of cyclic inelastic deformations is not reflected in either the 

seismic force reduction factor (in the force-based approach) or the ductility (in the 

displacement-based approach) because these approaches only consider the 

maximum response (McCabe and Hall, 1992).  In reality, structural performance 

is not simply a function of peak responses (i.e., peak acceleration, displacement, 
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etc.) but also a function of the ability to absorb and dissipate energy imparted to 

the structure.  In summary, both force- and displacement-based design procedures 

have shortcomings in that it is difficult to include effects of duration-related 

cumulative damage in these procedures. 

Because of the limitations in force- and displacement-based design 

approaches identified above, energy-based design approaches have appeared 

promising to some in that they attempt to directly address these limitations.  

Accordingly, some early work by Housner (1956) as well as subsequent work by 

Akiyama (1985), for example, has suggested such alternative energy-based design 

approaches, which consider not only the force and displacement but also the 

effect of ground motion duration.  As energy is directly related to the duration of 

the ground motion, correlation to cumulative damage was expected to be 

accounted for in such design approaches. 

Over the years, several researchers have carried out studies in order to 

gain a better understanding of the energy demand on structures.  These studies 

have focused on different aspects of such energy demands.  Studies by Housner 

(1956), Akiyama (1985, 1988), Uang and Bertero (1988), Chou and Uang (2002), 

and Leelataviwat et al. (2002) have addressed the energy demand in multi-degree-

of-freedom (MDOF) systems by considering energy-based design procedures.  

The development of energy design spectra has been studied by Kuwamura and 

Galambos (1989), Fajfar et al. (1991), Tso et al. (1993), Fajfar and Vidic (1994), 

Kuwamura et al. (1994), Manfredi (2001), Riddell and Garcia (2001), Benavent-

Climent et al. (2002), Wong and Pang (2002), and Ordaz et al. (2003).  The 
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distribution of energy demands over the various structural elements in buildings 

has been studied by Akiyama (1985), Lawson (1994), Seneviratna and Krawinkler 

(1997), and Shen and Akbas (1999). 

Only a small number of studies of energy demand in the context of ground 

motion attenuation have been carried out by Lawson (1996), Chapman (1999), 

and Chou and Uang, (2000a, 2000b).  These attenuation models will be discussed 

in Chapter 4 before new energy-based attenuation models are developed in 

Chapter 6.  In the context of seismic hazard analysis, there has again been an 

extremely small amount of work to date.  This includes studies by Chapman 

(1999), Ghosh and Collins (2002), Sari and Manuel (2002, 2003a, 2003b).  In 

Chapter 5, probabilistic seismic hazard analysis results are presented using 

energy-based parameters for sites in Northwestern Turkey.  Again, in Chapter 6, 

following the development of a new energy-based attenuation model, additional 

seismic hazard results are presented. 

In this chapter, we will focus primarily on those energy-based parameters 

that will be used in seismic hazard studies as well as in studying structural 

performance and in ground motion attenuation.  Accordingly, a general 

background on energy-based parameters follows which starts with definitions and 

explanation of the physical interpretation of several of these parameters.  We 

illustrate how the parameters may be obtained from actual ground motion records.  

Then, energy demands are discussed very briefly in the context of structural 

performance, ground motion, seismic hazard, and design. 
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2.2 EQUATIONS OF MOTION AND ENERGY BALANCE 

Ground motions may be described quantitatively in different terms when 

one is interested in understanding their effect on structures with different natural 

period and damping values.  Conventionally, strength-based parameters (such as 

spectral acceleration (Sa) or velocity (Sv) or even peak ground acceleration) have 

been used.  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 briefly describe various strength- and energy-based parameters here.  

Consider the equation of motion for a single-degree-of-freedom (SDOF) system 

subjected to a horizontal ground motion: 

0=++ st fucum &&&         (2.1) 

where m, c, and fs are the mass, viscous damping coefficient, and restoring 

force, respectively, of the SDOF system.  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. 

Transformation of the equation of motion into an energy balance equation 

can be easily accomplished by integrating Equation 2.1 with respect to u from the 

beginning of the input ground motion (see, for example, Uang and Bertero, 1988).  

This leads to: 
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Since the inertia force, tum && , equals the sum of the damping and restoring 

forces (as seen in Equation 2.1), it is also equal to the total force applied at the 

base of the structure.  Therefore, the right-hand side of Equation 2.2 is, by 

definition, the energy input to the system at any time, t.  Hereinafter, following 

Uang and Bertero (1988), we will define Input Energy, Ei, as the maximum value 

of the energy input into the system during ground shaking.  It can also be thought 

of as the maximum value of the work done by the total base shear on 

foundation/ground displacement during the ground motion.  Thus, we have: 

⎭
⎬
⎫

⎩
⎨
⎧

= ∫
t

gti duumE
0

max &&     (2.3) 

The first term on the left hand side of Equation 2.2 is the kinetic energy, 

Ek(t), while the second term is the damping energy, Ed(t), and the last term is 

made up of the sum of recoverable elastic strain energy, Es(t), and irrecoverable 

hysteretic energy, Eh(t).  Thus, the input energy, Ei, can also be described as 

follows: 
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Similarly, to facilitate reporting of various results in this study and 

comparisons with other studies, it is useful to define (as is done in Uang and 

Bertero, 1988), Absorbed Energy, Ea, as the maximum value of the sum of the 

recoverable strain energy and the irrecoverable hysteretic energy as follows: 
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Figure 2.1 shows time histories of the energy (per unit mass) for a 5%-

damped 1.0-second elastic SDOF system and a bilinear (5% strain-hardening, 

ductility factor = 4) system subject to a single ground motion record from the 

Kocaeli earthquake (the E-W component at the MSK station).  As the hysteretic 

energy is zero for an elastic system, the absorbed energy is the same as the strain 

energy there.  The absorbed energy increases with ductility level as hysteretic 

energy contributes greater amounts to it.  However, as we shall see later, input 

energy levels are not greatly affected by changes in the level of ductility.  

Expectedly, strain energy levels decrease with increased ductility and the relative 

contribution of strain energy towards absorbed energy also decreases with 

increased ductility.  Although, damping energy levels decrease with ductility, 

damping can contribute significantly to the input energy in both elastic and 

inelastic systems. 

Thus, we define a velocity parameter (Vi) based on input energy which we 

will term, “input energy-equivalent velocity”: 

 

m
EV i

i
2

=      (2.6) 

Similarly, we define a velocity parameter (Va) based on absorbed energy 

which we will term, “absorbed energy-equivalent velocity”: 

 

m
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m
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a
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==     (2.7) 

To facilitate comparison with other studies that involve the more 

conventional design mapping parameter, spectral acceleration, Sa, we define an 
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Figure 2.1: Time histories of various energy (per unit mass) measures for 5%-
damped SDOF elastic and bilinear (5% strain hardening, ductility 
factor = 4) systems subjected to a single Kocaeli ground motion 
record from the MSK station (E-W component). 
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“input energy-equivalent acceleration,” Ai, in terms of Vi and an “absorbed 

energy-equivalent acceleration,” Aa, in terms of Va, as follows: 

 

aaii VωAVωA == ;            (2.8) 

It is important to note that for linear elastic systems, the absorbed energy-

equivalent velocity, Va, is the same as spectral velocity, Sv, and the absorbed 

energy-equivalent acceleration, Aa, is the same as spectral acceleration, Sa. 

In Chapter 6, attenuation models for Sa, Sv, Vi (or equivalently, Ai) and Va 

(or equivalently, Aa) will be presented and compared with estimates based on the 

Kocaeli ground motion data. 

For multi-degree-freedom (MDOF) systems, the energy equations may be 

rewritten to reflect the contribution from various structural elements.  Thus, for 

example, the input energy, Ei, for a MDOF system, can be described as follows: 
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where Ei is the work done by the sum of the inertia forces, mjüt,j, at each floor j 

acting though the ground displacement.  The absorbed energy, Ea, for MDOF 

systems can be defined in a similar manner. 

2.3 INPUT ENERGY SPECTRA AND COMPARISONS WITH CONVENTIONAL 
RESPONSE SPECTRA 

The acceleration response spectra, which is widely use in design, are 

compared to input energy/input energy equivalent acceleration spectra. 
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In Figure 2.2, two ground acceleration time histories used in computation 

of spectra are shown.  Both MSK, YPT data are recorded during 1999 Kocaeli 

Earthquake in Turkey.  The closest distances to the fault rupture from YPT and 

MSK station are 5 and 63 km, respectively. 

 
 

 

Figure 2.2: Ground acceleration time histories for the E-W components of the 
MSK and YPT records from the 1999 Kocaeli earthquake. 
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Peak ground acceleration for MSK ground motion data (fault normal 

component, E-W) is 0.076g, and YPT (fault normal component, E-W) has a value 

of peak ground acceleration, 0.241g. 

In Figures 2.3 and 2.4, we illustrate how we compute acceleration 

response spectra and input energy spectra for the two motions.  Input energy and 

acceleration time histories for a SDOF system with a 1.0-second natural period 

and 5% damping are displayed.  The peak values from the acceleration and energy 

time histories are used to obtain the acceleration response and input energy 

spectral ordinates at the period considered (here, 1.0 second).  The peak value 

from the acceleration time history of the MSK ground motion record is 62 cm/s2. 

Similarly, the peak value from the input energy time history is 222 cm2/s2.  

These two values (62 cm/s2 and 222 cm2/s2) are values of the response spectrum 

ordinate and the input energy spectrum ordinate, respectively, at a period of 1.0 

second and are used to construct these spectra. 

The peak value from the acceleration time history of the YPT ground 

motion record is 335 cm/s2.  Similarly, the peak value from the input energy time 

history is 5000 cm2/s2. 

The energy-based parameters (e.g., input energy) convey information on 

the ground motion duration by way of the integration that is involved in their 

computation.  Generally, peak values in the input energy time histories occur 

towards the end of the strong shaking reflecting the effect of the entire duration.  

This is in contrast to acceleration time histories that typically have their peak 

value during the strong shaking portion of the record.  The peak values of input 
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energy occur at approximately 50 and 100 seconds, respectively, for the MSK and 

YPT records.  The peak values of acceleration response occur considerably earlier 

as can be seen in Figures 2.3 and 2.4.  Clearly, acceleration response spectra take 

into consideration only the amplitude of strong shaking whereas input energy 

spectra account for both the amplitude and duration of strong shaking. 

If energy-based parameters are to be used, it is important that energy 

spectra can represent important characteristics of the ground motion such as 

directivity effects in near-field motions.  Forward directivity effects have been 

observed during the 1999 Kocaeli earthquake at two stations, YPT and ARC, 

located 5 and 22 km, respectively, from the hypocenter.  Ground motions normal 

to the strike (the E-W components for the YPT and ARC records here) bring 

about spectral acceleration increases for periods above 0.5 second and the peak of 

such response spectra shift to longer periods.  We observe such forward 

directivity effects on the fault-normal components of the YPT and ARC records in 

acceleration response spectra shown in Figures 2.5 and 2.7.  Similar effects of 

forward directivity are also seen in the input energy-equivalent acceleration (Ai) 

spectra shown in Figures 2.6 and 2.8 for the YPT and ARC records, respectively.  

The peaks above 0.5 seconds shift to longer periods and there is an increase in the 

Ai ordinates of the fault-normal component relative to the other (fault-parallel) 

component.  Thus, it may be seen that energy spectra are able to represent 

important effects such as directivity for near-field motions. 
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Figure 2.3: Comparison of the response spectrum (showing spectral acceleration) with the input energy spectrum 
for a linear elastic SDOF system based on the E-W component of the MSK record from the 1999 
Kocaeli earthquake. 
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Figure 2.4: Comparison of the response spectrum (showing spectral acceleration) with the input energy spectrum 
for a linear elastic SDOF system based on the E-W component of the YPT record from the 1999 
Kocaeli earthquake. 
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Figure 2.5: Directivity effects on acceleration response spectra for the YPT 
ground motion records during the 1999 Kocaeli earthquake. 

 

Figure 2.6: Directivity effects on input energy-equivalent acceleration spectra 
for the YPT ground motion records during the 1999 Kocaeli 
earthquake. 
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Figure 2.7: Directivity effects on acceleration response spectra for the ARC 
ground motion records during the 1999 Kocaeli earthquake. 

 

Figure 2.8: Directivity effects on input energy-equivalent acceleration spectra 
for the ARC ground motion records during the 1999 Kocaeli 
earthquake. 
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2.4 ENERGY IN THE CONTEXT OF ATTENUATION 

There are only a few ground motion attenuation studies that employ 

energy-based demand parameters.  For example, Lawson (1996) used the 

statistical regression approach proposed by Joyner and Boore (1993) to study the 

attenuation of a number of energy-based parameters including the maximum of 

the horizontal components of 5-percent damped input energy, Ei, and hysteretic 

energy, Eh, for elastic and inelastic single-degree-of-freedom (SDOF) systems.  

For the inelastic systems, bilinear load-deformation models with five-percent 

strain hardening were considered in the analyses.  The study was based on ten 

significant earthquakes in California (with moment magnitude ranging from 5.8 to 

7.4), and employed a total of 250 records.  The data set was limited to records 

from shallow Western U.S. earthquakes and where the source-to-site distance was 

less than 100 km. 

Chapman (1999) established empirical attenuation relationships for the 

geometric mean of two horizontal components of the five-percent damped input 

energy-equivalent velocity, Vi, for elastic systems.  The study was based on a total 

of 303 records from 23 earthquakes in Western North America. 

Based on fifteen significant earthquakes in California, which yielded a 

total of 273 records, Chou and Uang (2000) established empirical attenuation 

relationships for the geometric mean of two horizontal components of the 

normalized input energy and the absorbed energy-equivalent velocity, Va.   

Regression analyses were carried out for both elastic and inelastic systems 

with different ductility levels.   
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It was shown that the amount of strain hardening had a negligible effect on 

the attenuation of absorbed energy; hence, an elasto-plastic load-deformation 

model was used in the development of new attenuation relationships. 

In Chapter 6, an extensive ground motion attenuation study is presented 

for energy-based ground motion parameters.  Using a random effects model that 

takes into consideration the correlation of data recorded by a single event (see 

Abrahamson and Youngs, 1992), we employ a database consisting of 195 

recordings from 17 recent seismic events to develop empirical attenuation 

relationships for the geometric mean of the two horizontal components of the 5-

percent damped elastic and inelastic input energy-equivalent velocity (Vi), and 

absorbed energy-equivalent velocity (Va). 

2.5 ENERGY IN THE CONTEXT OF SEISMIC HAZARD 

Very few previous studies have been carried out that deal with the use of 

an energy-based ground motion parameter in seismic hazard analyses.  Chapman 

(1999) studied elastic energy parameters in probabilistic seismic hazard analysis 

(PSHA).  The focus of his study was on a comparison of the magnitude and 

distance dependence of elastic input energy spectra with the elastic pseudo-

velocity response that is widely used in PSHA studies.  The objective was to 

assess the degree to which duration-dependent motion parameters change the 

hazard contributions from any seismogenic source at a given probability level.  

The motivation for that study was to establish whether input energy could offer 

any advantage over the elastic response spectrum because it accounted for the 

effect of ground motion duration.  The study concluded that if the seismic hazard 
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was assessed on the basis of input energy-equivalent velocity, larger magnitude 

earthquakes contributed more to total hazard than would be the case if the 

assessment were done based on the conventional elastic response spectrum. 

Ghosh and Collins (2002) discussed the use of uniform hazard hysteretic 

energy spectra in conjunction with explicit energy-based design criteria.  They 

proposed sample uniform hazard energy spectra for a site near Los Angeles, 

California.  They concluded that such uniform hazard energy spectra could be 

very useful in performance-based seismic design of building structures where the 

performance level represents the actual extent of structural damage. 

In Chapter 5, we present extensive probabilistic seismic hazard analyses 

that employ both energy- and strength-based parameters.  This study will present 

both uniform hazard spectra for four sites in Northwestern Turkey as well as 

seismic hazard maps created for that region. 

2.6 ENERGY IN THE CONTEXT OF DESIGN 

An energy-based design approach was first proposed by Housner (1956) 

where estimates of input energy were obtained using pseudo-velocity response 

(Sv).  The maximum elastic energy that could be attained by a single-degree-of-

freedom (SDOF) with mass m was estimated as follows: 

 
2

2
1

vI mSE =        (2.10) 

Akiyama (1985) proposed that an energy-related velocity design 

parameter, VE, for an undamped elastic-perfectly plastic system could be related 

to a linear elastic input energy spectrum with 10% damping.  The study assumed 
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that input energy levels were the same in the medium- and long-period ranges and 

that VE could be estimated as follows: 

 

m
EV I

E
2

=        (2.11) 

The parameter, VE, in in/sec, could also be expressed in terms of the 

predominant period of the ground, Tg (in seconds), as follows: 

VE = 100T,  for T<Tg 

VE = 100Tg,  for T≥Tg 

It was suggested that the above relationship provided a very good 

prediction of the input energy to MDOF systems and could be used in design. 

From a design point of view, an optimum story yield force distribution 

was proposed for a shear type frame such that the distribution of hysteretic 

energy, normalized by the elastic strain energy, was uniform.  Akiyama (1998) 

improved on his earlier studies and proposed an extensive design method for 

structures based on Equation 2.11. 

Uang and Bertero (1988) converted input energy to an equivalent velocity 

as in Equation 2.6.  They studied the influence of ductility level on input energy 

and concluded that input energy spectra were generally insensitive to ductility 

level.  Excellent correlation was shown to exist between experimentally measured 

Vi values for a multi-story structure and calculated Vi value for a SDOF system. 

Chou and Uang (2002) proposed a procedure to evaluate the absorbed 

energy in a MDOF system from energy spectra that they developed.  An 

equivalent SDOF system accounting for the first two modes needed to be defined 
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in order to use the procedure outlined.  It was demonstrated that the sum of the 

absorbed energies in the first two modes compared well with the absorbed energy 

obtained from a nonlinear MDOF time history analysis. 

Leelataviwat et al. (2002) used the energy balance concept in deriving 

seismic design forces for SDOF systems and extended this idea to also derive 

design forces for MDOF systems.  A energy-based procedure was proposed and 

used to design six example steel moment frames. They indicated that the 

procedure presented in their study could be used as a viable alternative to current 

design procedures. 

Kuwamura and Galambos (1989) estimated the earthquake demands on a 

structure using energy as follows: 
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where EI is the input estimated input energy, m is the mass of the structure, 
to is the total duration of the ground motion, gu&& is the earthquake ground 

acceleration, and Tg is a predominant period associated with the site conditions. 

Fajfar et al. (1991) studied the energy input into SDOF systems and 

proposed a formula to predict the maximum energy input.  They also modified 

some of the findings from the study by Kuwamura and Galambos (1989) and 

included comparisons with other studies on the subject. 

Tso et al. (1993) studied equivalent SDOF systems to estimate the input 

energy and hysteretic energy demands on low-rise ductile moment-resisting 

buildings. 
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Fajfar and Vidic (1994) proposed elastic design spectra considering 

hysteretic and input energy that were shown to be good approximations to 

corresponding inelastic spectra. 

Kuwamura et al. (1994) predicted the energy input for damped elastic 

SDOF systems on the basis of smoothed Fourier amplitude spectra.  It was 

concluded that increase in damping results in a more smoothed spectrum for 

SDOF systems.  The smoothing effect due to higher mode participation was less 

than that due to damping. 

Manfredi (2001) proposed a method to obtain a simplified representation 

of hysteretic and input energy spectra.  A new seismic index was defined in terms 

of peak ground acceleration, peak ground velocity, effective duration, and Arias 

intensity for the ground motion.  The method proposed was based on the 

evaluation of an equivalent number of cycles related to the proposed seismic 

index. 

Riddell and Garcia (2001) studied the inelastic response of SDOF systems 

and proposed hysteretic energy dissipation spectra.  They pointed out that a 

combination of the energy dissipation spectra and the Newmark-Hall inelastic 

force spectra allow estimation of ultimate deformation capacity.  This capacity 

was also presented in the form of a smooth design spectrum. 

Benavent-Climent et al. (2002) proposed energy spectra applicable to the 

seismic design of structures located in low-to-moderate-seismicity regions.  These 

spectra represented load effects in terms of input energy.  The proposed design 
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energy spectra were also compared with the Spanish code and with the energy 

spectra obtained from ground motions recorded in the 1999 Turkey earthquakes. 

Wong and Pang (2002) defined energy density spectra for different types 

of SDOF systems in order to estimate the structural damages due to earthquakes. 

Ordaz et al. (2003) presented a theoretical relation between the Fourier 

amplitude spectrum and the elastic input energy spectrum.  This relation helps 

understand the relationship between input energy spectra and other seismological 

parameters (e.g., magnitude of the event). 

Lawson (1994) used static pushover analyses to predict the energy demand 

in multistory framed structures.  The study concluded that the total energy could 

be significantly underestimated from pushover analyses.  This was also reported 

subsequently by Seneviratna and Krawinkler (1997) and Shen and Akbas (1999).  

These studies also concluded that the distribution pattern of hysteretic energy was 

not sensitive to the ground shaking intensity. 

2.6 SITE RESPONSE AND AMPLIFICATION OF ENERGY-BASED 
PARAMETERS DUE TO SOIL CONDITIONS 

Several researchers have studied the amplification of spectral acceleration 

as a function of site or soil class.  In the NEHRP Provisions (FEMA, 1997), site 

amplification factors for different levels of input spectral acceleration and for four 

site classes A, B, C, and D are provided.  Site amplification factors are given for 

short period and for 1.0-second period Sa levels. 

Chou and Uang (2000a) studied the amplification of absorbed energy-

equivalent velocity, Va, due to site effects.  In their study, they developed two 

energy-based amplification factors Fa’ and Fv’, that were recommended for 
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energy demands at 0.2 and 1.0 seconds, respectively.  These site amplification 

factors were computed as ratios of their own attenuation model median-level 

predictions for the soil site to those for a NEHRP site class A&B.  Their 

procedure did not include consideration of the level of the absorbed energy-

equivalent velocity, Va, and provided site amplification factors for only two site 

classes, C and D.  The study compared results with site amplification factors for 

spectral acceleration that are given in NEHRP Provisions (FEMA, 1997) and 

concluded that energy-based site amplification factors are generally higher than 

those used for force-based amplification as specified in the NEHRP Provisions.  

In addition, the site amplification factors derived for energy were shown to be 

quite insensitive to the level of ductility.  Although it is easy to incorporate site 

effects in an energy-based seismic hazard analysis, more studies are required on 

the amplification of energy at different natural periods and for different soil 

classes.  Moreover, the level of shaking in terms of energy needs to be accounted 

for in the amplification factors as is done in the corresponding NEHRP force-

based approach. 

We study energy-based site amplification effects in Chapter 6.  The 

approach we follow is similar to that employed by Chou and Uang (2000a).  It is 

anticipated that this approach will be improved in the future but detailed analyses 

of numerous ground motion records or simulations will need to be carried out 

along with a range of soil profiles. 
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2.8 CONCLUSIONS 

It is clear that development of input energy, Ei, or absorbed energy, Ea, 

spectra requires the same amount of computational effort as spectral acceleration, 

Sa, or spectral velocity, Sv.  However, the energy-based parameters convey more 

information than these traditional strength-based parameters.  Energy-based 

parameters offer a potential advantage over strength-based parameters in that they 

reflect, by their very definition, the direct influence of ground motion duration. 

As energy-based parameters are directly related to the duration of ground 

motion, they can be expected to be directly correlated to cumulative structural 

damage.  The use of energy-based parameters in ground motion studies, structural 

performance studies, and probabilistic seismic hazard studies needs the same 

amount of computational effort as for strength-based parameters.  In the next 

chapters, we focus on the use of energy-based parameters in such studies. 
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Chapter 3:  CORRELATION OF STRUCTURAL 
PERFORMANCE WITH ENERGY- AND  

STRENGTH-BASED PARAMETERS 

3.1 INTRODUCTION 

This chapter focuses on a study of the correlation between ground motion 

parameters (GMPs) and structural damage indicators for reinforced concrete and 

steel frames.  The relationship between ground motion intensity and structural 

damage is of primary concern in seismic regions.  Here, we will consider GMPs 

that are strength-based (such as spectral acceleration, Sa), and energy-based (such 

as input energy-equivalent acceleration, Ai, and absorbed energy-equivalent 

acceleration, Aa) as defined in Chapter 2.  It has been well established that 

structural response is influenced by strength-based parameters such as spectral 

acceleration, and traditionally, these strength-based parameters have been used as 

damage indicators and in design codes.  The general objective of this chapter is to 

investigate if energy-based parameters can correlate equally well or better with 

structural damage when compared to strength-based parameters.  Studying the 

degree of correlation in the two cases is done by estimating correlation 

coefficients and coefficients of determination (R-squared values in regression 

plots) of damage/performance measures versus GMPs. 
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Following simpler linear regression analyses first performed for R/C and 

steel structures, power law formats in regression of damage on GMP are also 

considered.  In regression studies of this type, a lower standard deviation of the 

damage measure given the value of the ground motion parameter (GMP) will be 

considered an indication of stronger correlation between that damage measure and 

the corresponding ground motion parameter.  These extensive regression studies 

are carried out for both low-rise and high-rise reinforced concrete and steel 

structures. Conclusions are discussed following these analyses that highlight 

differences for each structural type. 

Various researchers have studied the correlation of energy- and strength-

based parameters with structural damage measures.  Rahnama and Manuel (1996) 

studied seismic demands focusing on energy demands for bilinear systems.  They 

investigated the effect of strong motion duration with the help of simulations of 

strong ground motion.  Since, it was assumed that the duration of strong shaking 

has a direct effect on the number of inelastic excursions experienced by the 

structure, their study involved the dynamic analyses of bilinear SDOF systems 

with periods ranging from 0.1 to 4.0 seconds.  They considered 19 Western U.S. 

recorded motions at rock sites as well as simulated motions with four controlled 

durations.  They concluded that while strength demands and strength reduction 

factors are not very sensitive to strong motion duration, input energy demands are 

significantly dependent on this duration.  The input energy and hysteretic energy 

demands were seen to increase with an increase in duration while the ratio of 

hysteretic energy to input energy was seen to be relatively less sensitive to strong 
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motion duration.  They suggested that the relative proportion of input energy 

dissipated in hysteresis is not dependent on duration although the absolute 

hysteretic energy alone (an indicator of cumulative damage) is dependent on 

duration. 

Linde and Manuel (1998) studied the sensitivity of several response 

variables for structural wall models to strength- and energy-based parameters of 

the recorded ground motions.  A nonlinear macro model was employed to 

describe the behavior of reinforced concrete structural walls.  It was found that the 

structural wall’s nonlinear response character was strongly correlated to the input 

energy and moderately correlated to parameters such as peak ground acceleration 

or spectral acceleration of the ground motion. 

Elenas (1997, 1998, and 2000) and Elenas and Meskouris (2001) studied 

the dependence of several parameters such as peak ground acceleration, peak 

ground velocity, and peak ground displacement, spectral acceleration, input 

energy, Arias intensity, etc. on diverse structural damage indices.  Twenty ground 

motion records were considered and the response of a reinforced concrete frame 

structure with a first natural period of 1.18 seconds was analyzed using IDARC 

2D Version 4.0 (Reinhorn et al., 1996).  These studies concluded that spectral 

acceleration and input energy are both good indicators of the damage potential for 

the R/C structure analyzed.  These studies are limited, however, because they only 

considered one structure and twenty ground motion records.  They also only 

included global damage measures such as maximum inter-story drift and the Park 

and Ang overall damage index (Park and Ang, 1985).  Our numerical studies that 
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use the same analysis program, IDARC 2D Version 4.0, will address some of 

these shortcomings – we will consider four different R/C frame structures and will 

include 60 ground motion records (for various soil conditions).  We also will 

study correlation of damage measures using both spectral acceleration and energy 

but will include both global and local damage/performance measures. 

Giovenale et al. (2003) compared intensity measures that characterize the 

seismic action at a site and their influence on damage by means of incremental 

dynamic analysis (Vamvatsikos and Cornell, 2002).  These intensity measures 

were distinguished as either ground motion-dependent measures (such as peak 

ground acceleration and peak ground velocity) or structure-specific measures 

(such as spectral acceleration).  Energy-based intensity measures were however 

not studied.  A total of 30 ground motion records from 25 different earthquakes 

were used and the intensity measures from these motions were related to response 

characteristics of two reinforced concrete frame structures (a four-story structure 

and an eight-story structure).  While this study did not include an energy-based 

parameter, it brought out some useful insights that need to be considered when 

studying correlation of damage in nonlinear MDOF structures with any intensity 

measure.  The study showed that because of period lengthening associated with 

inelastic response during the strong motion, for best correlation with any 

structure-specific intensity measure, that intensity measure may need to be 

evaluated at some period longer than an important natural period (such as the 

fundamental period).  Participation of higher modes in the response of different 

structures can also change the degree of correlation between damage and the 
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intensity measure at the first mode natural period, which is commonly used.  In 

our numerical studies, we investigate the correlation of damage measures with 

first-mode strength- and energy-based parameters.  We also study the change in 

correlation that results when these parameters are evaluated at different periods 

that might be more appropriate when the response is inelastic (and thus 

accompanied by period lengthening) and/or the higher modes contribute 

significantly. 

In the following sections, we describe the numerical studies carried out to 

estimate the correlation of the different structures with the alternative strength- 

and energy-based ground motion parameters. 

Sections 3.2 and 3.3 describe the ground motion data used and the ground 

motion parameters considered in the analyses.  Section 3.4 includes a discussion 

on the various structural damage measures employed.  Section 3.5 contains a 

description of all the R/C and steel structures that were modeled.  Section 3.6 

describes the inelastic dynamic time history analyses.  Section 3.7 contains all of 

the results of the correlation and regression analyses as well as a discussion on all 

of the findings.  Finally, Section 3.8 includes general conclusions that focus on 

distinctions between strength and energy as damage indicators for the R/C and 

steel structures studied.  It should be noted that we only used moment resisting 

frame structures, one might use masonry, shear wall structure etc for an extensive 

study. On the other hand, the results of this study may vary for the structures that 

are designed  
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3.2 GROUND MOTION DATA 

A total of 60 ground motion records obtained during 20 events from all 

over the world, as presented in Table 3.1, are used in this study.  In the appendix 

of this dissertation, we provide a list of all the ground motions used and detailed 

information about them.  The time histories used in this study may be obtained at 

the web site of the Pacific Earthquake Engineering Research Center 

(http://peer.berkeley.edu).  The peak ground acceleration (pga) values for these 

records varied between 0.1 and 0.7g, where g is the acceleration due to gravity.  

In the database of strong motion records, 16 of the ground motions were recorded 

at stations with site class A or B (referred to as “A&B” in the following), 25 of 

them at site class C, and the remaining 19 at site class D.  The closest distance 

from the epicenter to the recording stations varied between 2.5 and 87 km.  The 

magnitudes of the earthquakes are also presented in Table 3.1.  A definition of the 

site classes in terms of shear wave velocities over the top 30 m of the soil layer is 

presented in Table 3.2. 

3.3 GROUND MOTION PARAMETERS 

For the purpose of the analyses discussed here, the ground motion 

parameters studied include spectral acceleration, Sa (a strength-based parameter) 

and input energy-equivalent acceleration, Ai, as well as absorbed energy-

equivalent acceleration, Aa (two energy-based parameters).  (In passing, it may be 

pointed out that Aa as defined in Chapter 2 may be thought of, for linear elastic 

systems, as either a strength-based parameter equal to the pseudo-spectral 
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acceleration or as an energy-based parameter since it is derived from the elastic 

strain energy). 

