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ABSTRACT 
 
 

INFLUENCE OF FILTERING ON LINEAR AND NONLINEAR SINGLE 
DEGREE OF FREEDOM DEMANDS 

  
 

 
 
 

ÖZEN, Garip Önder 

 

M.S., Department of Civil Engineering 

 

Supervisor: Assoc. Prof. Dr. Sinan Akkar 

 

 

December 2006, 115 pages 
 
 
 
 
 
 
Ground-motion data processing is a necessity for most earthquake 
engineering related studies. Important engineering parameters such as the 
peak values of ground motion and the ordinates of the response spectra 
are determined from the strong ground-motion data recorded by 
accelerometers. However, the raw data needs to be processed since the 
recorded data always contains high- and low-frequency noise from 
different sources.  
 
Low-cut filters are the most popular ground-motion data processing 
scheme for removing long-period noise. Removing long-period noise from 
the raw accelogram is important since the displacement spectrum that 
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provides primary information about deformation demands on structural 
systems is highly sensitive to the long-period noise.  
 
The objective of this study is to investigate the effect of low-cut filtering 
period on linear and nonlinear deformation demands. A large number of 
strong ground motions from Europe and the Middle East representing 
different site classes as well as different magnitude and distance ranges 
are used to conduct statistical analysis. The statistical results are used to 
investigate the influence of low-cut filter period on spectral displacements.  
 
The results of the study are believed to be useful for future generation 
ground-motion prediction equations on deformation demands that are of 
great importance in performance-based earthquake engineering. 
 
 
 
 
Keywords: SDOF deformation demands, low-cut-filtering, European strong 
ground-motion dataset, linear and nonlinear oscillator response. 
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ÖZ 
 
 

TEK SERBESTLİK DERECELİ SİSTEMLERİN LİNEER VE LİNEER 
OLMAYAN DEFORMASYON TALEPLERİNDE 

 FİLTRE YÖNTEMİNİN ETKİLERİ 
  
 

 
 
 

ÖZEN, Garip Önder 

 

Yüksek Lisans, İnşaat Mühendisliği Bölümü 

 

Tez Yöneticisi: Doç. Dr. Sinan Akkar 

 

 

Kasım 2006, 115 Sayfa 
 
 
 
 
 
 
Kuvvetli yer hareketi verilerini işleme deprem mühendisliğiyle ilgili 
çalışmalar için bir gerekliliktir. Kuvvetli yer hareketinin maksimum 
değerleri, tepki spektrumu ordinat değerleri gibi önemli mühendislik 
parametreleri ivme ölçerler tarafından kaydedilen kuvvetli yer hareketi 
verilerinden elde edilmektedir. Fakat ham veriler her zaman değişik 
nedenlere bağlı olarak gürültü içerdiklerinden bu verilerin işlenmesi 
gerekmektedir.  
 
Alçak geçirimli filtreler yer hareketi verisi işleme yöntemleri arasında en 
çok kullanılan araçtır. Yapısal sistemlerin deplasman talepleri hakkında 
önemli bilgiler içeren deformasyon tepki spektrumu uzun periyot 



 vii

gürültülerine  karşı hassas olması sebebiyle, bu tip kusurların uzun periyot 
ham yer hareketi ivmesinden olabildiğince arındırılması alçak geçirimli 
filtreler aracılığıyla yapılabilir.   
 
Bu çalışmanın amacı alçak geçirimli filtre periyodunun lineer ve lineer 
olmayan deplasman talepleri üzerindeki etkisini irdelemektir. Değişik 
zemin cinsi, uzaklık ve deprem aletsel büyüklülerinden oluşan Avrupa ve 
Orta Doğu bölgesinden derlenmiş kuvvetli yer hareketi veri tabanı  
işlenerek alçak geçirimli filtre periyodunun değişik zemin tipi ve deprem 
aletsel büyüklüğü de göz önüne alınarak deformasyon talepleri üzerindeki 
etkisi  istatistik hesaplar kullanılarak  araştırılmıştır.  
 
Çalışma sonucu elde edilen bilgilerin, ileriki çalışmalara konu olabilecek ve 
performansa dayalı deprem mühendisliği için önemli olan  kuvvetli yer 
hareketi deformasyon talebi tahmin ilişkilerinin çıkartılmasına katkı 
sağlayabileceği düşünülmektedir.  
 
 
 
 
Anahtar Kelimeler: Tek serbestlik dereceli sistemlerin deformasyon 
talepleri, düşük geçirimli filtreleme, Avrupa kuvvetli yer hareketi veri 
tabanı, lineer ve lineer olmayan osilatör  davranımı. 
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CHAPTER-1 
 
 
 

INTRODUCTION 
 
 
 
1.1. Argument 
 
 
 
Strong ground-motion data recorded by accelerometers always contain 

noise from different sources, meaning that no strong ground-motion data 

is noise free. The raw data recorded by the accelerometers need to be 

processed before any engineering application such that an optimized 

trade-off is achieved between the processed signal and the particular 

engineering parameter under consideration. Removing the long-period 

noise from the raw accelogram is important for calculating displacement 

spectrum that reveals primary information about the deformation demands 

on structural systems. Reliable deformation demands are one of the most 

important quantitative measures for the performance-based seismic 

design of new or existing structures.  

 
 
The most popular procedure for removing (in fact reducing) the long-

period noise from raw accelogram is the application of low-cut (high-pass) 

filters to the raw data. The selection of low-cut filter parameters such as 

the filter cut-off period, order of filtering and the causality of the filter can 

affect the processed time series that in turn influence the displacement 

response spectrum. Among the parameters that influence the 

displacement response spectra and peak ground deformation, the choice 

of long-period filter cut-off is the most ambiguous task. The uncertainty 
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and subjectivity in the determination of long-period filter cut-off period (Tc) 

becomes important for engineering studies because of the particular 

influence of this filter parameter on the usable period range of spectral 

displacements computed from the processed accelograms. 

 
 
1.2. Objectives 
 
 
 
The objective of the study is to present the effects of Tc on elastic and 

inelastic oscillator displacements for analogue records. Strong ground 

motions from the recently compiled European strong ground motion 

database (Ambraseys et al., 2005) are processed by using different Tc 

values derived from previously proposed noise models. Observations 

obtained from these preliminary studies are used to propose a new record 

processing scheme at the end of this study. This method determines the 

low-cut filter periods by considering the influence of important 

seismological parameters (magnitude and site class). The robust statistics 

presented at the end of this study can be used to derive empirical relations 

for defining usable period ranges of elastic spectral displacements in 

terms of low-cut filter period, site class and magnitude.  

 
 
1.3. Procedure 
 
 
 
The study is conducted in three phases. In the first phase, a literature 

survey was carried out on the data processing methods, the emphasis 

being on the high-pass (low-cut) filter cut-off determination. 

 
 
In the second phase, a total of 156 rock, 264 stiff and 108 soft site 

analogue records were selected from the recently compiled European 

ground-motion database ( Ambraseys et al., 2005 ) and re-processed by 
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using the high-pass filter cut-off values determined by two noise spectra 

developed by Trifunac and Todorvska (2001) and Skarlatoudis et al. 

(2003).  Mean statistics for the peak values of ground motion as well as 

the elastic and inelastic displacement spectra for different level of 

inelasticity were obtained by using the re-processed data from these 

alternative noise spectrum models.  

 
 
The observations from the second phase were used to propose a 

consistent record processing scheme in the last phase. The proposed 

scheme determines the high-pass (low-cut) filter cut-offs by making use of 

important seismological features such as magnitude and site class. The 

new scheme was then employed by using the analogue records of the 

second phase to derive some useful statistics for observing the filter cut-

off influence on the usable spectral range of peak elastic oscillator 

displacements. The observations are presented in terms of different site 

classes as well as magnitude ranges. 

 
 
1.4. Disposition 
 
 
 
The study consists of six chapters, this introduction section being the first 

one. The second chapter gives general information about the strong 

ground-motion accelograms, the sources of noise and its effects on 

spectra and strong ground-motion data processing methods; the emphasis 

being on high-pass filters and the determination of high-pass filter cut-off 

period.  

 
 
The third chapter is about the basics and theory of filtering. In this chapter 

the basic parameters of digital filtering such as filter order, causality of the 

filter are discussed. 
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The fourth chapter investigates the influence of low-cut filter cut-off value 

determined for different noise-spectrum models. Analogue recordings from 

the recently compiled European ground-motion database by Ambraseys et 

al. (2005) are used for this purpose. Basic statistics for the peak values of 

ground motion (peak ground acceleration, peak ground velocity and peak 

ground deformation) are obtained. Elastic and inelastic displacement 

spectra are also obtained for these noise-spectrum models and 

comparisons are made to emphasize the low-cut filter effect on linear and 

nonlinear oscillator deformation demands.  

 
 
The fifth chapter presents an alternative record processing scheme that is 

based on the observations presented in Chapter-4. This procedure defines 

the low-cut filter values by making use of the theoretical source spectra as 

well as the fixed trace information whenever available. The ground-motion 

database presented in Chapter-4 is re-processed by this alternative 

scheme and statistics are presented to describe the role of magnitude and 

site classes on the useful period range of elastic displacement spectrum.  

 
 
The sixth chapter consists of summary, conclusions and recommendations 

for future studies.  
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CHAPTER-2 
 
 
 

NECESSITY FOR STRONG GROUND-MOTION PROCESSING  
 
 
 
2.1. Strong Ground-Motion Accelograms 
 
 
 
The design of new structures, the evaluation of existing ones and 

estimation of earthquake induced losses depend on the relationship 

between earthquake ground motion (demand) and structural performance 

(capacity) (Bazzurro et al., 2004). The prime source of earthquake ground-

motion is the strong ground-motion accelograms. The ordinates of the 

response spectra and the peak values of the ground motion used for 

engineering design are determined from the strong ground-motion data 

recorded by the accelerometers. Thus, reliable ground-motion record 

datasets are necessary for most research in earthquake engineering and 

engineering seismology. 

 
 
The release of energy during an earthquake gives rise to seismic waves. 

