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ABSTRACT 

 

NEAR-FAULT GROUND MOTIONS AND STRUCTURAL DESIGN ISSUES 

Earthquake ground motions, recorded in near-fault zones differ from those observed in the 

far-fault regions. The most important feature of near-fault behaviour concerning the field of 

structural and civil engineering is the impulsive characteristics of the velocity and 

displacement ground motions observed at long wave periods and may thereby have severe 

implications for flexible structures. The main characteristics of near-fault ground motions are 

discussed and it is explained how they are related to rupture geometry, site properties and its 

location relative to source and forward directivity effects. The dataset used in this work is 

compiled by Rupakhety (2010) and consists of 106 forward directivity affected records from 

36 earthquakes with worldwide distribution of sources. Mathematical models proposed by 

Rupakhety (2010), describing the earthquake response spectra as a continuous function of 

moment magnitude, predominant period of ground velocity and structural properties, are 

discussed in details and calibrated using the mentioned dataset. A thorough investigation of 

how the parameters of the response spectral shapes scale with moment magnitude and viscous 

damping ratio of single-degree-of-freedom system (SDOF) is conducted. Following the 

discussion of linear elastic response spectra and their comparison with shapes of Eurocode 8 

spectra, an introduction to inelastic behaviour of elastic-perfectly-plastic (EPP) SDOF 

systems is presented using models relating structural behaviour factor and displacement 

ductility. Finally other types of inelastic hysteretic behaviour are compared with EPP system 

performance, revealing that not accounting for stiffness degradation might not always result 

in safe design, while not considering post-yielding stiffness is generally conservative.  

 

Keywords: near-fault ground motion, forward directivity, elastic response spectrum, viscous 

damping, inelastic response spectrum, structural behaviour factor. 
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ÁGRIP 

 

NÆRSVIÐSÁHRIF – HÖNNUNARFORSENDUR MANNVIRKJA Á 

UPPTAKASVÆÐUM JARÐSKJÁLFTA 

Eiginleikar jarðskjálfta á upptakasvæðum eru á ýmsan hátt frábrugðnir þeim eiginleikum er 

koma fram í mælingum sem gerðar eru í meiri fjarlægð. Þessi frábrigði hafa verið skilgreind 

sem nærsviðsáhrif. Fjallað er um megin einkennandi þætti nærsviðsáhrifa og reynt er að 

útskýra þá í samhengi við rúmfræði jarðskjálftamisgengja, staðsetningu mannvirkja með tilliti 

til upptaka og afgerandi stefnubundinna þátta (e. forward directivity). Þessir stefnubundnu 

þættir, sem taka þarf tillit til við hönnun bygginga, einkennast af miklum yfirborðshraða og -

færslu með sveiflutíma sem er nálægt eiginsveiflutíma hárra og meðalhárra bygginga og hefur 

sýnt sig að vera orsakavaldur mikilla skemmda. Gagnabanki mældra tímaraða sem Rupakhety 

(2010) hefur sett saman og notaður er í þessu verkefni samanstendur af 106 tímaröðum frá 36 

jarðskjálftum með upptök víða um heim. Fjallað er um stærðfræðilíkön sett fram af 

Rupakhety (2010), sem lýsa jarðskjálftasvörunarrófum sem samfelldu falli af stærð 

jarðskjálfta, ríkjandi sveiflutíma yfirborðshraða, og sveiflueiginleikum mannvirkja. Gerð er 

ítarlega grein fyrir kvörðun svörunarrófslíkansins og hvernig tengja má breytur þess við 

jarðskjálftastærð og deyfingarhlutfall línulegra kerfa. Í framhaldi af umfjöllun um línuleg 

svörunarróf og samanburð þeirra við róf Evrópustaðals 8 er því lýst hvernig taka má tillit til 

ólínulegra þátta með notkun líkans sem tengir hegðunarstuðul (e. structural behaviour factor) 

við seiglu tvílínulegs kerfis með eina frelsisgráðu. Að lokum er gerður samanburður á 

hegðunarstuðlum reiknuðum með tvílínulegu líkani og öðrum ólínulegum líkönum. Sá 

samanburður leiðir í ljós að ekki telst öruggt að sleppa áhrifum stífniminnkunar við 

endurtekna áraun, en aftur á móti er alla jafna öruggu megin að taka ekki tillit til aukinnar 

stífni eftir að floti er náð.  