Table 3.1: Ground motion recordings used in the analyses. 

No. of Recordings 
No Earthquake 

Name Date Magnitude Fault 
Type A B C D 

1 Anza (Horse Cany.) 02/25/80 4.9 Strike-Slip  1   
2 Borrego Mtn 04/09/68 6.8 Strike-Slip   1  
3 Cape Mendocino 04/25/92 7.1 Reverse Normal  2 1  
4 Chi-Chi, Taiwan 09/20/99 7.6 Reverse Normal    8 
5 Coalinga 05/02/83 6.4 Reverse Oblique   2  
6 Coyote Lake 08/06/79 5.7 Strike-Slip 1 2 3  
7 Hollister 11/28/74 5.2 Strike-Slip   1  
8 Imperial Valley 05/19/40 7.0 Strike-Slip   1  
9 Imperial Valley 10/15/79 6.5 Strike-Slip  2 4 1 
10 Imperial Valley 10/15/79 5.2 Strike-Slip    1 
11 Kern County 07/21/52 7.4 Reverse Oblique  1   
12 Kobe 01/16/95 6.9 Strike-Slip    4 
13 Kocaeli, Turkey 08/17/99 7.4 Strike-Slip    1 
14 Landers 06/28/92 7.3 Strike-Slip 1    
15 Loma Prieta 10/18/89 6.9 Reverse Oblique 1 1 12 2 
16 Morgan Hill 04/24/84 6.2 Strike-Slip 1    
17 N. Palm Springs 07/08/86 6.0 Reverse Oblique 2    
18 Superstitn Hills(B) 11/24/87 6.7 Strike-Slip    1 
19 West Morland 04/26/81 5.8 Strike-Slip    1 
20 Whittier Narrow 10/04/87 5.3 Reverse Oblique 1    

Total No. of Recordings 16 25 19

The focus of this study is on comparing the correlation of strength- and 

energy-based parameters to damage, as well as to each other.  The definitions of 
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the energy-based parameters were given in Chapter 2.  The ground motion 

parameters are all computed for elastic 5%-damped SDOF systems with various 

natural periods ranging between approximately 0.5 and 4.0 seconds.  The actual 

periods used in subsequent discussion are generally chosen for each structure 

studied so as to match the fundamental period of vibration of that structure.  This 

will be discussed when details regarding the structures are presented. 

Table 3.2: Site classification and shear wave velocities over the top 30 meters. 

Site Class Shear Wave 
Velocity 

A > 750 m/s 
B 360 m/s to 750 m/s
C 180 m/s to 360 m/s
D < 180 m/s 

3.4 MEASURES OF STRUCTURAL DAMAGE 

Structural damage occurs when the deformations of structures under loads 

become large and permanent.  Damage in this sense may be related to the ratio of 

the demand to the ultimate structural capacity.  The level of structural damage 

depends on the structural material and configuration. 

Structural damage in relatively ductile systems depends on the cumulative 

inelastic deformation while for relatively brittle systems (e.g., masonry buildings), 

shear behavior is dominant.  Especially in such brittle systems, structural damage 

can be expressed in terms of the maximum deformation.  The damage in 

reinforced concrete structures depends on both the maximum inelastic 

deformation and the cumulative deformation under repeated stress reversals 

(Singhal, 1996).  Several damage models exist that can help characterize 
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structural damage in terms of a damage index.  Structural damage may be 

generally represented by global and local damage indices.  It is believed that a 

damage model for reinforced concrete (R/C) structures should include not only 

the peak inelastic response but also the effect of reversals of inelastic 

deformations.  

Global structural damage indices include maximum inter-story drift ratios, 

Park and Ang overall damage index values (Park and Ang, 1985) and local 

damage indices include average inter-story drift ratios and average Park and Ang 

story damage index values.  These indices may be treated as measures of 

structural performance.  Base shear, Vb, is also treated as a performance measure 

in this study.  Local structural damage indices quantify the damage in individual 

members or elements of the structure (e.g., at the story level).  On the other hand, 

global damage indices reflect combined effects of the structural damage to 

individual members at the overall system level.  While our primary interest is in 

global structural damage indices because they represent the state of the structure 

as a whole, the other performance measures are also considered in the correlation 

studies that follow. 

3.4.1 Local Damage Indices 

The structural damage sustained by individual members of a structure is 

expressed by local damage indices.  We will use the average inter-story drift ratio 

(AVISDR), which is the average over all stories of the ratio of the story drift to 

the story height, as a local damage index for steel structures in this study and the 
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average Park and Ang story damage index (AVSDI) as a local damage index for 

reinforced concrete structures. 

The Park and Ang damage index is a superposition of the structural 

damage caused by large deformations and repeated cyclic loading effects.  This 

damage index, DI, for a single structural element is defined as follows: 
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where δm,i is the maximum deformation experienced by the ith element during the 

earthquake excitation, δu,i is the ultimate deformation capacity of the element 

under monotonic loading, Py,i is the yield strength, HEi is the hysteretic energy 

dissipated in the element over the duration of the ground shaking, and β is a 

model parameter.  The first term in Equation 3.1 represents the structural damage 

due to large deformations while the second term describes damage due to the 

cumulative hysteretic energy dissipation.  Cosenza et al. (1990) suggested that the 

model parameter, β, should be taken to be equal to 0.15. 

The Park and Ang story damage index (SDI) for any story in a building is 

given in terms of the damage indices of all of the elements in that story. Thus, for 

the nth story we have: 
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where N(n) is the number of elements in the nth story and )()(
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where HEi is the hysteretic energy dissipated by the ith element in the nth story and 

HE(n) is the hysteretic energy dissipated by all the elements in the nth story. 

3.4.2 Global Damage Indices 

Global structural damage indices characterize the damage to the overall 

structure.  If a structure is statistically determinate, a local damage index is 

sufficient to describe the overall damage stage for the entire structure.  However, 

a global damage index is required to characterize the structural damage if the 

structure is redundant because such an index takes into consideration the extent 

and distribution of the local damage (e.g., story damage) (Singhal, 1996).  In this 

study, we will use as global damage indices, maximum inter-story drift ratio 

(MISDR) for steel structures and overall Park and Ang structural damage index 

(OSDI) for R/C frame structures.  The focus is on these two global indices, 

MISDR and OSDI, because they summarize all existing damage in the structural 

components by a single numerical value.  The index, MISDR, also characterizes 

nonstructural damage. 

The overall Park and Ang damage index (OSDI) is a weighted average of 

the various Park and Ang story damage indices and again the dissipated hysteretic 

energy is chosen as the weighting function. 
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where Ns is the number of the stories in the structure, and 
∑
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HE(n) as defined before (see Equation 3.2). 

3.4.3 Characterization of Damage 

Discrete damage stages or indices are necessary to characterize losses and 

structural damage during ground excitation.  Park et al. (1986) defined five 

different damage stages for R/C structures in terms of the overall structural 

damage index (OSDI).  These are expressed qualitatively as “slight,” “minor,” 

“moderate,” “severe,” and “collapse” damage states.  Table 3.3 presents a list of 

these damage states together with physical descriptions associated with each, as 

defined by Park et al. (1986). 

Table 3.3: Overall Park and Ang structural damage index (OSDI) for different 
damage stages. 

Damage 
Stages 

Damage 
Index Ranges Physical Description State of 

Structure 

Collapse >1.0 Partial or total collapse Loss of 
Building 

Severe 0.4 – 1.0 
Extensive crashing of concrete; 
disclosure of buckled 
reinforcement 

Beyond 
repair 

Moderate < 0.4 Extensive large cracks; spalling of 
concrete in weaker elements Repairable 

Minor - Minor cracks; partial crushing of 
concrete in columns - 

Slight - Sporadic occurrence of cracking - 

Gunturi et al. (1992) simplified the damage stages defined above.  They 

classified the degree of damage according to the following criteria: OSDI values 

greater than 0.8 were defined as total damage; OSDIs value between 0.6 and 0.8, 
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were defined as great damage; OSDI values between 0.3 and 0.6 were defined as 

medium damage; and OSDI values smaller than 0.3 were assumed to be 

associated with low damage that is repairable. 

Similar to the damage states defined for different values of OSDI for R/C 

structures, damage stages for different maximum inter-story drift ratio (MISDR) 

levels are proposed for steel structures as shown in Table 3.4. 

Table 3.4: Maximum inter-story drift ratio (MISDR) for different damage 
stages. 

Damage Stages Damage Index Ranges (%)
Total Damage >1.7 

Great 1.2 – 1.7 
Medium 0.5 – 1.2 

Low < 0.5 

3.5 DESCRIPTION OF STRUCTURES USED IN THE NUMERICAL ANALYSES 

Two groups of structures are analyzed in this study.  The first group 

consists of four reinforced concrete (R/C) moment-resisting frame structures.  

These are 3-, 5-, 8-, and 15-story structures.  The second group consists of three 

steel buildings (3-, 9- and 20-story structures) that were used in the SAC Phase II 

Steel Project (McCrae, 1999). 

3.5.1 Reinforced Concrete (R/C) Structures 

The reinforced concrete frame structures were designed according to the 

2000 International Building Code (ICBO 2000).  Dead, live and seismic loads 

were taken into account in the design.  All the structures consist of three-bay  
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Figure 3.1: Two-dimensional frame models for the four R/C structures, showing 
member sizes. 

frames, with 8-meter spacing between column center lines.  Schematic elevation 

views of the 2-D frame models for the four R/C structures along with member 

sizes are presented in Figure 3.1, where cross-sectional dimensions are expressed 

in centimeters. 
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3.5.2 Steel Structures 

The 3-, 9-, and 20-story steel buildings chosen for this study were used in 

the SAC Phase II Steel Project (McCrae et al, 1999), and have also been 

employed in other research activities as was the case, for example, with a 

benchmark study on structural control (Ohtori et al, 2000).  Our study intends to 

use these same structures because of their widespread acceptance by the research 

community.  The structures displayed in Figures 3.2, 3.3, and 3.4 were designed 

for gravity, live, wind and seismic loads.  These structures represent typical low-, 

medium- and high-rise steel buildings designed for the Los Angeles area with 

perimeter moment-resisting frames designed to carry the seismic loads (Akbas et 

al., 2003). 

The 3-story building shown in Figure 3.2 has plan dimensions of 36.60m 

× 54.90m and consists of four bays in the N-S direction and six bays in the E-W 

direction, with 9.15m spans.  The 9-story building shown in Figure 3.3 has plan 

dimensions of 45.75m × 45.75m and consists of five bays in both the N-S and E-

W directions, with 9.15m spans.  The structure also has a basement, B1.  The 20-

story building shown in Figure 3.4 has plan dimensions of 30.50m × 36.60m and 

consists of five bays in the N-S direction and 6 bays in the E-W direction, with 

6.10m spans.  The structure has two basements, B1 and B2.  For all of three 

structures, the beams and columns were wide-flange members whose cross-

sectional dimensions are shown in Figures 3.2, 3.3, and 3.4.  The floor systems of 

the structures are composite construction. 
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Figure 3.2: 2D (Two-dimensional) frame model of the 3-story steel frame 
showing member sizes. 

3.6 NONLINEAR TIME HISTORY ANALYSES 

In this study, the various reinforced concrete and steel structures are 

analyzed using two commonly used inelastic dynamic analysis computer 

programs.  The 3-, 5-, 8-, and 15-story reinforced concrete (R/C) frame structures 

are analyzed using IDARC 2D, Version 4.0 (Reinhorn et al., 1996) while the 3-, 

9-, and 20-story steel buildings are analyzed using Drain-2DX, Version 1.10 

(Prakash et al, 1993). 

In the following, we briefly discuss special issues related to the two 

computer programs focusing on the Drain-2DX program first.  The program, 

IDARC 2D is selected for the R/C structural models since it is pointed out that the 

Drain-2DX models have some limitations in terms of their ability to describe 

important aspects of the behavior such as pinching hysteresis needed for the R/C 

structures.  The intent here is to describe only those characteristics of the 

numerical models that are noteworthy when we discuss results of the correlation 
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motion parameters. 

 
 

Figure 3.3: 2D (Two-dimensional) frame model of the 9-story steel frame 
showing member sizes. 
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Figure 3.4: 2D frame model of the 20-story steel frame showing member sizes. 
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Drain-2DX has an element library that includes plastic hinge beam-

column elements, inelastic truss bar elements, simple connection elements, elastic 

panel elements, compression-tension link elements, and fiber beam-column 

elements.  The plastic hinge beam-column elements are used in this study.  These 

are one-component models where rigid plastic springs are located at the ends of 

each member.  The portions of each member between the two rigid plastic springs 

remain elastic.  Beams and columns are modeled to have bilinear load-

deformation characteristics.  This model used by Drain-2DX was calibrated to 

match the behavior of typical test assemblages of a steel beam (see, for example, 

Figure 3.5). 

 

 

 

Figure 3.5: Load-deformation behavior for a steel beam-column element in 
Drain-2DX and corresponding actual load-deformation behavior 
based on experimental tests on such an element. (Li and Pourzanjani, 
1999). 
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The fundamental periods of the 3-, 9-, and 20-story steel frames are 

computed to be 1.00, 2.10 and 3.79 seconds, respectively (Table 3.5), based on 

Drain-2DX analyses.   

Table 3.5: First three natural periods (T) and participation factors (Γ) for the 
steel structures. 

 Modes 1 2 3 
T (s) 1.00 0.33 0.17 3-STORY Г (%) 83 13 4 
T (s) 2.10 0.84 0.50 9-STORY Г (%) 83 11 4 
T (s) 3.79 1.33 0.77 20-STORY Г (%) 77 11 3 

The floor systems of the buildings are assumed to provide adequate 

diaphragm action and to be rigid in the horizontal plane.  The inertial effects at 

each story level are accounted for in the perimeter moment-resisting frames.  

Masses are assumed to be lumped at the joints in the models of the perimeter 

frames.  As stated before, beam-column elements are used in the analyses.  A 

strain hardening ratio of 5% is assumed for all elements and a damping ratio of 

5% is assumed as well.  Rayleigh damping is used with the first mode for the 3-

story frame; with the second and fourth modes for the 9-story frame; and with the 

third and sixth modes for the 20-story frame.  Panel zone effects are neglected in 

the analyses.  Axial load-moment interaction relations, suggested by AISC-LRFD 

(1999), are used to define the yielding surfaces for the column elements. 

Table 3.5 shows the first three natural periods for the three steel structures 

analyzed together with participation factors for the first three modes. 
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Because the bilinear load-deformation relationships available for use with 

the beam-column elements in Drain-2DX cannot account for pinching hysteresis 

effects associated with concrete behavior under cyclic loading, the IDARC 2D 

Version 4.0 program is preferred for the analysis of the reinforced concrete frame 

structures.  The hysteretic behavior of the reinforced concrete beams and columns 

is then described at the member ends using the “Park Hysteretic Model.”  This 

model incorporates stiffness degradation, strength deterioration, non-symmetric 

response, slip lock, and a tri-linear monotonic envelope.  The load-deformation 

characteristics for the beam-column elements available in IDARC 2D Version 4.0 

were calibrated to match the behavior of a typical test assemblage of a reinforced 

concrete element as illustrated in Figure 3.6. 

  

Figure 3.6: Load-deformation behavior for a reinforced concrete beam-column 
element in IDARC 2D Version 4.0 and corresponding actual load-
deformation behavior based on experimental tests on such an 
element. (Li and Pourzanjani, 1999). 

In IDARC 2D, most structural elements including columns, beams and 

shear walls, are modeled using the same basic macro formulation.  Flexural, shear 
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and axial deformations can be considered in the general structural macro element, 

although axial deformations are neglected in the beam elements.  The program 

provides an option for users to input their own cross-section properties directly, 

and the moment-curvature relationship for the corresponding member is 

computed internally.  Note that a constant axial load is assumed by the program in 

iteratively establishing the moment-curvature relationship.  The tri-linear 

moment-curvature relationship that may be modeled for reinforced concrete 

elements in IDARC 2D Version 4.0 and the corresponding actual moment-

curvature behavior for such an element are illustrated in Figure 3.7.  IDARC 2D 

takes into consideration stiffness changes in a member that take place during an 

earthquake.  The program starts by assuming a gross sectional stiffness, and 

changes this to an effective stiffness according to the magnitude of the moment 

induced in the member.  It also includes a spread plasticity formulation to capture 

variation of section flexibility that might result when a member experiences 

inelastic deformation causing cracks to spread from the joint interface. 

 
  

Figure 3.7: Tri-linear moment-curvature relationship for reinforced concrete 
element as modeled in IDARC 2D Version 4.0 and the 
corresponding actual behavior of a reinforced concrete element. 
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Two-dimensional frame models of the R/C structures are developed for 

the inelastic dynamic time history analyses using IDARC 2D Version 4.0.  The 

fundamental periods of the 3-, 5-, 8-, and 15-story frames are computed to be 

0.49, 0.65, 0.84, and 1.53 seconds, respectively (Table 3.6), based on the IDARC 

2D analyses.  Masses are assumed to be lumped at the joints.  Beams and columns 

are assumed to follow a three-parameter load-deformation relationship needed in 

order to simulate stiffness degradation, strength deterioration, and pinching 

behavior of these R/C elements.  Rayleigh damping with a damping ratio of 5% is 

considered in the models.  Table 3.6 shows the first three natural periods for the 

four R/C structures analyzed together with participation factors for the first three 

modes.  

Table 3.6: First three natural periods (T) and participation factors (Γ) for the 
reinforced concrete structures. 

 Modes 1 2 3 
T (s) 0.49 0.14 0.07 3-STORY Г (%) 94 5 1 
T (s) 0.65 0.21 0.11 5-STORY Г (%) 87 9 3 
T (s) 0.84 0.27 0.14 8-STORY Г (%) 80 11 4 
T (s) 1.53 0.48 0.26 15-STORY Г (%) 78 10 5 

3.7 CORRELATION STUDIES 

The degree to which structural performance measures (global damage 

indices, local damage indices, and base shear, for example) as determined from 

the inelastic dynamic analyses for the steel and R/C structures may be statistically 

related to the various ground motion parameters (GMPs) defined in Chapter 2 is 
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the focus of this section.  This relationship may be studied by estimating 

correlation coefficients and/or coefficients of determination (R-squared values) 

from regression studies.  Correlation coefficients are useful because they may be 

presented in a convenient matrix form for all the parameters involved.  Regression 

plots, however, are more informative, because the scatter in 2-D plots of a 

structural performance measure (e.g., OSDI, MISDR, etc.) versus each GMP 

becomes immediately clear.  The goodness of fit on such plots may be quantified 

with the help of coefficients of determination (R-squared values). 

3.7.1 Correlation Coefficient and Coefficients of Determination 

Correlation coefficients (dimensionless statistics that reflect the 

covariance structure between two variables) and coefficients of determination, 

i.e., R2 values from regression, are computed to express the degree of 

interdependency between structural performance measures on the one hand and 

each of the ground motion demand parameters on the other.  Correlation 

coefficient values can range between –1 and +1 and these values reflect the 

degree of the statistical linear relationship between any two random variables 

(Ang and Tang, 1975).  The physical effect of performing a linear regression of 

one variable, Y, on another variable, X, may be measured by the reduction of the 

original variance of Y that results when one takes into account the general trend of  

how Y changes with X.  This reduction is quantified by the value of R2 which is 

close to 1.0 when the reduced variance is much smaller than the original variance 

of Y; this happens when the trend line is a very good fit to the data.  It should be 
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noted that when the number of data are large, the R2 value is very close to the 

square of the correlation coefficient. 

3.7.2 Correlation among the Various Ground Motion Parameters 

In Figures 3.8 and 3.9, the relationship between spectral acceleration, Sa, 

and input energy-equivalent acceleration, Ai, is displayed by showing the data 

(computed Sa and Ai values at different natural periods for the ground motions of 

Table 3.1) along with a least-squares regression line.  Also, shown are R2 values 

for each natural period that indicate the degree to which these two parameters, Sa 

and Ai, are correlated.  Figure 3.8 summarizes regression results for natural 

periods of 0.1, 0.2, 0.3, and 0.4 seconds while Figure 3.9 summarizes similar 

results for natural periods of 0.5, 0.8, 1.0, and 4.0 seconds.  As is to be expected, 

there is a fairly strong correlation between Sa and Ai in general.  This correlation 

is lowest at short natural periods (less than 0.3 seconds).  For longer periods, the 

correlation coefficient between Sa and Ai is greater than 0.95 (since the R2 values 

are greater than 0.90 there).  Note that the slopes of the regression lines 

expressing Ai in terms of Sa decrease from about 2.2 at 0.1 seconds to smaller 

values on the order of 1.4 to 1.8 at longer periods. 

The variability in the Ai/Sa ratio with period is illustrated in Figure 3.10 

where results from all 60 ground motion records are plotted along with the mean 

and the mean ± 1 standard deviation ratios.  The greater variability in the Ai/Sa 

ratio at very short periods (around 0.10 second) is what brings about the low 

correlation and low R2 values between Sa and Ai there.  At longer periods, this 

variability decreases and the correlation is stronger. 
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Figure 3.8: Least-squares regression results and data showing input energy 
equivalent acceleration (Ai) versus spectral acceleration (Sa) at 0.1, 
0.2, 0.3, and 0.4 seconds for the sixty ground motion records. 
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Figure 3.9: Least-squares regression results and data showing input energy 
equivalent acceleration (Ai) versus spectral acceleration (Sa) at 0.5, 
0.8, 1.0, and 4.0 seconds for the sixty ground motion records. 
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Figure 3.10: Variability in the Ai/Sa ratio as a function of period based on the 
sixty ground motion records.  The mean and mean ± 1 standard 
deviation ratios are also shown. 

Note that when the correlation is strong (with R2 values greater than about 

0.90) at any period, it might be possible to estimate input energy-equivalent 

acceleration, Ai, from knowledge of the spectral acceleration value at that same 

period using the regression results developed and shown in Figures 3.8 and 3.9. 

3.7.3 Correlation Studies for the Reinforced Concrete MRF Structures 

The correlation between spectral acceleration, Sa, and the energy-based 

parameters (Ai and Aa) at the fundamental periods of the four R/C structures is 

studied first in Table 3.7.  The periods of the 3-, 5-, 8-, and 15-story structures are  
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Table 3.7: Correlation coefficients involving structural performance measures 
and ground motion parameters (evaluated at the fundamental modes) 
for the four R/C structures. 

 Ai Aa Sa Vb OSDI AVSDI 
Ai 1.00 0.97 0.98 0.70 0.73 0.73 
Aa  1.00 0.99 0.68 0.68 0.68 
Sa   1.00 0.72 0.72 0.72 
Vb    1.00 0.84 0.84 

OSDI     1.00 1.00 

3-STORY 
(T=0.49 s) 

AVSDI      1.00 
Ai 1.00 0.96 0.95 0.78 0.75 0.74 
Aa   1.00 0.99 0.78 0.74 0.75 
Sa    1.00 0.80 0.79 0.80 
Vb     1.00 0.87 0.85 

OSDI      1.00 1.00 

5-STORY 
(T=0.65s) 

AVSDI       1.00 
Ai 1.00 0.95 0.96 0.77 0.81 0.82 
Aa   1.00 0.98 0.80 0.83 0.85 
Sa    1.00 0.77 0.82 0.84 
Vb     1.00 0.89 0.89 

OSDI      1.00 0.99 

8-STORY 
(T=0.84 s) 

AVSDI       1.00 
Ai 1.00 0.94 0.97 0.73 0.62 0.59 
Aa   1.00 0.98 0.78 0.57 0.53 
Sa    1.00 0.74 0.59 0.55 
Vb     1.00 0.70 0.63 

OSDI      1.00 0.99 

15-STORY 
(T=1.53 s) 

AVSDI           1.00 

0.49, 0.65, 0.84, and 1.53 seconds, respectively.  As was discussed in Section 

3.7.2, strong correlation is seen between spectral acceleration, Sa, and input 

energy-equivalent acceleration, Ai, at these periods.  Absorbed energy-equivalent 

acceleration, Aa, is also seen to be strongly correlated with both Sa and Ai at these 

natural periods.  These various correlation coefficients among the various GMPs 

are greater than 0.94 in all cases. 
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Table 3.7 also presents correlation coefficient values between various 

structural performance measures and the GMPs.  The performance measures 

include a global structural damage index (Park and Ang overall damage index, 

OSDI), a local damage index (average Park and Ang story damage index, 

AVSDI), as well as base shear demand, Vb.  Finally, correlation among the 

performance measures is included in the table.  We shall discuss the results of 

Table 3.7 and then, in regression plots for each GMP, we will focus on only one 

structural performance measure, the Park and Ang overall damage index (OSDI) 

since it represents a global damage index for R/C structures.  Results from 

analyses involving all four of the R/C buildings are summarized in regression 

plots shown in Figures 3.11 to 3.14 where the OSDI is studied in relation to each 

of the three GMPs. 

On studying Table 3.7, we see that in general there is good correlation 

between the R/C frame structural performance measures and the GMPs.  Focusing 

on the damage indices, we see that the correlation of OSDI and AVSDI with 

strength- and energy-based parameters is weakest for the 15-story R/C structure 

and strongest for the 8-story R/C structure.  The correlation coefficients between 

structural performance measures and either spectral acceleration, Sa or the two 

energy-based parameters are very close to each other.  This shows that both 

strength- and energy-based ground motion parameters are good indicators of 

structural performance.  Also note that the global and local damage indices, OSDI 

and AVSDI, are highly correlated with each other. 



 64

Base shear demand in all the R/C structures is found to be equally well 

correlated with any of the ground motion parameters.  Also, the correlation 

coefficients for base shear, Vb, with the GMPs do not vary much.  They are 

generally in the range of 0.70-0.80. 

From Table 3.7, the following additional points may be summarized with 

regard to the damage indices.  For the 3-story structure, both local and global 

damage indices are correlated equally well with all three GMPs; the largest 

correlation was with Ai at 73 percent.  For the 5-story structure, the correlation 

between damage and GMPs is higher than was the case for the 3-story structure; 

the largest correlation was with Sa at 79-80 percent.  For the 8-story structure, the 

correlation between damage and GMPs is the highest of all the R/C structures; the 

largest correlation was with Aa at around 83-85 percent, although only slight 

differences are seen when the other two GMPs are considered.  Finally, for the 

15-story structure, weaker correlation is seen between damage and GMPs than 

was the case for the other three structures; the largest correlation was with energy-

based GMP, Ai, at around 59-62 percent.  It should be pointed out that the GMPs 

used in the correlation studies were all evaluated at the fundamental periods for 

each structure. 

Figures 3.11 to 3.14 show plots of the global damage index, OSDI, versus 

the three fundamental-mode GMPs (Sa, Aa and Ai) for the four R/C structures.  

The OSDI values were obtained from the IDARC 2D analyses.  Regression lines 

were fit to the data and are shown in the figures.  Consistent with Table 3.7, 

smaller R2 values that vary between 0.33 and 0.54 are observed for the 3- and 15- 
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Figure 3.11: Least-squares regression results showing overall structural damage 
index (OSDI) for the 3-story R/C structure versus fundamental-mode 
Sa, Aa, and Ai based on the sixty ground motion records. 
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Figure 3.12: Least-squares regression results showing overall structural damage 
index (OSDI) for the 5-story R/C structure versus fundamental-mode 
Sa, Aa, and Ai based on the sixty ground motion records. 
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Figure 3.13: Least-squares regression results showing overall structural damage 
index (OSDI) for the 8-story R/C structure versus fundamental-mode 
Sa, Aa, and Ai based on the sixty ground motion records. 
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Figure 3.14: Least-squares regression results showing overall structural damage 
index (OSDI) for the 15-story R/C structure versus fundamental-
mode Sa, Aa, and Ai based on the sixty ground motion records. 
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story R/C structures where the weakest correlation was seen. 

In the correlation studies with structural performance, the three GMPs, Sa, 

Aa, and Ai, are evaluated at the first mode natural period for the corresponding 

structure and a damping of 5 percent is assumed.  Correlation of each GMP with 

structural performance would be high if the true response was linear elastic and 

dominated by the first mode.  This would imply that the multi-story building 

would be in effect behaving like a SDOF system with natural period equal to the 

fundamental period of the building and with 5 percent damping.  The correlation 

when not strong may be due to either “higher mode effects” when there is 

significant contribution from the higher modes in addition to the fundamental 

mode or “period lengthening” associated with nonlinear, inelastic behavior (Luco 

and Cornell, 2001).  The weak correlation of OSDI for the 15-story structure with 

Sa, Aa, and Ai evaluated at the fundamental period might probably be due to the 

participation of higher modes as might be confirmed by reviewing Table 3.5.  In 

the case of the 3-story R/C structure, the weaker correlation of OSDI with 

fundamental-mode Sa, Aa, and Ai relative to that in the case of the 5- and 8-story 

structures might be because of the greater amount of damage that this structure 

experiences and the associated period lengthening that results in this structure. 

To understand the performance of the four R/C structures better, we study 

the levels of local story damage in each case.  This is done in Figure 3.15 where 

story damage indices at the mean level and the mean plus/minus one standard 

deviation level are plotted based on the sixty ground motions.  In the taller (8- and 

15-story) R/C structures, there appears to be higher variability in damage in the  
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Figure 3.15: Park & Ang story damage indices for the 3-, 5-. 8-, and 15- story 
R/C structures based on the sixty ground motion records. 
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upper stories; damage is most at the 6th, 7th, and 8th stories for the 8-story structure 

and at the 13th, 14th, and 15th stories for the 15-story structure.  The level of 

overall damage as well as story damage is seen to be highest for the 3-story 

structure.  This is consistent with our earlier statement that greater period 

lengthening associated with significant damage makes correlation of damage with 

fundamental-mode GMPs small. 

The number of plastic hinges that were formed in the inelastic dynamics 

analysis of the R/C structures is summarized in Figure 3.16(a).  As an illustration 

of the locations of the plastic hinges that formed when the 3-story structure was 

excited by a single record (from the sixty used) is shown in Figure 3.16(b).  These 

numbers of plastic hinges are to be considered relative to the total number of 

possible hinge formation locations.  The qualitative information conveyed by 

Figure 3.16 is consistent with that in Figure 3.15 – for example, the 3-story 

structure experienced the largest relative number of plastic hinge formations and 

also the largest damage index levels at all stories compared to the other structures. 

3.7.4 Correlation Studies for the Steel MRF Structures  

The correlation between spectral acceleration, Sa, and the energy-based 

parameters (Ai and Aa) at the fundamental periods of the three steel structures is 

studied first in Table 3.8.  The periods of the 3-, 9-, and 20-story structures are 

1.00, 2.10, and 3.79 seconds, respectively.  As was discussed in Section 3.7.2, 

strong correlation is seen between spectral acceleration and input energy-

equivalent acceleration at these periods.  Absorbed energy-equivalent 

acceleration, Aa, is also seen to be strongly correlated with both Sa and Ai at these  
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Figure 3.16: (a) Number of plastic hinge formations in the 3-, 5-, 8-, and 15-story 
R/C frame structures for the sixty ground motion records. 
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natural periods.  These various correlation coefficients among the various GMPs 

are greater than 0.85 in all cases. 

 

 

Figure 3.16: (b) Illustration of the locations plastic hinges in the 3-story R/C 
structure for a single record. 

Table 3.8 also presents correlation coefficient values between various 

structural performance measures and the GMPs.  The performance measures 

include a global structural damage index (maximum inter-story drift ratio, 

MISDR), a local damage index (average inter-story drift ratio, AISDR), as well as 

base shear demand, Vb.  Finally, correlation among the performance measures is 

included in the table. 