Seismic waves loose their energy while traveling through different ground 

layers. These waves can be recorded by sensitive sensors that produce 

continuous recordings (accelograms). There are various types of 

accelerometers but the fundamental principle is the same: a free mass 

(pendulum) whose relative displacement is proportional to ground 

acceleration. Modern accelerometers record the ground motion in two 

horizontal and one perpendicular direction by using 3 separate channels. 
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The first free-field ground motion recorded by the accelerometers was on 

10 March 1933, Long Beach, California earthquake. The first strong         

ground-motion accelogram in a building was recorded on 2 October 1933, 

in the Hollywood Storage Building, in Los Angeles, California. The strong 

ground-motion accelogram deployment increased rapidly since then. For 

example the number of accelograms in the U.S. has increased to 2000 

from 61 between 1955 and 1990’s (Trifunac and Todorovska, 2001; 

Trifunac, et al., 1999). Until now, thousands of accelerometers have been 

installed around the world and the databank of strong-motion records has 

been growing in an increasing rate. 

 
 
Many strong-motion transducers (sensors) are similar to a pendulum that 

vibrate due to moving earth with respect to their supports. The motion in 

analogue instruments is recorded by a light beam projected on a paper or 

film by induction of voltage in a coil (Trifunac and Todorovska, 2001). 

Figures 2.1 and 2.2 show the transducer used in SMA-1, which is the most 

commonly used analogue accelerometer all around the world. Trifunac 

and Todorovska (2001) give information about the resolution and dynamic 

range of strong-motion accelograms. Between 1930 and 1980, the 

dynamic range of the accelograms was between 45-55 dB for analogue 

instruments. The rapid development of solid-state technology caused the 

digital accelerometers come into screen after 1980s that have dynamic 

range of 135 dB. (Note: decibel (dB) is a dimensionless measure used in 

electrical engineering and it is the ratio between two quantities. It is used 

in a wide variety of measurements in electrical engineering and it allows to 

represent very large or small ratios by using a conveniently small number 

such that )log(10
0X
XX dB =  where X and 0X  are the specified output and 

input for a given instrument). 
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Accelerometers can be either analogue or digital. Analogue 

accelerometers are the first generation instruments to be used for 

recording the strong ground motion. These devices are optical-mechanical 

devices which produce ground acceleration traces on 35mm film or paper. 

These instruments exhibit three important disadvantages: (1) they operate 

on stand-by not to waste recording medium, which causes the first arrivals 

of the seismic waves not to be recorded, (2) their dynamic range is limited 

to about 25Hz, (3) the traces of analogue accelograms need to be 

digitized, which is the primary source of noise. Digital accelograms provide 

solutions to the disadvantages of analogue accelograms. The first wave 

arrivals are captured by the device since they operate continuously. The 

dynamic range of digital accelograms is much higher when compared to 

analogue accelerometers. The digitization process is performed within the 

device, which causes higher resolution and lesser digitization noise (Boore 

and Bommer, 2005). 

 
 

 
 
Figure 2.1 An SMA transducer removed from the box. Letter r indicates the arm of 
pendulum and α is the angle of deflection (Trifunac and Todorovska, 2001). 
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Figure 2.2 Schematic representation of three transducers a SMA-1. The coordinate 
axes X1, X2 and X3 serve to describe the motion of the L, T and V transducers 
respectively, and are oriented in the opposite direction of the sensitivity axes of 
the transducers. Angles α1, α2 and α3 describe the deflection of the transducer 
penduli (Trifunac and Todorovska, 2001). 
 
 
 
The strong ground-motion data recorded by the accelerometers always 

contain noise from different sources. Therefore, the raw data recorded by 

the accelerometers need to be processed to obtain an optimized balance 

between the signal and the required engineering parameter for a particular 

application. The following sections of this chapter will focus on the sources 

of noise and the techniques applied to the strong-motion data to reduce 

the level of noise in the data recorded. Removing the long-period (low-

frequency) noise from the raw accelogram is particularly important for 

calculating displacement spectrum that reveals primary information about 

the deformation demands on structural systems. 



 9

2.2. Noise Sources in Strong Ground-Motion Signals and Processing 
Methods 
 
 
 
Analogue accelograms still dominantly contribute to strong ground-motion 

databases since most of the pre-1990 ground motions were recorded by 

analogue accelerometers. As discussed in the previous section, the long- 

and short-period noise are of great concern for analogue accelograms. 

Thus, it is important to understand the sources of noise, their effects on 

the engineering parameters and the methods applied for removing them to 

obtain reliable records for the calculation of unbiased engineering design 

parameters, such as response spectrum ordinates and peak values of 

ground motion. 

 
 
The sources of noise in digital accelograms are not discussed in this study 

since the scope is limited to analogue records. However, it must be borne 

in mind that neither digital nor analogue accelerometers operate noiseless 

and whatever instrument is used, the signal captured due to ground 

shaking will always contain noise from different sources. The aim of 

applying filtering schemes to raw acceleration data is to reduce the level of 

noise, such that the ground-motion parameters can be obtained in a 

realistic manner. The principal objective of most filtering schemes is to 

determine part of the signal contaminated by noise and to reduce the level 

of noise for a selected interval of frequency or period.  

 
 
Signals captured by analogue instruments have to be digitized before their 

implementation to engineering computation. The digitizing process results 

in non-standard and standard errors that are discussed in the following 

paragraphs. 
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Jerks, that can be defined as spurious spikes in the digitized signal, are an 

example for non-standard errors. The removal of spikes can be performed 

by replacing the acceleration ordinate of the spike with the mean 

acceleration ordinate of the data points either side (Boore and Bommer, 

2005). Figure 2.3 shows an example of a jerk from one of the horizontal 

components of an aftershock (Mw=5.2) of the 1981, Lucano, Italy 

earthquake. The digitized acceleration waveform shows a jerk at about 10 

seconds. Figure 2.4 shows the same acceleration trace with “jerk” 

removed case using the procedure described by Boore and Bommer 

(2005). 
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Figure 2.3 Acceleration trace for one horizontal component of an aftershock 
(Mw=5.2) from the 1981, Lucano Italy earthquake with a jerk at about 10 seconds. 
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Figure 2.4 Acceleration trace for one horizontal component of an aftershock 
(Mw=5.2) from the 1981, Lucano Italy earthquake for jerk removed case. 
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Figure 2.5 shows the acceleration response spectra of the horizontal 

component of the Bajestan recording of the 1978 Tabas, Iran, earthquake 

with and without jerks. Removal of the jerk results in a significant change 

in the short-period range of the spectral acceleration. 

 
 

 
Figure 2.5 Acceleration response spectra (5% damped ) for the  Bajestan Station 
recording of the 1978 Tabas earthquake before and after the removal of spikes 
(Boore and Bommer, 2005). 
 
 
 
Another source of non-standard error is the baseline shifts, which is a 

result of wrong splicing of the separately digitized sections. Baseline 

adjustment methods such as applying segmental straight lines or low 

order polynomials to the raw velocity trace and subtracting the derivatives 

from the acceleration trace can be an alternative for removing the baseline 

shifts. There are numerous methods for the baseline adjustments but such 

techniques are out of scope of this study. The reader is referred to 

Douglas (2001), Grazier (1979) and Iwan et al. (1985) for a detailed 

discussion about the baseline adjustment methods. Figure 2.6 illustrates 
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an example for the effect of baseline shifts in the ground-motion time 

series. 

 
 

 
 
Figure 2.6 NS component of the 21 May 1979 Italian earthquake (12:36:41 UTC) 
recorded at Nocera Umbra, showing shifts in the baseline at 5.6 and 8.3 seconds. 
Note the unphysical velocity trace, which is a result of the baseline shifts (Boore 
and Bommer, 2005). 
 
 
 
Long-period noise in analogue accelerograms mostly arise due to warping 

of the film or paper, and misalignment during the digitization process. This 

standard error type is the most important concern for analogue record 

processing as most of the ground-motion parameters of engineering 

interest are influenced by long-period errors depending on the level of 

noise contamination in the unprocessed data. Removal of long-period 

noise and its influence on important engineering parameters is the main 

scope of this study. Analogue recordings also contain short-period noise 

(the other standard error) that is related to the transducer imperfections 

and random error in the identification of the exact mid-point of the film 



 13

during digitizing process (Trifunac and Todorovska, 2001). High frequency 

noise is not a serious concern for most of the engineering studies since it  

dominates period intervals less than 0.04s. This type of noise can be 

reduced by applying low-pass (high-cut) filters to the analogue records 

(Boore and Bommer, 2005). Typically, frequencies higher than 25Hz. are 

removed from the analogue accelerogram in standard high-cut filtering 

process. 

 
 
2.3. Methods for the Determination of Filter Corner Frequency 
 
 
 
Among the various ground-motion processing schemes, application of low-

cut (high-pass) filters is the most popular procedure for removing long-

period noise. The function of low-cut filter is to remove the long-period 

noise from the raw accelogram. Removing the long-period noise from the 

raw accelogram is important since displacement spectrum that provides 

primary information about deformation demands on structural systems is 

highly sensitive to long-period noise. The selection of low-cut filter 

parameters such as filter corner period, order of filtering and causality of 

the filter can affect processed time series that in turn influence the 

displacement response spectrum. The basic theory of filters and important 

filter parameters are discussed in Chapter-3, except for the determination 

of filter corner period.  

 
 
The choice of long-period filter cut-off period (Tc) or, as conventionally 

referred to as “low-cut filter cut-off frequency” (fc=1/Tc) is the most 

important filter parameter for removing the long-period noise from the raw 

accelogram. The uncertainty and subjectivity in the determination of Tc 

becomes important for engineering studies because of the particular 

influence of this filter parameter on the usable period range of spectral 
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displacements computed from the processed accelograms (Boore and 

Bommer, 2005; Akkar and Bommer, 2006). 