 

Uppflettiorð: nærsviðsáhrif, einnar frelsisgráðu kerfi, línulegt svörunarróf, ólínuleg svörun, 

hegðunarstuðull   
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1 INTRODUCTION 

 

1.1 Background and Problem Statement 

This MSc study is in the field of earthquake engineering and engineering seismology. It is a 

study of earthquake induced ground motions and structural response in regions close to 

earthquakes faults (near-fault zone). 

Earthquake ground motions, recorded  in near-fault zones differs from those observed in the 

far-fault region. The most important characteristic of near-fault events concerning the field of 

structural and civil engineering is the pulse-like nature of ground velocity waveform affecting 

structural response at long periods and thereby having severe implications on flexible 

structures, especially medium to high-rise buildings. This impulsive behaviour of near-fault 

ground motions is often caused by forward directivity effects. 

Methods currently used for seismic design are largely based on ground motions data recorded 

in the far-fault region. Furthermore, current procedures applied to account for near-fault 

effects are both oversimplified and crude. This leads to the conclusion that observed near-

fault pulses are not accounted for with acceptable reliability in current structural design 

provisions. The consequence is that structures in the near-fault zone sustain more severe 

damage than would be the case if these effects were properly accounted for. The development 

and verification of methods to aid structural design for near-fault regions is therefore of 

significant value, both regarding economical aspects as well as safety issues.  

1.2 Aims and objectives of the study 

The primary aim of this study is to research important characteristics of near-fault ground 

motions and structural response by the use of a data-set containing forward directivity 

affected recorded ground motions. 

The main objectives of this study are outlined below: 

1 To present a mathematical model for elastic response spectra of forward directivity 

affected ground motions as a continuous function of vibration period of oscillators. 
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2 To calibrate the parameters of the model with available accelerograms of forward 

directivity affected ground motions. 

3 To study the dependence of model parameters to earthquake magnitude. 

4 To incorporate different levels of viscous damping of single degree of freedom 

systems into the model.  

5 To compare the forward directivity affected response spectra and the calibrated model 

to the spectral shape of Eurocode 8. 

6 To calculate non-linear response spectra for the data-set of the forward directivity 

affected records with different force-deformation relationships. 

7 To compare the force reduction factor for constant ductility non-linear response 

spectra for different types of hysteresis models. 

1.3 Scope of this Work 

This work is divided into six separate chapters and three appendixes. The subjects covered in 

each section are as follows: 

1. Introduction: This chapter covers a general introduction of the research project; the 

background and the problems dealt with and the general aim of the research. The objectives 

are listed and the structure is summarised. 

2.  Characteristics of near-fault ground motions: General definition of rupture geometry is 

introduced, followed with a review of the main characteristics of ground motions observed in 

near-fault zones. The most important characteristics are discussed and how they can be 

explained in coherence with the rupture geometry and sites location relevant to the source. 

3. Near-fault data and mathematical presentation: The data-set of forward directivity 

affected records used in this work is briefly introduced. Mathematical representations of near-

fault ground motions are discussed, including simulation of the velocity pulse, scaling of the 

records predominant period with magnitude and an attenuation equation for peak ground 

velocity. A model to construct elastic spectra as a continuous function of the oscillator’s 

natural period is presented and its parameters are thoroughly explained. 
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4. Elastic Response Spectra: This chapter deals with issues of elastic response spectra of 

forward directivity affected  near-fault ground motions. A calibration of the parameters of the 

model, introduced in chapter 3, is covered in detail.  Associated uncertainties of the calibrated 

model are presented. Practical implementation of the model is discussed and a comparison is 

made to Eurocode 8 spectral shape. 