We shall discuss the results of Table 3.8 and then, in regression plots for 

each GMP, we will focus on only one structural performance measure, the 

maximum inter-story drift ratio (MISDR) since it is assumed to represent a global 

damage index for the steel structures.  Results from analyses involving all three of 

the steel buildings are summarized in regression plots shown in Figures 3.17 to 

3.19 where the MISDR is studied in relation to each of the three GMPs. 
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Table 3.8: Correlation coefficients involving structural performance measures 
and ground motion parameters (evaluated at the fundamental modes) 
for the three steel structures. 

    Ai Aa Sa Vb MISDR AISDR 
Ai 1.00 0.95 0.96 0.82 0.88 0.93 
Aa   1.00 0.99 0.82 0.93 0.97 
Sa    1.00 0.81 0.91 0.97 
Vb     1.00 0.90 0.89 

MISDR      1.00 0.98 

3-STORY 
(T=1.00 s) 

AISDR           1.00 
Ai 1.00 0.92 0.96 0.89 0.73 0.86 
Aa   1.00 0.97 0.92 0.86 0.94 
Sa    1.00 0.90 0.78 0.91 
Vb     1.00 0.85 0.93 

MISDR      1.00 0.95 

9-STORY 
(T=2.10 s) 

AISDR           1.00 
Ai 1.00 0.85 0.98 0.68 0.60 0.65 
Aa   1.00 0.90 0.86 0.85 0.90 
Sa    1.00 0.71 0.65 0.70 
Vb     1.00 0.91 0.96 

MISDR      1.00 0.96 

20-STORY 
(T=3.79 s) 

AISDR           1.00 

On studying Table 3.8, we see that in general there is good correlation 

between the steel frame structural performance measures and the GMPs.  

Focusing on the damage indices, we see that the correlation of MISDR and 

AISDR with strength- and energy-based parameters is weakest for the 20-story 

steel structure due mainly to higher mode effects; the strongest correlation is seen 

for the 3-story structure.  In contrast to the finding for the R/C structures, the 

correlation coefficients between structural performance measures and the various 

GMPs are not always at similar levels.  The absorbed energy-equivalent 

acceleration, Aa, is consistently more strongly correlated to the structural damage 

indices than either of the other two GMPs (Sa and Ai).  In summary, then, we see 
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that here Aa is more strongly correlated to both MISDR and AISDR for the three 

structures than either Sa or Ai.  Also, even for the 20-story structure where the 

correlation between damage and either Sa or Ai is on the order of 60 to 70 percent, 

the correlation between damage and Aa is significantly higher (85 to 90 percent).  

These results are, however, based on the limited (sixty) structural analyses carried 

out using the selected database of ground motions. 

Considering the correlation among the structural performance measures, it 

is seen that the global and local damage indices, MISDR and AISDR, are highly 

correlated with each other. 

As is the case for MISDR and AISDR, the correlation of base shear 

demand, Vb, with the GMPs is seen to be lower for the 20-story structure than for 

the other two structures.  This correlation of Vb with Aa, however, is still strong 

(86 percent) even for the 20-story structure. 

From Table 3.8, the following additional points may be summarized with 

regard to the damage indices.  For the 3-story structure, both local and global 

damage indices (MISDR and AISDR) are correlated equally well with all three 

GMPs; the largest correlation was with Aa at 93-97 percent.  For the 9-story 

structure, the correlation between damage and GMPs was also high as was the 

case for the 3-story structure; the largest correlation was again with Aa at 86-94 

percent.  For the 20-story structure, as was the case with the 9-story structure, the 

largest correlation was with Aa at around 85-90.  In this structure, the correlation 

of MISDR and AISDR with the other two GMPs, though, is significantly lower at 

60 to 70 percent.  Again, it should be remembered that the GMPs used in the 
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correlation studies were all evaluated at the fundamental periods for each 

structure. 

Figures 3.17 to 3.19 show plots of the global performance measure, 

maximum inter-story drift ratio (MISDR) versus the three fundamental-mode 

GMPs (Sa, Aa and Ai) for the three steel structures.  The MISDR values were 

obtained from the Drain-2DX analyses.  Regression lines were fit to the data and 

are shown in the figures.  Consistent with Table 3.8, smaller R2 values of 0.37 

(with Ai) and 0.42 (with Sa) are observed for the 20-story steel structures where 

the weakest correlation was seen.  In general, the regression R2 values are smaller 

for both the 9- and 20-story structures when the GMP is Sa or Ai but significantly 

larger with the Aa.  

When compared with the results from the R/C structural analyses, it is 

found that in general the correlation between structural performance and GMPs is 

somewhat stronger for the steel structures.  The weak correlation of MISDR for 

the 20-story structure with Sa and Ai evaluated at the fundamental period might 

probably be due to the participation of higher modes as might be confirmed by 

reviewing Table 3.6. 

To understand the performance of the three steel structures better, we 

study the inter-story drift ratios in each case.  This is done in Figure 3.20 where 

story drift ratios at the mean level and the mean plus/minus one standard 

deviation level are plotted based on the sixty ground motions.  In the taller (9- and 

20-story) steel structures, there appears to be relatively greater damage in the 

upper stories; damage is most at the 7th, 8th, and 9th stories for the 9-story structure  



 77

R2 = 0.83

0.00

0.75

1.50

2.25

3.00

0.0 0.3 0.6 0.9 1.2

S a  (g)

M
IS

D
R 

(%
)

R2 = 0.86

0.00

0.75

1.50

2.25

3.00

0.0 0.3 0.6 0.9 1.2

A a  (g)

M
IS

D
R 

(%
)

R2 = 0.78

0.00

0.75

1.50

2.25

3.00

0.0 0.5 1.0 1.5 2.0

A i  (g)

M
IS

D
R 

(%
)

 

 

 

Figure 3.17: Least-squares regression results showing maximum inter-story drift 
ratio (MISDR) for the 3-story steel structure versus fundamental-
mode Sa, Aa, and Ai based on the sixty ground motion records. 
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Figure 3.18: Least-squares regression results showing maximum inter-story drift 
ratio (MISDR) for the 9-story steel structure versus fundamental-
mode Sa, Aa, and Ai based on the sixty ground motion records. 
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Figure 3.19: Least-squares regression results showing maximum inter-story drift 
ratio (MISDR) for the 20-story steel structure versus fundamental-
mode Sa, Aa, and Ai based on the sixty ground motion records. 
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and at the top 2-3 stories for the 20-story structure.  The level of overall damage 

as well as story damage is seen to be highest for the 3-story structure.   

The number of plastic hinges that were formed in the inelastic dynamics 

analysis of the steel structures is summarized in Figure 3.21(a).  As an illustration 

of the locations of the plastic hinges that formed when the 3-story structure was 

excited by a single record (from the sixty used) is shown in Figure 3.21(b).  These 

numbers of plastic hinges are to be considered relative to the total number of 

possible hinge formation locations.  The qualitative information conveyed by 

Figure 3.21 is consistent with that in Figure 3.20 – for example, the 3-story 

structure experienced the largest relative number of plastic hinge formations and 

also the largest drift levels at all stories compared to the other structures. 

3.8 EVALUATION OF GROUND MOTION PARAMETERS AS DAMAGE 
INDICATORS 

Numerous previous studies have shown that strength-based ground motion 

parameters (such as spectral acceleration) correlate well with structural damage 

measures.  In Section 3.7, based on studies with R/C and steel frame structures, 

we have seen that structural damage correlates equally well with energy-based 

parameters as it does with strength-based parameters. 

In the following, the alternative ground motion parameters (GMPs) are 

compared with the intention of selecting the more optimal parameter for either 

detailed damage studies (as in loss estimation) or for probabilistic seismic hazard 

analysis (PSHA) studies. 
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Figure 3.20: Average story drift ratios for the 3-, 9-, and 20- story steel structures 
based on the sixty ground motion records. 
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Figure 3.21: (a) Number of plastic hinge formations in the 3-, 9-, and 20-story 
steel frame structures for the sixty ground motion records. 
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Figure 3.21: (b) Illustration of the locations plastic hinges in the 3-story steel 
structure for a single record. 

PSHA studies are concerned with estimating the mean annual frequency of 

exceedance of a specified GMP level at a site (Cornell, 1968).  In Chapter 5, we 

will employ strength- and energy-based GMPs in PSHA studies for sites in 

Northwestern Turkey.  In probabilistic seismic demand analysis (PSDA), 

similarly, one is interested in the mean annual frequency of exceedance of a 

specified seismic demand for a given structure at a site (Cornell, 1996).  Detailed 

studies on PSDA can be found in Bazzurro (1998), Shome and Cornell (1999), 

and Cornell and Krawinkler (2000).  In these PSDA studies, a demand parameter 

very similar to the local and damage structural performance/damage measures of 

Section 3.7 is employed.  Given the end goal of performing PSHA or PSDA 

studies, it is of interest to establish which GMP among various alternatives is 

most appropriate. 

The choice of the best GMP in PSDA studies must be based on 

requirements of “sufficiency,” “efficiency,” and “hazard computability” (Luco and 
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Cornell, 2001).  A sufficient GMP yields dispersion in the damage measure (DM) 

that is conditionally independent, given GMP, on ground motion characteristics 

such as site class, magnitude, source-to-site distance, etc.  A GMP is relatively 

more efficient if the dispersion in the damage measure, given GMP, is smaller 

compared to that for an alternative GMP.  Hazard computability of a GMP is 

related to the effort required to carry out a PSHA study with that GMP as the 

hazard variate.  Hazard computability is determined by the effort needed to define 

an attenuation relationship in terms of that GMP.  Since there are well-established 

attenuation relationships for the strength- and energy-based parameters that we 

are considering here, our GMPs (Sa, Aa and Ai) all meet the hazard computability 

requirements. 

Sufficiency is an important issue in PSDA studies because adopting a 

sufficient GMP permits an unbiased evaluation of the mean annual frequency of 

exceeding a specified seismic demand level and also allows decoupling of the 

hazard analysis from the structural analysis.  In PSHA studies, sufficiency 

requirements are not important because we are only interested in estimating the 

mean annual frequency of exceeding a specified GMP level, not in the structural 

response or damage. 

Although we are not directly concerned with the efficiency of a GMP as 

an inherent part of any PSHA studies, efficiency is still important because if the 

selected GMP correlates better with the damage measure than an alternative 

GMP, then PSHA results may be complemented with other structure-specific 
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parametric studies to help estimate probabilities of specified levels of damage 

more efficiently, i.e., with fewer inelastic dynamic time history analyses. 

To evaluate alternative GMPs for efficiency, it is common to carry out 

regression studies of damage measures on each GMP using more robust 

relationships than the linear models discussed in Section 3.7.  A power-law format 

is commonly used (see Cornell et al., 2000, 2002): 

εa bGMP=DM                                             (3.4) 

where DM is the structural response or damage measure, a and b are coefficients 

estimated in the regression, and ε is a term describing the dispersion in the power-

law relationship and has by definition, a median value of unity and a logarithmic 

standard deviation, σ.  The random variable, ε, is assumed to be lognormally 

distributed. 

The power-law model in Equation 3.4 is employed together with damage 

measures, OSDI and MISDR, for the R/C and steel structures, respectively and 

with the three GMP alternatives considered in Section 3.7.  In regression studies 

of this type, a lower standard deviation (dispersion) of the damage measure given 

the value of the GMP will be considered a better indication of correlation between 

that damage measure and the corresponding GMP. 

3.8.1 Power-Law Regressions for the Reinforced Concrete MRF Structures 

In Table 3.9, results of the power-law format regression analyses are 

summarized for the four R/C frame structures.  The table includes regression 

coefficients, a and b, as well as dispersions (logarithmic standard deviations of the 

damage measure, OSDI, given the GMP). 
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Table 3.9: Regression coefficients and dispersions in the damage measure, 
OSDI, conditional on each GMP for the R/C frame structures based 
on the power-law format regression. 

 Sa (cm/s2) Aa (cm/s2) Ai (cm/s2) 
a×10000 12.25 16.48 1.69 

b 0.70 0.65 0.93 3-STORY 
(T=0.49 s) 

σlnDM/GMP 0.72 0.78 0.64 
a×10000 5.17 5.62 2.30 

b 0.80 0.77 0.83 5-STORY 
(T=0.65 s) 

σlnDM/GMP 0.60 0.67 0.59 
a×10000 2.34 2.24 1.25 

b 0.97 0.97 0.98 8-STORY 
(T=0.84 s) 

σlnDM/GMP 0.56 0.62 0.55 
a×10000 19.07 16.66 6.93 

b 0.68 0.69 0.79 15-STORY 
(T=1.53 s) 

σlnDM/GMP 0.88 0.94 0.81 

From this table, it may be concluded that Ai is somewhat more efficient 

than Sa and Aa because the dispersion of the estimated DM given Ai is lower than 

that given Sa or Aa, especially for the 3- and 15-story R/C structures, where results 

from Section 3.7 had early suggested that local and damage indices had weak 

(linear) correlation with any GMP. 

Figures 3.19 top 3.22 show plots of the global damage measure, OSDI, 

versus the three fundamental-mode GMPs (Sa, Aa and Ai) for the four R/C 

structures.  The power-law fits to the data are also shown for each structure and 

GMP.  In summary, if a power-law format is employed in the regression, the 

GMP, Ai, is seen to be the best predictor of damage.  It should be noted that this 

finding is based on the structural analyses of the R/C structures using only sixty 
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ground motion records.  It is also important to point out that except for the 3- and 

15-story structures, in general, the three GMPs are equally acceptable predictors 

of damage. 

3.8.2 Power-Law Regressions for the Steel MRF Structures 

In Table 3.10, results of the power-law format regression analyses are 

summarized for the three steel frame structures.  The table includes regression 

coefficients, a and b, as well as dispersions (logarithmic standard deviations of the 

damage measure, MISDR, given the GMP).  From this table, it may be concluded 

that Aa is somewhat more efficient than Sa and Ai because the dispersion of the 

estimated DM given Aa is lower than that given Sa or Ai, except in the case of the 

3-story steel structure.  Results from Section 3.7 had suggested that local and 

damage indices had stronger (linear) correlation with Aa than with any other GMP 

for all three steel structures. 

Table 3.10: Regression coefficients and dispersions in the damage measure, 
MISDR, conditional on each GMP for the steel frame structures 
based on the power-law format regression. 

 Sa (cm/s2) Aa (cm/s2) Ai (cm/s2) 
a×100 1.46 1.07 0.56 

b 0.74 0.79 0.83 3-STORY 
(T=1.00 s) 

σlnDM/GMP 0.22 0.23 0.28 
a×100 3.80 1.42 3.27 

b 0.63 0.81 0.60 9-STORY 
(T=2.10 s) 

σlnDM/GMP 0.37 0.29 0.40 
a×100 9.40 2.06 8.36 

b 0.43 0.75 0.41 20-STORY 
(T=3.79 s) 

σlnDM/GMP 0.44 0.33 0.47 
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Figures 3.23 top 3.25 show plots of the global damage measure, MISDR, 

versus the three fundamental-mode GMPs (Sa, Aa and Ai) for the three steel 

structures.  The power-law fits to the data are also shown for each structure and 

GMP.  In summary, if a power-law format is employed in the regression, the 

GMP, Aa, is seen to be the best predictor of damage.  It should be noted that this 

finding is based on the structural analyses of the steel structures using only sixty 

ground motion records.  It is also important to point out that for the 3-story steel 

structure; either Sa or Aa is an equally acceptable predictor of damage. 

3.8.3 Summary based on the Power-Law Regression Studies 

On comparing regression results from analyses of the R/C and steel frame 

structures, we observe greater dispersion with the data from the R/C structures.  

This implies that it is generally more difficult to estimate damage for R/C 

structures given the level of the selected GMP.  For both R/C and steel structures, 

energy-based parameters are seen to be at least as good indicators of damage as 

strength-based parameters, with some indication that they may even be marginally 

more efficient in some cases. 

Since we saw that Ai and Aa were the most efficient GMPs for the R/C and 

steel structures, respectively, we investigate the sufficiency of these two GMPs 

next. 
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Figure 3.19: Power-law regression results showing overall structural damage 
index (OSDI) for the 3-story R/C structure versus fundamental-mode 
Sa, Aa, and Ai based on the sixty ground motion records. 
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Figure 3.20: Power-law regression results showing overall structural damage 
index (OSDI) for the 5-story R/C structure versus fundamental-mode 
Sa, Aa, and Ai based on the sixty ground motion records. 
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Figure 3.21: Power-law regression results showing overall structural damage 
index (OSDI) for the 8-story R/C structure versus fundamental-mode 
Sa, Aa, and Ai based on the sixty ground motion records. 
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Figure 3.22: Power-law regression results showing overall structural damage 
index (OSDI) for the 15-story R/C structure versus fundamental-
mode Sa, Aa, and Ai based on the sixty ground motion records. 
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Figure 3.23: Power-law regression results showing maximum inter-story drift 
ratio (MISDR) for the 3-story steel structure versus fundamental-
mode Sa, Aa, and Ai based on the sixty ground motion records. 

 



 94

0.01

0.10

1.00

10.00

0 125 250 375 500

S a  (cm/s2)

M
IS

D
R 

(%
)

0.01

0.10

1.00

10.00

0 125 250 375 500

A a  (cm/s2)

M
IS

D
R 

(%
)

0.01

0.10

1.00

10.00

0 200 400 600 800

A i  (cm/s2)

M
IS

D
R 

(%
)

 

 

 

Figure 3.24: Power-law regression results showing maximum inter-story drift 
ratio (MISDR) for the 9-story steel structure versus fundamental-
mode Sa, Aa, and Ai based on the sixty ground motion records. 
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Figure 3.25: Power-law regression results showing maximum inter-story drift 
ratio (MISDR) for the 20-story steel structure versus fundamental-
mode Sa, Aa, and Ai based on the sixty ground motion records. 
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The variation of the residuals from the regression with various source and 

site characteristics (including source-to-site distance, site class, and magnitude) 

for the R/C structures is studied first.  Results are presented only for the 5-story 

R/C structure because findings are similar for the other R/C structures.  These 

results are summarized in Figures 3.26 to 3.28.  No significant trends are seen; the 

mean of the residuals is very close to zero with variation in each source/site 

measure.  Dispersion in the residuals is seen to be slightly larger at large 

magnitudes and for softer soil sites but this might be because of the non-uniform 

data with each source/site measure. 

The variation of the residuals from the regression with various source and site 

characteristics for the steel structures is studied next.  Results are presented only 

for the 9-story steel structure because findings are similar for the other steel 

structures.  These results are summarized in Figures 3.29 to 3.31.  No significant 

trends are seen again; the mean of the residuals is very close to zero with variation 

in each source/site measure.  Dispersion in the residuals is again seen to be 

slightly larger at large magnitudes and for softer soil sites but again this might be 

because of the non-uniform data with each source/site measure.  

3.8.4 Ground Motion Parameters at Various Natural Periods 

The ground motion parameters (GMPs), Sa, Aa, and Ai, used in the 

regression and correlation studied in this chapter are 5%-damped SDOF elastic 

response values evaluated at the fundamental (first mode) period of the structure 

of interest.  This means that the correlation of damage measures with Sa, Aa, and 

Ai will, in general, not be strong because of possible higher mode effects that are  
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Figure 3.26: Residuals of damage measure, OSDI, after power-law regression on 
Ai versus source-to-source distance in order to quantify the 
sufficiency of Ai for the 5-story R/C structure. 

 

Figure 3.27: Residuals of damage measure, OSDI, after power-law regression on 
Ai versus site class in order to quantify the sufficiency of Ai for the 5-
story R/C structure. 
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Figure 3.28: Residuals of damage measure, OSDI, after power-law regression on 
Ai versus magnitude in order to quantify the sufficiency of Ai for the 
5-story R/C structure. 

 

Figure 3.29: Residuals of damage measure, MISDR, after power-law regression 
on Aa versus source-to-site distance in order to quantify the 
sufficiency of Aa for the 9-story steel structure. 
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Figure 3.30: Residuals of damage measure, MISDR, after power-law regression 
on Aa versus site class in order to quantify the sufficiency of Aa for 
the 9-story steel structure. 

 

Figure 3.31: Residuals of damage measure, MISDR, after power-law regression 
on Aa versus magnitude in order to quantify the sufficiency of Aa for 
the 9-story steel structure. 
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reflected in the overall dynamic response as well as period lengthening that might 

accompany significant inelastic behavior and onset of damage. 

An obvious approach to obtain an improved prediction of damage is to 

include contributions of the GMP evaluated at the second mode of vibration in 

regression studies.  A power law format based on GMP1 and GMP2, first- and 

second-mode GMP values, may be expressed as follows: 

εa c
2

b
1 ⋅⋅⋅= GMPGMPDM                                      (3.5) 

where, a, b, and c are coefficients estimated in the regression and, as before, ε is a 

term describing the dispersion in the power-law relationship. 

Results of the regression analyses that include GMPs at the first two 

natural periods for the R/C structures are summarized in Table 3.11.  These 

regression analyses are performed using first and second mode values of both Sa, 

and Ai, in units of cm/s2. 

Results of the regression analyses that include GMPs at the first two 

natural periods for the R/C structures are summarized in Table 3.11.  These 

regression analyses are performed using first and second mode values of both Sa, 

and Ai, in units of cm/s2.  When the second mode GMP value is added in the 

power-law regression, the dispersions decrease as expected.  The decrease, 

however, for the R/C structures is insignificant (when compared with Table 3.9).  

The greatest reduction in dispersion was observed for the 8-story structure when 

the second-mode period input energy-equivalent acceleration, Ai,2, is included. 
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Table 3.11: Regression coefficients and dispersions in the damage measure, 
OSDI, conditional on first and second mode GMPs for the R/C 
frame structures based on the power-law format regression. 

 Sa,1 Sa,2 Ai,1 Ai,2

a×10000 8.37 0.24 
b 0.57 0.26 
c 0.19 0.87 

3-STORY 
(T=0.49 s) 

σlnDM/GMP 0.71 0.62 
a×10000 3.38 0.59 

b 0.71 0.46 
c 0.15 0.54 

5-STORY 
(T=0.65 s) 

σlnDM/GMP 0.59 0.56 
a×10000 0.55 0.17 

b 0.73 0.54 
c 0.45 0.67 

8-STORY 
(T=0.84 s) 

σlnDM/GMP 0.54 0.48 
a×10000 12.70 2.78 

b 0.59 0.60 
c 0.14 0.29 

15-STORY
(T=1.53 s) 

σlnDM/GMP 0.87 0.79 

Using Equation 3.5 and the regression coefficients in Table 3.11, the 

global damage measure, OSDI, is plotted as a surface versus first and second 

mode Sa pairs and Ai pairs in Figure 3.32 and 3.33, respectively, for the 8-story 

R/C structure.  The data (i.e., computed OSDI values from the IDARC 2D 

analyses) are also shown. 

Results of the regression analyses that include GMPs at the first two 

natural periods for the steel structures are summarized in Table 3.12.  These 

regression analyses are performed using first and second mode values of both Sa, 
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and Aa, in units of cm/s2.  When the second mode GMP value is added in the 

power-law regression, the dispersions decrease as expected (see Table 3.10).  This 

decrease in dispersion is far more significant for the steel structures than was the 

case for the R/C structures.  The greatest reduction in dispersion was observed for 

the 9-story structure when either second-mode period GMP (i.e., absorbed 

energy-equivalent acceleration, Aa,2, or spectral acceleration, Sa,2) is included. 

Using Equation 3.5 and the regression coefficients in Table 3.12, the 

global damage measure, MISDR, is plotted as a surface versus first and second 

mode Sa pairs and Aa pairs in Figure 3.34 and 3.35, respectively, for the 9-story 

steel structure.  The data (i.e., computed MISDR values from the Drain-2DX 

analyses) are also shown. 

In order to improve the efficiency of any single GMP, the whole range of 

natural periods should be investigated for each GMP and the dispersion of the 

results from regression of the damage for each period, T, should be studied with 

respect to the GMP(T) at that period, T.  In the case of the analyses carried out for 

the R/C and steel structures, one can then search for that period where the 

dispersion of a power-law format regression from the data is smallest.  This 

optimal period for maximum efficiency of the GMP will, in general, be different 

from the fundamental period due to higher mode effects and/or period lengthening 

associated with damage that occurred. 
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Figure 3.32: Power-law format regression surface showing OSDI as a function of 
Sa,1 and Sa,2 for the 8-story R/C structure. 

 

Figure 3.33: Power-law format regression surface showing OSDI as a function of 
Ai,1 and Ai,2 for the 8-story R/C structure. 
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Table 3.12: Regression coefficients and dispersions in the damage measure, 
MISDR, conditional on first and second mode GMPs for the steel 
frame structures based on the power-law format regression. 

 Sa,1 Sa,2 Aa,1 Aa,2

a×10000 42.94 47.43
b 0.66 0.75 
c 0.27 0.17 

3-STORY
(T=1.00 s)

σlnDM/GMP 0.13 0.18 
a×10000 104.03 79.02

b 0.26 0.43 
c 0.53 0.42 

9-STORY
(T=2.10 s)

σlnDM/GMP 0.20 0.19 
a×10000 123.97 114.68

b 0.29 0.54 
c 0.48 0.27 

20-STORY
(T=3.79 s)

σlnDM/GMP 0.32 0.26 

 

Dispersion values (i.e., logarithmic standard deviation of the residual 

values conditional on the GMP) for the 3-, 5-, 8-, and 15-story R/C structures are 

plotted versus the period used for the GMP in Figures 3.36, 3.37, 3.38, and 3.39, 

respectively.  Plots for all three GMPs are included in the figures.  Similarly, 

dispersion values for the 3-, 9-, and 20-story steel structures are plotted in Figures 

3.40, 3.41, and 3.42, respectively.  The optimal periods to be used with each GMP 

correspond to the periods where the dispersion is smallest.  To make clear where 

these optimal periods lie relative to the natural periods of the structure in question, 

the first three modal periods are shown in Figures 3.36 to 3.42. 
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Figure 3.34: Power-law format regression surface showing MISDR as a function 
of Sa,1 and Sa,2 for the 9-story steel structure. 

 

Figure 3.35: Power-law format regression surface showing MISDR as a function 
of Aa,1 and Aa,2 for the 9-story steel structure. 
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The optimal period for any GMP is found to increase with damage 

because the structure softens with stiffness degradation.  This leads to period 

lengthening which makes the GMP correlate better with damage at a somewhat 

longer period than the fundamental period.  There are clear indications of period 

lengthening in the 3-, 5-, and 8-story R/C structures and slight period lengthening 

in the 3-story steel structure.  This may be confirmed by studying Figures 3.36, 

3.37, 3.38, and 3.40.  

When higher modes contribute significantly to the dynamic response of 

structures, the optimal period tends to get shorter than the fundamental period.  In 

the case of the 15-story R/C structure and the 9- and 20-story steel structures, the 

optimal period is shorter than the fundamental period suggesting importance of 

one or more higher mode in the overall dynamic response.  This may be 

confirmed by studying Figures 3.39, 3.41, and 3.42. 
 

Figure 3.36: Power-law regression dispersions for three period-dependent GMPs 
as a function of period for the 3-story R/C structure. 
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Figure 3.37: Power-law regression dispersions for three period-dependent GMPs 
as a function of period for the 5-story R/C structure. 

 

Figure 3.38: Power-law regression dispersions for three period-dependent GMPs 
as a function of period for the 8-story R/C structure. 
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Figure 3.39: Power-law regression dispersions for three period-dependent GMPs 
as a function of period for the 15-story R/C structure. 

 

Figure 3.40: Power-law regression dispersions for three period-dependent GMPs 
as a function of period for the 3-story steel structure. 
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Figure 3.41: Power-law regression dispersions for three period-dependent GMPs 
as a function of period for the 9-story steel structure. 

 

Figure 3.42: Power-law regression dispersions for three period-dependent GMPs 
as a function of period for the 20-story steel structure. 
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When all the figures (Figures 3.36 to 3.42) are studied, it is found that 

generally Ai yields the smallest dispersion for short periods and Aa yields the 

smallest dispersion for long periods.  The results suggest that the choice of the 

most efficient GMP and associated optimal period will depend on the type of 

structure, the participation of the various modes, and the degree of inelastic 

behavior that is expected. 

Dispersions (i.e., logarithmic standard deviation values) of the damage 

measure conditional on each of the GMPs with its associated optimal period are 

presented in Tables 3.13 and 3.14 for the R/C structures and the steel structures, 

respectively.  Comparing Tables 3.9 and 3.13, it can be seen that the use of the 

optimal period leads to significant reduction in dispersion.  Significant period 

lengthening is seen in several cases (the 3-story structure, for example) where the 

optimal period is approximately 0.9 seconds while the fundamental period was 

0.49 seconds.  Similarly, comparing Tables 3.10 and 3.14, we find now that the 

reduction in dispersion when an optimal period is used with a given GMP is less 

than was the case with the R/C structures. 

In general, no single GMP is seen to be a more efficient parameter than 

the others for all the structures.  From this, we may conclude that both energy- 

and strength-based parameters may be used in prediction of damage, and in 

seismic hazard studies. 
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Table 3.13: Optimal periods and power-law regression dispersions for three 
period-dependent GMPs for the R/C frame structures. 

 Topt σlnDM/GMP

Sa 0.91 0.34 
Aa 0.93 0.36 3-STORY 

(T=0.49 s) 
Ai 0.89 0.37 
Sa 0.91 0.30 
Aa 1.15 0.32 5-STORY 

(T=0.65 s) 
Ai 0.93 0.32 
Sa 1.31 0.41 
Aa 1.56 0.33 8-STORY 

(T=0.84 s) 
Ai 1.31 0.39 
Sa 2.94 0.70 
Aa 2.68 0.64 15-STORY

(T=1.53 s) 
Ai 1.29 0.34 

Table 3.14: Optimal periods and power-law regression dispersions for three 
period-dependent GMPs for the steel frame structures. 

 Topt σlnDM/GMP

Sa 0.97 0.18 
Aa 1.05 0.15 3-STORY 

(T=1.00 s) 
Ai 0.95 0.27 
Sa 0.91 0.24 
Aa 1.62 0.25 9-STORY 

(T=2.10 s) 
Ai 0.89 0.26 
Sa 1.31 0.32 
Aa 2.90 0.30 20-STORY

(T=3.79 s) 
Ai 0.93 0.30 
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3.9 CONCLUSIONS 

In this chapter, we first studied linear correlation between various ground 

motion parameters and recognized that the strength- and energy-based parameters 

are strongly correlated with each other except at short periods (around 0.1 

seconds).  Next, correlation coefficients and ordinary linear regression fits 

between ground motion parameters and damage measures were computed.  

Results showed that energy-based parameters (input energy-equivalent 

acceleration and absorbed energy-equivalent acceleration) correlated at least as 

well with structural damage as did the strength-based ground motion parameter. 

In order to understand which ground motion parameter is a more efficient 

indicator of damage, the various ground motion parameters were compared and 

evaluated using extensive regression analyses in a power-law format.  Results of 

these regression analyses showed that, in general, for the R/C structures, input 

energy-equivalent acceleration (Ai) was more efficient compared to spectral 

acceleration (Sa) and absorbed energy-equivalent acceleration (Aa) because the 

dispersion in the estimated damage measure given input energy-equivalent 

acceleration was smaller than it was given spectral acceleration or absorbed 

energy-equivalent acceleration levels.  This was especially true for the 3- and 15-

story R/C structures.  For the steel structures, absorbed energy-equivalent 

acceleration was more efficient compared to spectral acceleration and input 

energy-equivalent acceleration. 