 
 
Figure 2.7 shows the time series of the 1978, Basso Tirreno, Italy 

earthquake (Mw=6) recorded at Naso station. The raw data was filtered for 

the low-cut periods of Tc = 20, 10, 6.67 and 5.0s (i.e. fc=0.05, 0.10, 0.15 

and 0.20Hz respectively). Prior to filtering, the mean of the raw 

acceleration trace was subtracted from the whole record in order to 

remove the possible constant trend that might cause linear shifts in the 

integrated velocity and displacement traces, respectively (designated as 

“Remove Mean” in the relevant plots of Figure 2.7). Leading and trailing 

zeros were added to the mean removed acceleration trace before filtering 

in order to accommodate filter transients. This subject will be described in 

detail in the next chapter. As can be seen from Figure 2.7, the influence of 

low-cut filtering on the acceleration traces are not visible by eye, whereas 

the displacement traces are very sensitive to the filter frequency. As the 

level of low-cut filter frequency value increases, the values of 

displacement traces become smaller.  The level of decrease in peak 

ground displacement from Tc=20s. to Tc=5s. is approximately an order of 

magnitude. This issue is treated in detail in Chapter 3.  

 
 
The particular effect of low-cut filter period can be understood better when 

the ratios of peak ground-motion values and spectral displacements are 

investigated for different filter cut-off values. Figure 2.8 shows the 

normalized peak ground-motion values of acceleration, velocity and 

displacement of the record given in Figure 2.7 that is low-cut filtered with 

different Tc values. The normalization is done by using the peak ground-

motion values of Tc=20s. The absisca of the figure is plotted in terms of 

low-cut filter frequency (reciprocal of filter cut-off period). The ordinates 

show the variations in the ratio of peak ground motion parameter (PGMP) 
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normalized by the corresponding value computed when the record is low-

cut filtered with Tc=20s (PGMPfc=0.05Hz). The figure indicates that the peak 

ground acceleration and velocity are much more stable for different low-

cut filter values when compared to the peak ground displacement. Figure 

2.9 shows a similar comparison for 5% damped  elastic displacement 

spectrum. Note that the spectral ordinates are virtually the same for 

periods less than 2 seconds. The discrepancy for spectral ordinates is 

notable for spectral periods longer than 2 seconds showing the sensitivity 

of filter cut-off values in the long periods. As the first glance, vibration 

periods longer than 2 seconds might be considered as of little importance 

for conventional engineering applications. This consideration is indecisive 

because representing nonlinear oscillator demands via equivalent linear 

methods (e.g. Gülkan and Sözen, 1971; Iwan, 1981) require reliable 

elastic spectral displacements at very long periods. A realistic 

representation of design spectrum that is compatible with displacement 

demands also requires trustworthy response spectrum information at long 

periods.  
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Figure 2.7 Traces of the 1978, Basso Tirreno, Italy earthquake (Mw=6) recorded at 
Naso station. The raw data is mean removed and filtered for low cut-off frequencies 
of 0.05, 0.10, 0.15 and 0.20Hz. (i.e. Tc=20, 10, 6.67 and 5s). 
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Figure 2.8 The peak values of acceleration, velocity and displacement of the 1978, 
Basso Tirreno, Italy earthquake (Mw=6) recorded at Naso station for different filter 
cut-off values normalized by the peak values of fc=0.05Hz. 
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Figure 2.9 The spectral displacement spectrum of the 1978, Basso Tirreno, Italy 
earthquake (Mw=6) recorded at Naso station for different filter cut-off values. 
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The studies for the determination of a suitable Tc dates back to early 

1970’s. Trifunac and his co-workers offered a low-cut filter value of 0.06Hz 

to remove long-period noise from analogue accelograms (Trifunac, 1971; 

Trifunac et al., 1973). However, later studies indicated that low-cut filter 

value depends on the signal-to-noise ratio, so noise spectra models were 

proposed using fixed trace information on the original record (Lee and 

Trifunac, 1984; Lee and Trifunac, 1990; Trifunac and Todorovska, 2001; 

Skarlatoudis et al., 2003). Joyner and Boore (1988) used the theoretical 

corner frequency with a single-corner source spectrum model indicating 

that low-cut filter frequencies greater than the theoretical corner frequency 

of source spectrum may remove the actual frequency content of the 

signal. The corner frequency (fc) defined by Joyner and Boore as a 

function of magnitude (Mw) is given in Eq. (2.1). The reciprocal of this 

therotical corner frequency is defined as the beginning of the constant 

displacement plateau by HAZUS (1997).  

 
)5M(5.0log w −×−=cf              2.1 

 
 
Skarlatoudis et al. (2003) defined the low-cut filter frequency in a more 

complicated manner depending on the moment magnitude (Mw) and the 

hypocentral distance (D). The relationship between the filter cut-off corner 

frequency, moment magnitude and hypocentral distance (D) is given in 

Eq. (2.2). One particular difficulty in the application of Eq. (2.2) is the 

difficulty in obtaining the hypocentral distance for most events. In general, 

the ground motion catalogs do not display the full information for 

hypocentral distance because its precise calculation requires complete 

crustal information.  

 
36245.1M32316.0log1411.0log w +−= Dfc              2.2 

 
 



 19

The equations proposed  by Trifunac and Todorovska (2001) for the 

determination of low-cut filter frequency is a function of  shear-wave 

propagation velocity (Vs) in m/s  and the moment magnitude. The 

relationship is given in Eq. (2.3). Similar to Eq. (2.2), the application of this 

expression can be difficult for sites that do not contain the shear wave 

velocity information. 

 

wM59.044.2)log(log −+= sc Vf                1.3 
 
 
Boore and Bommer (2005) described the following possible methods for 

the determination of low-cut filter frequency for analogue records. The first 

one is the comparison of the Fourier Amplitude Spectrum (FAS) of the 

record with the FAS of the fixed trace. The decision on fc is done by 

comparing the (signal+noise) to noise ratio. Figure 2.10 gives an example 

to illustrate this method. The FAS of the record given in Figure 2.7 is 

normalized by the FAS of the fixed trace of the same record. The 

(signal+noise) to noise ratio is taken as 3 (red line) for determining the 

low-cut filter value. It is accepted that below this limiting value, the signal is 

highly contaminated by noise. Figure 2.10 also displays a regression line 

that shows a general trend for the frequency interval beyond which the 

actual signal+noise to noise variation is significantly above the limiting 

value of 3. The analyst can assure that frequencies larger than the 

frequency value obtained by the intersection of regression line and 

(signal+noise)/noise=3 are dominated by the signal. For this particular 

example, the frequency computed from the intersection of these two trend 

lines is 0.35Hz (i.e. Tc=2.85s) that can be used for low-cut filtering the 

data.  
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Figure 2.10 Direct comparison of (signal+noise) to noise ratio for the 1978, Basso 
Tirreno, Italy earthquake (Mw=6) recorded at Naso station for the determination of 
low-cut filter frequency. 
 
 
 
The second method described by Boore and Bommer (2005) is the 

judgment of approximate low-cut filter frequency from the inspection of low 

frequency (i.e. long-period) behavior of FAS data. At low frequencies the 

FAS of the acceleration should decay proportional to the gradient of f2 as 

dictated by the theoretical source spectrum (e.g., Brune 1970). Figure 2.11 

shows the application of this method for the same record presented in 

Figure 2.10. The dashed red line approximately shows the decaying trend 

of f2 gradient at low frequencies (long periods) that is fitted approximately 

by using the general behavior of FAS of the raw data. The general picture 

depicted suggests that frequencies approximately below 0.3Hz are 

contaminated by noise that results in an unexpected take-off with respect 

to the f2 gradient of theoretical source spectrum. Therefore, the low-cut 

filter value should remove this undesired feature in order to yield a FAS 

trend compatible to theoretical behavior. This is achieved by applying a 
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low-cut filter value of 0.2Hz (i.e. Tc=5s) and the corresponding FAS is 

shown in Figure 2.11.  
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Figure 2.11 Comparison of FAS of the 1978, Basso Tirreno, Italy earthquake (Mw=6) 
recorded at Naso station with the FAS of the noise for the determination of filter 
corner frequency. 
 
 
 
The resulting processed acceleration, velocity and displacement time 

series for the Naso station record are presented in Figure 2.12. The first 

column presents the low-cut filtered time series for a filter cut-off of 

Tc=2.85s determined from (signal+noise) to noise ratio (first alternative) 

and the second column displays the same information for a filter cut-off of 

Tc=5s computed from the second alternative that makes use of the low-

frequency trend in theoretical source spectrum. The resulting velocity and 

displacement time series are reasonable by visual inspection which is 

another criterion that should be satisfied at the end of filtering process ( 
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Boore and Bommer, 2005). The resulting velocity and displacement 

amplitudes of second procedure are larger than those obtained from the 

(signal+noise)/noise procedure that emphasizes the subjectivity in the 

determination of low-cut filter values during record processing. As the 

main objective of low cut filtering is the least distortion to the frequency 

content of the accelogram, one should prefer using the processed time 

series of second method for this particular example. This method results in 

a smaller Tc value with respect to the first method indicating lesser 

inference to the actual frequency content of ground motion.    

 
 
The application of various methods for the determination of low-cut filter 

periods gives different results as illustrated by the examples presented. 

The subjectivity on this issue suggests that the analyst should consider 

various alternatives and decide on the best result that can be justified on a 

physical basis. Moreover, the analyst should be aware of the limitations of 

the filtered data for a given filter cut-off value. These issues will be treated 

in detail in the next chapters, particularly while presenting the proposed 

procedure.  
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Figure 2.12 The resulting processed acceleration, velocity and displacement time 
series for the Naso Station. 
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CHAPTER-3 
 
 
 

BASICS OF FILTERING 
 
 
 
3.1. Introduction 
 
 
 
In Chapter-2, it was stated that strong-motion accelograms provide 

detailed insight about ground shaking. They are the prime tools for 

earthquake engineering related research as well as professional work. The 

data obtained from accelograms is never noise-free; thus contaminated by 

noise from different sources. Therefore, the raw data from accelograms 

has to be processed to reduce the noise level as much as possible. 