5. Inelastic Response: The use of force reduction factor to account for inelastic ductility and 

its relationship to displacement ductility is discussed and a mathematical idealization of this 

relationship is presented. Inelastic spectra are calculated for different levels of ductility and 

different hysteresis models, found appropriate for reinforced concrete structures. Hysteresis 

models that account for post-yielding stiffness and stiffness degradation are compared to 

elastic-perfectly-plastic hysteresis models. 

6. Conclusions: The main findings and conclusions of this research project are summarised 

and discussion of future work. 

Appendix A - The RR10 Data set: The 106 records of the data-set used in this work are 

presented in a tabular format with their associated metadata. 

Appendix B – Fitting the spectral shape : Figures of how the model introduced in chapter 3 

and calibrated in chapter 4 fits the response spectra of the real records of the data-set. Figures 

are presented for all magnitude bins and damping levels considered. 

Appendix C – Verification of USDP software: Figures of how non-linear response spectra, 

calculated with USDP freely available software matches spectra calculated with Icespec-code 

(introduced in section 5.2.1) 
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2  CHARACTERISTICS OF NEAR-FAULT GROUND MOTIONS 

 

This chapter deals with some characteristics of ground motions caused by earthquakes with an 

emphasis on their behaviour observed in near-fault areas.  

2.1 Definitions of rupture geometry and faulting mechanism 

It is worth mentioning for readers not familiar with 

engineering seismology the main definitions related to 

rupture geometry. The type of rupture plays an important 

role in the nature of ground motion close to the rupture. 

Figure 1 shows a schematic presentation of geometric 

definitions. It indicates clearly definitions of the hanging 

wall which is the upper block for non-vertical faults and 

the foot wall which is the lower block. It also defines the 

dip angle – δ – (angle measured from the horizontal), the 

slip angle – λ – (angle of the slip vector from horizontal, 

defined by the movement of the hanging wall, relative to 

the foot wall) and the strike angle –  – (azimuth of the strike measured clockwise from north) 

which all serve as important geometrical parameters.  

Different types of ruptures (faulting mechanism) are defined in the following categories: 

Strike-slip: Lateral movements caused by shear stress. Defined as left-lateral 

strike-slip when λ = 0° or right-lateral strike-slip when λ = 180°. 

Normal: Vertical movements caused by tensional stress. The hanging wall moves 

down and the slip angle equals -90°. This is also referred to as normal dip-slip 

faulting. 

Reverse: Vertical movements caused by compressional stress. The hanging wall 

moves up and the slip angle equals 90°. Referred to as a reverse dip-slip fault or 

thrust faulting (when the dip angle is less than 45°). 

Oblique: Oblique faulting is a combination of a strike-slip and a dip-slip where 

the slip angle is considered to be somewhere on the range between the definitions 

 

Figure 1 A schematic presentation of 

geometric definitions of earthquake 

faulting (Shearer 2009) 
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here above and the rupture can thereby not clearly be classified. 

For further information on types of faulting and relative issues concerning seismology and 

engineering seismology, multiple text books and papers exist in the literature. For example 

those referred to in this work; Stein and Wysession, (2003) and Shearer, (2009). 

The dataset used for this work (referred to hereafter as RR10) includes 54 records of strike-

slip events. 27 records are produced by events of reverse faulting and 23 are of oblique nature. 

Out of 106 records only two belong to normal faulting. (Rupakhety et al. 2010). A list of 

records included in the RR10 dataset and their meta-data can be found in Appendix A. The 

dataset is briefly introduced in section 3.1. 