Regression analyses were performed using the fundamental mode and 

second mode period ground motion parameters (GMPs).  When the second mode 
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GMP was taken into consideration in the power-law format regressions, 

dispersions decreased significantly for the steel structures but very slightly for the 

R/C structures. 

In order to improve the efficiency of any single ground motion parameter, 

the whole range of natural periods was investigated for each ground motion 

parameter and the dispersion of the results from regression of the damage for each 

period was studied.  Period lengthening and higher mode effects were observed in 

plots of dispersion versus period for each ground motion parameter.  It was found 

that generally input energy-equivalent acceleration (Ai) yielded the smallest 

dispersion for short periods and absorbed energy-equivalent acceleration (Aa) 

yielded the smallest dispersion for long periods.  There were clear indications of 

period lengthening in the 3-, 5-, and 8-story R/C structures and slight period 

lengthening in the 3-story steel structure.  In the case of the 15-story R/C structure 

and the 9- and 20-story steel structures, the optimal period was shorter than the 

fundamental period suggesting importance of one or more higher modes in the 

overall dynamic response. 

In general, no single ground motion parameter was seen to be a more 

efficient parameter than the others for all the structures studied.  From this, we 

may conclude that both energy- and strength-based parameters may be used in 

prediction of damage, and in seismic hazard studies.  In Chapter 5, we will 

perform probabilistic seismic hazard analysis studies for Northwestern Turkey 

and will employ both spectral acceleration (Sa) and input energy-equivalent 

acceleration (Ai) as ground motion parameters in those studies. 
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Chapter 4:  GROUND MOTION ANALYSIS FOR STRENGTH- 
AND ENERGY-BASED PARAMETERS 

4.1 INTRODUCTION 

In Chapter 3, it was seen that energy-based parameters may be at least as 

effective as strength-based parameters in describing the performance of structures.  

Now we investigate how such parameters may be used to describe ground motion.  

To illustrate the difference between strength- and energy-based parameters, we 

employ ground motions from the 1999 Kocaeli earthquake in our studies.  While 

our primary objective is in comparing strength- and energy-based parameters as 

measures of the ground motion, another objective is to compare predictions from 

empirical attenuation models developed for the Western U.S. for both strength 

and energy parameters with Kocaeli motions. 

In studying the attenuation of ground motion, strength-based parameters 

such as spectral acceleration have typically been used.  Recent studies on the 

attenuation of energy-based ground motion parameters have been performed for 

regions in the United States, especially for California where the strong motion 

database is fairly large at the present time.  Attenuation models developed based 

on ground motion data from California might possibly have similarities with 

regions in Turkey influenced by the North Anatolian fault system.  This is 

because of the similarity in characteristics of this fault system with the San 
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Andreas Fault in California – a fact that has been noted by many researchers (see, 

for example, Ambraseys (1970) or Çelebi et al (1999)).  These two fault systems 

are both right-lateral, strike-slip faults with remarkably similar lengths and long-

term rates of movement.  Also, according to Dewey (1976), the normal-fault 

earthquakes of northwestern Anatolia are seismologically similar to some normal-

fault earthquakes of the western United States.  Despite regional geological 

differences between California and relevant areas of Turkey, the noted similarities 

raise interesting questions regarding the possibility of some similarity in the 

characteristics of ground motion attenuation for these two fault systems as well.  

This study addresses such questions by examining ground motion data recorded at 

stiff soil and rock sites during the August 1999 (Kocaeli) earthquake and 

comparing these observations to predicted motions for the Mw 7.4 event at various 

distances.  The Kocaeli earthquake, an event that resulted from a rupture on the 

North Anatolian fault system, followed a nearly pure right-lateral strike-slip type 

mechanism on an east-west trending, near-vertical fault plane (see Lettis et al, 

2000). 

The relative sparseness of the network of ground motion measuring 

stations in Turkey that exists today suggests that in this earthquake, the ground 

motions that were recorded were likely not the largest ones that might have 

actually occurred.  This has already been pointed out by others (see Çelebi et al, 

1999).  As such, a study of the attenuation of recorded ground motion, which is 

undertaken here, is subject to this bias.  Nevertheless, we discuss comparisons of 
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attenuation of strength- and energy-based ground motion parameters of recorded 

data with regression-based models in current use for California. 

The attenuation of several different ground motion parameters is presented 

in the following.  These include peak ground acceleration (pga), conventional 

elastic strength-based parameters such as spectral acceleration or velocity (Sa, Sv), 

as well as elastic energy-based parameters such as the energy-equivalent 

velocities defined in Chapter 2 and derived from input energy (Ei) or absorbed 

energy (Ea).  In addition, attenuation of inelastic energy-based ground motion 

demand parameters is studied using results based on recorded ground motions for 

structures undergoing both mild as well as strong nonlinear, inelastic structural 

behavior. 

The main objective of the study in this chapter is to attempt to understand 

the degree to which attenuation models that have been developed for California 

resemble observed data from stations that recorded the Kocaeli earthquake 

motions.  Due to the sparseness of the network of recording stations mentioned 

before, some caution needs to be exercised in interpreting similarities or 

differences for the two regions.  Nevertheless, especially for purposes of planning 

or in assessing the seismic hazard at sites all over Turkey, current attenuation 

models in use may be usefully augmented by models developed for California 

until the Turkish ground motion database is enhanced.  A second objective here is 

to compare energy-based ground motion parameters and their attenuation with 

strength-based parameters, especially to understand what differences exist 

between these two for structures of different natural periods.  As we have seen in 
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Chapter 3 for R/C and steel structures, the degree of correlation between damage 

or performance and any period-dependent ground motion parameter (strength- or 

energy-based) depends in general on the type of structure (i.e., the number of 

modes/stories, natural periods of the modes, etc.) as well as on the degree to 

which the response is nonlinear/inelastic.  A study in this chapter of ground 

motions and the attenuation of strength- and energy-based parameters can help to 

anticipate the extent of damage at a given site based on the findings of Chapter 3 

together with expected attenuation trends for each ground motion parameter that 

will be investigated here. 

4.2 GROUND MOTION DATA FROM THE AUGUST 17, 1999 (KOCAELI) 
EARTHQUAKE 

In this study, the ground motion data recorded during the Kocaeli 

Earthquake are chosen.  The Kocaeli earthquake that occurred on August 17, 1999 

had a moment magnitude that was estimated to be Mw 7.4 with rupture beginning 

at a depth of approximately 17 km.  More detailed information on the Kocaeli 

earthquake is given in chapter 5 where we discuss rupture scenarios of the two 

1999 Turkey Earthquakes.  Kocaeli records taken from fifteen different stations 

are used in the analysis. All the records are for stiff soil and rock site conditions 

(see Table 4.1).  The locations of these stations are shown in Figure 4.1.  The 

geometric mean of the two horizontal components is used in the attenuation 

studies that are described.  For distance calculations, the closest distance to the 

rupture surface is used. 
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Table 4.1: Summary of the Kocaeli Earthquake (August 17, 1999) ground 
motion records used in the analysis. 

No. Station Abbreviation Operated by Dist. (km) 

1 Arçelik ARC KOERI 22 

2 Ataköy ATK ITU 67 

3 Balıkesir BLK ERD 183 

4 Botaş BTS KOERI 136 

5 Bursa Sivil Savunma BRS ERD 67 

6 Çekmece CNA KOERI 76 

7 Gebze GBZ ERD 13 

8 Göynük GYN ERD 35 

9 Havaalanı-İstanbul DHM KOERI 69 

10 İstanbul IST ERD 61 

11 İzmit IZT ERD 5 

12 Maslak MSK ITU 64 

13 Mecidiyeköy MCD ITU 62 

14 Sakarya* SKR ERD 4 

15 Zeytinburnu ZYT ITU 63 

 

(*For the Sakarya (SKR) station, only one horizontal component of ground 

acceleration was available and used in this study). 

4.3 ATTENUATION MODELS 

The attenuation relationships used in this chapter are presented in Table 

4.2.  The model proposed by Abrahamson and Silva (1997), Boore et al. (1997), 

Campbell (1997), Chapman (1999), Lawson (1996), and Sadigh et al. (1997) are  
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Figure 4.1: Strong Ground Motion Stations. 



 120

used to estimate peak ground acceleration (pga) and spectral acceleration (Sa).  

Ozbey et al (2000) model is predicting only peak ground acceleration (pga).  

Chapman (1999), Chou and Uang (2000), and Lawson (1996) attenuation models 

are considered to be appropriate for predicting energy-based parameters. 

 

Table 4.2: Summary information on attenuation relationships used in the 
analyses. 

Attenuation 
Model 

Ground 
Motion 

Parameter 
Database 

Period 
Range 
(sec) 

Distance 
Measure 

Site 
Conditions 

Abrahamson 
& Silva (1997) pga, Sv 

R ≤ 250 km 
4.5 ≤ M ≤ 7.5 

0.0 – 5.0 Rupture Rock, 
Deep Soil 

Boore et al 
(1997) pga, Sv 

R ≤ 80 km 
5.5 ≤ M ≤ 7.5 

0.0 – 2.0 Rupture 
shear wave 
velocity in 
top 30 m 

Campbell 
(1997) pga, Sv 

R ≤ 60 km 
5.0 ≤ M 

0.0 – 4.0 Seismogenic 
Hard Rock, 
Soft Rock, 

Soil 

Chapman 
(1999) pga, Sv, Vi 

R ≤ 200 km 
5.0 ≤ M ≤ 8.0 

0.0 – 2.0 Rupture 
Site Class 

A&B, C, and 
D 

Chou & Uang 
(2000) Sv, Va 

R ≤ 118 km 
5.5 ≤ M ≤ 7.4 

0.0 – 3.0 Rupture 
Site Class 

A&B, C, and 
D 

Lawson (1996) pga, Sv, Vi 
R ≤ 100 km 

5.8 ≤ M ≤ 7.4 
0.0 – 4.0 Rupture 

Site Class 
A&B, C, and 

D 

Sadigh et al 
(1997) pga, Sv 

R ≤ 100 km 
4.0 ≤ M ≤ 

8.0+ 
0.0 – 4.0 Rupture Rock, 

Deep Soil 

Ozbey (2000) pga R ≤ 100 km 
4.0 ≤ M ≤ 7.4 

0.0 Rupture Stiff/Soft Soil 

4.4 NUMERICAL STUDIES 

Comparison of the Kocaeli Earthquake response spectra with the results 

those are found using above attenuation relationships is done.  Here, peak ground 
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acceleration, pga, pseudo spectral velocity, Sv, absolute input velocity for 

absorbed input energy, Va, and absolute equivalent input velocity (total), Vi, 

response spectra are used for comparisons.  Comparisons of pga, Sv (Va converges 

Sv for elastic case), Va, Vi versus distance are studied for various periods; 0.1 

seconds, 0.5 seconds, 1.0 seconds, and 2.0 seconds.  Pga, Sv, Va, Vi versus period 

plots are for the distances; 5 km, 25 km, 65 km and 150 kilometer.  All the plots 

are for 5% damping and rock, stiff soil site. 

4.4.1 Attenuation of peak ground acceleration (pga) 

Figure 4.2 shows a plot of peak ground acceleration (pga) versus distance 

for all the records analyzed in this study.  Six different attenuation models are 

studied here. These include models by Abrahamson and Silva (1997), Boore et al 

(1997), Campbell (1997), Chapman (1999), Lawson (1996), Sadigh et al (1997), 

and Ozbey (2000).  As seen in the figure, especially for distances less than about 

30 km, the Kocaeli records generally yielded somewhat lower levels of pga than 

is predicted by most of the models.  Clearly, the relatively small number of 

records available prevents us from making broad conclusions from this finding.  

For larger distances, the pga values appear to be comparable to levels predicted 

for California. 

4.4.2 Response and Design Spectra 

Next, response spectra from the fifteen motions are studied.  In Figure 4.3, 

the mean value and mean-plus/minus-one-standard-deviation values of spectral 

acceleration (Sa) are shown versus period for all the motions.   
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Figure 4.2: Peak ground acceleration versus distance for Kocaeli motions 
compared with Western U.S. attenuation model predictions. 

 

Figure 4.3: Mean response spectra (Sa) and mean-plus/minus-one standard 
spectra of the Kocaeli motions compared with the Turkish design 
spectra. 
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For the sake of comparison, design spectrum levels as specified in the 

Turkish code are also shown for four different zones (1–4).  The motions, on the 

average, were somewhat lower than design levels for Zone 3.  Variability among 

the Kocaeli motions as indicated by the standard deviation of Sa is seen to be 

fairly large especially at short periods. 

4.4.3 Attenuation of spectral velocity (Sv) 

A comparison of recorded spectral velocity (Sv) levels with predicted 

levels based on attenuation models is studied next. .  Seven different attenuation 

models are studied for spectral velocity (Sv).  In addition to the attenuation models 

that are used for pga, one additional model proposed by Chou and Uang (2000) is 

also considered.  Periods ranging from 0.1 to 3.0 seconds were considered in the 

analysis.  Only a sub-set of the results obtained is presented here.  Figures 4.4 to 

4.7 show plot of spectral velocity (Sv) values versus distance at 0.1, 0.5, 1.0, and 

1.0-second period respectively, for all the records analyzed in this chapter.  

Predictions based on the seven different attenuation models are also included.  

Again as was observed for pga, for short distances, the models are all found to 

predict higher Sv levels than were obtained using the Kocaeli data.  This, however, 

may be due to sparseness of the strong motion data in the near field.  The 

attenuation models predict Kocaeli motions better in the long periods comparing 

to short periods at shorter distances. 

The Kocaeli Sv response spectra (Sv values versus natural period) are 

compared next and do so by studying the data in four distinct distance groups: (i) 

two records, IZT and SKR; attenuation models with distance = 5 km; (ii) three  
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Figure 4.4: 0.1 second spectral velocity versus distance for Kocaeli motions 
compared with Western U.S. attenuation model predictions. 

 

Figure 4.5: 0.5 second spectral velocity versus distance for Kocaeli motions 
compared with Western U.S. attenuation model predictions. 
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Figure 4.6: 1.0 second spectral velocity versus distance for Kocaeli motions 
compared with Western U.S. attenuation model predictions. 

 

Figure 4.7: 2.0 second spectral velocity versus distance for Kocaeli motions 
compared with Western U.S. attenuation model predictions. 
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records, ARC, GBZ, and GYN; attenuation models with distance = 25 km; (iii) 

eight records, ATK, BRS, CNA, DHM, IST, MCD, MSK, and ZYT; attenuation 

models with distance = 65 km; (iv) two records, BLK and BTS; attenuation 

models with distance = 150 km. 

As seen in the results presented by distance groups in Figures 4.8 to 4.11, 

significant variability in the data is observed at longer distances.  At shorter 

distances, the sparse data set makes it difficult to make meaningful conclusions.  

The Western U.S. attenuation models, however, are seen to predict similar period-

dependent Sv character as the Kocaeli data on average. 

4.4.4 Attenuation of elastic input energy-equivalent velocity (Vi) 

Two attenuation models for Vi are considered here: Chapman (1999) and 

Lawson (1996).  Figures 4.12, 4.13, 4.14, and 4.15 show plots of the 0.1, 0.5, 1.0, 

and 1.0-second elastic input energy-equivalent velocity (Vi) values versus distance 

for all the records analyzed in this chapter.  Mean and mean-plus/minus-one-

standard-deviation predictions based on the two attenuation models are also 

included.  Western U.S. models are seen to predict Vi values fairly well on 

average at all periods; however, it is found that for shorter periods, the Kocaeli 

data are somewhat larger than model predictions. 

The Kocaeli Vi spectra are compared (Vi values versus natural period) next 

and do so by studying the data in the same four distinct distance groups that are 

used to study Sv versus natural period.  Again, the same two attenuation models 

are studied for Vi (as in Figures 4.12 – 4.15) and include mean and mean-

plus/minus-one-standard-deviation model predictions together with the Vi values 
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from the Kocaeli data in Figures 4.16 to 4.19.  As seen in the figures, model 

predictions closely match the Kocaeli data over all distances. 

 
 

Figure 4.8: Elastic response spectra (Sv) for the 5 km distance set of the Kocaeli 
motions compared with Western U.S. attenuation model. 

 

Figure 4.9: Elastic response spectra (Sv) for the 25 km distance set of the Kocaeli 
motions compared with Western U.S. attenuation model. 
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Figure 4.10: Elastic response spectra (Sv) for the 65 km distance set of the Kocaeli 
motions compared with Western U.S. attenuation model. 

 

Figure 4.11: Elastic response spectra (Sv) for the 150 km distance set of the 
Kocaeli motions compared with Western U.S. attenuation model. 
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Figure 4.12: 0.1 second elastic input energy-equivalent velocity versus distance 
for Kocaeli motions compared with Western U.S. attenuation model 
predictions. 

 

Figure 4.13: 0.5 second elastic input energy-equivalent velocity versus distance 
for Kocaeli motions compared with Western U.S. attenuation model 
predictions. 
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Figure 4.14: 1.0 second elastic input energy-equivalent velocity versus distance 
for Kocaeli motions compared with Western U.S. attenuation model 
predictions. 

 

Figure 4.15: 2.0 second elastic input energy-equivalent velocity versus distance 
for Kocaeli motions compared with Western U.S. attenuation model 
predictions. 
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Figure 4.16: Input energy-equivalent velocity versus period for 5 km distance set 
of the Kocaeli compared with Western U.S. attenuation model 
predictions. 

 

Figure 4.17: Input energy-equivalent velocity versus period for 25 km distance set 
of the Kocaeli compared with Western U.S. attenuation model 
predictions. 
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Figure 4.18: Input energy-equivalent velocity versus period for 65 km distance set 
of the Kocaeli compared with Western U.S. attenuation model 
predictions. 

 

Figure 4.19: Input energy-equivalent velocity versus period for 150 km distance 
set of the Kocaeli compared with Western U.S. attenuation model 
predictions. 
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4.4.5 Attenuation of inelastic absorbed energy-equivalent velocity (Va) 

For elasto-plastic systems, a comparison of computed absorbed energy-

equivalent velocity (Va) levels for the ground motion records with predicted levels 

based on one attenuation model is studied next for two ductility levels, µ = 2 and 

6.  The attenuation model proposed by Chou and Uang (2000) for this energy-

based parameter is considered.  Figure 4.20 shows plots of the 0.5-second 

absorbed energy-equivalent velocity (Va) values for the two ductility values 

versus distance for all the records analyzed in this chapter and Figure 4.21 shows 

plots of the 1.0-second absorbed energy-equivalent velocity (Va) values for the 

same ductility values versus distance for all the records analyzed in this chapter. 

Attenuation model predictions (mean and mean-plus/minus-one-standard-

deviation levels) are also included.  Western U.S. models are seen to predict 

inelastic 0.5, and 1-second Va values fairly well on average.  Also, very small 

differences in Va values are seen between the results at the two ductility values at 

both periods. 

4.4.6 Attenuation of inelastic input energy-equivalent velocity (Vi) 

For inelastic (bilinear with 5-percent strain hardening) systems, a 

comparison of computed input energy-equivalent velocity (Vi) levels for the 

ground motion records with predicted levels based on one attenuation model is 

studied next for two ductility levels, µ = 2 and 6.  The attenuation model proposed 

by Lawson (1996) for this energy-based parameter is considered.  Figures 4.22 

and 4.23 show plots of the 0.5 and 1-second input energy-equivalent velocity (Vi) 

values for the two ductility values versus distance for all the records analyzed in  
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Figure 4.20: 0.5 second inelastic absorbed energy-equivalent velocity versus 
distance for Kocaeli motions compared with Western U.S. 
attenuation model predictions.                                                              
a) Va versus distance for ductility, µ = 2 (elasto-plastic systems).     
b) Va versus distance for ductility, µ = 6 (elasto-plastic systems). 
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Figure 4.21: 1.0 second inelastic absorbed energy-equivalent velocity versus 
distance for Kocaeli motions compared with Western U.S. 
attenuation model predictions.                                                              
a) Va versus distance for ductility, µ = 2 (elasto-plastic systems).     
b) Va versus distance for ductility, µ = 6 (elasto-plastic systems). 
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Figure 4.22: 0.5 second inelastic input energy-equivalent velocity versus distance 
for Kocaeli motions compared with Western U.S. attenuation model 
predictions.                                                                                          
a) Vi versus distance for ductility, µ = 2 (bilinear, 5% strain 
hardening systems).                                                                            
b) Vi versus distance for ductility, µ = 6 (bilinear, 5% strain 
hardening systems). 
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Figure 4.23: 1.0 second inelastic input energy-equivalent velocity versus distance 
for Kocaeli motions compared with Western U.S. attenuation model 
predictions.                                                                                           
a) Vi versus distance for ductility, µ = 2 (bilinear, 5% strain 
hardening systems).                                                                            
b) Vi versus distance for ductility, µ = 6 (bilinear, 5% strain 
hardening systems).         
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this chapter.  Attenuation model predictions (mean and mean-plus/minus-one-

standard-deviation levels) are also included.  As with the inelastic absorbed 

energy-equivalent velocity (Va) results in Figures 4.20 and 21, the Western U.S. 

models are seen to predict inelastic 0.5 and 1-second Vi values fairly well on 

average.  Also, very small differences in Vi values are seen between the results at 

the two ductility values for the bilinear system with 5-percent strain hardening 

consistent with what was found in studying Va differences at the two ductility 

values for elasto-plastic systems. 

4.5 DISCUSSIONS – WESTERN U.S. VS KOCAELI MOTIONS 

The studies carried out to date that examine the possibility of using 

energy-based ground motion parameters included examining strong motion data 

from the Kocaeli earthquake.  Strength- and energy-based parameters were 

compared for various distances. 

However, for distances less than about 30 km, the Kocaeli records 

generally yielded somewhat lower levels of pga, Sv than are predicted by most of 

the models, the relatively small number of records available prevents us from 

making broad conclusions from this finding.  Also, the predictive attenuation 

models for strength-based parameters confirmed that the Kocaeli data resembled 

ground motion recorded from events in the Western U.S fairly well. 

At shorter periods, it is found that the Kocaeli data were somewhat larger 

than model predictions for energy-based parameters.  Western U.S. models are 

seen to predict Va, Vi values fairly well on average.  Also, very small differences 

in Va, Vi values are observed between the results at higher ductility levels.  Effect 
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of ductility level on energy-based parameters is studied in more detailed in 

Chapter 6. 

Finally, Western U.S. models may be used in the seismic hazard analyses 

of Northwestern Turkey since they are observed to predict Kocaeli ground motion 

fairly well on average.  Due to the results of this study, probabilistic seismic 

hazard analyses are performed using the Western U.S. models in Chapter 5. 

4.6 IMPLICATIONS ON STRUCTURAL PERFORMANCE 

In Figure 4.24, the decay with distance of strength-based parameters 

versus energy-based parameters is investigated.  Kocaeli data are shown together 

with model predictions for Sv and Vi.  All the models discussed in Table 4.2 

except Ozbey (2000) are used in the analyses. 

From Figure 4.24, we observe a higher drop in the level of input velocity 

(Vi) with distance compared to spectral velocity (Sv) at shorter periods (0.1 and 

0.5 seconds).  In Chapter 3, it was seen that energy- and strength-based 

parameters have weak correlation at very short periods (especially around 0.1 

second).  Faster decay of energy-based parameters with distance versus strength-

based parameters might help explain the weak correlation of the two parameters at 

shorter periods.  If we consider the damage of the 3-story R/C structure (1st mode 

period, 0.49 second) that was studied in Chapter 3, we can make several 

conclusions.  First, noting that the energy-based parameter was found to be better 

correlated to damage measures, we should expect much more damage for similar 

3-story structures at short distances to the source than at longer distances.  If we 

consider  
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Figure 4.24: Decay of Sv, and Vi with distance at 0.1, 0.5, 1.0, and 2.0 second 
periods. 
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the strength-based parameter as a damage indicator, the level of the damage for 

short period structures at shorter and longer distances should be more similar. 

If damage data were extensive, we would be able to establish which 

parameter is the better damage indicator based on actual observations.  In the 

absence of such data, we can only state that the different findings for the 3-story 

low-rise R/C buildings in the two cases suggest that similar damage rates over all 

distances would validate the strength parameter while higher damage rates at 

short distances would validate the energy parameter. 

The trends in the strength- and energy-based parameters versus distance at 

the longer periods (e.g., 1.0 and 2.0 seconds) are quite similar unlike the 

dissimilar trends seen for shorter periods (see Figure 4.24). 

In general, it is seen in Figure 4.24 that the Vi levels reached at a given 

distance are much higher than corresponding Sv levels.  The decay of strength-

based parameter with distance versus energy-based parameter with distance will 

be better observed in seismic hazard maps that will be presented in chapter 5. 

4.7 CONCLUSIONS 

Although it was found that the recorded Kocaeli ground motions were 

somewhat larger than model predictions for energy- and strength-based 

parameters at shorter periods, the Western U.S. attenuation relationships predict 

Kocaeli ground motion fairly well on average.  Using the results from this 

chapter, strength- and energy-based probabilistic seismic hazard analyses will be 

performed in the next chapter. 
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It is expected that the hazard results for the strength- and energy-based 

parameters to be performed in Chapter 5 will lead to some differences for short 

periods due to the different attenuation rates with distance seen for these two 

alternative parameters.  Also, at least for short-period structures, actual damage 

data would help establish which parameter (the strength- or energy-based one) 

better explains damage potential since they each have very different attenuation 

rates with distance. 
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Chapter 5:  SEISMIC HAZARD STUDIES: STRENGTH VS. 
ENERGY CONSIDERATIONS 

5.1 INTRODUCTION 

We have seen in Chapter 4 how ground shaking at a site during an 

earthquake may be characterized by studying the attenuation of strength- and 

energy-based parameters as a function of distance, magnitude, etc.  We have also 

seen in Chapter 3 how structural performance is influenced by such strength- and 

energy-based ground motion parameters to varying degrees depending on the type 

of structure.  At any specified site, then, if there is an interest in establishing 

design ground motions to guarantee safety with specified probabilities, depending 

on whether one uses a strength or energy approach, the different correlations of 

each ground motion parameter with structural performance levels and the 

different attenuation rates as well would suggest that alternative design motions 

can be derived.  This is the goal of probabilistic seismic hazard analysis (PSHA). 

The main purpose of seismic hazard analysis is to estimate the levels of 

ground shaking associated with different probabilities (return periods) and to 

develop rock, stiff soil, or soft soil ground motions for use in the design of 

structures for specified return periods.  These studies are usually performed using 

a strength-based ground motion parameter such as spectral acceleration and 

available appropriate empirical attenuation models for it. 
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The interest here is in using alternative energy-based ground motion 

parameters in PSHA studies since in Chapter 3 it was shown 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.  Also, as is the case for 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 summary, then, energy-based parameters retain information 

about the structure since they are frequency-dependent.  But, in addition, they 

alone retain information about the cycles of oscillations and their expected role in 

damage that strength-based parameters do not. 

With regard to attenuation relationships, for the region of interest in this 

study, i.e., Northwestern Turkey, there are no definitive empirical attenuation 

models available today that may be used in PSHA studies for either strength- or 

energy-based ground motion parameters.  However, in Chapter 4, where we 

studied observed strength and energy demands from ground motions recorded 

during the Kocaeli earthquake, similarities in attenuation were observed with 

empirical models developed for the Western United States, except possibly in the 

near field (Sarı and Manuel, 2002).  This leads us to suggest that some Western 

U.S attenuation models may be employed in PSHA studies as was done by Sarı 

and Manuel (2003a).  Results from such studies can help to make comparisons 

between strength and energy demands on a regional basis in the form of typical 
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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 was defined (with units of acceleration) that is derived from 

input energy.  This parameter defined in Chapter 2 as 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 considered in the PSHA studies here is 

assumed 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 

since these were thought to be able to explain adequately the hazard at a site in 

this region of Turkey (Abrahamson, 2003). 

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 these four sites, hazard curves for Sa and Ai at 

various natural periods are presented.  In addition, results are summarized for 

three return periods corresponding to 2%, 5%, and 10% probabilities of 

exceedance in 50 years.  Finally, for one site (Atatürk Airport), a detailed 

comparison of hazard results for strength- and energy-based parameters is 

presented. 

For a larger region of Northwestern Turkey, seismic hazard maps are 

presented where again conventional strength-based parameters as well as energy-
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based parameters are used as mapping parameters.  For the sake of brevity, maps 

are presented for only one return period - 5% probability of exceedance in 50 

years. 

Finally, the ground motion levels based on PSHA results for the Airport 

and Mecidiyeköy sites are compared with prescribed design motions based on the 

Turkish code. 

5.2 THE 1999 TURKEY EARTHQUAKES 

The two earthquakes that occurred in Turkey in 1999 and the damage 

suffered by structures in those events motivated this study that evaluates 

probabilistic seismic hazard estimates from both strength and energy 

considerations.  In 1999, the Kocaeli (in August) and the Düzce (in November) 

earthquakes, struck Turkey, and more than 35,000 people lost their lives. 

The Kocaeli earthquake occurred on August 17, 1999.  The moment 

magnitude of this earthquake was 7.4.  This earthquake was the largest one to hit 

a modern industrialized area since the 1906 San Francisco earthquake and the 

1923 Tokyo earthquake.  It was a shallow earthquake with a 17-kilometer depth 

and caused significant damage to nine industrialized cities.  According to a 

reconnaissance team’s report (RMS Reconnaissance Team, 1999), “Damaging 

ground shaking intensities covered a 2,000 square kilometer (770 square mile) 

area in the provinces of İzmit and İstanbul in Northwestern Turkey, home to one-

third of the country’s 65 million people.”  The Kocaeli earthquake lasted 45 

seconds, and it caused the deaths of over 30,000 people.  Furthermore, it damaged 
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more than 50,000 buildings.  Most of the collapsed and damaged buildings were 4 

to 8 stories high. 

The epicenter of the Kocaeli earthquake was Gölcük that was almost 11 

kilometers from İzmit City.  The precise location of this earthquake was 

determined to be 40.70N, 29.91E.  The earthquake was caused by slippage of the 

Sapanca-İzmit segment of the North Anatolian Fault System that is 900 

kilometers long and has characteristics similar to California’s San Andreas Fault.  

These two faults are right-lateral and strike-slip faults.  In addition, they both have 

comparable long-term rates of movement.  According to the USGS Provisional 

report (1999), the Kocaeli earthquake “produced at least 60 kilometers (37 miles) 

of surface rupture and right-lateral offsets as large as 2.7 meters, or almost nine 

feet.”  Further, according to Barka (2000), “During the 20th century, only the 

1943 Hendek earthquake with a magnitude of 6.4 affected the rupture zone of the 

1999 (Kocaeli) earthquake. However, earlier earthquakes in 1719, 1754, 1878, 

and 1894 occurred in the Gulf of İzmit.”  On November 12, 1999, another severe 

earthquake struck Düzce.  According to the Kandilli Observatory, the moment 

magnitude, Mw, of the Düzce Earthquake was 7.1.  During this earthquake, almost 

1,000 people lost their lives and over 2,000 buildings were heavily damaged or 

collapsed.  Similar to the Kocaeli earthquake in August, most of the collapsed 

buildings had 4 to 8 stories. 