 
 
The subject of Chapter-3 is a brief description of digital filter theory since 

filters are the commonly used tools in ground-motion data processing. The 

purpose of filtering is to remove, in fact to reduce, the noise at long- and 

short-periods. Filters can be applied either in frequency or in time domain. 

A filter that removes high frequencies (short-periods) is called low-pass or 

high-cut filter, whereas a filter that removes the low-frequency content 

(long-periods) is called high-pass or low-cut filter. Although this chapter 

introduces the basics of filters, the main concern of the thesis is about 

high-pass (low-cut) filters that affect the spectral displacements 

significantly.  
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3.2. Basics of Filters 
 
 
 
Basically, a filter response function has a value close to 1 in the range of 

frequencies that the analyst wishes to retain and close to 0 in the range of 

frequencies that the analyst wishes to eliminate. The filter can be applied 

in the time domain, by convolution of its transform function with the time 

series, or in the frequency domain by multiplying the filter transfer function 

with the Fourier Amplitude Spectrum (FAS) of the time series, resulting in 

the filtered time series after the inverse Fourier transform. 

 
 
An ideal filter has a response of unity in the band-pass region and has a 

response of 0 outside the band-pass region. Figure 3.1 shows the 

response function of a low-pass, high-pass and a band-pass filter, 

respectively. 
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Figure 3.1 Transfer functions of ideal low-pass, high-pass and band-pass filters. 
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Depending on its functionality, structures like bridges or water tanks 

behave in the long-period range (low-frequency range). Moreover, even if 

the fundamental periods of some of the structures are initially in the short 

period range, when they behave beyond their elastic limits, their 

fundamental periods can shift towards longer periods due to the softening 

in their lateral stiffness properties. Thus, if the structural damage of such 

systems are correlated with the spectral displacement of ground motions, 

the influence of high-pass filtering becomes prominent. Reliable long-

period info is also a necessity when equivalent linear methods are used in 

predicting nonlinear oscillator response or when one wants to have a 

spectral displacement compatible design spectrum. For this reason, the 

focus will be on high-pass filters. The detailed derivation of relevant 

equations about the filter theory is beyond the scope of the study. 

However, important equations that are useful in understanding the logic 

behind digital filtering are given in the following paragraphs. 

 
 
The impulse response of an ideal high-pass filter is given as (Kanasewich, 

1975): 
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where;  Nω  is the Nyquist frequency, that can be calculated by Eq. (3.2) 

The variable Hω  is the high-pass corner frequency given in Eq. 3.3. 
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Figure 3.2 presents the impulse response of an ideal high-pass filter in 

time domain with a corner frequency of 100Hz for a digitizing time interval 

of tΔ =0.002 seconds. 
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Figure 3.2 Impulse response of a high-pass filter with a cut-off frequency of 100Hz. 
 
 
 
The impulse response is truncated after a certain number of terms. 

However, this truncation causes overshooting and ringing effects near 

points of discontinuity in the ideal high-pass filters. The overshooting and 

ringing is known as the Gibbs effect, which is a serious concern to obtain 

undistorted filtered data. This was explained by the mathematical physicist 

Josiah Gibbs in 1899 (Smith, 1999). Figure 3.3 shows the overshooting 

and ringing effect for 25 and 101 terms in impulse response for a 

truncated high-pass filter. Note that the increase in the number of terms 

causes the ringing effect to decrease, whereas the overshooting is slightly 

affected. 
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Figure 3.3 Overshoot and ringing effect for 25 and 101 terms in impulse response 
for a truncated high-pass filter (Kanasewich, 1975). 
 
 
 
3.3. Butterworth Filters 
 
 
 
Gibbs phenomenon is a restriction on the practical application of a 

truncated ideal filter. There are a wide range of filters such as Ormsby, 

elliptical, Butterworth, Chebychev and Bessel that minimize the Gibbs 

effect. Among these filters, Butterworth filter is the most widely used digital 

filter type in strong ground-motion data processing. The reason for its wide 

use is the maximally flat impulse response function inside and outside the 

band-pass. Moreover, the smooth transition of Butterworth filter between 

the roll-off frequency and the cut-off frequency does not experience the 

ringing effect that causes distortion in the processed data. 

 
 
The square of the response of an ideal low-pass filter can be obtained in a 

more satisfactorily manner by a general function defined in Eq. (3.4) 

(Kanasewich, 1975): 
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where;  Ω is the normalized frequency defined in Eq. 3.5. 
  

Lω
ω=Ω               3.5 

 
The parameters ω  and Lω in Eq. (3.5) represent the circular frequency 

and the circular low-pass cut-off frequency, respectively. The function An 

takes values significantly greater than 1 when 1〉Ω . The values of An 

becomes significantly smaller than 1 when Ω is in between 0 and 1. 

 
 

 
 
Figure 3.4 Response of an ideal low-pass filter given by equation (3.4). 
 
 
 
The Butterworth filter lets; 
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to obtain a monotonic function as an approximation to the square 

response. The square of a low-pass Butterworth transfer function is 

expressed as follows (Kanasewich, 1975): 
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Figure 3.5 The square of the transfer functions of a low pass Butterworth filter for 
n=4 and n=6. The curve is maximally flat inside and outside the band pass. A larger 
value of order, n, yields a faster decay rate in filter response. 
 
 
 
High-pass filters can be obtained by applying an appropriate complex-

valued frequency transformation to the low-pass filter. Let the frequency 

for the low-pass functions be designated by (Kanasewich, 1975) 

 
Ω= ip               3.8 

 
The frequency in high-pass transfer function in complex frequency  is 
given by 
 

ωis =                3.9 
 
In Eqs. (3.8) and (3.9), Ω  and ω are dimensionless frequencies. The index 

i  denotes that parameters are complex valued. The relationship that 

converts one filter type to the other can be designated by 

 
)(sWp =             3.10 

 
For a high-pass filter, this relationship is 
 

s
p 1=              3.11 
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Substituting Eqs. (3.8) and (3.9) into Eq. (3.11) results in Eq. (3.12)  

 

ω
1−=Ω             3.12 

 
If the transformation given in Eq. (3.12) is applied to the low-pass 

Butterworth filter of order n (presented in Eq. (3.7)), the square of the 

transfer function for the high-pass Butterworth filter is obtained 
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Note that the square of the transfer function of the high-pass filter is equal 

to subtracting the low-pass filter transfer function from 1.0 in the frequency 

domain. This is shown in Eq. (3.14). Note that the dimensionless 

frequency parameters Ω  and ω  are used interchangeably in Eqs. (3.13) 

and (3.14). This does not introduce any complexity because both 

parameters serve for the same purpose: definition of dimensionless 

frequency. 
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Figure 3.6 Square of the transfer functions for a high-pass Butterworth filter of 
different orders. Note that the decay rate of filter is related to the order of  
Butterworth filter. 
 
 
 
3.4. Poles and Zeros of the Butterworth Filter 
 
 
 
The values that make the transfer function zero are called zeros of the 

filter. When the transfer function of Butterworth filter is investigated, one 

can see that this digital filter has no zeros except at ∞→ω  . 

 
 
The singularities of a filter transfer function are called poles of the filter. 

The poles of a high-pass Butterworth filter and a low-pass Butterworth 

filter are equal since the denominator of low-pass and high-pass 

Butterworth filter transfer functions are the same. The poles of a 

Butterworth filter can be obtained easily by examining the Laplace 

transform of the transfer function. The Laplace transform is obtained from 

the Fourier transform by using Ω= iρ  (Kanasewich, 1975). The parameter 
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ρ  is designated as the Laplace transform variable. The Laplace transform 

of the denominator of Butterworth filter function is given in Eq. (3.15). The 

poles are located at places where this expression is zero. 

 
0)1(1 2 =−+ nn ρ            3.15 

 
Multiplying both sides of Eq. (3.15) by (-1)n results 
 

0)1(2 =−+ nnρ            3.16 
 
The location of the poles can be determined by using complex number 

theory. A complex number, ψ , can be written as (Kanasewich, 1975); 

 
θψ ire=             3.17 

 
The thm  root of a complex number is found by Eq. 3.18.  
 

1,...2,1,0   /)2(/1/1 −== + mker mkmm πθψ          3.18 
 
 
The poles of a first order Butterworth filter (n=1) can be found by using Eq. 

(3.18) for 0=θ . Setting n=1 in Eq. (3.16b); 
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The poles of a second order Butterworth filter is obtained by setting n=2 in 

Eq. (3.16). 
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Therefore, the poles of a second order Butterworth filter are located at 

22 and 22 ii ±+±− . The pole locations of the first and second order 

low-pass and high-pass Butterworth filters are shown in Figure 3.7. In the 

above examples the parameter θ  takes different values. The only reason 

for the variation in θ  is to satisfy the equality between Eqs. (3.16) and 

(3.19). 

 
 

 
Figure 3.7  Pole locations of a first and a second order low-pass and high-pass 
Butterworth filters. Pole locations are displayed by open circles in the complex 
plane. 
 
 
 
The decay rate of a filter is directly related with the number of poles. In 

general, a single pole in the transfer function changes the decay rate by 6 

db (Kanasewich, 1975; Scherbaum, 2001). Figure 3.8 shows the square of 
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the transfer functions of high-pass Butterworth filters with different pole 

numbers. 
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Figure 3.8 Square of the transfer function of a high-pass Butterworth filter for 
different number of poles. 
 
 
 
3.5. Causal and Acausal Butterworth Filters 
 
 
 
The fundamental choice between filters is the causality of the filter. Causal 

filters introduce phase shifts in the processed data since they are applied 

in one direction from the beginning to the end of the time series. The 

unidirectional application of a filter brings forward the phase differences 

that inherently exist in the complex fourier transform of the filter transfer 

function. Acausal filters do not produce any phase distortion (i.e. zero-

phase shift). The zero phase shift at all frequencies can be obtained easily 

by implementing cascade form filtering (Kanasewich, 1975). The data can 
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be filtered using a convolution or a recursive technique in a normal 

manner (i.e. in one direction). The output from this process is reversed 

and passed through the same filter again. Reversing the once-filtered data 

and passing it from the same digital filter results in a zero-phase shift in 

the filtered data (acausally filtered data). In other words, the reverse 

filtering neutralizes the phase shifts introduced during the first-pass of the 

filter transfer function from the beginning to the end of the time series. The 

decay rate of the amplitude response at acausal filters is twice of the 

causal filters since the data is filtered twice. This can be visualized easily 

in the frequency space, because passing the same filter in the reverse 

direction is actually multiplying the original transfer function of the filter by 

itself again in the frequency domain. The schematic algorithm of cascade 

operation is shown in Figure 3.9. 