The epicenter of this earthquake was 4 kilometers south of Düzce, and the 

precise location of the epicenter was determined to be 40.768N, 31.148E – about 

105 kilometers (65 miles) from İzmit City. 
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The Düzce earthquake occurred on the Düzce Fault that is one of the 

segments of the North Anatolian Fault.  Düzce was the easternmost boundary of 

the August 1999 rupture, and it is believed that the Kocaeli earthquake induced 

stress onto the Düzce Fault.  The Düzce earthquake produced 40 kilometers of 

surface rupture, and the geometry of the fault rupture and the causes of damages 

of the Düzce earthquake were similar to those of the Kocaeli earthquake.  The 

Düzce earthquake also had a right-lateral strike-slip movement on the fault, and 

the depth of this earthquake was 14 kilometers.  The Düzce-Bolu region was 

assigned to be the first and second seismic zones on the seismic map of Turkey.  

The Hendek earthquake in 1943 and the Kocaeli earthquake in August, 1999 

ruptured the western part of the Düzce fault, and seismic activity was not seen in 

the eastern part of the Düzce fault.  However, six major earthquakes have 

occurred around this area since 1943. 

5.3 SEISMICITY AND SEISMOTECTONICS OF NORTHWESTERN TURKEY 

The seismicity of Turkey might best be explained by considering two 

periods – the first covers the historical earthquakes between 200 B.C. and 1900 

A.D., and the second covers the period since 1900 when more recent events have 

been recorded and studied.  In Figure 5.1, the epicenters and magnitudes of all the 

earthquakes throughout history that have occurred in Turkey are shown.  As 

shown in Figure 5.1, the northwestern and western parts of the Turkey are regions 

of strong seismic activity.  Several severe earthquakes throughout history have 

caused significant damages in those regions. 
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Figure 5.1: The epicenters and magnitudes of all the earthquakes that have 
occurred in Turkey. 

Movements of the Eurasian Plate, African Plate, Arabian Plate and 

Anatolian Plate are what cause earthquakes in Turkey.  The Arabian, African and 

Eurasian Plates move north and south towards each other.  As a result of this, the 

Anatolian Plate is being squeezed out westwards.  This westward movement 

results from differences in rates of motion between the Arabian and African 

Plates.  All the fault systems that are formed because of the movement of these 

plates are shown in Figure 5.2.  There are three main sources of seismic activity in 

Turkey.  These are the North Anatolian Fault (NAF), the East Anatolian Fault, 

and the Western Turkey Graben Complex.  The North Anatolian Fault is the most 

important and it has been the cause of several severe earthquakes in Northwestern 

Turkey.  It is a right-lateral strike-slip fault.  As pointed out before, there are 

many similarities in characteristics of the San Andreas Fault in California and the 
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NAF.  The northern section of the NAF system is a combination of eleven fault 

segments.  Using the information on these segments, seismic hazard maps for this 

region are prepared in this chapter. 

 

 
 

Figure 5.2: The Fault Systems in Turkey. 

It has been reported that several intense earthquakes have hit Istanbul and 

Northwestern Turkey in the past centuries (Ambraseys and Finkel, 1995).  In 

1509, one of the most destructive historical earthquake occurred in Istanbul.  Its 

epicenter was in the Marmara Sea.  Another earthquake that might have had its 

epicenter in the Sea of Marmara occurred in 1556.  After these large earthquakes, 

two severe earthquakes hit Istanbul in 1766 and 1894.  Foe earthquakes that 

occurred after 1900, far more detailed information is available.  Some of these 

more recent earthquakes that had magnitudes greater than 7.0 are listed in Table 

5.1. 
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Table 5.1: Recent earthquakes with magnitude greater than 7.0. 

Year Location Magnitude

1939 Erzincan 7.9Ms 

1942 Niksar-Erbaa 7.1Ms 

1943 Tosya-Ladik 7.6Ms 

1944 Bolu-Gerede 7.3Ms 

1957 Bolu-Abant 7.0Ms 

1967 Mudurnu 7.1Ms 

1999 İzmit-Golcük 7.4Mw 

1999 Bolu-Düzce 7.1Mw 

5.4 PROBABILISTIC SEISMIC HAZARD ANALYSIS METHODOLOGY 

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 (Figure 5.3).  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: 

 
         ∑ ∫∫ >=>

i r,m
iRiMi drdm)r(f)m(f)r,m|*aA(Pν*)aA(ν      (5.1) 

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 
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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, υi; the summation is done over all sources. 

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 PSHA 

calculations, the attenuation model by Chapman (1999) for elastic input energy-

equivalent acceleration, Ai, was used.  Figure 5.4 shows comparisons of Sa and Ai 

for 0.1 sec and 1.0 sec natural periods based on model predictions as well as 

Kocaeli data.  It is seen that for short distances, the attenuation rates are similar 

for the two parameters, whereas for longer distances, Sa drops more rapidly with 

distance for both natural periods.  Again, as we saw in Figure 4.24, the energy-

based parameter is generally higher than the strength-based parameter at all 

distances.  Findings related to Figure 5.4 will lead to different hazard trends and 

maps for the two parameters as we shall see later.  The comparison between data 

and model predictions was already studied in Chapter 4, and especially in the near 

field, the same underprediction of the Kocaeli data by the Western U.S. models is 

seen in Figure 5.4. 

A geographical representation of the eleven fault segments on the NNAF 

system is shown in Figure 5.5.  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  
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Figure 5.4: Comparison of spectral acceleration (Sa) and elastic input energy-
equivalent acceleration (Ai) versus distance for 0.1 and 1.0 second 
natural periods.  
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recurrence rates ranged from 159 to 286 years based on slip rate data and on past 

earthquakes.  The 11 fault segment boundaries are assumed to exist where faults 

change direction, or where displacements varied substantially in past earthquakes 

(Erdik, 2001).  The characteristic magnitudes and associated annual recurrence 

rates for the 11 segments are given in Table 5.2. 

Table 5.2: Characteristic magnitudes and associated annual recurrence rates for 
the 11 fault segments. 

Segments Magnitude Annual rate of recurrence 

1 7.5 0.00628 
2 7.5 0.00628 
3 7.5 0.00628 
4 7.5 0.00500 
5 7.5 0.00420 
6 7.5 0.00350 
7 7.5 0.00350 
8 7.4 0.00440 
9 7.4 0.00440 
10 7.4 0.00590 
11 7.4 0.00590 

5.5 PROBABILISTIC SEISMIC HAZARD STUDIES FOR ATATÜRK AIRPORT, 
AVCILAR, GEBZE, MECIDIYEKÖY SITES 

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.  Results are summarized here for three return periods 

corresponding to 2%, 5%, and 10% probabilities of exceedance in 50 years.  The 

results are discussed for four locations distributed at various positions some 

distance north of the NNAF system.  These sites include Airport (Atatürk Airport 

in İstanbul), Avcılar, Gebze, and Mecidiyeköy; their locations are indicated in 
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Figure 5.6.  Hazard results at these four sites are compared for different natural 

periods using both strength- and energy-based ground motion parameters. 

 
 

Figure 5.5: Map of Turkey showing the eleven fault segments modeled in the 
probabilistic seismic hazard analyses. 

 

Figure 5.6: Map showing the four sites studied in the probabilistic seismic 
hazard analyses: Airport, Avcılar, Gebze, and Mecidiyeköy. 
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5.5.1 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 Figures 5.7 to 5.14.  

Seismic hazard curves show annual probability of exceedance for a given level of 

ground motion parameters.  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 1.0 

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 Figure 5.15, seismic hazard curves are plotted for strength- 

and energy-based ground motion parameters at the Airport site at four different 

natural periods.  As strength parameters, peak ground acceleration and spectral 

acceleration at three natural periods (0.2, 0.3, and 1.0 seconds) are considered.  As 

energy parameters, the input energy-equivalent acceleration, Ai at four natural 

periods (0.1, 0.2, 0.3, and 1.0 seconds) is considered.  It can be concluded that the 

hazard curves for the energy parameters are less steep than for the strength 

parameters.  Also, the energy-based hazard curves get systematically higher with 

decrease in period; this was not true for the strength parameter, spectral 

acceleration. 

In order to compare the strength- and energy-based hazard results, the 

results obtained for the Airport site are studied alone.  For two natural periods, 0.2 

sec and 1.0 sec, Figure 5.16 shows hazard curves for both Sa and Ai.  As can be  
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Figure 5.7: Seismic Hazard Curves for pga at the four sites. 

 

Figure 5.8: Seismic Hazard Curves for 0.2 second Sa at the four sites. 
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Figure 5.9: Seismic Hazard Curves for 0.3 second Sa at the four sites. 

 

Figure 5.10: Seismic Hazard Curves for 1.0 second Sa at the four sites. 
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Figure 5.11: Seismic Hazard Curves for 0.1 second Ai at the four sites.  

 

Figure 5.12: Seismic Hazard Curves for 0.2 second Ai at the four sites. 
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Figure 5.13: Seismic Hazard Curves for 0.3 second Ai at the four sites. 

 

Figure 5.14: Seismic Hazard Curves for 1.0 second Ai at the four sites. 



 162

observed 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. 

Seismic hazard curves based on spectral acceleration, Sa, showing 

individual contribution of segments to seismic hazard are illustrated for four 

different natural periods in Figures 5.17 to 5.20.  Contributions of fault segments 

6 and 7 to seismic hazard are seen to be highest at the Airport Site.  

5.5.2 Uniform Hazard Spectra for Four Sites 

Uniform hazard spectra can often be useful for design and indicate 

response values/ordinates as a function of period that has the same probability of 

exceedance.  Uniform hazard spectra for the four sites assuming rock conditions 

and based on both strength- and energy-based parameters are prepared in this 

study.  These spectra are for 2%, 5%, and 10% probabilities of exceedance (PE) 

in 50 years (corresponding to approximately 2500, 1000 and 500 years return 

periods, respectively). 

Uniform hazard spectra based on energy-based parameters at the four sites 

– Atatürk Airport, Avcılar, Gebze, and Mecidiyeköy – are plotted in Figure 5.21. 

Three return periods are considered corresponding to (a) 2% probability of 

exceedance in 50 years; (b) 5% probability of exceedance in 50 years; and (c) 

10% probability of exceedance in 50 years.  The Ai levels are higher at the shorter 

periods (especially less than 0.2 seconds).  It may be concluded that the hazard at  
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Figure 5.15: Seismic hazard curves at the Airport site for a) strength-based 
parameter, Sa, and b) for energy-based parameter, Ai. 
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Figure 5.16: Comparison of hazard curves based on spectral acceleration and 
input energy-equivalent acceleration for two natural periods (0.2 and 
1.0 seconds) at the Airport site. 
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Figure 5.17: Contributions of NNAF Fault Segments to Seismic Hazard for pga at 
the Airport Site. 

 

Figure 5.18: Contributions of NNAF Fault Segments to Seismic Hazard for 0.2 
second Sa at the Airport Site. 
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Figure 5.19: Contributions of NNAF Fault Segments to Seismic Hazard for 0.3 
second Sa at the Airport Site. 

 

Figure 5.20: Contributions of NNAF Fault Segments to Seismic Hazard for 1.0 
second Sa at the Airport Site. 
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all natural periods is highest at the Airport site and lowest at the Mecidiyeköy site. 

Figure 5.22 illustrates uniform hazard spectra based on strength-based 

parameters at the four sites – Atatürk Airport, Avcılar, Gebze, and Mecidiyeköy – 

for comparison.  The same three return periods are considered again.  From these 

results, similar to results for energy-based uniform spectra, it may be concluded 

that the hazard at all natural periods is highest at Gebze and at the Airport site and 

lowest at the Mecidiyeköy sites.  For instance, the 5% PE in 50 years spectra 

show that at 0.2 seconds, the spectral acceleration level is approximately 1.5g for 

the Airport and Gebze sites whereas it is 1.2g for the Avcılar site and only about 

0.7g for the Mecidiyeköy site. 

Uniform hazard spectra for the Airport site considering strength-based 

parameters for comparison of the results from three return periods are presented in 

Figure 5.23.  The spectral acceleration levels are higher at higher return periods 

for all natural periods. 

Figure 5.24 shows comparisons between Sa and Ai hazard results.  The 

uniform hazard spectra for three return periods (2%, 5%, and 10% PE in 50 years) 

at the Airport site are compared.  From this figure, again, it is clear that for all 

natural periods, the Ai levels are higher than the corresponding Sa levels.  The 

differences are seen to be largest for short period structures.  This finding is 

consistent with what was observed when we studied the differences between Sa 

and Ai values obtained using the Kocaeli data. 
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Figure 5.21: Uniform hazard spectra using energy-based parameters. 
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Figure 5.22: Uniform hazard spectra using strength-based parameters. 
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Figure 5.23: Comparison of uniform hazard spectra for the Airport site 
considering strength-based parameters. 

 

Figure 5.24: Comparison of uniform hazard spectra for the Airport site 
considering strength- and energy-based parameters. 



 171

5.6 PROBABILISTIC SEISMIC HAZARD MAPS 

PSHA results in the form of seismic hazard maps are presented 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 Figures 5.25 to 

5.28 for peak ground acceleration and 0.2, 0.3 and 1.0-second spectral 

acceleration.  For the same return period, hazard maps are presented in Figures 

5.29 to 5.32 for 0.1, 0.2, 0.3 and 1.0 second input energy-equivalent acceleration.  

Consistent with Figures 5.4, 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. 

5.6.1 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 (1997).  The PSHA 

results are compared to the design code ground motion levels.  Consider 

residential buildings located near the Airport site and near 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%  
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Figure 5.25: Probabilistic Seismic Hazard Maps of Northwestern Turkey based on pga 
with 5% probability of exceedance in 50 years. 

 



 173

 

Figure 5.26: Probabilistic Seismic Hazard Maps of Northwestern Turkey based on 0.2 
second Sa with 5% probability of exceedance in 50 years. 
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Figure 5.27: Probabilistic Seismic Hazard Maps of Northwestern Turkey based on 0.3 
second Sa with 5% probability of exceedance in 50 years. 
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Figure 5.28: Probabilistic Seismic Hazard Maps of Northwestern Turkey based on 1.0 
second Sa with 5% probability of exceedance in 50 years. 
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Figure 5.29: Probabilistic Seismic Hazard Maps of Northwestern Turkey based on 0.1 
second Ai with 5% probability of exceedance in 50 years. 
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Figure 5.30: Probabilistic Seismic Hazard Maps of Northwestern Turkey based on 0.2 
second Ai with 5% probability of exceedance in 50 years. 
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Figure 5.31: Probabilistic Seismic Hazard Maps of Northwestern Turkey based on 0.3 
second Ai with 5% probability of exceedance in 50 years. 
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Figure 5.32: Probabilistic Seismic Hazard Maps of Northwestern Turkey based on 1.0 
second Ai with 5% probability of exceedance in 50 years. 
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probability of exceedance (PE) levels in 50 years, are compared to levels required 

by the Turkish code and presented in Table 5.3.  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). 

Table 5.3: 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 

0.3 1.87g 1.50g 1.13g 1.00g 
Airport 1.0 0.83g 0.74g 0.56g 0.38g 

0.3 0.77g 0.71g 0.57g 0.75g 
Mecidiyeköy 1.0 0.40g 0.37g 0.32g 0.29g 

 

Table 5.4 shows design levels of Sa and Ai normalized relative to the 10% 

PE in 50 years level (similar to the Turkish code) for the two sites, Airport and 

Mecidiyeköy.  The table suggests that the hazard curves for 0.3 and 1.0 seconds 

are steeper for the Mecidiyeköy site than for the Airport site.  Also, when 

comparing Sa to Ai, it is found that hazard curves for Ai between 5% and 10% PE 

in 50 years are steeper than those for Sa between 5% and 10% PE in 50 years.  

From these findings, it can be seen that when studied with respect to Ai, the 
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Turkish design motion levels are similar to wider range of return periods than 

with Sa. 

Table 5.4: Design levels of Sa and Ai normalized relative to the 10% PE in 50 
years level (similar to the Turkish code) for the Airport and 
Mecidiyeköy sites. 

Sa Ai 

Site Period (s) 2% / 10% 
PE 

in 50 yrs 

5% / 10% 
PE 

in 50 yrs 

2% / 10% 
PE 

in 50 yrs 

5% / 
10% PE 
in 50 yrs 

0.3 1.65 1.33 1.43 1.20 
Airport 1.0 1.48 1.32 1.51 1.25 

0.3 1.35 1.25 1.41 1.20 
Mecidiyeköy 1.0 1.25 1.16 1.40 1.15 

5.7 CONCLUSIONS 

The seismic hazard at four sites in Turkey was studied and results were 

summarized in the form of hazard curves for three return periods corresponding to 

2%, 5%, and 10% probabilities of exceedance in 50 years. 

From probabilistic seismic hazard (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 short natural periods (less than about 0.2 

seconds) but more similar or steeper for longer natural periods.  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. 
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PSHA maps were created for a region of Northwestern Turkey.  Strength- 

and energy-based ground motion parameters were mapped.  These maps show the 

expected steeper contour gradients with distance for the energy-based parameter 

because the sites on the map are all at short distances from the possible rupture 

points on the faults and at short distances as we saw in Figure 4.24 that the 

attenuation with distance for the energy-based parameter was greater than was the 

case for the strength-based parameter.  At longer periods, the maps looked more 

alike except for the fact that the Ai levels were always higher than the Sa levels as 

was expected based on Figure 5.4. 

A comparison with prescribed design motions based on the Turkish code 

of the ground motion levels associated with different return periods and based on 

the PSHA results for two sites (Airport and Mecidiyeköy) indicates that the 

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 where the design motions are associated with considerably 

longer return periods. 
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Chapter 6:  AN ENERGY- AND STRENGTH-BASED 
ATTENUATION STUDY FOR NORTHWESTERN TURKEY 

6.1 INTRODUCTION 

As discussed in Chapter 4, most of the available attenuation relationships 

prior to the recent seismic events that occurred in Turkey overpredicted peak 

accelerations in the near-field region because they relied heavily on extrapolation 

from larger distances and smaller magnitude earthquakes (Sar and Manuel, 2002; 

2003; Ozbey et al, 2003).  We have seen in Chapter 3 that structural performance 

may be predicted to varying degrees by either strength- or energy-based 

parameters.  Accordingly, it is necessary that we have reliable estimates of levels 

of these parameters that are likely to result at any site during an earthquake.  

Additionally, probabilistic seismic hazard results as discussed in Chapter 5 are 

significantly affected by the attenuation models employed and by the model 

uncertainty (epistemic) associated with their use. 

In this chapter, we present a very comprehensive statistical approach 

whereby a large database made up of 195 ground motion records from Turkish 

earthquakes (main shocks and aftershocks) is employed using a random effects 

procedure.  Such an approach is superior to ordinary least squares regression or 

even alternative two-stage regression approaches in that it appropriately 

distinguishes inter-event variability from intra-event variability. 
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In light of the differences between predictions from the Western U.S. 

models and levels of observed motions from the Kocaeli earthquake, the 

attenuation models developed here serve an important need at the present time.  

The result of this study is not simply the establishment of a new attenuation model 

for strength- and energy-based parameters for Northwestern Turkey, which is 

important in itself.  The models developed can also be useful in any planned 

seismic hazard studies for individual sites in Turkey or in the generation of 

seismic hazard maps for broader regions. 

As a result of the recent increase in the database on strong motion data and 

because of the absence of empirical attenuation models, this chapter is focused on 

establishing new region-specific attenuation relationships for Northwestern 

Turkey.  In the following, the development of these models is discussed using 

motions obtained during the Kocaeli and the Düzce earthquakes and their 

aftershocks as well as other recent events.  The proposed empirical attenuation 

model that is advocated here is a mixed effects model (Pinheiro and Bates, 2000), 

which is based on a maximum likelihood procedure and accounts for correlation 

among the data recorded from the same event.  Two models, however, are studied 

here that will be referred to as “mixed effects” and “fixed effects” models in the 

following.  The fixed effects model does not distinguish between inter-event and 

intra-event variability, whereas the mixed effects model accounts for the 

difference between these two types of variability.  The term “mixed effects 

model” is used because some of the attenuation model coefficients are modeled as 



 185

random and others as fixed, based on the AIC (Akaike’s Information Criterion) 

value, a maximum likelihood statistic (see Davidian and Giltinan, 1995). 

New attenuation models are developed for elastic 5%-damped spectral 

acceleration ordinates at various periods.  For the energy-based parameters, both 

elastic and inelastic parameters are considered.  Frequency-dependent attenuation 

coefficients for the proposed random effects models developed are summarized in 

tables to facilitate their use for all of the strength- and energy-based parameters. 

Effects of magnitude, soil class, and distance on response and energy 

spectra are studied.  For the energy-based parameters, the effect of ductility level 

is also studied.  Model predictions for ground motion parameters at 0.1 and 1.0-

second periods are compared with observed data for soil classes A&B, C, and D.  

The proposed attenuation models are also compared with Western U.S. 

attenuation models.  As there is no previous work on soil amplification except that 

of Chou and Uang (2000), the effect of soil on energy-based parameters for 

different ductility levels is investigated and new soil amplification factors for 

energy-based ground motion parameters are provided. 

Finally, seismic hazard analyses for two sites (K. Çekmece and 

Mecidiyeköy) in Northwestern Turkey based on new proposed attenuation model 

are carried out and compared with analyses based on the use of Western U.S. 

attenuation models.  Additionally, uniform hazard curves for both sites are 

compared with design spectra from Turkish Building Code. 
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6.2 MODEL PARAMETERS 

Parameters commonly used when establishing empirical attenuation 

models include earthquake magnitude, distance, site conditions, and style of 

faulting.  Parameters selected for this study are briefly discussed next. 

Earthquake magnitude is defined in terms of moment magnitude (Mw) to 

avoid saturation effects for magnitudes greater than about 6.  Local magnitude 

(ML) is used for all events with M ≤ 6.0, under the assumption that ML is 

approximately equal to Mw for M ≤ 6.0 (Heaton et al., 1986).  

Researchers who have developed empirical attenuation models have used 

various alternative source-to-site distance measures.  The Joyner-Boore distance, 

a measure of the closest horizontal distance to the vertical projection of the 

rupture plane, is employed in this chapter.  Differences between the various 

definitions of distance used in attenuation models tend to be more significant in 

the near field, but less so in the far field. 

The effect of local site conditions is also included in the attenuation 

models studied.  Parameters in the models are included to represent the different 

site classes (these site classes are discussed in more detail in the following). 

The style of faulting is a parameter that has been included in the 

development of many empirical attenuation models since it is believed, for 

example, that reverse and reverse-oblique mechanisms produce larger motions 

compared to normal and strike-slip mechanisms (Campbell, 1983, 1984).  The 

fault mechanism for earthquakes that have occurred on the North Anatolian Fault 

System in Northwestern Turkey is predominantly strike-slip in character as 
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indicated in several studies (Barka and Kadinsky-Cade, 1988; Orgulu and Aktar, 

2001).  Orgulu and Aktar (2001) analyzed the fault mechanisms of the thirty 

largest aftershocks of the Kocaeli earthquake and found strike-slip dominance in 

most of these events and a normal faulting type in some cases.  Although it is 

considered important to distinguish between the various mechanisms – reverse, 

reverse-oblique, normal, strike-slip, etc. – in the present study, a style-of-faulting 

parameter is not explicitly modeled.  The empirical attenuation models developed 

here are only for normal and strike-slip earthquakes and should not be used to 

predict motions from earthquakes associated with reverse and reverse-oblique 

faulting. 

The geometric mean of the two horizontal components of the ground 

motion parameter (i.e., peak ground acceleration, spectral acceleration, or the 

energy-based parameters) is chosen as the dependent variable in the attenuation 

relationships. 

6.3 STRONG MOTION DATABASE 

The strong motion records used in this chapter are obtained from stations 

operated by Boğaziçi University’s Kandilli Observatory and Earthquake Research 

Institute (KOERI), by Istanbul Technical University (ITU), and by the General 

Directorate of Disaster Affairs’ Earthquake Research Department (ERD).  The 

ERD records are obtained from a database maintained at the Pacific Earthquake 

Engineering Research Center (PEER) website (http://peer.berkeley.edu/smcat/).  

The overall database available consists of 1188 records from 392 earthquakes 

recorded at 47 strong motion stations between 1994 and 2001.  A subset of these 
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comprising 195 records from 17 earthquakes with M ≥ 5.0 is used in the 

regression analyses.  The distribution of the records used on the basis of site class 

is summarized in Table 6.1 while the site class definitions are given in Table 6.2.  

Note that the site classes used in this chapter are defined according to the average 

shear wave velocity over the top 30 meters.  A representation of the distribution 

of the strong motion data as a function of moment magnitude and distance is 

shown in Figure 1 for each of the soil classes (A&B, C, and D) separately.  In the 

case of the ERD data, only records from the Kocaeli and Düzce main shocks that 

were obtained at sites with distances from the source less than 100 km are used in 

the analyses.  The Bolu record is also excluded because of possible instrument 

error in the recording. 

6.4 REGRESSION METHOD 

A nonlinear mixed effects model is defined to account for both inter-event 

and intra-event variability.  Most commonly developed attenuation models do not 

distinguish between these two types of variability.  The mixed effects model that 

is proposed describes the covariance structure obtained by careful grouping of the 

data.  Such a model describes the relationship between a response variable, the 

ground motion parameter, and some covariates in the data that are grouped 

according to one or more classification (e.g., magnitude).  Also, such a model 

with two sources of random variation is sometimes referred to as a “hierarchical 

model” (Lindley and Smith, 1972; Bryk and Raudenbush, 1992) or a multilevel 

model (Goldstein, 1995). 
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Table 6.1: Database of strong motion records used in the regression analyses. 

Lat. Long. H No. of RecordingsEvent 
No 

Event 
Name 

Event 
Date 

Origin 
Time (deg.) (deg.)

M
(km) A B C D 

1 "Izmit" 17.08.1999 12:01:38 AM 40.76 29.97 7.4 19.6 3 5 7 7 
2 "Düzce-Bolu" 12.11.1999 4:57:21 PM 40.74 31.21 7.2 25.0 1 3 5 18 
3 "Izmit" 13.09.1999 11:55:29 AM 40.77 30.10 5.8 19.6 0 2 5 18 
4 "Hendek-Akyazi" 23.08.2000 1:41:28 PM 40.68 30.71 5.8 15.3 0 1 3 8 
5 "Sapanca-Adapazari" 11.11.1999 2:41:26 PM 40.74 30.27 5.7 22.0 0 1 4 11 
6 "Izmit" 17.08.1999 3:14:01 AM 40.64 30.65 5.5 15.3 0 0 0 3 
7 "Düzce-Bolu" 12.11.1999 5:18:00 PM 40.74 31.05 5.4 10.0 0 1 1 12 
8 "Izmit" 31.08.1999 8:10:51 AM 40.75 29.92 5.2 17.7 0 1 3 13 
9 "Düzce-Bolu" 12.11.1999 5:17:00 PM 40.75 31.10 5.2 10.0 0 2 1 11 

10 "Marmara Sea 20.09.1999 9:28:00 PM 40.69 27.58 5.0 16.4 0 1 4 10 
11 "Northeast of Bolu' 14.02.2000 6:56:36 AM 40.90 31.75 5.0 15.7 0 0 0 5 
12 "Cinarcik-Yalova" 19.08.1999 3:17:45 PM 40.59 29.08 5.0 11.5 0 0 1 5 
13 "Kaynasli-Bolu" 12.11.1999 6:14:00 PM 40.75 31.36 5.0 10.0 0 0 0 1 
14 "Hendek-Adapazari" 07.11.1999 4:54:42 PM 40.71 30.70 5.0 10.0 0 0 0 4 
15 "Izmit" 19.08.1999 3:17:45 PM 40.36 29.56 5.0 9.8 0 1 1 2 
16 "Düzce-Bolu" 19.11.1999 7:59:08 PM 40.78 30.97 5.0 9.2 0 2 0 3 
17 "Hendek-Adapazari" 22.08.1999 2:30:59 PM 40.74 30.68 5.0 5.4 0 0 0 5 

Total Number of Records : 4 20 35 136 

Table 6.2: Definition of site classes. 

 
 
 
 
 
 
 
 

 

To understand the advantages of a mixed effects model, it is useful to 

consider first a standard fixed effects model where the form of the attenuation 

relation may be written as: 

kkrkMfkY εθ += ),,(log        (6.1) 

Site Class Vs30 
A > 750 m/s 

B 360 m/s to 750 m/s 

C 180 m/s to 360 m/s 

D < 180 m/s 
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Figure 6.1: Data Distribution for Soil Classes A&B, C and D, respectively. 
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where Yk, Mk, and rk are, respectively, the ground motion parameter, the 

magnitude, and the distance for the kth data point (i.e., the observation associated 

with a single station’s ground acceleration record), while θ  is a model coefficient 

matrix and εk is an error term assumed to be normally distributed with mean zero.  

In such a fixed effects model, one is interested in estimating the model coefficient 

matrix, θ , and the standard deviation of the error term using regression 

techniques.  Importantly, no consideration of the correlation of the data recorded 

from the same event is included in this fixed effects model. 

In direct contrast, in a mixed effects model, the error term in the empirical 

model development accounts for inter-event and intra-event variability.  A mixed 

effects model is proposed here because such a model accounts for correlation in 

the data recorded by the same earthquake. 

The mixed effects model takes the form 

 

ijijriMfijY i εηθ ++= ),,(log
                        (6.2) 

where ijY  and ijr are the ground motion parameter and distance, respectively, for 

the jth ground motion recording during the ith event (earthquake).  Also, iM  is the 

magnitude of the ith event and θ  is the model coefficient matrix.  The error 

associated with residuals between predicted and observed values of ijY  in this 

model is comprised of two terms, iη  and ijε .  The inter-event term, iη , 

represents between-group variability resulting from differences in the data 

recorded from different earthquakes, while the intra-event term, ijε , represents 

within-group variability resulting from differences in the data recorded among the 
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different stations for the same earthquake.  These two error terms, iη  and ijε , are 

assumed to be independent and normally distributed with variances, τ2 and σ2, 

respectively.  The total standard error for this mixed effects model is then 

22 τσ + .  A maximum likelihood approach is used to estimate the model 

coefficients, θ , and the variances, τ2 and σ2. 

The mixed effects model outlined above is not expected to yield very 

different results from the more conventional two-step regression method adopted 

by Joyner and Boore (1981) as long as all the events included in the database 

provide a large number of recordings (Abrahamson and Youngs, 1992).  The 

advantage of the proposed mixed effects approach is that contributions to the 

overall variability may be clearly separated into a portion that results from 

variability between earthquakes and another that results from variability among 

recordings in the same earthquake. 

Either commercial software (e.g., S-Plus, 2000) or freeware (the R 

language) may be employed for the estimation of the model coefficients for the 

mixed effects model as well as for the fixed effects model.  Details regarding 

application of the mixed effects model are described by Pinheiro and Bates 

(2000), and the analysis procedure given by Davidian and Giltinan (1995) is used 

to develop the empirical attenuation models in this chapter. 

6.5 REGRESSION MODEL 

Attenuation relationships are developed for elastic and inelastic ground 

motion parameters (strength- and energy-based parameters) using the fixed effects 

and the mixed effects models given in Equations 6.1 and 6.2.  The selected 
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functional form, f( ), for the attenuation relationships there that includes the model 

coefficient matrix, θ , leads to an empirical attenuation model as follows: 

 

     21 fGeG2h2
ijRd26iMc6iMbaijY ++++−+−+= log)()()log(      (6.3) 

where Yij is the geometric mean of the two horizontal components of the ground 

motion parameter (peak ground acceleration, spectral acceleration, absorbed 

energy-equivalent velocity or input energy-equivalent velocity) in cm/sec2 from 

the jth recording of the ith event, Mi is the moment magnitude of the ith event, and 

Rij is the closest horizontal distance to the vertical projection of the rupture from 

the ith event to the location of the jth recording. 

The mixed effects model is our focus in this study.  Attenuation model 

coefficients based on Equation 6.3 are developed and presented in the following 

for various ground motion parameters by tabulating values of a, b, c, d, e, f, and h, 

as well as including standard error estimates.  For the sake of comparison, the 

standard error estimates from the fixed effects model will also be presented but 

the model coefficients from that model are not included since it will be shown that 

the mixed effects model has several advantages and has typically smaller 

prediction error. 

It is important to note that the mixed effects model has two stochastic 

“error” terms associated with it – one accounts for inter-event variability, the 

other for intra-event variability.  Together these two terms define the residuals – 

i.e., the differences between observed values and model predictions – that have 

zero means but individual standard errors that together (as the square root of the 
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sum of their squares) define the standard error in the model of Equation 6.3.  In 

the fixed effects model, no stratification at the event level is made for the data; as 

a result, only a single overall standard error term is obtained which does not 

discriminate between inter- and intra-event variability.  The coefficients G1 and 

G2 take on values as follows: G1=0 and G2=0 for site classes A and B; G1=1 and 

G2=0 for site class C; and G1=0, G2=1 for site class D.  The coefficients to be 

estimated are a, b, c, d, e, f, and h.  Logarithmic standard deviations of each 

ground motion parameter studied are also of interest – smaller values indicate 

better model fits to data.  Note that in Equation 6.3 and in our discussion of 

results, all the logarithms are in base 10. 

 As linear magnitude dependence is not adequate for attenuation of 

ground motion at long periods, higher order terms are needed and a quadratic term 

is used in this model.  The coefficient, h, is sometimes referred to as a “fictitious” 

depth measure implying that interpretation of h is not clear and its value is 

estimated as part of the regression.  Nevertheless, it is used in this model because 

Abrahamson and Silva (1997) have reported that it yields a marginally better fit to 

the data at short distances.  The site effects terms are based on an assumption of a 

linear relationship between soil amplification and the logarithm of the ground 

motion parameter.  The site response coefficients, e and f, are modeled as being 

independent of magnitude, distance, and level of ground shaking.  It may be 

desirable in future work to study the dependence of site response on the level of 

ground shaking. 
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Seventeen earthquakes are considered in the data set as representing a 

sample from the population of earthquakes to help describe the source of inter-

event variability in ground motion attenuation.  The model coefficient matrix, θ , 

is made up of the coefficients, a, b, c, d, e, f, and h.  In the mixed effects model, 

these coefficients may be treated as either fixed or random based on physical 

reasoning.  Since separate values of the magnitude-dependent terms in Equation 

6.3 associated with the coefficients, b and c, cannot be estimated with a single Mi 

value per earthquake, these two coefficients should be treated as fixed.  Doing 

otherwise can lead to computational difficulties (e.g., convergence problems).  

Similarly, according to Davidian and Giltinan (1995), treating the model 

coefficient, a, as fixed is reasonable.  Sixteen different scenarios are considered in 

estimating the model coefficients, where the coefficients, a, b, and c are always 

considered as fixed while d, e, f, and h are modeled as either fixed or random.  

The nlme toolbox available with the S-Plus software (S-Plus, 2000) is employed 

for estimation of the model coefficients for the mixed effects model as well as for 

a fixed effects model.  The maximum likelihood method may be used to estimate 

the model coefficients but it cannot be used to compare different models without 

some modifications.  Instead, a statistic known as the AIC (Akaike’s Information 

Criterion) which is a penalized likelihood criterion is employed when comparing 

models.  The model with the smaller AIC value is selected among the various 

alternatives (for example, when comparing models where the different 

assumptions regarding the coefficients d, e, f, and h are considered).  The AIC 

value for a single model is defined as follows: 
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nparklikelihoodAIC ×+×−= log2    (6.4) 

where npar is the number of the random coefficients in the fitted model, and k is 2 

for classical AIC. 

Table 6.3 shows a comparison of the logarithmic standard deviations for 

the fixed effects model with those from the mixed effects model for peak ground 

acceleration and spectral acceleration at different natural periods.  It is clear that 

the mixed effects model yields the smaller standard errors over the entire range of 

periods; the difference between the models is greater at short periods.  It is 

believed that the mixed effects model fits the data better on average due in part to 

the fact that it accounts for inter- and intra-event variability that the fixed effect 

model ignores.  Pinheiro and Bates (2000), too, have indicated that the fixed 

effects model estimates may be similar to mixed effects model estimates but that 

the standard errors are generally smaller with a mixed effects model. 

6.6 REGRESSION RESULTS FOR STRENGTH-BASED PARAMETERS 

Based on the mixed effects model, Table 6.4 presents attenuation model 

coefficients, a, b, c, d, e, f, and h, and the logarithmic standard deviation for pga 

and 5%-damped spectral acceleration values for periods up to 4 seconds.  The 

effects of magnitude on predicted response spectra are studied in Figure 6.2.  

Expected trends are observed in the figure: a systematic decrease in amplitudes of 

the response spectra with decrease in magnitude at all frequencies.  Figure 6.3 

shows acceleration response spectra based on model predictions for different soil 

conditions when Mw = 7.5 and R = 10 km.  Although amplification of spectral 

acceleration is significant for softer soils (site class D) compared to the stiffer soil 
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cases, the period at which spectral acceleration has its peak value is almost the 

same for all of the soil classes.  It is well known that with softer soils over a 

significant depth, one usually has longer resonant periods than with stiffer soils.  

The reason that the attenuation model predictions do not capture this effect is 

probably because of the relatively small number of recordings on rock and/or stiff 

soil sites in the database.  The effect of distance on predicted response spectra are 

studied in Figure 6.4.  Expected trends are observed in the figure: reduced ground 

motion attenuation with distance at longer periods. 

Table 6.3: Comparison of logarithmic standard deviation estimates for peak 
ground acceleration (pga) and spectral acceleration (for various 
natural periods) from the fixed and mixed effects models. 

 
Period 

(s) 
σlog(Y) 
(fixed) 

σlog(Y) 
(mixed) 

Period 
 (s) 

σlog(Y) 
 (fixed) 

σlog(Y) 
 (mixed) 

0.00 0.294 0.260 0.85 0.343 0.315 
0.10 0.311 0.274 0.90 0.350 0.324 
0.15 0.307 0.266 0.95 0.354 0.328 
0.20 0.294 0.243 1.00 0.356 0.331 
0.25 0.299 0.250 1.10 0.356 0.334 
0.30 0.308 0.262 1.20 0.352 0.330 
0.35 0.303 0.267 1.30 0.358 0.339 
0.40 0.320 0.281 1.40 0.369 0.349 
0.45 0.329 0.289 1.50 0.375 0.357 
0.50 0.333 0.293 1.75 0.383 0.364 
0.55 0.346 0.306 2.00 0.374 0.353 
0.60 0.342 0.302 2.25 0.368 0.347 
0.65 0.337 0.303 2.75 0.343 0.323 
0.70 0.330 0.300 3.00 0.346 0.324 
0.75 0.332 0.305 3.50 0.351 0.329 
0.80 0.334 0.307 4.00 0.347 0.324 
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Table 6.4: Empirical attenuation coefficients and logarithmic standard deviation 
for the geometric mean of the horizontal peak ground acceleration, 
pga, and the 5%-damped spectral acceleration, Sa, based on the 
mixed effects model. 

Period (s) a b c d h e f σlog(Y)
0.00 3.287 0.503 -0.079 -1.1177 14.82 0.141 0.331 0.260
0.10 3.755 0.419 -0.052 -1.3361 17.22 0.173 0.255 0.274
0.15 3.922 0.463 -0.085 -1.3422 21.41 0.182 0.268 0.266
0.20 3.518 0.494 -0.094 -1.1162 14.87 0.113 0.285 0.243
0.25 3.270 0.517 -0.099 -0.9781 9.75 0.053 0.288 0.250
0.30 3.040 0.549 -0.095 -0.8762 6.54 0.062 0.320 0.262
0.35 2.951 0.579 -0.121 -0.8402 6.48 0.080 0.352 0.267
0.40 2.825 0.593 -0.112 -0.8089 6.48 0.102 0.394 0.281
0.45 2.690 0.605 -0.111 -0.7572 6.17 0.105 0.408 0.289
0.50 2.685 0.653 -0.171 -0.7302 5.58 0.051 0.385 0.293
0.55 2.581 0.685 -0.177 -0.6928 3.56 0.061 0.393 0.306
0.60 2.423 0.708 -0.177 -0.6291 3.41 0.059 0.399 0.302
0.65 2.325 0.724 -0.177 -0.6032 2.50 0.063 0.411 0.303
0.70 2.276 0.741 -0.174 -0.5932 2.12 0.055 0.407 0.300
0.75 2.247 0.750 -0.170 -0.5946 2.34 0.054 0.396 0.305
0.80 2.247 0.755 -0.166 -0.6075 3.22 0.070 0.392 0.307
0.85 2.243 0.774 -0.161 -0.6353 3.22 0.094 0.407 0.315
0.90 2.272 0.791 -0.172 -0.6630 4.21 0.102 0.416 0.324
0.95 2.246 0.807 -0.182 -0.6570 4.23 0.099 0.414 0.328
1.00 2.237 0.828 -0.207 -0.6543 4.14 0.100 0.413 0.331
1.10 2.227 0.855 -0.248 -0.6616 3.78 0.113 0.415 0.334
1.20 2.267 0.874 -0.267 -0.6910 4.49 0.103 0.397 0.330
1.30 2.353 0.901 -0.284 -0.7516 5.35 0.092 0.394 0.339
1.40 2.376 0.932 -0.296 -0.7752 6.90 0.070 0.375 0.349
1.50 2.445 0.943 -0.314 -0.8117 7.73 0.045 0.328 0.357
1.75 2.466 0.964 -0.331 -0.8671 7.85 0.038 0.298 0.364
2.00 2.490 0.973 -0.331 -0.9397 8.55 0.059 0.301 0.353
2.25 2.581 0.977 -0.326 -1.0345 11.21 0.070 0.299 0.347
2.75 2.559 0.980 -0.282 -1.1235 11.68 0.060 0.286 0.323
3.00 2.564 0.998 -0.282 -1.1473 12.04 0.044 0.273 0.324
3.50 2.549 1.011 -0.278 -1.1950 10.93 0.044 0.261 0.329
4.00 2.366 1.028 -0.244 -1.1710 10.72 0.025 0.253 0.324
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Figure 6.2: Effect of magnitude for soil classes A&B and R =20 km on response 
spectra based on attenuation model predictions. 

 

Figure 6.3: Effect of soil class for Mw=7.5 and R =10 km on response spectra 
based on attenuation model predictions. 
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Figure 6.4: Effect of distance for soil classes A&B and Mw = 7.5 on response 
spectra based on attenuation model predictions. 

In Figures 6.5 and 6.6, model predictions of peak ground acceleration 

(pga) and 1-second spectral acceleration values, respectively, for mean and 

plus/minus one standard deviation levels are compared with data from the Kocaeli 

earthquake.  To highlight the differences in predicted motions for each soil class, 

the comparisons for soil classes A&B, C, and D are shown separately.  

Reasonable fits of the model to the Kocaeli data are seen for all site classes in 

Figures 6.5 and 6.6. 

For the other events as well, similar fits are seen.  For example, combining 

data from all the soil classes, predicted mean levels of pga and 1-second spectral 

acceleration from the attenuation model are compared next with data from the 

Kocaeli and Düzce main shocks.  These comparisons are presented in Figures 6.7 

and 6.8.  Note that the Kocaeli database consisted largely of records from  
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Figure 6.5: Comparison of model predictions of pga at mean and mean ±1 std. 
dev. levels with observed data from the Kocaeli earthquake for soil 
classes A&B, C, and D. 
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Figure 6.6: Comparison of model predictions of 1-second spectral acceleration at mean 
and mean ±1 std. dev. levels with observed data from the Kocaeli 
earthquake for soil classes A&B, C, and D. 
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Figure 6.7: (a) Comparison of model predictions of mean pga with observed 
data from the Kocaeli earthquake for all soil classes. 

 

Figure 6.7: (b) Comparison of model predictions of mean 1-second spectral 
acceleration with observed data from the Kocaeli earthquake for all 
soil classes. 
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Figure 6.8: (a) Comparison of model predictions of mean pga with observed 
data from the Düzce earthquake for all soil classes. 

 

Figure 6.8: (b) Comparison of model predictions of mean 1-second spectral 
acceleration with observed data from the Düzce earthquake for all 
soil classes. 
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distances between 60 and 80 km, while the Düzce main shock provided a large 

number of records at distances greater than 150 km.  Thus, even though these two 

events made available very dissimilar records, reasonable fits of the model to the 

data of each event were obtained as can be seen in Figures 6.7 and 6.8. 

The variation with frequency of the model coefficients, a, b, c, d, e, f, and 

h as well as of the logarithmic standard deviation (sigma) from the mixed effects 

model is summarized in Figure 6.9.  The attenuation model coefficients and the 

model standard error all appear to be dependent on frequency. 

Plots of the inter-event and intra-event residuals (see Eq. (6.2)) for 

predicted horizontal peak ground acceleration are presented in Figure 6.10.  No 

systematic trends are observed in the variation of these residuals either with 

distance or with magnitude – this is a desired feature in all regression models.  

Note that there are a total of 195 intra-event residuals but only 17 inter-event 

residuals, ηi corresponding to the 17 events in the database (see Table 6.1).  The 

intra-event residuals are significantly larger than the inter-event residuals as seen 

in Figure 6.10.  This observation suggests that any individual events’ recordings 

used in the overall model development follow similar trends with magnitude, 

distance, etc. 

6.6.1 Comparison of Proposed Model with Western U.S. Models 

A comparison of the prediction of ground motion levels based on the 

proposed attenuation relationship with that from other empirical models for 

shallow crustal zones (using a Western U.S. earthquake database) is studied.  
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Figures 6.11 and 6.12 show plots of predictions of pga and 1-second spectral 

acceleration, respectively, versus distance for a Mw 7.4 event and considering the 

soil classes A&B.  The predictions are based on the proposed attenuation model 

as well as on two Western U.S. empirical attenuation models proposed by Boore 

et al (1997) and Sadigh et al (1997).  The model by Sadigh et al (1997) as well as 

the proposed attenuation model uses the geometric mean of the two horizontal 

components of ground motion parameters while the Boore et al (1997) model uses 

the random horizontal-component of the ground motion parameters. 

It is seen from Figures 6.11 and 6.12 that over all distances less than about 

100 km; the Western U.S. models predict higher pga and spectral acceleration 

levels than the proposed attenuation model for Northwestern Turkey.  For short 

distances, both the Western U.S. models predict much higher motions, sometimes 

greater than one standard deviation above the mean of the proposed attenuation 

model. 

A comparison of response spectra based on the proposed attenuation 

model and the two Western U.S. attenuation models is studied next.  Both the 

Western U.S. models are again seen in Figure 6.13 to predict significantly higher 

levels of spectral acceleration than the proposed attenuation model at distances of 

20 and 60 km.  The model by Boore et al (1997) typically predicts motions greater 

than one standard deviation above the mean of the proposed model.  At greater 

distances such as 150 km, the model of Sadigh et al (1997) predicts significantly 

lower ground motions than the proposed model while the model of Boore et al  
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Figure 6.9: Variation of empirical attenuation model coefficients and 
logarithmic standard deviation of spectral acceleration with 
frequency. 
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Figure 6.10: Variation of residuals for pga with distance and magnitude. 
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Figure 6.11: Comparison of predictions from the proposed attenuation model with 
those from two Western U.S. models for pga for soil classes A&B 
and Mw = 7.4. 

 

Figure 6.12: Comparison of predictions from the proposed attenuation model with 
those from two Western U.S. models for 1-second spectral 
acceleration for soil classes A&B and Mw = 7.4. 
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(1997) still predicts motions that are as much as one standard deviation above that 

predicted by the proposed model for all natural periods up to 2 seconds. 

The large differences in ground motion level predictions (indicated by 

Figures 6.11-6.13) between the proposed model and existing attenuation models 

for shallow crustal zones in the Western U.S. can have a significant effect on the 

probabilistic hazard estimates for sites in Turkey that are affected by fault 

segments on the North Anatolian Fault system (at distances less then 150 km) and 

magnitudes at a similar level (7.4) to that studied in Figures 6.11-6.13. 

6.7 REGRESSION RESULTS FOR ENERGY-BASED PARAMETERS 

Attenuation relationships are developed for inelastic absorbed energy-

equivalent velocity (Va) and input energy-equivalent velocity (Vi) using the mixed 

effects models.  Absorbed energy-equivalent velocity was studied as an energy 

demand parameter by Chou and Uang (2000).  This parameter converges to 

pseudo-velocity in the elastic case and thus represents elements that can be part of 

either an energy-based or a force-based design approach.  Input energy-equivalent 

velocity was also selected as an energy demand parameter.  Input energy, as was 

shown in Chapter 2, represents is the sum of kinetic, damping, and absorbed 

energy. 

To make direct comparisons with spectral acceleration, regression results 

for energy parameters are discussed in terms of absorbed energy-equivalent 

acceleration (Aa) and input energy-equivalent acceleration (Ai) instead of using 

velocities.  The results for the energy-based ground motion parameters are 

discussed next.  Note that the evaluation of absorbed energy-equivalent  
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Figure 6.13: Comparison of predicted response spectra from the proposed 
attenuation model with Western U.S. models for distances (20, 60, 
and 150 km) for Soil Classes A&B and Mw = 7.4. 
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acceleration (Aa) and input energy-equivalent acceleration (Ai) is limited to SDOF 

systems with 5% damping and bilinear force-deformation characteristics with a 

0% strain hardening ratio (i.e., a elastic perfectly-plastic model).  According to 

Chou and Uang (2000) and Seneviratna and Krawinkler (1997), the degree of 

strain hardening included has negligible effect on the absorbed energy demands.  

This is also discussed by Sarı and Manuel (2002). 

6.7.1 Absorbed Energy 

Based on the mixed effects model, Tables 6.5-6.8 present attenuation 

coefficients, a, b, c, d, e, f, and h, and the logarithmic standard error for inelastic 

absorbed energy-equivalent velocity (Va) for periods up to 4 seconds.  The tables 

present model coefficients for ductility factors of 2, 4, 6, and 8. 

Figure 6.14 shows absorbed energy-equivalent acceleration spectra based 

on model predictions for three different ductility levels.  Similar to findings in 

Chapter 4, insignificant differences in absorbed energy-equivalent velocity (Aa) 

are observed for ductility levels from 2 to 8, except at very short periods.  The 

effect of magnitude on predicted absorbed energy-equivalent acceleration spectra 

is studied in Figure 6.15 for soil classes A&B, R = 20 km, and ductility factor = 4.  

A systematic decrease in amplitude of the response spectra with decreasing 

magnitude at all frequencies is observed as expected. 

Figure 6.16 shows the effect of soil class (for Mw = 7.5 and R = 10 km) on 

absorbed energy-equivalent acceleration (Aa) based on the proposed attenuation 

model predictions.  It may be seen that Aa has its peak value at a period of around 

0.25 seconds, which is shorter than the period at which spectral acceleration has  
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Table 6.5: Empirical attenuation coefficients and logarithmic standard deviation 
for the geometric mean of the 5%-damped absorbed energy-
equivalent velocity (Va) (ductility=2), based on the mixed effects 
model.  

 
.Period (s) a b c d h e f σlog(Y)

0.10 1.948 0.511 -0.093 -1.0551 15.25 0.143 0.299 0.248
0.15 2.000 0.523 -0.084 -0.9750 11.80 0.118 0.279 0.237
0.20 2.012 0.554 -0.100 -0.9155 11.11 0.082 0.300 0.231
0.25 1.912 0.584 -0.107 -0.8321 9.48 0.064 0.326 0.229
0.30 1.883 0.600 -0.121 -0.7920 8.23 0.072 0.345 0.234
0.35 1.889 0.617 -0.122 -0.7823 8.68 0.074 0.360 0.239
0.40 1.855 0.631 -0.123 -0.7593 7.82 0.078 0.381 0.245
0.45 1.848 0.640 -0.126 -0.7446 7.65 0.074 0.385 0.251
0.50 1.837 0.649 -0.127 -0.7336 7.58 0.073 0.393 0.254
0.55 1.827 0.656 -0.128 -0.7249 7.53 0.075 0.399 0.257
0.60 1.825 0.661 -0.128 -0.7205 7.67 0.075 0.405 0.259
0.65 1.829 0.667 -0.131 -0.7190 7.65 0.078 0.409 0.261
0.70 1.834 0.669 -0.132 -0.7204 7.70 0.080 0.411 0.262
0.75 1.839 0.675 -0.133 -0.7205 7.81 0.083 0.416 0.264
0.80 1.841 0.677 -0.133 -0.7199 7.82 0.083 0.415 0.265
0.85 1.845 0.684 -0.136 -0.7201 7.99 0.088 0.423 0.266
0.90 1.847 0.687 -0.137 -0.7192 8.04 0.088 0.425 0.267
0.95 1.855 0.691 -0.140 -0.7212 8.21 0.088 0.427 0.267
1.00 1.867 0.694 -0.143 -0.7247 8.35 0.089 0.429 0.267
1.10 1.872 0.696 -0.144 -0.7264 8.40 0.090 0.431 0.267
1.20 1.886 0.700 -0.148 -0.7309 8.47 0.091 0.432 0.267
1.30 1.905 0.703 -0.151 -0.7376 8.59 0.091 0.433 0.267
1.40 1.914 0.706 -0.152 -0.7406 8.72 0.091 0.433 0.267
1.50 1.927 0.708 -0.154 -0.7456 8.88 0.092 0.434 0.268
1.75 1.956 0.713 -0.159 -0.7570 9.10 0.092 0.436 0.268
2.00 1.975 0.715 -0.161 -0.7643 9.30 0.089 0.435 0.268
2.25 1.984 0.717 -0.161 -0.7666 9.31 0.085 0.432 0.267
2.75 1.999 0.721 -0.158 -0.7704 9.63 0.078 0.425 0.266
3.00 2.007 0.722 -0.157 -0.7731 9.55 0.075 0.422 0.266
3.50 2.018 0.726 -0.156 -0.7782 9.24 0.076 0.422 0.265
4.00 2.036 0.728 -0.154 -0.7846 9.44 0.072 0.417 0.265
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Table 6.6: Empirical attenuation coefficients and logarithmic standard deviation 
for the 5%-damped absorbed energy-equivalent velocity (Va) 
(ductility=4), based on the mixed effects model.  

 
Period (s) a b c d h e f σlog(Y)

0.10 1.944 0.510 -0.085 -1.0526 13.01 0.133 0.284 0.246
0.15 2.021 0.523 -0.083 -0.9856 12.66 0.112 0.278 0.236
0.20 2.020 0.556 -0.106 -0.9176 11.92 0.078 0.304 0.228
0.25 1.920 0.582 -0.111 -0.8343 8.80 0.071 0.325 0.232
0.30 1.898 0.602 -0.116 -0.8039 8.71 0.077 0.349 0.235
0.35 1.878 0.616 -0.119 -0.7789 8.15 0.076 0.360 0.239
0.40 1.875 0.628 -0.126 -0.7681 8.26 0.078 0.377 0.245
0.45 1.851 0.639 -0.127 -0.7457 7.74 0.073 0.383 0.251
0.50 1.844 0.648 -0.129 -0.7372 7.47 0.074 0.393 0.255
0.55 1.829 0.655 -0.128 -0.7257 7.51 0.074 0.400 0.258
0.60 1.819 0.660 -0.128 -0.7178 7.57 0.076 0.404 0.258
0.65 1.825 0.665 -0.130 -0.7180 7.75 0.077 0.408 0.261
0.70 1.829 0.669 -0.131 -0.7187 7.67 0.079 0.411 0.262
0.75 1.838 0.675 -0.132 -0.7194 7.80 0.081 0.414 0.263
0.80 1.845 0.677 -0.134 -0.7212 7.85 0.083 0.415 0.264
0.85 1.846 0.683 -0.136 -0.7194 8.00 0.085 0.420 0.266
0.90 1.849 0.687 -0.137 -0.7198 8.05 0.088 0.425 0.267
0.95 1.852 0.690 -0.139 -0.7202 8.12 0.089 0.427 0.268
1.00 1.862 0.693 -0.142 -0.7231 8.30 0.090 0.429 0.268
1.10 1.873 0.696 -0.145 -0.7266 8.41 0.090 0.431 0.267
1.20 1.886 0.700 -0.148 -0.7309 8.46 0.091 0.433 0.267
1.30 1.904 0.703 -0.151 -0.7373 8.61 0.091 0.433 0.267
1.40 1.914 0.706 -0.153 -0.7403 8.70 0.091 0.433 0.268
1.50 1.926 0.708 -0.154 -0.7452 8.88 0.092 0.434 0.268
1.75 1.957 0.713 -0.159 -0.7574 9.11 0.092 0.436 0.268
2.00 1.972 0.715 -0.161 -0.7629 9.25 0.091 0.436 0.268
2.25 1.985 0.717 -0.161 -0.7670 9.33 0.085 0.432 0.267
2.75 1.997 0.720 -0.158 -0.7697 9.57 0.077 0.425 0.266
3.00 2.005 0.722 -0.157 -0.7725 9.53 0.075 0.423 0.266
3.50 2.021 0.726 -0.156 -0.7792 9.31 0.075 0.421 0.265
4.00 2.036 0.728 -0.154 -0.7846 9.44 0.072 0.417 0.265
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Table 6.7: Empirical attenuation coefficients and logarithmic standard deviation 
for the geometric mean of the 5%-damped absorbed energy-
equivalent velocity (Va) (ductility=6), based on the mixed effects 
model.  

 
Period (s) a b c d h e f σlog(Y)

0.10 1.953 0.506 -0.076 -1.0561 14.44 0.146 0.281 0.244
0.15 1.994 0.519 -0.083 -0.9719 12.78 0.114 0.286 0.233
0.20 2.007 0.557 -0.104 -0.9148 11.38 0.082 0.307 0.231
0.25 1.920 0.584 -0.112 -0.8372 8.86 0.080 0.335 0.230
0.30 1.908 0.599 -0.117 -0.8068 8.67 0.074 0.344 0.235
0.35 1.876 0.615 -0.122 -0.7773 8.07 0.076 0.360 0.240
0.40 1.869 0.629 -0.126 -0.7634 7.84 0.077 0.375 0.247
0.45 1.848 0.639 -0.127 -0.7443 7.70 0.073 0.384 0.251
0.50 1.838 0.648 -0.128 -0.7340 7.68 0.073 0.392 0.255
0.55 1.829 0.655 -0.127 -0.7258 7.55 0.075 0.398 0.258
0.60 1.818 0.660 -0.127 -0.7177 7.54 0.076 0.404 0.261
0.65 1.819 0.665 -0.129 -0.7159 7.58 0.078 0.409 0.261
0.70 1.832 0.669 -0.132 -0.7200 7.65 0.080 0.411 0.262
0.75 1.839 0.675 -0.133 -0.7201 7.77 0.083 0.414 0.263
0.80 1.842 0.677 -0.134 -0.7206 7.85 0.084 0.416 0.264
0.85 1.847 0.683 -0.136 -0.7200 8.05 0.085 0.420 0.266
0.90 1.849 0.687 -0.137 -0.7198 8.05 0.088 0.425 0.267
0.95 1.852 0.690 -0.139 -0.7201 8.13 0.089 0.428 0.267
1.00 1.864 0.694 -0.143 -0.7237 8.28 0.089 0.430 0.268
1.10 1.872 0.696 -0.144 -0.7260 8.40 0.090 0.431 0.267
1.20 1.886 0.700 -0.148 -0.7308 8.46 0.091 0.433 0.267
1.30 1.904 0.703 -0.151 -0.7370 8.58 0.091 0.433 0.267
1.40 1.914 0.706 -0.153 -0.7400 8.69 0.091 0.433 0.268
1.50 1.925 0.708 -0.154 -0.7449 8.86 0.092 0.434 0.268
1.75 1.957 0.713 -0.159 -0.7578 9.09 0.092 0.437 0.268
2.00 1.976 0.716 -0.161 -0.7646 9.30 0.089 0.435 0.268
2.25 1.986 0.718 -0.161 -0.7672 9.34 0.085 0.432 0.267
2.75 2.001 0.721 -0.158 -0.7709 9.64 0.077 0.424 0.266
3.00 2.004 0.722 -0.157 -0.7722 9.49 0.076 0.423 0.266
3.50 2.021 0.726 -0.156 -0.7792 9.31 0.075 0.421 0.265
4.00 2.036 0.728 -0.154 -0.7845 9.44 0.072 0.417 0.265
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Table 6.8: Empirical attenuation coefficients and logarithmic standard deviation 
for the geometric mean of the 5%-damped absorbed energy-
equivalent velocity (Va) (ductility=8), based on the mixed effects 
model.  

 
Period (s) a b c d h e f σlog(Y)

0.10 1.929 0.504 -0.075 -1.0422 13.42 0.142 0.282 0.244
0.15 2.010 0.525 -0.087 -0.9733 12.32 0.112 0.284 0.232
0.20 1.994 0.559 -0.101 -0.9047 11.19 0.081 0.312 0.227
0.25 1.909 0.587 -0.111 -0.8281 8.75 0.077 0.334 0.231
0.30 1.895 0.604 -0.119 -0.7991 8.53 0.078 0.349 0.235
0.35 1.873 0.618 -0.122 -0.7741 8.13 0.076 0.363 0.240
0.40 1.861 0.632 -0.125 -0.7591 7.78 0.075 0.379 0.247
0.45 1.844 0.641 -0.126 -0.7426 7.63 0.075 0.387 0.251
0.50 1.843 0.650 -0.128 -0.7356 7.60 0.073 0.394 0.255
0.55 1.827 0.656 -0.128 -0.7241 7.55 0.074 0.399 0.258
0.60 1.823 0.661 -0.128 -0.7191 7.64 0.076 0.404 0.259
0.65 1.828 0.667 -0.131 -0.7185 7.64 0.078 0.409 0.261
0.70 1.833 0.669 -0.132 -0.7197 7.71 0.079 0.411 0.262
0.75 1.840 0.676 -0.133 -0.7201 7.85 0.083 0.414 0.264
0.80 1.844 0.678 -0.134 -0.7209 7.85 0.083 0.416 0.265
0.85 1.847 0.684 -0.137 -0.7201 7.95 0.087 0.422 0.266
0.90 1.848 0.688 -0.138 -0.7196 8.05 0.088 0.425 0.267
0.95 1.854 0.691 -0.140 -0.7209 8.18 0.089 0.428 0.267
1.00 1.866 0.694 -0.143 -0.7242 8.32 0.089 0.429 0.267
1.10 1.872 0.697 -0.145 -0.7263 8.41 0.090 0.431 0.267
1.20 1.884 0.700 -0.147 -0.7302 8.46 0.091 0.432 0.267
1.30 1.905 0.704 -0.151 -0.7377 8.59 0.091 0.433 0.267
1.40 1.915 0.706 -0.152 -0.7407 8.72 0.091 0.433 0.268
1.50 1.927 0.708 -0.154 -0.7456 8.88 0.092 0.434 0.268
1.75 1.958 0.713 -0.159 -0.7583 9.09 0.093 0.437 0.268
2.00 1.976 0.716 -0.161 -0.7646 9.29 0.089 0.435 0.268
2.25 1.986 0.718 -0.161 -0.7673 9.35 0.085 0.432 0.267
2.75 2.001 0.721 -0.158 -0.7709 9.64 0.077 0.424 0.266
3.00 2.007 0.722 -0.157 -0.7731 9.55 0.075 0.422 0.266
3.50 2.021 0.726 -0.156 -0.7791 9.30 0.076 0.421 0.265
4.00 2.036 0.728 -0.154 -0.7846 9.44 0.072 0.417 0.265
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Figure 6.14: Effect of ductility for Mw=7.5, R =10 km for soil classes A&B on 
absorbed energy-equivalent acceleration based on attenuation model 
predictions. 