 
 
X(z)+
zeros 

W(z) V(z) R VR(z) W(z) R Y(z) 

Input Convolution Reversal  Convolution Reversal  Output  
 
Figure 3.9 The cascade operation diagram 
 
 
 
As indicated in the scheme presented in Figure 3.9, a sufficient number of 

zeros must be added to the data to allow the output from the initial stage 

of convolution to become significantly small (Kanasewich, 1975). In other 

words, the data should be padded with leading and trailing zeros in order 

to accommodate the filter transients due to forward-reverse direction 

filtering. The zero pad length can be determined by using Eq. (3.19) 

(Converse and Brady, 1992) 

 

c
zpad f

nT 5.1=             3.19 

 



 37

where,  zpadT  is the total length of zeros to be added to the record, n is the 

order of the Butterworth filter and cf  is the filter corner frequency. In the 

practical applications half of Tzpad is added at the beginning of the time 

series. The other half is added to the end of time series. 

 
 
Figure 3.10 shows the total length of the time-domain zero pad lengths  

recommended by Converse and Brady (1992) for different filter corner 

frequencies and for different filter orders. As can be seen from the figure, 

the increase in filter order and decrease in the filter cut-off frequency (i.e. 

increase in the filter cut-off period) causes an increase in the zero pad 

length. 
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Figure 3.10 Total length of time-domain zero padding recommended by Converse 
and Brady (1992) for different filter orders and filter corner frequencies. 
 
 
Removal of zero pads after the application of acausal filter results in 

incompatibility in the processed data. The consequence of this removal is 
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usually the offsets and the trends in the integrated velocity and 

displacement time series (Boore and Bommer, 2005).  As a matter of fact, 

removal of zero-pads after acausal filtering causes the diminishing of 

genuine acausal filter effects. The zero pads should be kept as part of the 

originally filtered data after acausal filtering. Figure 3.11 shows the 

acceleration, velocity and displacement time series derived from the 

ground-motion record given in Figure 2.7 for padded and pad stripped-off 

data from the acausally filtered acceleration traces for a filter cut-off 

frequency of 0.1Hz (i.e. Tc=10s). As can be seen from the figure, the 

removal of pads after acausal filtering causes incompatibility in the 

displacement traces. This effect can also be observed in the integrated 

velocity traces.   

 
 
The effects of causal and acausal filters come into the view especially 

when the concern is long spectral periods. By using two digital records of 

Hector Mine, California earthquake Boore and Akkar (2003) showed that 

the inelastic displacement spectrum is sensitive to the causality of the filter  

especially for long period ranges. Figure 3.12 shows the 5% damped 

response spectra of the analogue Tabas strong ground-motion record for 

different inelastic levels for causal and acausal filters. The level of 

inelasticity is presented by the constant strength factor (R) that is also 

called as the normalized lateral strength ratio. This ratio  is defined as the 

elastic to yield strength of an oscillator. The plots in this figure indicate 

that, the sensitivity of spectral displacements to the filter cut-off increase 

as the level of inelasticity increases (i.e. R increases) especially for 

causally filtered data. It should be noted that the data is filtered for low-cut 

filter periods of 10 and 20 seconds (i.e. fc=0.1 and 0.05Hz), respectively. 

The discrepancy between the causally filtered inelastic spectra for different 

filter cut-offs start at periods significantly earlier than the filter cut-off 

periods used. This is not the case for acausally filtered displacement 
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spectra. This observation marks once again how analogue records are 

sensitive to the changes in filter periods for causally filtered data.  

 
 
Different organizations use different digital Butterworth filters in their data 

processing methods. Pacific Earthquake Engineering Research Center 

(PEER) uses a 4-pole causal Butterworth filter. U.S. Geological Survey 

(USGS) uses a cascade 2pole/2pole acausal Butterworth filter, whereas 

California Strong Motion Instrumentation Program (CSMIP) uses a 4-pole 

acausal Butterworth filter. CSMIP applies Butterworth filtering directly on 

the frequency domain (Skarlatoudis et al., 2003). Figure 3.13 shows gain 

vs. f/fc graphs of different Butterworth filters. 

 
 
In this study, a 2pole/2pole cascade acausal Butterworth filter is used for 

the calculation of spectral displacements that are discussed in the next 

chapters. Acausal Butterworth filter is used since it causes no phase shift 

and spectral values are less sensitive to the acaual filter particularly in the 

inelastic range. This is the recommendation  of many authors such as Lee 

and Trifunac (1990), Boore and Akkar (2003) and Boore and Bommer 

(2005). The pads added to the acceleration traces for acausal filtering are 

not removed since their removal causes incompatible filtered time series 

as discussed in this chapter. 
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Figure 3.11 Acceleration, velocity and displacement traces derived from an 
acausally filtered data with zero pads and pads stripped-off. The ground motion 
used is from an aftershock (Mw=5.2) of the 1981, Lucano Italy earthquake.  
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Figure 3.12 Displacement response spectra for 1990 Tabas, Iran earthquake 
(Mw=7.4)  for R=1 (elastic),2 and 3 using causal and acausal filtering.  
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Figure 3.13 Frequency response of different Butterworth filters of different orders 
(Bazzurro et al., 2004). 
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CHAPTER-4 
 
 
 

INFLUENCE OF LOW-CUT FILTER VALUES ON SDOF  
LINEAR AND NONLINEAR DEFORMATION DEMANDS 

 
 
 
4.1. Introduction 
 
 
 
The objective of this chapter is to evaluate the effect of low-cut filter period 

(Tc) on the elastic and inelastic single-degree-of-freedom (sdof) 

deformation demands for analogue records. The analogue records are 

selected from the recently compiled European ground-motion database 

(Ambraseys et al., 2005) and they consist of recordings from rock, stiff and 

soft sites for different magnitude ranges. Two distinct noise spectra are 

used to compute alternative Tc values for the subject ground-motion 

database in order to observe the particular effects of low-cut filter periods 

on sdof deformation demands. This chapter also discusses the influence 

of low-cut filter on peak ground motion values using the time series 

processed by the Tc values from the alternative noise spectra. 

 
 
4.2. Ground-Motion Database and Noise Spectra Used 
 
 
 
A total of 156 rock (Vs>750m/s), 264 stiff (360m/s<Vs<750m/s) and 108 

soft site (Vs<360) records were selected from the recently compiled 

European ground-motion data-base (Ambraseys et al., 2005). The 

existence of pre- and post-event buffer was used as the criterion to decide 
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whether the record under consideration is analogue or digital. The records 

chosen do not exhibit pre- and post-event buffers. Each ground motion 

was pre-viewed to ensure that they do not contain any non-standard 

errors. The moment magnitude (Mw) values range between 5 and 7.6 and 

site-to-source distance (Joyner and Boore distance, Rjb, Joyner and 

Boore,1981) ranges between 0 to 50 km. Figure 4.1 presents the distance 

vs. magnitude scatter for the chosen ground motions. Tables given in 

Appendix-A  list the ground motions used in this chapter.  

 
 
The long-period noise was removed from the raw acceleration data by 

using two different noise spectrum models (Trifunac and Todorvska, 2001; 

Skarlatoudis et al., 2003). Prior to filtering, the mean acceleration value 

determined from the entire record length was subtracted from the 

accelogram as an initial baseline adjustment. The low-cut filtering was 

done as described in the last paragraph of Chapter-3. The noise models 

are based on detailed studies using the available fixed trace data featured 

on the original film record. The noise spectrum TT01 (Trifunac and 

Todorovska, 2001) represents typical digitization noise in analogue 

records digitized either manually or automatically. The noise spectrum 

SPM03 (Skarlatoudis et al., 2003) is derived by making use of the 

analogue ground motions recorded in Greece. These noise spectra are 

presented in Figure 4.2 with an extra model described in Lee and Trifunac 

(1990) for a record length of 22 seconds. The variability in the proposed 

noise levels is not surprising as each study focused on a particular sensor-

digitizer combination of interest. The noise amplitude model used by 

Skarlatoudis et al. (2003) was discussed in Chapter-2. It considers the 

sensitivity of filter cut-off to moment magnitude and hypocentral distance.  
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Figure 4.1 Distance vs. magnitude scatter for rock, stiff and soft site recordings 
used in Chapter-4. 
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Figure 4.2 Some of the noise amplitude models for analogue records proposed in 
the literature. 
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Figure 4.3 shows the magnitude vs. fc (fc=1/Tc) scatter diagrams for TT01 

and SPM03 for rock, stiff and soft site records. The low-cut filter values of 

SPM03 were computed by using Eq. (2.2) whereas fc values of TT01 were 

computed using the lower and upper bounds illustrated in Figure 4.2. The 

smoothed Fourier amplitude spectrum (FAS) of the raw accelogram was 

compared with the upper and lower bounds of TT01. The smaller 

frequency value where signal-to-noise ratio is 2:1 at the intersection of the 

smoothed FAS and TT01 noise amplitude boundaries was determined as 

fc. In some cases, when necessary, the lower and upper bounds of TT01 

noise amplitude were prolonged towards lower frequency (i.e. longer 

periods) values in order to determine the fc values. The decision on signal-

to-noise ratio 2:1 is arguable but this criterion is compatible with Eq. (2.2) 

that is based on the same signal-to-noise ratio (Skarlatoudis et al., 2003). 

The plots in Figure 4.3 also show the general tendency of these two 

models with respect to magnitude by fitting simple regression curves. The 

low-cut filter frequency scatter and the corresponding regression curve for 

SPM03 show a clear dependence on magnitude as implied by Eq. (2.2). 

The low-cut filter values suggested by TT01 exhibit a dispersive picture 

but the pertaining regression curves also indicate a magnitude 

dependency for this relationship. The low-cut filter frequencies presented 

in these plots clearly show that the use of TT01 and SPM03 would result 

diverse fc values for a particular record. 

 
 
4.3. Effect of Low-Cut Filter Frequency on Peak Ground Motion 
Values 
 
 
 
Figure 4.4 presents the mean statistics for peak ground acceleration 

(PGA), peak ground velocity (PGV) and peak ground displacement (PGD) 

for rock, stiff and soft soil sites, respectively. The peak ground-motion 

values of the processed data using TT01 low-cut filter values were 
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normalized by the processed PGA, PGV and PGD values computed by 

the fc values of SPM03. The normalized peak ground-motion values are 

used for the derivation of the statistics. It is believed that the normalized 

mean statistics would allow making clear observations for the distinct 

effects of low-cut filter frequency on peak ground-motion values. A mean 

value less than 1 indicates that on average, peak ground-motion values 

computed from SPM03 model are higher than the peak ground values 

computed using the fc values of TT01. Figure 4.4 also shows the standard 

deviations of normalized mean values that are displayed at the top of each 

vertical bar. As expected, the least affected peak ground-motion value 

from the low-cut filter frequencies is the peak ground acceleration. The 

normalized mean values are almost equal to 1 associated with very low 

standard deviations with respect to the standard deviations computed for 

PGV and PGD. 
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Figure 4.3 Scatter plots for fc values suggested by TT01 and SPM03. 
 
 
 
The normalized mean values for PGV do not show large variations with 

respect to PGD statistics. The corresponding standard deviations are also 

significantly lower than the ones computed for PGD. On average, the PGV 

values computed by using TT01 low-cut filter frequencies are 3 percent 

lower than the ones computed by SPM03 fc values. This is expected as 

PGV is dominated by the mid-frequency components of ground motion 

where TT01 suggests higher low-cut filter values as presented in Figure 

4.2. Figure 4.4 indicates that low-cut filter frequency has a considerable 
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influence on PGD. This ground-motion intensity measure does not portray 

a reliable picture for its use in seismic hazard or seismic damage-based 

studies. Peak ground displacements computed by using TT01 low-cut filter 

values are on average 20-,36- and 37-percent larger than the ones 

computed from the SPM03 low-cut frequency values for rock, stiff and soft 

site records, respectively. It is a well-known fact that low-frequency 

ground-motion components govern PGD. The lower bound noise 

amplitude of TT01 that yields smaller low-cut values at lower frequencies 

(i.e. at longer periods) with respect to SPM03 is the reason behind larger 

PGD values computed from the ground motions processed by TT01 low-

cut filter values. The higher standard deviations for PGD fortify the above 

observations indicating that different low-cut filtering values impose 

significant uncertainty for this peak ground-motion parameter. It should be 

noted that the general procedure depicted from Figure 4.4 does not 

include the particular influence of magnitude and filter cut-off interaction on 

peak ground-motion values. A detailed discussion about the filter cut-off 

effects on peak ground-motion values considering the magnitude influence 

is presented in Akkar and Bommer (2007). 
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Figure 4.4 Normalized statistics for peak ground values. 
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4.4. Low-Cut Filter Period Effect on Elastic Spectral Displacements 
 
 
 
Figures 4.5, 4.6 and 4.7 show the influence of low-cut filter periods on 

elastic spectral displacements for rock, stiff and soft site records, 

respectively. The ground motions for rock and soft sites are divided into 3 

magnitude bins, whereas the number of bins for stiff sites are 4. The 

reason for the difference in the number of bins is due to the change in 

record numbers in different magnitude intervals. For rock and soft sites, 

the number of records for establishing meaningful statistics are only 

adequate when ground motions of M>6 are incorporated into one single 

bin. Using different magnitude intervals, the particular effect of magnitude 

for low-cut filter values on elastic displacement spectrum is investigated. 

The dashed lines in the figures show the mean low-cut filter values 

suggested by TT01 and SPM03 for each magnitude range. The dashed 

lines and spectral displacement curves in gray represent the pertaining 

values computed from the TT01 model whereas black color shows the 

spectral displacement and average low-cut filter values for SPM03. The 

displacement spectra were computed for a period range of 0.1 to 10 

seconds. 

 
 
Figures 4.5, 4.6 and 4.7 show that low-cut filtering has a significant effect 

on low-magnitude spectral displacements and the level of influence is 

more apparent for rock site records. This observation indicates that 

relatively large amount of long-period information can be retrieved from 

ground motions recorded on softer sites and for larger magnitude events 

after filtering. Another important observation that is highlighted in these 

figures is the sensitivity of spectral displacements to low-cut filtering at 

periods significantly shorter than the low-cut filter period. The spectral 

displacements of low-magnitude events and rock site records are more 

sensitive to the changes in low-cut filter values as the discrepancy in 
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spectral displacements computed from TT01 and SPM03 start at periods 

considerably shorter than the mean low-cut filter periods displayed by 

dashed lines. It should be noted that different noise amplitude models 

yield large variations in spectral displacements depending on the 

magnitude and site class. Previous studies suggested the use of spectral 

values up to 0.8Tc is insufficient to eliminate the filter cut-off effect on the 

spectral response (Spudich et al., 1999; Abrahamson and Silva, 1997). 

Based on the results presented here, magnitude and site class also play a 

role about the influence of low-cut filtering on spectral displacements and 

these seismological features should be considered for a proper choice of 

low-cut filter value during the record processing. 
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Figure 4.5 Elastic spectral displacements for rock site records. 
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Figure 4.6 Elastic spectral displacements for stiff site records. 
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Figure 4.7 Elastic spectral displacements for soft site records. 
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4.5. Low-Cut Filter Period Effect on Inelastic Spectral Displacements 
 
 
 
The influence of low-cut filtering on inelastic spectral displacements are 

shown in Figures 4.8 to 4.13. The format of these figures is similar to the 

ones presented in Figures 4.5 to 4.7. Figure 4.8 show the constant ductility 

(μ) spectral displacements for rock sites, whereas Figure 4.9 present the 

constant normalized strength (R) spectral displacements. Same 

information in the same order is given in Figures 4.10 to 4.11 and Figures 

4.12 to 4.13 for stiff and soft site records, respectively. Constant ductility 

spectrum yields inelastic deformation demands on sdof systems for a 

predetermined maximum absolute displacement ratio. Constant 

normalized strength spectrum gives maximum absolute inelastic 

deformation demands on oscillators for a given elastic strength to yield 

strength ratio. The first columns in these figures represent a low level of 

inelasticity (μ=1.5 and R=1.5). The second columns in these figures mimic 

a higher level of inelasticity  (μ=8 and R=8).  

 
 
The inelastic displacement spectra presented in these figures suggest 

similar comments to the ones made for elastic oscillator behavior. 

Confined to the database used in this study, the contributions of 

magnitude and site class play a role for low-cut filter influence on inelastic 

spectral displacements. The influence of low-cut filtering is more 

prominent for lower magnitude events and ground motions recorded on 

rock sites. The increase in the level of inelasticity also contributes to the 

influence of low-cut filtering on inelastic spectral displacements. This is 

more apparent for constant strength spectra as this inelastic spectrum 

type does not impose limitations to the spectral displacements computed 

at each vibration period unlike the constant ductility spectrum. 
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Figure 4.8 Constant ductility spectra for rock site records. 
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Figure 4.9 Constant normalized strength spectra for rock site records. 
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Figure 4.10 Constant ductility spectra for stiff site records. 
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Figure 4.11 Constant normalized strength spectra for stiff site records. 
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Figure 4.12 Constant ductility spectra for soft site records. 
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Figure 4.13 Constant normalized strength spectra for soft site records. 
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CHAPTER-5 
 
 
 

A NEW PROCEDURE FOR DATA PROCESSING OF  
ANALOGUE RECORDS 

 
 
 
5.1. Introduction 
 
 
 
The observations presented in Chapter-4 showed that the displacement 

spectrum is highly sensitive to the long-period filter cut-off. The 

displacement spectra that were computed by using two different noise 

models were significantly different from each other after a certain period 

range. The dispersion between the spectra computed from these two 

models start increasing at periods that are significantly smaller than low-

cut filter periods suggested by these alternative noise models. Magnitude 

and site class are also observed to be the fundamental seismological 

features that influence spectral displacements.  These preliminary results 

strengthen the fact that the choice of long-period filter cut-off period (Tc) is 

the prime concern for the computation of displacement spectra, 

particularly for reliable long period information. 

 
 
The studies for the determination of a suitable Tc using noise models are 

summarized in Chapter- 4. Most of the strong ground-motion prediction 

equations that are used to estimate the spectral ordinates define the 

useful period range as a fraction of long-period filter cut-off. The use of 

such a factor reduces the filter response effects (such as roll-off and filter 

order). There are different studies and organizations that propose using 
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different fractions of Tc to define the usable period range. For the 

derivation of recent European strong ground-motion prediction equations, 

Ambraseys et al. (2005) used 0.8Tc as the usable bandwidth. Similar to 

Ambraseys et al. (2005), PEER (Pacific Earthquake Engineering Research 

Center) recommended the use of 0.8Tc as the usable bandwidth for 

ground motions that are processed by using 4-pole Butterworth filter. 

Abrahamson and Silva (1997) and Spudich et al. (1999) offered this factor 

to be 0.8 for 5-pole acausal and causal Butterworth filter response, 

respectively. Different from these ratios, CSMIP (California Strong-Motion 

Instrumentation Program) suggested using the processed data up to the 

long-period filter  cut-off for an acausal 4-pole Butterworth filter. The 

displacement based design spectrum that was derived by Bommer and 

Elnashai (1999) computed the displacement ordinates up to 0.1 seconds 

below the filter cut-off period. 