 

Figure 6.15: Effect of magnitude for soil classes A&B and R =20 km on absorbed 
energy-equivalent acceleration based on attenuation model 
predictions (ductility factor = 4). 
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its peak value (this was 0.3 seconds).  The effect of distance on absorbed energy-

equivalent acceleration spectra is studied in Figure 6.17.  As expected, reduced 

ground motion attenuation with distance is seen at longer periods. 

In Figure 6.18, model predictions of 1.0-second absorbed energy-

equivalent acceleration (Aa) for mean and plus/minus one standard deviation 

levels are compared with data from the Kocaeli earthquake.  To highlight the 

differences in the predicted motions for each soil class, the comparisons for soil 

classes A&B, C, and D are shown separately.  Reasonable fits of the model to the 

Kocaeli data are seen in Figure 6.18.  The absorbed energy-equivalent 

acceleration spectra levels (for a ductility factor of 4) for the four site classes 

A&B, C, and D are comparable but higher than the response spectra levels at the 

1.0-second period (see Figure 6.6). 

In Figures 6.19a and 6.19b, combining data from all the soil classes 

(A&B, C, and D), predicted levels of 0.1 and 1.0 second absorbed energy-

equivalent acceleration (Aa) from the proposed attenuation model are compared 

with data from the Kocaeli main shock for a ductility factor of 4.  Reasonable fits 

of the model to the data from the Kocaeli event are obtained.  It may be seen that 

the inelastic Aa level for a ductility factor of 4 is higher than the spectral 

acceleration prediction especially at a period of 0.1 seconds. 

There is no previous work on soil amplification except that of Chou and 

Uang (2000).  Here, two parameters, Fa’ and Fv’, are used to modify the absorbed 

energy-equivalent acceleration (Aa) or the absorbed energy-equivalent velocity 

(Va) values for site classes C and D.  The parameter, Fa’, is the site amplification  
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Figure 6.16: Effect of soil classes for Mw=7.5 and R =10 km on absorbed energy-
equivalent acceleration on attenuation model predictions (ductility 
factor = 4). 

 

Figure 6.17: Effect of distance for soil classes A&B and Mw=7.5 on absorbed 
energy-equivalent acceleration on attenuation model predictions 
(ductility factor = 4). 
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Figure 6.18: Comparison of model predictions of 1.0-second Aa at mean and 
mean ± 1 std. dev. levels with observed data from the Kocaeli 
earthquake for soil classes A&B, C, and D for ductility factor = 4. 
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Figure 6.19: (a) Comparison of model predictions of mean 0.1-second absorbed 
energy-equivalent acceleration with observed data from the Kocaeli 
earthquake for all soil classes for ductility factor = 4 

 

Figure 6.19: (b) Comparison of model predictions of mean 1.0-second absorbed 
energy-equivalent acceleration with observed data from the Kocaeli 
earthquake for all soil classes for ductility factor = 4 
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factor at 0.2 seconds while Fv’ is the site amplification factor at 1.0 second.  The 

two soil amplification factors are computed as follows: 
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Figures 6.20 and 6.21 show variations of the amplification factors with 

ductility for site classes C and D at periods of 0.2 and 1.0 seconds.  The 

amplification factors are presented for different ductility levels ranging from 2 to 

8.  The site amplification factor, Fa’, is 1.2 for site class C and 2.0 for site class D.  

Similarly, the site amplification factor, Fv’, is 1.3 for site class C and 2.7 for site 

class D.  It should be noted that NEHRP soil classification is not used in this 

study; the soil classification that is used here is as given in Table 6.2.  Figures 

6.20 and 6.21 show that the soil amplification factors for absorbed energy-

equivalent acceleration (Aa) are insensitive to the ductility level.  

6.7.2 Comparison of the Proposed Model for Absorbed Energy-Equivalent 
Acceleration (Aa) with a Western U.S. Model 

Chou and Uang (2000) established attenuation relationships of absorbed 

energy-equivalent velocity (Va) for the Western U.S. using a two-stage regression 

analysis procedure.  Similar to the proposed attenuation relationship, the 

geometric mean of the two horizontal components of each ground motion 

recording was used in the study of Chou and Uang (2000) and the functional form 

of their attenuation model was similar.  A comparison of attenuation relationship 

predictions for a ductility factor of 4 with those based on the study of Chou and 

Uang (2000) is presented in Figures 6.22 and 6.23.  The proposed attenuation  
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Figure 6.20: Variations of Soil Amplification Factors Fa’ for absorbed energy-equivalent 
acceleration at distance = 25 km and Mw = 7.4. 

 

Figure 6.21: Variations of Soil Amplification Factors Fv’ for absorbed energy-equivalent 
acceleration at distance = 25 km and Mw = 7.4. 
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Figure 6.22: Comparison of predictions from the proposed attenuation model with 
those from a Western U.S. model for 0.1-second Aa  for soil classes 
A&B, Mw = 7.4 and ductility factor = 4. 

 

Figure 6.23: Comparison of predictions from the proposed attenuation model with 
those from a Western U.S. model for 1.0-second Aa for soil classes 
A&B, Mw = 7.4 and ductility factor = 4. 
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model predicts generally similar levels of acceleration (Aa) at both periods, 0.1 

and 1.0 seconds.  At short distances (say R < 10 km), the model by Chou and 

Uang (2000) predicts slightly higher levels of the 1.0-second absorbed energy-

equivalent acceleration (Aa) compared to the proposed model.  In Figure 6.24, 

predicted Aa levels based on the proposed attenuation model are compared with 

the Western U.S. model for distances equal to 20, 60, and 150 km.  The two mean 

curves for absorbed energy-equivalent acceleration (Aa) from the two attenuation 

models are similar; they generally predict similar levels of absorbed energy-

equivalent acceleration (Aa) except at the intermediate 60 km distance where the 

Western U.S. attenuation model predictions are somewhat higher for periods less 

than 1.0 second but somewhat lower for periods greater than 1.0 second. 

6.7.3 Input Energy 

Based on the mixed effects model, Tables 6.9-6.13 present attenuation 

coefficients, a, b, c, d, e, f, and h, and the logarithmic standard error for input 

energy-equivalent velocity (Vi) for periods up to 4 seconds.  The tables present 

model coefficients for ductility factors of 1 (elastic), 2, 4, 6, and 8.  These are 

computed for an SDOF system with 5% damping and an elastic perfectly-plastic 

load-deformation model. 

Figure 6.25 shows input energy-equivalent acceleration spectra based on 

model predictions for three different ductility levels.  Again, insignificant 

differences in input energy-equivalent acceleration (Ai) are observed for ductility 

levels from 2 to 8 as was seen for Aa in Figure 6.14.  The effect of magnitude on 

predicted elastic input energy-equivalent acceleration spectra is studied in Figure  
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Figure 6.24: Comparison of predicted Aa from the proposed attenuation model 
with a Western U.S. model for distances (20, 60, and 150 km) for 
soil classes A&B, Mw = 7.4 and ductility factor = 4. 
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Table 6.9: Empirical attenuation coefficients and logarithmic standard deviation 
for the elastic 5%-damped input energy-equivalent velocity (Vi) 
(ductility=1), based on the mixed effects model.  

 
Period (s) a b c d h e f σlog(Y)

0.10 2.079 0.614 -0.084 -1.0480 9.95 0.115 0.267 0.250
0.15 2.420 0.588 -0.096 -1.1460 16.61 0.171 0.271 0.243
0.20 2.248 0.582 -0.085 -1.0063 13.87 0.094 0.273 0.227
0.25 2.097 0.595 -0.090 -0.8887 10.21 0.039 0.278 0.231
0.30 2.055 0.602 -0.102 -0.8421 7.99 0.035 0.288 0.237
0.35 2.024 0.623 -0.124 -0.8092 6.88 0.033 0.323 0.240
0.40 1.931 0.632 -0.115 -0.7716 5.99 0.055 0.367 0.260
0.45 1.883 0.649 -0.133 -0.7335 5.43 0.062 0.388 0.268
0.50 1.844 0.687 -0.168 -0.6906 4.59 0.036 0.390 0.286
0.55 1.786 0.718 -0.186 -0.6534 3.56 0.023 0.397 0.301
0.60 1.686 0.730 -0.184 -0.6037 2.80 0.022 0.396 0.305
0.65 1.624 0.737 -0.179 -0.5784 2.30 0.024 0.405 0.300
0.70 1.610 0.744 -0.180 -0.5711 2.09 0.020 0.405 0.299
0.75 1.631 0.769 -0.187 -0.5909 2.62 0.029 0.411 0.305
0.80 1.653 0.775 -0.185 -0.6072 3.08 0.045 0.407 0.308
0.85 1.696 0.800 -0.184 -0.6374 4.71 0.066 0.416 0.318
0.90 1.742 0.813 -0.190 -0.6627 6.33 0.071 0.425 0.326
0.95 1.763 0.828 -0.203 -0.6696 6.96 0.071 0.431 0.334
1.00 1.794 0.842 -0.221 -0.6807 6.69 0.069 0.433 0.334
1.10 1.828 0.857 -0.247 -0.6914 6.23 0.071 0.435 0.335
1.20 1.871 0.873 -0.273 -0.7117 6.13 0.086 0.444 0.336
1.30 1.942 0.893 -0.285 -0.7452 6.58 0.070 0.416 0.332
1.40 2.013 0.917 -0.294 -0.7821 7.94 0.050 0.404 0.339
1.50 2.048 0.933 -0.297 -0.7992 9.23 0.032 0.376 0.350
1.75 2.191 0.952 -0.320 -0.8832 10.04 0.031 0.343 0.351
2.00 2.213 0.956 -0.322 -0.9258 9.43 0.050 0.350 0.337
2.25 2.336 0.962 -0.320 -1.0119 12.42 0.049 0.355 0.329
2.75 2.304 0.956 -0.268 -1.0467 12.89 0.032 0.331 0.314
3.00 2.302 0.968 -0.260 -1.0540 13.01 0.034 0.324 0.316
3.50 2.291 0.972 -0.256 -1.0674 10.36 0.023 0.311 0.318
4.00 2.242 0.986 -0.244 -1.0699 10.41 0.014 0.315 0.309

 
 



 228

Table 6.10: Empirical attenuation coefficients and logarithmic standard deviation 
for the geometric mean of the 5%-damped input energy-equivalent 
velocity (Vi) (ductility=2), based on the mixed effects model.  

 
Period (s) a b c d h e f σlog(Y)

0.10 2.120 0.609 -0.086 -1.0613 10.62 0.120 0.271 0.247
0.15 2.396 0.587 -0.096 -1.1213 16.42 0.149 0.266 0.235
0.20 2.209 0.581 -0.091 -0.9775 12.65 0.083 0.276 0.224
0.25 2.069 0.598 -0.091 -0.8718 9.68 0.049 0.288 0.229
0.30 2.023 0.611 -0.108 -0.8257 7.92 0.039 0.305 0.233
0.35 1.959 0.630 -0.122 -0.7808 6.63 0.041 0.340 0.240
0.40 1.897 0.644 -0.122 -0.7501 6.14 0.048 0.373 0.255
0.45 1.849 0.667 -0.144 -0.7116 5.31 0.053 0.390 0.266
0.50 1.794 0.696 -0.165 -0.6731 4.22 0.042 0.399 0.281
0.55 1.740 0.718 -0.178 -0.6377 3.56 0.022 0.396 0.291
0.60 1.686 0.731 -0.181 -0.6085 3.16 0.021 0.398 0.295
0.65 1.634 0.743 -0.179 -0.5894 2.83 0.028 0.411 0.293
0.70 1.620 0.751 -0.183 -0.5837 2.71 0.032 0.414 0.293
0.75 1.631 0.775 -0.190 -0.5951 3.38 0.047 0.419 0.301
0.80 1.659 0.783 -0.190 -0.6116 4.24 0.052 0.417 0.304
0.85 1.703 0.804 -0.195 -0.6373 5.45 0.064 0.421 0.311
0.90 1.740 0.821 -0.211 -0.6562 5.79 0.071 0.430 0.317
0.95 1.749 0.834 -0.220 -0.6618 5.99 0.073 0.437 0.320
1.00 1.785 0.846 -0.234 -0.6787 6.30 0.074 0.439 0.322
1.10 1.821 0.857 -0.250 -0.6928 6.22 0.075 0.437 0.322
1.20 1.866 0.870 -0.264 -0.7140 6.34 0.074 0.435 0.324
1.30 1.930 0.889 -0.282 -0.7435 6.69 0.059 0.410 0.325
1.40 1.970 0.906 -0.288 -0.7675 7.52 0.046 0.402 0.331
1.50 2.027 0.919 -0.293 -0.7988 8.89 0.034 0.390 0.339
1.75 2.139 0.937 -0.308 -0.8733 9.52 0.042 0.367 0.338
2.00 2.160 0.944 -0.307 -0.9107 9.87 0.045 0.365 0.328
2.25 2.242 0.948 -0.302 -0.9695 11.10 0.028 0.352 0.323
2.75 2.226 0.954 -0.269 -1.0055 11.61 0.026 0.339 0.315
3.00 2.213 0.958 -0.263 -1.0116 11.05 0.027 0.332 0.316
3.50 2.191 0.964 -0.253 -1.0245 9.73 0.021 0.322 0.313
4.00 2.153 0.972 -0.246 -1.0270 9.37 0.006 0.315 0.308
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Table 6.11: Empirical attenuation coefficients and logarithmic standard deviation 
for the geometric mean of the 5%-damped input energy-equivalent 
velocity (Vi) (ductility=4), based on the mixed effects model.  

 
Period (s) a b c d h e f σlog(Y)

0.10 2.130 0.604 -0.085 -1.0537 11.25 0.125 0.275 0.241
0.15 2.266 0.585 -0.094 -1.0421 14.11 0.123 0.268 0.230
0.20 2.114 0.590 -0.096 -0.9186 10.75 0.072 0.283 0.225
0.25 2.004 0.610 -0.104 -0.8311 8.46 0.047 0.302 0.230
0.30 1.947 0.626 -0.117 -0.7858 7.01 0.044 0.327 0.236
0.35 1.889 0.647 -0.127 -0.7472 6.56 0.048 0.355 0.243
0.40 1.838 0.667 -0.139 -0.7148 5.53 0.044 0.379 0.257
0.45 1.792 0.689 -0.154 -0.6817 4.73 0.042 0.390 0.267
0.50 1.740 0.712 -0.164 -0.6519 4.29 0.035 0.398 0.276
0.55 1.704 0.730 -0.172 -0.6317 3.99 0.028 0.402 0.284
0.60 1.658 0.745 -0.174 -0.6100 3.71 0.031 0.408 0.288
0.65 1.649 0.762 -0.182 -0.6084 3.80 0.043 0.417 0.289
0.70 1.651 0.769 -0.186 -0.6103 3.90 0.047 0.421 0.290
0.75 1.678 0.793 -0.196 -0.6243 4.98 0.052 0.420 0.297
0.80 1.693 0.800 -0.198 -0.6341 5.33 0.055 0.422 0.301
0.85 1.728 0.822 -0.214 -0.6527 5.55 0.057 0.427 0.306
0.90 1.743 0.833 -0.222 -0.6627 5.56 0.062 0.430 0.310
0.95 1.767 0.846 -0.233 -0.6750 5.78 0.063 0.434 0.312
1.00 1.788 0.856 -0.241 -0.6863 6.04 0.064 0.433 0.314
1.10 1.818 0.862 -0.249 -0.7018 6.16 0.061 0.430 0.316
1.20 1.856 0.873 -0.259 -0.7215 6.38 0.056 0.426 0.320
1.30 1.910 0.888 -0.270 -0.7501 7.04 0.045 0.406 0.325
1.40 1.949 0.899 -0.277 -0.7752 8.03 0.041 0.402 0.327
1.50 2.001 0.908 -0.281 -0.8078 9.06 0.040 0.395 0.328
1.75 2.097 0.927 -0.289 -0.8775 10.19 0.041 0.382 0.325
2.00 2.103 0.933 -0.285 -0.9036 9.91 0.037 0.374 0.320
2.25 2.142 0.939 -0.282 -0.9384 10.18 0.023 0.361 0.318
2.75 2.136 0.948 -0.264 -0.9688 10.41 0.018 0.346 0.314
3.00 2.127 0.951 -0.258 -0.9790 10.21 0.018 0.341 0.313
3.50 2.098 0.953 -0.248 -0.9901 9.67 0.005 0.329 0.309
4.00 2.064 0.954 -0.243 -0.9924 9.26 -0.011 0.316 0.307
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Table 6.12: Empirical attenuation coefficients and logarithmic standard deviation 
for the geometric mean of the 5%-damped input energy-equivalent 
velocity (Vi) (ductility=6), based on the mixed effects model.  

 
Period (s) a b c d h e f σlog(Y)

0.10 2.121 0.601 -0.084 -1.0393 11.27 0.122 0.277 0.241
0.15 2.202 0.586 -0.095 -1.0011 12.98 0.115 0.274 0.230
0.20 2.048 0.597 -0.098 -0.8809 9.59 0.070 0.295 0.225
0.25 1.950 0.622 -0.111 -0.8004 7.57 0.048 0.317 0.230
0.30 1.897 0.640 -0.122 -0.7606 6.68 0.050 0.341 0.236
0.35 1.845 0.663 -0.135 -0.7234 6.20 0.047 0.362 0.243
0.40 1.813 0.685 -0.148 -0.7002 5.34 0.045 0.381 0.257
0.45 1.758 0.708 -0.159 -0.6671 4.81 0.041 0.392 0.267
0.50 1.720 0.729 -0.168 -0.6470 4.46 0.039 0.404 0.276
0.55 1.698 0.745 -0.174 -0.6359 4.33 0.039 0.408 0.284
0.60 1.676 0.760 -0.179 -0.6256 4.28 0.041 0.412 0.288
0.65 1.682 0.777 -0.192 -0.6278 4.53 0.045 0.418 0.289
0.70 1.689 0.784 -0.196 -0.6319 4.82 0.047 0.421 0.290
0.75 1.716 0.807 -0.205 -0.6476 5.45 0.052 0.421 0.297
0.80 1.721 0.815 -0.209 -0.6518 5.54 0.054 0.424 0.301
0.85 1.746 0.832 -0.221 -0.6673 5.70 0.057 0.427 0.306
0.90 1.772 0.842 -0.230 -0.6823 5.93 0.061 0.428 0.310
0.95 1.797 0.852 -0.237 -0.6956 6.29 0.057 0.426 0.312
1.00 1.818 0.861 -0.244 -0.7074 6.52 0.056 0.425 0.314
1.10 1.841 0.868 -0.251 -0.7201 6.69 0.048 0.421 0.316
1.20 1.870 0.876 -0.256 -0.7378 6.92 0.045 0.415 0.320
1.30 1.931 0.889 -0.268 -0.7733 7.90 0.043 0.407 0.325
1.40 1.960 0.897 -0.272 -0.7957 8.57 0.044 0.401 0.327
1.50 2.000 0.906 -0.276 -0.8223 9.47 0.043 0.397 0.328
1.75 2.073 0.921 -0.275 -0.8813 10.38 0.036 0.378 0.325
2.00 2.089 0.929 -0.276 -0.9078 10.04 0.028 0.370 0.320
2.25 2.118 0.936 -0.272 -0.9395 10.24 0.022 0.364 0.318
2.75 2.099 0.944 -0.259 -0.9603 10.01 0.011 0.347 0.314
3.00 2.085 0.946 -0.254 -0.9669 9.71 0.004 0.340 0.313
3.50 2.041 0.945 -0.245 -0.9702 9.42 -0.005 0.326 0.309
4.00 2.013 0.945 -0.242 -0.9792 8.99 -0.012 0.321 0.307
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Table 6.13: Empirical attenuation coefficients and logarithmic standard deviation 
for the geometric mean of the 5%-damped input energy-equivalent 
velocity (Vi) (ductility=8), based on the mixed effects model.  

 
Period (s) a b c d h e f σlog(Y)

0.10 2.125 0.600 -0.087 -1.0318 11.25 0.118 0.278 0.236
0.15 2.147 0.588 -0.096 -0.9660 11.80 0.106 0.277 0.226
0.20 2.017 0.604 -0.103 -0.8592 9.01 0.067 0.303 0.225
0.25 1.918 0.631 -0.116 -0.7823 7.03 0.051 0.325 0.233
0.30 1.868 0.652 -0.128 -0.7449 6.50 0.051 0.349 0.241
0.35 1.821 0.678 -0.143 -0.7098 5.91 0.047 0.365 0.250
0.40 1.778 0.699 -0.152 -0.6850 5.28 0.047 0.387 0.261
0.45 1.738 0.722 -0.165 -0.6588 4.75 0.044 0.395 0.269
0.50 1.720 0.742 -0.173 -0.6492 4.56 0.042 0.406 0.278
0.55 1.702 0.756 -0.178 -0.6403 4.58 0.039 0.408 0.285
0.60 1.709 0.772 -0.189 -0.6435 4.83 0.042 0.413 0.288
0.65 1.717 0.790 -0.201 -0.6474 5.19 0.044 0.418 0.290
0.70 1.723 0.796 -0.205 -0.6502 5.28 0.045 0.419 0.292
0.75 1.745 0.818 -0.214 -0.6658 5.80 0.052 0.423 0.297
0.80 1.751 0.825 -0.217 -0.6722 5.88 0.055 0.424 0.301
0.85 1.772 0.840 -0.228 -0.6846 6.11 0.056 0.423 0.306
0.90 1.787 0.849 -0.234 -0.6947 6.30 0.056 0.424 0.308
0.95 1.810 0.858 -0.239 -0.7084 6.67 0.052 0.421 0.310
1.00 1.840 0.865 -0.245 -0.7259 6.98 0.048 0.419 0.312
1.10 1.862 0.871 -0.252 -0.7392 7.08 0.047 0.418 0.315
1.20 1.887 0.879 -0.257 -0.7550 7.41 0.047 0.414 0.319
1.30 1.943 0.891 -0.265 -0.7895 8.50 0.041 0.403 0.320
1.40 1.975 0.899 -0.268 -0.8162 9.25 0.047 0.404 0.320
1.50 2.011 0.907 -0.271 -0.8400 9.80 0.044 0.397 0.321
1.75 2.061 0.921 -0.270 -0.8891 10.28 0.038 0.382 0.316
2.00 2.081 0.927 -0.269 -0.9164 10.09 0.029 0.372 0.315
2.25 2.118 0.936 -0.272 -0.9395 10.24 0.022 0.364 0.313
2.75 2.099 0.944 -0.259 -0.9603 10.01 0.011 0.347 0.308
3.00 2.047 0.938 -0.251 -0.9571 9.46 -0.003 0.336 0.307
3.50 1.999 0.938 -0.243 -0.9610 9.07 -0.006 0.329 0.306
4.00 1.974 0.937 -0.240 -0.9683 8.85 -0.014 0.322 0.306
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6.26 for soil classes A&B, R = 20 km.  A systematic decrease in amplitude of the 

input energy-equivalent acceleration (Ai) spectra with decrease in magnitude at all 

distances is observed as expected. 

Figure 6.27 shows effect of soil class (for Mw = 7.5 and R = 10 km) on 

elastic input energy-equivalent acceleration (Ai) based on the proposed attenuation 

model predictions.  It may be seen that Ai has its peak value at a period of around 

0.20-0.25 seconds.  The effect of distance on elastic input energy-equivalent 

acceleration spectra is studied in Figures 6.28.  Expected trends are observed. 

In Figure 6.29, model predictions of 1.0-second elastic input energy-

equivalent acceleration (Ai), for mean and plus/minus one standard deviation 

levels are compared with data from the Kocaeli earthquake for soil classes A&B, 

C, and D.  Reasonable fits of the model to the Kocaeli data are seen in Figure 

6.29.  The elastic Ai levels for the four site classes A&B, C, and D are comparable 

but higher than the inelastic Aa (for a ductility of 4) at 1.0 second period as was 

seen in Figure 6.18. 

In Figures 6.30a and 6.30b, combining data from all the soil classes 

(A&B, C, and D), predicted levels of 0.1 and 1.0 second input energy-equivalent 

acceleration (Ai) from the proposed attenuation model are compared with data 

from the Kocaeli main shock for soil classes A&B, C, and D.  Reasonable fits of 

the model to the data from the Kocaeli event are obtained.  It may be seen that the 

elastic Ai is significantly higher than the mean inelastic Aa predictions (for a 

ductility of 4) especially at 0.1 seconds period (see Figure 6.19a and 6.19b). 
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Figure 6.25: Effect of ductility for Mw=7.5, R =10 km for soil classes A&B on 
input energy-equivalent acceleration based on attenuation model 
predictions. 

 

Figure 6.26: Effect of magnitude for soil classes A&B and R =20 km on elastic 
input energy-equivalent acceleration based on attenuation model 
predictions. 
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Figures 6.31 and 6.32 show variations of the amplification factors (defined 

similar to Eq. (6.5) except with replacement of Aa by Ai) for site classes C and D 

at periods of 0.2 and 1.0 seconds.  The amplification factors are presented for 

different ductility levels, ductility factors 1 (elastic) to 8.  The site amplification 

factor, Fa’, is around 1.2-1.3 for site class C and around 1.9-2.1 for site class D.  

Similarly, the site amplification factor, Fv’, is around 1.1-1.2 for site class C and 

around 2.6-2.8 for site class D. 

6.7.4 Comparison of the Proposed Model for Input Energy-Equivalent 
Acceleration (Ai) with Western U.S. Models 

Lawson (1996) established attenuation relationships for input energy-

equivalent velocity (Vi) for the Western U.S. using the same regression model and 

based on 126 ground motion records.  The input energy-equivalent velocity (Vi) 

value of the larger horizontal component was used in the study by Lawson (1996), 

though, rather than the geometric mean of two horizontal components that is used 

here. 

Chapman (1999) proposed attenuation relationships for Vi for the Western 

U.S. based on 303 ground motion records.  The geometric mean of two horizontal 

components was used in that study.  A comparison of the proposed attenuation 

predictions for elastic Ai levels with those based on the models of Lawson (1996) 

and Chapman (1999) is presented in Figures 6.33 and 6.34.  Both the Western 

U.S. models generally predict slightly higher levels of input energy-equivalent 

acceleration (Ai) compared to the proposed attenuation model especially at a 

period of 1.0 seconds.  In Figure 6.35, predicted Ai levels based on the proposed 

attenuation model are compared with the two Western U.S. models for distances  



 235

0.0

1.0

2.0

3.0

4.0

5.0

6.0

0.1 1.0 10.0
Period (s)

A i
 (

g)

Soil Class A&B

Soil Class C

Soil Class D

0.0

0.6

1.2

1.8

2.4

3.0

3.6

0.1 1.0 10.0
Period (s)

A i
 (

g)

distance=5 km

distance=10 km

distance=20 km

distance=50 km

 

Figure 6.27: Effect of soil classes for Mw=7.5 and R =10 km on elastic input 
energy-equivalent acceleration on attenuation model predictions. 

 

Figure 6.28: Effect of distance for soil classes A&B and Mw=7.5 on elastic input 
energy-equivalent acceleration on attenuation model predictions. 

 

 



 236

0.001

0.010

0.100

1.000

10.000

1 10 100 1000
Distance (km)

A i
 (

g)

Soil Class A&B

Kocaeli Data, Soil Class A&B

mean+/-1stdv

0.001

0.010

0.100

1.000

10.000

1 10 100 1000
Distance (km)

A i
 (

g)

Soil Class C

Kocaeli Data, Soil Class C

mean+/-1stdv

0.001

0.010

0.100

1.000

10.000

1 10 100 1000
Distance (km)

A i
 (

g)

Soil Class D

Kocaeli Data, Soil Class D

mean+/-1stdv

 

 

 

Figure 6.29: Comparison of model predictions of 1.0-second elastic Ai at mean 
and mean ± 1 std. dev. levels with observed data from the Kocaeli 
earthquake for soil classes A&B, C, and D. 
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Figure 6.30: (a) Comparison of model predictions of mean 0.1-second elastic 
input energy-equivalent acceleration with observed data from the 
Kocaeli earthquake for all soil classes. 

 

Figure 6.30: (b) Comparison of model predictions of mean 1.0-second elastic 
input energy-equivalent acceleration with observed data from the 
Kocaeli earthquake for all soil classes.  
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Figure 6.31: Variations of Soil Amplification Factors Fa’ for input energy-equivalent 
acceleration at distance = 25 km and Mw = 7.4. 

 

Figure 6.32: Variations of Soil Amplification Factors Fv’ for input energy-equivalent 
acceleration at distance = 25 km and Mw = 7.4. 

equal to 20, 60, and 150 km.  The proposed model generally predicts smaller 

motions at all distances. 
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6.7.5 Comparison of Predicted Strength- and Energy-based Parameters 
from the Proposed Attenuation Model 

Predicted spectral acceleration, absorbed energy-equivalent acceleration 

(Aa, with ductility of 4), and input energy-equivalent acceleration (Ai) levels based 

on the proposed attenuation model are compared in Figures 6.36 and 6.37 at 

periods of 0.1 and 1.0 second, respectively.  We notice that the ratio of Aa (for a 

ductility factor of 4) to Sa is higher at short periods (see Figure 6.36 for 0.1 second 

period) compared to intermediate or long (see Figure 6.37).  Since we know that 

Aa converges to Sa in the elastic case, we can conclude that the Aa/Sa ratio 

increases with ductility – i.e., if the ductility factor is 1, the Aa/Sa ratio should be 1 

as well.  In the case of the ductility factor of 4, the Aa/Sa ratio is about 3.3 at a 

distance of 10 km for a 0.1 second natural period, and the ratio is about 1.5 at 

same distance for a 1.0 second natural period.  The Aa levels should increase with 

ductility because hysteretic energy (Eh) contributes relatively more to the 

absorbed energy with increase in ductility level (whereas in the elastic case, Eh = 

0).  The Ai levels are higher than both Aa and Sa at both periods, 0.1 and 1.0 

seconds.  However, the predicted levels for Aa and Ai are more similar at the 1.0 

second period than at the 0.1 second period. 

In Figure 6.38, spectral acceleration and energy-equivalent acceleration 

predictions from the proposed attenuation models at distances of 20, 60, and 150 

km are compared.  According to Chou and Uang (2000), the Aa/Sa ratio is 

expected to increase with distance but this ratio is fairly stable at all distances as 

seen in Figure 6.38.  Again, predicted Ai levels are higher than both Aa and Sa at 

all distances, while the Ai/Aa ratio increases when the period decreases. 
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Figure 6.33: Comparison of predictions from the proposed attenuation model with 
those from two Western U.S. models for 0.1-second elastic Ai for 
soil classes A&B, Mw = 7.4. 

 

Figure 6.34: Comparison of predictions from the proposed attenuation model with 
those from two Western U.S. models for 1-second elastic Ai for soil 
classes A&B, Mw = 7.4. 
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Figure 6.35: Comparison of predicted elastic Ai from the proposed attenuation 
model with Western U.S. models for distances (20, 60, and 150 km) 
for soil classes A&B, Mw = 7.4. 
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Figure 6.36: Comparison of spectral acceleration and energy-equivalent 
acceleration predictions from the proposed attenuation models for 
0.1-second period for soil classes A&B, Mw = 7.4. 