 
 
This chapter presents a record processing scheme that determines the 

low-cut filter values considering the influence of magnitude on the 

frequency content of the ground motion. The proposed scheme is used to 

re-process the analogue ground motions presented in the previous 

chapter. Later, the spectral displacements computed from the re-

processed database are used to derive statistics to describe the influence 

of magnitude and site conditions on the usable period range of filtered 

data as a function of low-cut filter values.  

 
 
5.2. Ground-Motion Data Set and Data-Processing Scheme 
 
 
 
The ground-motion database presented in Chapter-4 is also used in this 

chapter to describe the new data-processing scheme. It constitutes the 

analogue recordings of the recently compiled European ground-motion 
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data that is comprised of accelograms from Europe and the surrounding 

countries in the Middle East and North Africa (Ambraseys et al., 2005). 

 
 
The first well-organized European data set record processing was 

performed by Ambraseys et al. (1996) to obtain strong ground-motion 

prediction equations for spectral acceleration by using a long-period filter 

cut-off period of 5 seconds for all records. Ambraseys et al. (2000) re-

processed the data base in the same way, but with a long-period cut-off 

value of 4 seconds. However, the decision on the long-period filter cut-off 

values disregarded  the frequency and noise content of the raw data. 

Bommer and Elnashai (1999) processed the European database by 

starting a Tc value of 10 seconds and reducing it until the physical 

appearance of the velocity and displacement traces were judged to be 

acceptable. The most recent processing of European ground-motion data 

base was performed by Ambraseys et al. (2004). The determination of Tc 

was based on the fixed trace information whenever it was available. The 

low-cut filter value value was determined by using the signal-to-noise ratio. 

Frequency content of the records retained for signal-to-noise ratio greater 

than 2. For analogue records with no fixed trace information, Tc value was 

determined by using the noise-spectra model of Trifunac and Todorovska 

(2001) or investigating the acceleration FAS in order to identify Tc as the 

period where FAS no longer tends towards zero at long periods. Note that 

none of the above procedures determine Tc considering the influence of 

magnitude that is observed to be important for the low-cut filter effects on 

spectral displacements (see Chapter-4).  

 
 
The raw analog records of ground-motion data base were re-processed by 

the new record processing scheme presented in the following paragraphs. 

Similar to Chapter-4, 2pole/2pole acausal Butterworth filter was used 

during the low-cut filtering. The total length of leading and trailing zero 
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pads were computed as recommended by Converse and Brady (1992). 

The processing scheme developed for this study is summarized below: 

 

 Step-1: Compute the mean of the accelogram using the total record 

length and remove it from the entire record. The record obtained after this 

step is referred as “mean removed” in this study. 

 

 Step-2: If the digitized fixed trace information is available, compute 

(signal+noise)/noise ratio and decide on Tc at the period where 

(signal+noise)/noise ratio is greater than 3. If the (signal+noise)/noise ratio 

fluctuates about given limit, determine an approximate trend by fitting a 

straight line on this ratio. The low-cut filter period is approximately the 

intersection of regression line and (signal+noise)/noise=3. Apply low-cut 

filtering using the Tc computed from this criterion. If physically unjustifiable 

trends still exist in the velocity and displacement traces, decrease Tc value 

until the velocity and displacement traces are judged to be physically 

meaningful. Reject the record for use in spectral calculations, if Tc is 

significantly smaller than the one determined from (signal+noise)/noise 

ratio. 

  

 Step-3: In the absence of fixed trace information, use the guidance 

of acceleration FAS corner periods estimated from two theoretical source 

models (Joyner and Boore, 1988; Atkinson and Silva, 2000) to select Tc 

iteratively. Note that the use of source models would imply the contribution 

of magnitude as explained in the paragraphs below.  

 

  Step-3-1: Compute the theoretical FAS corner periods using 

the single-corner frequency model (JB88) proposed by Joyner and Boore 

(1988) and two-corner frequency model (AS00) proposed by Atkinson and 

Silva (2000) to have information on the theoretical long-period content of 

the records. The double corner source spectrum describes the influence of 
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finite fault size by the corner period (Ta) whereas theoretical corner period 

Tb accounts for the rupture process. The corner period Ta is larger than Tb. 

The single corner frequency model proposed by Joyner and Boore (1988) 

is the result of Brune’s single source spectrum (1970) for a stress drop of 

100 bars. 

 

  Step-3-2: Start with a Tc value that is not longer than the 

theoretical corner periods estimated from the above models and reduce it 

until the displacement traces do not contain long-period fluctuations or do 

not end with very large displacements. Note that the FAS of record 

processed with the chosen Tc should always decay proportional to f2 

gradient at long periods, which is the common point for all theoretical 

source spectra. Choosing a Tc value shorter than the theoretical FAS 

corner periods may imply the removal of actual long-period information 

after low-cut filtering. The records should be rejected for use in spectral 

displacements if extremely short cut-off periods are determined with 

respect to those suggested by the source spectrum models. Such records 

are severely distorted during the recording stage. 

 
 
Although the choice of reference source spectra and the decision on the 

physically reasonable velocity and displacement traces are still subjective, 

the advantage of this procedure is that it provides information about the 

frequency content of the filtered data in the range of theoretical source 

models. No instrument response correction was applied to the data since 

the database does not contain adequate information about the sensor 

characteristics of the accelerometers. Note that instrument correction 

influences the short period contents of the accelograms that is of little 

importance for spectral displacements. The reader is referred to Boore 

and Bommer (2005) for a detailed discussion about  the use and necessity 

of instrument correction for strong ground-motion data processing. Figure 

5.1 shows the application scheme of the proposed method. It should also 



 67

be noted that whenever the fixed trace information is available, Steps 2 

and 3 should be considered separately to define two distinct filter cut-off 

periods. The analyst should choose the one with larger Tc unless the 

computed velocity and displacement traces are physically unjustifiable. A 

recent study by Yenier et al. (2006) showed that the sole use of fixed trace 

information and disregarding Step 3 presented above may result in 

significantly conservative Tc values. 

 
 
The application of Step-2 is illustrated in Figure 5.2 for one of the 

horizontal components of the Nasso station record recorded during the 

1978, Basso Tirreno (Mw=6) earthquake. This case has been presented 

previously in Chapter-2 while discussing the alternative methods for 

determining Tc. The first plot shows the comparison of the 

(signal+noise)/noise ratio. The red dashed line indicates 

(signal+noise)/noise ratio=3. The blue dashed line shows the approximate 

location of the period where the (signal+noise)/noise ratio trend is greater 

than 3. Note that the (signal+noise)/noise ratio fluctuates about the red 

dashed line for a wide frequency range and a trend line is adjusted for this 

particular case in order to approximate the low-cut filter period. The 

computations resulted in a Tc estimate of 2.85 s (i.e. the trend line 

intersects the (signal+noise)/noise=3 at about 0.35Hz). The first raw 

following the (signal+noise)/noise ratio are velocity and displacement 

traces of the data low-cut filtered by Tc=2.85s. The last raw shows the 

velocity and displacement traces for low-cut filtered data by Tc=5s 

determined from the theoretical source spectra and actual FAS 

comparisons (Step 3)  presented in Figure 2.11. As discussed previously, 

the comparisons between the time series filtered by these two low-cut off 

filter values yield reasonably well-behaved ground velocity and 

displacement. Thus, the analyst should prefer Tc=5s for this particular 

case. 
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Figure 5.3 shows the application for determining the low-cut filter period 

for records that no dot contain fixed trace information. The chosen 

example is a record from the 1980, Compano Lucano earthquake 

(Mw=6.9) that was recorded at the ICSMA station located on a rock site. 

The theoretical JB88 FAS corner period was determined as 8.91 seconds, 

whereas the upper and lower limits of the theoretical AS00 FAS corner 

values were 17.43 and 2.54 seconds, respectively. The filtering procedure 

was applied by choosing an initial low-cut filter period of 20 seconds, 

which is slightly longer than the upper period limit dictated by the AS00 

model. The filter period value was decreased until the displacement traces 

were considered to be reasonable. The final filter cut-off value (10s) is in 

between the theoretical FAS corner periods computed by the chosen 

source spectrum models and it is accepted as reasonable since it falls in 

between the bands of the theoretical corner periods determined from the 

chosen source spectra. The first graph of Figure 5.3 shows the FAS 

comparisons between the processed and raw data. The low frequency of 

the processed data is compatible with the f2 gradient indicating that the 

chosen Tc is consistent.  
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Figure 5.1 The scheme of the data processing scheme used in the study. 
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Figure 5.2 Determination of Tc by comparing the (signal+noise)/noise ratio 
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Figure 5.3 Determination of filter-cut off by source-spectrum models (note that the 
time axis of the velocity and acceleration traces are shifted for a better illustration). 
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Figure 5.4 shows magnitude vs cut-off period scatter diagrams of the re-

processed European ground-motion database for analogue recordings. 

The classification of the sites are based on the shear-wave velocities that 

are described in Chapter-4. The theoretical corner periods that are 

determined by the source spectrum models are also plotted on the same 

graph. The value of JB88 corner period lies in between the lower and 

upper corner periods of the AS00 model. In general, a filter cut-off value 

that is very close to Tb cause the removal of an integral part of the signal 

while filtering out the long-period noise. When Figure 5.4 is investigated, it 

can be observed that filtering process has removed a considerable 

amount of information from some of the large magnitude rock and stiff site 

recordings. These kind of records should be treated carefully and should 

not be used for calculating the spectral ordinates at very long spectral 

periods.  
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Figure 5.4 Long-period filter cut-off vs moment magnitude for the re-processed 
European strong ground-motion data set for analogue recordings.  
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5.3. Effect of Long-Period Filter Cut-off on Elastic Spectral 
Displacements 
 
 
 
The effect of long-period filter cut-off (Tc) on elastic displacement response 

is investigated in this section using the re-processed database by the 

procedure presented in the previous section. The effects of Tc on elastic 

displacements is investigated by presenting basic statistics that describe 

the behavior of low-cut filtered spectral displacements considering the 

relationships between the filter cut-off and important oscillator and ground-

motion features. The 5% damped displacement spectrum computed from 

the filtered ground motion was normalized by the spectral displacement of 

the mean removed data to study the effects of filter cut-off on the 

processed records and to have a general perspective on the sufficiency of 

mean removed data in spectral displacement calculations for a certain 

period interval ( the normalized values are designated by Sd,proc/Sd,unproc on 

the plots). The value of 1 for Sd,proc/Sd,unproc indicates that the processed 

data is not influenced by the filter response at that period of vibration. If 

this value is less than 1, the conclusion is that filtering has started to 

influence the spectral displacement by removing some part of the signal in 

that vibration period. The period axis of the displacement spectrum is 

normalized by the filter cut-off period to obtain conclusions from the 

statistics presented about the usable period range of filtered data in terms 

of Tc.  