 

Figure 6.37: Comparison of spectral acceleration and energy-equivalent 
acceleration predictions from the proposed attenuation models for 
1.0-second period for soil classes A&B, Mw = 7.4. 
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6.8 USE OF THE ATTENUATION RELATIONSHIPS IN SEISMIC HAZARD 
ANALYSIS - CASE STUDY: K. ÇEKMECE AND MECIDIYEKÖY SITES IN 
TURKEY 

As was discussed in Chapter 5, the 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.  In this chapter, 

new empirical attenuation models have been proposed for Northwestern Turkey.  

Probabilistic seismic hazard analysis (PSHA) is performed using these proposed 

attenuation models for Northwestern Turkey.  Results are discussed for two 

locations some distance north of the North Anatolian Fault (NAF) system.  These 

sites include the K. Çekmece Nuclear Power Station site (15.5 km distance to the 

fault system) and the Mecidiyeköy (22.6 km distance to the fault system) site.  

The proposed attenuation model for Northwestern Turkey is compared with 

Western U.S. attenuation models by examining seismic hazard curves and 

uniform hazard spectra for the two sites. 

6.8.1 Seismic Hazard Curves 

Seismic hazard curves based on the Western U.S. (WUS) and the 

proposed Northwestern Turkey (NWT) attenuation relationships for the K. 

Çekmece site are shown in Figures 6.39(a) and 6.39(b), respectively.  The seismic 

hazard curves are based on peak ground acceleration as well as spectral 

acceleration at four different natural periods.  At all natural periods, the seismic 

hazard curves based on the Western U.S. attenuation relationships predict 

relatively higher ground motions (for the same probability) than are predicted by 
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the hazard curves based on the proposed Northwestern Turkey attenuation model 

as seen in Figures 6.39(a) and (b). 

In Figures 6.40(a) and (b), hazard curves based on input energy-equivalent 

acceleration (Ai) are presented for the K. Çekmece site.  Seismic hazard curves 

based on the WUS attenuation relationships are presented in Figure 6.40(a), and 

hazard curves based on the proposed NWT attenuation relationship are shown in 

Figure 6.40(b).  Although the seismic hazard curves for the strength-based 

parameters based on the NWT attenuation models yielded relatively smaller 

motions (for a given probability) compared to the WUS attenuation model, the 

seismic hazard curves based on the energy-based parameters for both WUS and 

NWT attenuation models yielded similar motions (except at a period of 1.0 

second).  Note the monotonically decreasing trend in hazard with increasing 

period in the case of the energy-based parameter (Figure 6.40), which is in 

contrast to the hazard curves for spectral acceleration. 

Seismic hazard curves based on both strength- and energy-based 

parameters at the Mecidiyeköy site reveal relatively lower hazard compared to the 

K. Çekmece site as seen in Figures 6.41 and 6.42.  As was the case for the K. 

Çekmece site, the seismic hazard curves based on strength-based parameters for 

the Mecidiyeköy site led to lower hazard with the NWT attenuation models 

compared to the WUS attenuation models (Figure 6.41) but the WUS and NWT 

models for the energy-based parameters yielded more similar hazards as can be 

seen in Figure 6.42. 
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Figure 6.38: Comparison of spectral acceleration and energy-equivalent 
acceleration predictions from the proposed attenuation models for 
distances (20, 60, and 150 km) for soil classes A&B, Mw = 7.4. 
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Figure 6.39: (a) Seismic hazard curves for strength-based parameters at the K. 
Çekmece site based on the Western U.S. (WUS) attenuation models. 

 

Figure 6.39: (b) Seismic hazard curves for strength-based parameters at the K. 
Çekmece site based on the proposed Northwestern Turkey (NWT) 
attenuation model. 
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Figure 6.40: (a) Seismic hazard curves for energy-based parameters at the K. 
Çekmece site based on Western U.S. (WUS) attenuation models. 

 

Figure 6.40: (b) Seismic hazard curves for energy-based parameters at the K. 
Çekmece site based on the proposed Northwestern Turkey (NWT) 
attenuation model. 
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Figure 6.41: (a) Seismic hazard curves for strength-based parameters at the 
Mecidiyeköy site based on Western U.S. (WUS) attenuation models. 

 

Figure 6.41: (b) Seismic hazard curves for strength-based parameters at the 
Mecidiyeköy site based on the proposed Northwestern Turkey 
(NWT) attenuation model. 
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Figure 6.42: (a) Seismic hazard curves for energy-based parameters at the 
Mecidiyeköy site based on Western U.S. (WUS) attenuation models. 

 

Figure 6.42: (b) Seismic hazard curves for energy-based parameters at the 
Mecidiyeköy site based on the proposed Northwestern Turkey 
(NWT) attenuation model. 
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6.8.2 Uniform Hazard Spectra 

Uniform hazard spectra based on spectral acceleration for the K. Çekmece 

and Mecidiyeköy sites (for soil class A&B) are presented in Figures 6.43 and 

6.44.  The spectra are shown for three different return periods corresponding to 

1%, 2%, and 5% probabilities of exceedance in 50 years.  The results are based on 

the PSHA studies carried out using the WUS and the proposed NWT attenuation 

models.  Results for the two models are compared first using the strength-based 

ground motion parameter (spectral acceleration).  The levels of spectral 

acceleration in the uniform hazard spectra based on the WUS attenuation models 

are higher than those for the NWT attenuation models at both sites as seen in 

Figures 6.43 and 6.44. 

Next, uniform hazard spectra based on input energy-equivalent 

acceleration for the K. Çekmece and Mecidiyeköy sites (for soil class A&B) are 

presented in Figures 6.45 and 6.46.  These spectra based on both the WUS and the 

NWT attenuation models show similar relative hazard at the K. Çekmece site but 

at the Mecidiyeköy site, the levels of input energy-equivalent acceleration (Ai) in 

the uniform hazard spectra based on the NWT attenuation model are higher than 

those based on the WUS attenuation models. 

In Figures 6.47 and 6.48, we compare the uniform hazard spectra based on 

the WUS attenuation models with design spectra based on the Turkish Building 

Code.  Comparisons are shown for soil class A&B for the K. Çekmece and 

Mecidiyeköy sites separately in the figures.  The K. Çekmece and the 

Mecidiyeköy sites are located in Seismic Zone 1 and 2, respectively.  According 
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to the Turkish Building Code (1997), higher hazards are expected in Seismic 

Zone 1 than in Zone 2.  Design spectra from the 1997 Turkish Building Code for 

two Importance Factors, 1.5 (used for hospitals, power plants, etc.) and 1.0 (used 

for residential buildings) are compared with the uniform hazard spectra.  For the 

rock/stiff soil sites (site classes A&B), the design spectra for the higher 

Importance Factor (I=1.5) are associated with very rare motions at short periods, 

but for longer periods at the K. Çekmece site, these design motions are lower than 

indicated by the uniform hazard spectra.  For the Mecidiyeköy site (as seen in 

Figure 6.48), the design spectra for the higher importance factor (I=1.5) lie above 

the uniform hazard spectra at all natural periods. 

Design spectra from the 1997 Turkish Building Code for two Importance 

Factors are compared with the uniform hazard spectra based on the NWT 

attenuation models at both sites in Figures 6.49 and 6.50.  Similarly to Figures 

6.47 and 6.48, design spectra for the higher importance factor (I=1.5) generally lie 

above the uniform hazard spectra based on NWT attenuation model at all natural 

periods. 

6.9 CONCLUSIONS 

New attenuation models have been developed for peak ground 

acceleration, 5%-damped spectral acceleration, absorbed energy-equivalent 

velocity (Va) and input energy-equivalent velocity (Vi) for periods up to 4 

seconds.  The mixed effects model proposed here accounts for inter- and intra-

event variability and leads to smaller standard error than that obtained when a 

fixed effects model was employed.  The model developed is only intended for use  
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Figure 6.43: Comparison of uniform hazard spectra based on spectral acceleration for the 
K. Çekmece site for soil class A&B.  

 

Figure 6.44: Comparison of uniform hazard spectra based on spectral acceleration for the 
Mecidiyeköy site for soil class A&B. 
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Figure 6.45: Comparison of uniform hazard spectra based on input energy equivalent 
acceleration for the K. Çekmece site at soil class A&B. 

 

Figure 6.46: Comparison of uniform hazard spectra based on input energy equivalent 
acceleration for the Mecidiyeköy site at soil class A&B. 
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Figure 6.47: Comparison of uniform hazard spectra using Western U.S. (WUS) 
attenuation models for the K. Çekmece site considering site classes 
A&B, with the Turkish Building Code (Seismic Zone 1) 

 

Figure 6.48: Comparison of uniform hazard spectra using Western U.S. (WUS) 
attenuation models for the Mecidiyeköy site considering site classes 
A&B, with the Turkish Building Code (Seismic Zone 2). 
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Figure 6.49: Comparison of uniform hazard spectra using proposed Northwestern 
Turkey (NWT) attenuation model. for the K. Çekmece site 
considering site classes A&B, with the Turkish building code 
(Seismic Zone 1). 

 

Figure 6.50: Comparison of uniform hazard spectra using proposed Northwestern 
Turkey (NWT) attenuation model. for the Mecidiyeköy site 
considering site classes A&B, with the Turkish building code 
(Seismic Zone 2). 
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with normal and/or strike-slip events; it will likely underestimate motions from 

reverse and reverse-oblique earthquakes.  Source and propagation parameters are 

region-specific and they could have a great influence on ground motion.  This 

study is region-specific, as only recordings from earthquakes that have occurred 

in Northwestern Turkey have been used in the analyses.  The models developed 

are, therefore, only recommended for prediction of ground motions in 

Northwestern Turkey. 

The attenuation models presented do not account for rupture directivity 

effects.  Ten of the records used in this chapter have source-to-site distances less 

than 20 km, and hence are considered to be recordings in the near-field region.  

Some of these records exhibit rupture directivity effects.  However, no parameter 

accounting for rupture directivity was included in the model. 

The new attenuation models developed here have been proposed to take 

advantage of the availability of numerous strong motion records from recent 

earthquakes in Turkey.  With additional strong motion instrumentation and 

improved soil profile data, this model can be improved.  The study in this chapter 

showed that consideration of intra-event variability in addition to inter-event 

variability can improve the fit of empirical attenuation models to recorded data. 

When the proposed model was compared to predictions based on Western U.S. 

empirical attenuation models for shallow crustal zones, it was found that the 

Western U.S. models predicted considerably different motions; sometimes these 

predictions were more than one standard deviation away from that of the proposed 

models for strength-based parameters.  This was the case for all natural periods of 
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interest.  Also, for strength-based parameters, when considering different 

distances, it was found that the Western U.S. models predicted larger motions at 

shorter distances while at larger distances, the two Western U.S. models that were 

considered predicted different levels of motion from each other but neither 

matched the predictions of the proposed model. 

Comparing the spectral acceleration and the energy-based parameters, 

several conclusions can be made.  First, the ratio of Aa (for a ductility factor of 4) 

to Sa was high in the short-period range.  Second, this Aa/Sa ratio increased with 

ductility because Aa levels increase since hysteretic energy (Eh) contributes more 

to the absorbed energy demand with increase in ductility level (while in the elastic 

case, Eh = 0).  Third, Ai levels were always higher than Aa and Sa at both periods 

studied – 0.1 and 1.0 seconds.  However, Aa levels were closer to those of Ai at 

1.0 seconds than at 0.1 second.  In contrast to the findings of Chou and Uang 

(2000), the Aa/Sa ratio was found to not increase with distance; this ratio was 

almost the same at all distances.  Finally, Ai levels were higher than both Aa and Sa 

at all distances and the Ai/Aa ratio increased with decreasing period. 

Amplification factors, Fa’ and Fv’, to account for soil class were obtained 

for energy-based parameters and were presented for different ductility levels.  

These factors, Fa’ and Fv’, are the soil amplification factors at 0.2 and 1.0 second 

periods, respectively.  As expected, for site class D higher soil amplification was 

predicted than for site class C.  Both Aa and Ai experience similar levels of soil 

amplification. 
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Probabilistic seismic hazard studies based on Western U.S. and the 

proposed (NWT) attenuation models were performed for the K. Çekmece and 

Mecidiyeköy sites.  Strength- and energy-based ground motion parameters were 

considered.  Although the seismic hazard curves for strength-based parameters 

based on the NWT attenuation models led to relatively lower ground motions (for 

the same probability) compared to WUS attenuation models, the seismic hazard 

curves based on energy-based parameters for both the Western U.S. and the 

proposed NWT attenuation models showed similar relative hazard at both sites. 

Uniform hazard spectra for the energy-based parameter (Ai) for both WUS 

and the proposed NWT attenuation models showed similar relative hazard at the 

K. Çekmece site but at the Mecidiyeköy site, the levels of input energy-equivalent 

acceleration (Ai) in the uniform hazard spectra based on the proposed attenuation 

model were higher than those based on the WUS attenuation models. 

Finally, design spectra from the 1997 Turkish Building Code were compared with 

uniform hazard spectra.  The design spectra generally predicted motions greater 

than the uniform hazard spectra corresponding to a 2% probability of exceedance 

in 50 years. 
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Chapter 7:  SUMMARY AND CONCLUSIONS  

7.1 SUMMARY OF THIS RESEARCH STUDY 

The objectives of this study were to investigate how energy-based 

parameters may be used as alternatives to more conventional strength-based 

parameters to describe the demand on structures subjected to ground shaking.  

Using different approaches, this investigation has been carried out where contrasts 

between the two parameter types have been illustrated in the context of structural 

performance, ground motions, seismic hazard, and site effects.  A regional 

framework was employed for all of the studies where data on ground motions 

from earthquakes recorded in Northwestern Turkey as well as the seismotectonics 

of the region affected by the North Anatolian fault system are studied in the 

context of energy demands and probabilistic design ground motions derived from 

seismic hazard analyses.  Comparisons with strength- or force-based analyses are 

presented. 

Specifically, this dissertation first introduced various energy-based 

parameters that were needed in the subsequent studies.  Derivations of energy-

related parameters were presented and comparisons between the force-based 

equation of motion and the energy balance equation were discussed.  Important 

differences include the ability of the energy-based parameters to account for the 
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cyclic nature of the ground shaking and the response.  Spectral acceleration used 

routinely in seismic design and in seismic hazard maps does not retain this 

important aspect (i.e., the cyclic characteristics) of the response, which is thought 

to be important in structural performance and damage assessment. 

Several reinforced concrete and steel structures were analyzed for a range 

of ground motions.  Local and global damage measures determined from these 

inelastic dynamic analyses were studied in relation to the strength and energy 

parameters describing the ground motion at relevant natural periods for each 

structure.  The degree of correlation between structural performance and each 

parameter was studied.  Conclusions from this study indicated that in many cases, 

the two parameters showed similar amounts of correlation.  However, in several 

cases, this correlation is different for a specific structure type or a specific natural 

period.  If extensive damage data were available, such correlation studies might 

help explain whether or not the energy-based parameter better explains the extent 

of damage observed.  Anticipating better availability of damage data and 

increased numbers of ground motion recording stations in the future, such 

correlation studies might prove useful in establishing when energy might help to 

improve the design approach. 

The recent earthquakes that occurred in Turkey offered a regional 

framework within which to study recorded ground motions to understand strength 

and energy demands over different distance ranges and for structures of different 

natural periods.  Ground motion analyses using data from the Kocaeli earthquake 

were carried out with the intent to assess differences between energy and strength 
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demands at various locations.  Additionally, Western U.S. empirical attenuation 

models for response and energy spectra were compared with corresponding 

spectra obtained from the recorded motions.  The availability of data from the 

1999 earthquakes in Turkey offered a timely opportunity to assess whether 

attenuation models for a different shallow crustal zone (Western U.S.) predict 

levels of motions observed in the Turkey earthquakes adequately.  In general, it 

was found that predictions were not good in the near field.  Different trends in 

attenuation for strength and energy parameters were found from the data. 

Probabilistic seismic hazard analysis (PSHA) studies were carried out at 

four sites in Northwestern Turkey.  Results were summarized in the form of 

hazard curves and uniform hazard spectra for three return periods corresponding 

to 2%, 5%, and 10% probabilities of exceedance in 50 years.  The hazard curves 

for the energy-based parameter were less steep than those for the strength-based 

parameter for the same natural period.  Comparing the spectral acceleration (Sa) 

and input energy-equivalent acceleration (Ai) design levels for a specific return 

period, it was found in general that at longer natural periods these levels were 

similar whereas for shorter periods, the Ai levels were systematically higher than 

the corresponding Sa levels. 

PSHA maps were created for a region of Northwestern Turkey.  Strength- 

and energy-based ground motion parameters were both considered in the mapping 

of design motions.  These maps showed steeper contour gradients with distance 

for the energy-based parameter at short distances from the causative faults on the 

North Anatolian fault system.  A comparison of ground motion levels based on 
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the PSHA results for two sites (Airport and Mecidiyeköy) with prescribed design 

motions based on the Turkish code indicated 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.  This is possibly due to the 

greater distance to the Mecidiyeköy site and the higher-than-median fractiles 

required to generate such conservatively specified design motions. 

While Western U.S. empirical attenuation models for strength- and 

energy-based ground motion parameters were used in seismic hazard analyses for 

sites in Northwestern Turkey as discussed in this study, their inability to 

adequately match recorded levels of these parameters as seen with Kocaeli 

motions prompted the development of new regional attenuation models using data 

on Turkish earthquakes.  Accordingly, a random effects model was used to 

develop attenuation relationships for peak ground acceleration, 5-precent damped 

spectral acceleration, 5-percent damped elastic and inelastic input energy-

equivalent velocity, and 5-percent damped inelastic absorbed energy-equivalent 

velocity.  (The inelastic behavior was modeled using bilinear SDOF systems.)  

This random effects approach was used with 195 ground motions to develop the 

new models that distinguish inter-event variability from intra-event variability 

when predicting the ground motion parameter value at a site.  The attenuation 

models developed compared very well with data from the Kocaeli and Düzce 

earthquakes.  The strength- and energy-based parameters were compared over 

various distances and for different natural periods.  Expected trends in the 

attenuation of strength-based parameters and in the elastic as well as inelastic 
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energy-based parameters were observed.  Using the new attenuation models, 

PSHA studies were carried out for two sites.  For one of the sites (Mecidiyeköy), 

the change in hazard relative to the case where the Western U.S. model was 

employed was found to be significant for the strength-based parameter but less so 

for the energy-based parameter.  Finally, site effects for the energy-based 

parameter were developed that explain how energy demand is amplified as a 

function of natural period and soil class.  While NEHRP provisions offer such 

amplification factors for spectral acceleration, no similar factors have been 

developed for energy demand parameters.  If energy is to be included in a design 

framework, it will be necessary to perform additional site effects calculations 

similar to ones described here. 

7.2 SIGNIFICANT FINDINGS FROM THIS RESEARCH STUDY 

Overall, results from this dissertation have provided several new 

contributions to our understanding of energy as an earthquake demand parameter. 

First, energy-based parameters are at least as effective as spectral 

acceleration in explaining structural damage and/or performance of structures.  

The correlation coefficients and ordinary linear regression fits between ground 

motion parameters and damage measures showed that energy-based parameters 

(input energy-equivalent acceleration and absorbed energy-equivalent 

acceleration) correlated at least as well with structural damage as did the strength-

based ground motion parameter.  The results of the extensive regression analyses 

showed that, in general, for the R/C structures, energy-equivalent acceleration (Ai) 

was more efficient compared to spectral acceleration (Sa) and absorbed energy-
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equivalent acceleration (Aa) because the dispersion in the estimated damage 

measure given energy-equivalent acceleration (Ai) was smaller than it was given 

spectral acceleration (Sa) or absorbed energy-equivalent acceleration (Aa) levels.  

This was especially true for the 3- and 15-story R/C structures analyzed.  For the 

steel structures, absorbed energy-equivalent acceleration (Aa) was more efficient 

compared to spectral acceleration (Sa) and energy-equivalent acceleration (Ai).  In 

general, no single ground motion parameter was seen to be a more efficient 

parameter than the others for all the structures studied.  Therefore, both energy- 

and strength-based parameters may be used in prediction of damage, and in 

seismic hazard studies. 

Second, developing energy spectra in a similar manner to that used for 

conventional response spectra does not require greater effort, and such spectra 

reflect the amplitude as well as the number of cycles of the oscillations that a 

structure experiences.  As energy-based parameters are directly related to the 

duration of ground motion, they can be expected to be directly correlated to 

cumulative structural damage.  The use of energy-based parameters in ground 

motion studies, structural performance studies, and probabilistic seismic hazard 

studies needs the same amount of computational effort as for strength-based 

parameters. 

Third, it is relatively straightforward to establish attenuation models for 

any frequency-dependent energy-based parameter of interest in structural 

engineering.  The new proposed attenuation model was compared to predictions 

based on Western U.S. empirical attenuation models for shallow crustal zones.  It 
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was found that the Western U.S. models predicted considerably different motions 

from those based on the new model proposed.  For the strength-based parameters 

also studied, when considering different distances, it was found that the Western 

U.S. models predicted larger motions at shorter distances while at larger 

distances, the two Western U.S. models that were considered predicted different 

levels of motion from each other but neither matched the predictions of the 

proposed model.  Soil amplification factors for energy-based parameters were 

presented for different ductility levels.  It was found that both absorbed energy-

equivalent acceleration (Aa) and energy-equivalent acceleration (Ai) had similar 

levels of soil amplification. 

Finally, probabilistic seismic hazard analyses can employ energy-based 

parameters in the derivation of design ground motions and in maps for specified 

return periods in the same way as is conventionally done for spectral acceleration.  

Maps developed for Northwestern Turkey showed the expected steeper contour 

gradients with distance for the energy-based parameter.  At longer periods, the 

maps looked more alike except for the fact that the input energy-equivalent 

acceleration (Ai) levels were always higher than the spectral acceleration (Sa) 

levels. 

7.3 SUGGESTIONS FOR FUTURE WORK 

Based on the concluded study, three possible areas for future work are 

discussed briefly next. 



 266

7.3.1 Use of Damage Statistics and Ground Motion Data for Correlation 
Studies with Energy 

An important element missing from the current study is that of correlating 

actual observed damage with the energy demands experienced by structures in the 

same area.  This study has shown that there are several situations where the 

demands when understood from a strength perspective are quite different from 

those understood from an energy perspective.  While the present study focused on 

analytical studies, the ability to definitively establish when energy demand 

parameters provide better information than strength parameters is best done using 

actual damage data.  Such correlation studies are only possible from well-

documented data on performance of buildings and from a good spatial distribution 

of ground motion instruments that can be used to provide estimates of energy 

demand spectra at points in the vicinity of the documented damage data. 

7.3.2 Including Site Effects Considerations in Energy Spectra 

If energy-based parameters are to be incorporated in design provisions, it 

is important that an extensive study be undertaken that examines how soil sites 

can lead to amplification of the energy at various natural periods and for different 

site classes.  Such a study needs to necessarily rely on detailed soil profile 

information and the availability of bedrock and surface motions where this is 

feasible.  Otherwise, full nonlinear soil column response analyses are required.  

Essentially, the effort involved in such a study should be similar to that carried 

out in developing the amplification factors for spectral acceleration.  Because soil 

amplification is nonlinear, the amplification factors developed need to be based 

on the levels of the input motions.  Once such factors are developed for energy-
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based, it might be possible to establish design energy spectra that can be adjusted 

for site effects. 

7.3.3 Vector-valued Probabilistic Seismic Hazard Analysis 

In some situations for site-specific studies involving critical structures or 

facilities, it might be possible to include two or more ground motion parameters at 

the same time in PSHA studies.  The assumption here is that in some cases, local 

and/or global damage or performance indices might be best correlated with an 

energy parameter as well as a strength parameter or to energy parameters at two 

distinct natural periods.  In such cases, attenuation models for the joint occurrence 

of levels of each parameter are necessary.  Ground motion studies would be 

needed to establish this joint probabilistic information.  Subsequent vector-valued 

PSHA studies can be helpful in establishing design levels of “performance” in 

much the same way as is being discussed in performance-based engineering. 
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Appendix 

Ground Motion Data used in Chapter 3. 
 

No Earthquake Date Source Record Distance
(km) 

Pga 
(g)

Site 
Class 

Fault 
Type 

1 
Anza (Horse 

Cany) 2/25/1980 USGS RDA045 19.6 0.10 B Strike-Slip 

2 Cape Mendocino 4/25/1992 CDMG EUR090 44.6 0.18 B Reverse 
Normal 

3 Cape Mendocino 4/25/1992 CDMG FOR000 23.6 0.12 B Reverse 
Normal 

4 Coyote Lake 8/6/1979 CDMG C0132 9.3 0.13 A Strike-Slip 

5 Coyote Lake 8/6/1979 CDMG SJ3337 17.2 0.12 B Strike-Slip 

6 Coyote Lake 8/6/1979 CDMG SJ5337 17.2 0.11 B Strike-Slip 

7 Imperial Valley 10/15/1979 UNAM/UCSD H-CPEDWN 8.3 0.21 B Strike-Slip 

8 Imperial Valley 10/15/1979 UNAM/UCSD H-PTS315 14.2 0.20 B Strike-Slip 

9 Kern County 7/21/1952 CDMG SBA132 87.0 0.13 B Reverse 
Oblique 

10 Landers 6/28/1992 CDMG ABY090 69.2 0.15 A Strike-Slip 

11 Loma Prieta 10/18/1989 CDMG G01090 11.2 0.47 A Reverse 
Oblique 

12 Loma Prieta 10/18/1989 USGS A09137 46.9 0.11 B Reverse 
Oblique 

13 Morgan Hill 4/24/1984 CDMG G01320 16.2 0.10 A Strike-Slip 

14 N. Palm Springs 7/8/1986 CDMG AZF225 46.7 0.10 A Reverse 
Oblique 

15 N. Palm Springs 7/8/1986 CDMG ARM360 45.6 0.13 A Reverse 
Oblique 

16 Whittier Narrow 10/4/1987 USC B-MTW000 20.4 0.16 A Reverse 
Oblique 

17 Borrego Mtn 4/9/1968 CDMG A-ELC180 46.0 0.13 C Strike-Slip 

18 
Cape 

Mendocino 4/25/1992 CDMG PET090 9.5 0.66 C 
Reverse 
Normal 

19 Coalinga 5/2/1983 CDMG H-C05270 47.3 0.15 C 
Reverse 
Oblique 

20 Coalinga 5/2/1983 CDMG H-C08000 50.7 0.10 C 
Reverse 
Oblique 

21 Coyote Lake 8/6/1979 CDMG G02140 7.5 0.34 C Strike-Slip 

22 Coyote Lake 8/6/1979 CDMG G03050 6.0 0.27 C Strike-Slip 

23 Coyote Lake 8/6/1979 CDMG G04270 4.5 0.25 C Strike-Slip 
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24 Hollister 11/28/1974 CDMG A-HCH271 10.0 0.18 C Strike-Slip 

25 Imperial Valley 5/19/1940 UNAM/UCSD I-ELC180 8.3 0.31 C Strike-Slip 

26 Imperial Valley 10/15/1979 UNAM/UCSD H-AEP045 8.5 0.33 C Strike-Slip 

27 Imperial Valley 10/15/1979 UNAM/UCSD H-BCR230 2.5 0.78 C Strike-Slip 

28 Imperial Valley 10/15/1979 UNAM/UCSD H-BRA315 8.5 0.22 C Strike-Slip 

29 Imperial Valley 10/15/1979 UNAM/UCSD H-CX0225 10.6 0.28 C Strike-Slip 

30 Loma Prieta 10/18/1989 CDMG HCH090 28.2 0.25 C 
Reverse 
Oblique 

31 Loma Prieta 10/18/1989 CDMG  G02000 12.7 0.37 C 
Reverse 
Oblique 

32 Loma Prieta 10/18/1989 CDMG G03000 14.4 0.56 C 
Reverse 
Oblique 

33 Loma Prieta 10/18/1989 CDMG G04000 16.1 0.42 C 
Reverse 
Oblique 

34 Loma Prieta 10/18/1989 CDMG HVR000 31.6 0.13 C 
Reverse 
Oblique 

35 Loma Prieta 10/18/1989 CDMG AGW000 28.2 0.17 C 
Reverse 
Oblique 

36 Loma Prieta 10/18/1989 CDMG CAP000 14.5 0.53 C 
Reverse 
Oblique 

37 Loma Prieta 10/18/1989 CDMG  GMR090 24.2 0.32 C 
Reverse 
Oblique 

38 Loma Prieta 10/18/1989 CDMG SFO090 64.4 0.33 C 
Reverse 
Oblique 

39 Loma Prieta 10/18/1989 CDMG NAS180 75.2 0.27 C 
Reverse 
Oblique 

40 Loma Prieta 10/18/1989 CDMG A2E000 57.4 0.17 C 
Reverse 
Oblique 

41 Loma Prieta 10/18/1989 CDMG TIB270 77.4 0.24 C 
Reverse 
Oblique 

42 
Chi-Chi, 
Taiwan 9/20/1999 CWB CHY002-E 26.8 0.12 D 

Reverse 
Oblique 

43 
Chi-Chi, 
Taiwan 9/20/1999 CWB CHY004-E 50.9 0.10 D 

Reverse 
Normal 

44 
Chi-Chi, 
Taiwan 9/20/1999 CWB CHY008-E 45.3 0.13 D 

Reverse 
Normal 

45 
Chi-Chi, 
Taiwan 9/20/1999 CWB CHY016-N 71.9 0.11 D 

Reverse 
Normal 

46 
Chi-Chi, 
Taiwan 9/20/1999 CWB CHY025-V 18.8 0.17 D 

Reverse 
Normal 

47 
Chi-Chi, 
Taiwan 9/20/1999 CWB CHY039-E 36.7 0.11 D 

Reverse 
Normal 

48 
Chi-Chi, 
Taiwan 9/20/1999 CWB CHY041-N 26.0 0.64 D 

Reverse 
Normal 
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49 
Chi-Chi, 
Taiwan 9/20/1999 CWB CHY054-N 53.8 0.10 D 

Reverse 
Normal 

50 Imperial Valley 10/15/1979 UNAM/UCSD H-E03140 9.3 0.27 D Strike-Slip 

51 Imperial Valley 10/15/1979 UNAM/UCSD A-E03140 17.9 0.18 D Strike-Slip 

52 Kobe 1/16/1995 CUE KAK090 26.4 0.35 D Strike-Slip 

53 Kobe 1/16/1995 CUE NIS000 11.1 0.51 D Strike-Slip 

54 Kobe 1/16/1995 CUE SHI000 15.5 0.24 D Strike-Slip 

55 Kobe 1/16/1995 CUE TAZ090 1.2 0.69 D Strike-Slip 

56 
Kocaeli, 
Turkey 8/17/1999 KOERI ATS000 78.9 0.25 D Strike-Slip 

57 Loma Prieta 10/18/1989 CDMG A02043 47.9 0.27 D 
Reverse 
Oblique 

58 Loma Prieta 10/18/1989 CDMG TRI090 82.9 0.16 D 
Reverse 
Oblique 

59 
Superstitn 
Hills(B) 11/24/1987 USGS B-WLF315 27.1 0.17 D Strike-Slip 

60 West Morland  4/26/1981 USGS WLF225 10.1 0.20 D Strike-Slip 
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