 
 
The earthquake magnitude and site class are the most important factors 

that influence the long-period information carried by strong ground-motion 

records. The results presented in Chapter-4 show that different magnitude 

ranges and site classes play a role for the low-cut filtered spectral 

displacements and increase or decrease the influence of low-cut filter 

values in terms of spectral period ranges. The stiff site records are divided 
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into two magnitude bins in order to bring forward the magnitude influence. 

The first raw of Figure 5.5 presents the scatters for 6M5 w <<  , whereas 

the second raw shows the scatters for 6M w ≥ . Both plots superimpose 

log-normal probability density functions that display a better representation 

about the variation in dispersion of Sd,proc/Sd,unproc in terms of magnitude 

and filter cut-off influence. The continuous curves are the median 

Sd,proc/Sd,unproc values for the given T/Tc interval emphasizing the 

magnitude contribution to the influence of low-cut filter on elastic spectral 

displacements. For a better comparison, the median values are 

superimposed in Figure 5.6 for two different magnitude bins. The standard 

deviations are shown in Figure 5.7. The results presented in Figures 5.5, 

5.6 and 5.7 concern stiff site recordings but the general picture presented 

in these figures are also valid for other site classes. The plots in Figures 

5.5, 5.6 and 5.7 reveal that, on average, an increase in the order of 

earthquake magnitude results in a longer usable period range. The 

associated dispersions of larger magnitude earthquakes are smaller when 

compared to those computed for the smaller magnitude earthquake bin. 

These results indicate that filter cut-off effects are limited for larger 

magnitude events, which is the result of rich long-period frequency content 

of large events. It should be noted that regardless the magnitude ranges 

concerned, the median Sd,proc/Sd,unproc values are significantly below 1 for 

T/Tc>0.6. The associated scatter is also significantly large for T/Tc>0.6. 

This observation casts significant doubts about the use of empirical 0.8Tc 

rule to define the usable spectral period ranges for prediction equations 

used in estimating the spectral quantities.  
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Figure 5.5 The distribution of Sd,proc/Sd,unproc scatters at distinct T/Tc values for stiff 
site records for different magnitude bins. 
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Figure 5.6 Superimposed median values for stiff sites for different magnitude bins. 
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Figure 5.7 Dispersions of stiff site recordings for different magnitude bins. 
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Figures 5.8,5.9 and 5.10 show similar plots as of Figure 5.5 for rock, stiff 

and soft sites, respectively. These figures describe the site class effect 

contribution to the influence of low-cut filter cut off on spectral 

displacements. Figure 5.11 shows the superimposed median values for 

different site classes for a better illustration and Figure 5.12 shows the 

standard deviations for different site classes. The plots indicate that, the 

ground-motion data recorded on soft soil site class is the least affected 

group from the filter cut-off value. This observation is the result of rich 

long-period frequency content of soft site recordings that shift the filter cut-

off effect towards longer periods with respect to other site classes. The 

dispersive behavior increases as the oscillator periods take values closer 

to the filter cut-off value for all site classes, the stiffer sites being more 

sensitive.   
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Figure 5.8 The distribution of Sd,proc/Sd,unproc scatters at distinct T/Tc values for rock 
site records. 
 
 



 78

 

T/Tc
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

1

S d
,p

ro
c/

S d
,u

np
ro

c
STIFF

 
Figure 5.9 The distribution of Sd,proc/Sd,unproc scatters at distinct T/Tc values for stiff 
site records. 
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Figure 5.10 The distribution of Sd,proc/Sd,unproc scatters at distinct T/Tc values for soft 
site records. 
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Figure 5.11 Superimposed median values for different site classes. 
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Figure 5.10 Log-normal standard deviations for different site classes. 
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Table 5.1 presents the probability occurrences of  0.9< Sd,proc/Sd,unproc<1.1 

event for different site classes and different T/Tc values. Similar to the 

observations presented in the previous plots, the table shows that more 

long-period information can be retrieved from soft site recordings. The 

assumed distribution for different site classes and T/Tc values are 

validated by using Kolmogorov-Smirnov test and the results are presented 

in Appendix-B. The cumulative probability distributions are shown in 

Appendix-C.  

 
 
Table 5.1  Probability of occurrences of  0.9< Sd,proc/Sd,unproc<1.1 event for different 
site classes and different T/Tc values.  
 
T/Tc 0.2 0.3 0.4 0.5 0.7 0.8 
ROCK 0.959 0.826 0.681 0.501 0.246 0.129 
STIFF 0.977 0.797 0.629 0.497 0.289 0.168 
SOFT 0.985 0.974 0.767 0.663 0.367 0.227 
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CHAPTER-6 
 
 
 

SUMMARY AND CONCLUSIONS 
 
 
 
6.1. Summary and Conclusions 
 
 
 
The general objective of the study was to investigate the effects of low-cut 

filtering period on elastic spectral displacements.  

 
 
The second and third chapters summarize the strong ground-motion data 

processing procedures and the theory of digital filters that are the 

commonly used tools for removing noise contaminated part from the raw 

accelograms. The emphasis was on the analogue records since they still 

dominate the strong ground-motion data bases that are used to derive 

ground-motion prediction equations. 

 
 
The effect of low-cut filter period on elastic and inelastic displacements 

were investigated in the fourth chapter by using two different noise spectra 

that are derived by Trifunac and Todorovska (2001) and Skarlatoudis et al. 

(2003). The statistics for the peak ground motion values were derived for 

the data that was filtered by using these alternative noise spectra. In 

general, it was observed that the peak ground displacement values were 

very sensitive to the low-cut filter period, whereas the peak ground 

acceleration and velocity were less sensitive to the low-cut filtering value. 

The effect of low-cut filter period on peak ground-motion values was 
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observed to be more prominent for rock and stiff sites.  The displacement 

spectra that were derived for rock, stiff and soft sites for different inelastic 

levels showed that the displacement spectra are sensitive to the low-cut 

filtering period at spectral periods significantly shorter than the average 

low-cut filter values. The level of sensitivity increases as the earthquake 

magnitude decreases or the level of inelasticity increases.  

 
 
A consistent data processing scheme was developed with in the context of 

the study that combines source spectrum models with the fixed trace 

information of the analogue strong ground motions. This data processing 

scheme was used to re-process the European strong ground-motion data 

base to observe the effects of low-cut filtering period on elastic 

displacement spectra considering site class and earthquake magnitude. 

The statistics indicated that soft site and large magnitude records are the 

least affected ground motions from the influence of low-cut filter values 

due to their rich frequency contents. As the site class becomes stiffer and 

the magnitude takes smaller values, the records became more vulnerable 

to low-cut filter values. It was also observed that the use of 0.8Tc 

regardless of the magnitude and site class features may result in biased 

spectral displacements.  

 
 
6.2. Future Studies 
 
 
 
The data processing scheme proposed in this study should be evaluated 

for inelastic oscillator response. This way empirical usable period ranges 

for inelastic displacement spectrum can be determined. These empirical 

relations can be used further to develop prediction equations for inelastic 

displacement spectra. 
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Kolmogorov-Smirnov Tests for Different Site Classes and 
Different T/Tc Values 
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Figure B.1 Kolmogorov-Smirnov Test for Rock Sites for T/Tc=0.3 
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Figure B.2 Kolmogorov-Smirnov Test for Rock Sites for T/Tc=0.4 
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Figure B.3 Kolmogorov-Smirnov Test for Rock Sites for T/Tc=0.5 
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Figure B.4 Kolmogorov-Smirnov Test for Rock Sites for T/Tc=0.7 
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Figure B.5 Kolmogorov-Smirnov Test for Rock Sites for T/Tc=0.8 
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Figure B.6 Kolmogorov-Smirnov Test for Stiff Sites for T/Tc=0.4 
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Figure B.7 Kolmogorov-Smirnov Test for Stiff Sites for T/Tc=0.7 
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Figure B.8 Kolmogorov-Smirnov Test for Stiff Sites for T/Tc=0.8 
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Figure B.9 Kolmogorov-Smirnov Test for Soft Sites for T/Tc=0.5 
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Figure B.10 Kolmogorov-Smirnov Test for Soft Sites for T/Tc=0.7 
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Figure B.11 Kolmogorov-Smirnov Test for Soft Sites for T/Tc=0.8 
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Figure C.1 Cumulative probability function for rock sites for T/Tc=0.2 
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Figure C.2 Cumulative probability function for rock sites for T/Tc=0.3 
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Figure C.3 Cumulative probability function for rock sites for T/Tc=0.4 
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Figure C.4 Cumulative probability function for rock sites for T/Tc=0.5 
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Figure C.5 Cumulative probability function for rock sites for T/Tc=0.7 
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Figure C.6 Cumulative probability function for rock sites for T/Tc=0.8 
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Figure C.7 Cumulative probability function for stiff sites for T/Tc=0.2 
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Figure C.8 Cumulative probability function for stiff sites for T/Tc=0.3 
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Figure C.9 Cumulative probability function for stiff sites for T/Tc=0.4 
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Figure C.10 Cumulative probability function for stiff sites for T/Tc=0.7 
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Figure C.11 Cumulative probability function for stiff sites for T/Tc=0.8 
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Figure C.12 Cumulative probability function for soft sites for T/Tc=0.3 
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Figure C.13 Cumulative probability function for stiff sites for T/Tc=0.8 
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