2.2 Ground motions in near-fault region 

Earthquake ground motions recorded in near-fault region differs in many cases from those 

observed in the far-field. The most important characteristic of near-fault events concerning the 

field of structural and civil engineering is the impulsive characteristic of the velocity and 

displacement ground motions affecting at long periods and thereby having severe implications 

on flexible structures.  

From a historical point of view, the recordings of the 1966 Parkfield and the 1971 San 

Fernando earthquakes in California can be considered as milestones in recognition of the 

damaging effects of near-fault ground motions since both occurred in the vicinity of 

populated areas. After severe structural damage caused by near-fault ground motions in past 

earthquakes (Northridge 1994, Kobe 1995, Izmit 1999 etc), earthquake engineers have been 

considering methods to incorporate near-source effects in engineering design (Mavroeidis and 

Papageorgiou 2003).  

The benefits of the exponential growth of strong-motion databanks, capturing earthquakes 

ground motion is of great significance from the engineering point of view. Analytical models 

describing the phenomenon of near-fault motions get more reliable and robust as more data is 

globally available. For a detailed historical perspective of mathematical representation of 

near-fault ground motions and relative structural response the readers are  referred to 

Mavroeidis and Papageorgiou (2003) and Rupakhety (2008) and references therein.  

Codified methods and provisions for seismic analysis and structural design are in general 
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mostly based on far-field effects with the exception of few attempts of scaling the far-field 

based analysis to near-field effects (UBC 1997) (Somerville 1998). 

As an example of the distinct impulsive behaviour of recorded near-fault ground motion, the 

velocity and displacement time-histories of the 1966, Parkfield, California earthquake 

(mentioned above) are presented in Figure 2.  

 

Though these distinct long-period pulses can be characterized as typical for near-fault ground 

motion they are not always observed and can be caused by different effects, related to the 

focal mechanism and the site’s location relevant to the source. With relevance to the causative 

effect and the dip angle, it is either the component of the recorded ground motion that is 

normal to the strike, parallel to the strike or the vertical component that exhibits the long 

period pulse-like behaviour. Those different effects are discussed in the following 

subsections. 

2.2.1 Forward directivity effects 

An earthquake is a shear dislocation that begins at a point on a fault and spreads through out 

the fault plane at a velocity that is almost equal to the shear wave velocity. If a site is located 

at one end of a fault and the rupture propagates from the other end, (Somerville 1997). As 

seen from the RR10-dataset (Appendix A) the rupture velocity is on the average 80% of the 

 

Figure 2 The velocity and displacement pulses of the recorded time-history series during 

the 1966, Parkfield, California earthquake (Mavroeidis and Papageorgiou 2003).  
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shear wave velocity.  

The propagation of rupture towards a site at high velocity causes most of the energy from the 

rupture to arrive in a single long period pulse of ground motion. The forward directivity 

effects are observed both in the cases of strike-slip and dip-slip events. 

The radiation pattern of shear dislocation on the fault plane causes the intense pulse to be 

oriented in the direction which is perpendicular to the fault plane and because of this the fault-

normal peak velocity is much larger than the fault-parallel one (The fault-plane is the grey 

colored plane in Figure 1). It is depending on the faults dip angle (referring to section 2.1 for 

geometrical definitions) how well the recorded components that can be defined relevant to the 

strike (strike-parallel, strike-normal or vertical) can reflect the fault normal component 

(Mavroeidis and Papageorgiou 2002). 

For strike-slip events the conditions that have to be met for forward rupture directivity to 

take place are: Rupture propagates to the site and slip vector points toward the site as well. 

These conditions are often but not always met at strike-slip events. If the conditions are met 

the effects occur at all locations along the fault away from the hypocenter. Since the dip angle 

is close to 90° the strike-normal and the fault-normal components are usually the same 

(Somerville 1997). 

For dip-slip events the conditions that have to be met for forward rupture directivity to take 

 

Figure 3 The strike normal and strike parallel components of the recorded time-history 

series during the 1971, San Fernando, California earthquake (Mavroeidis and 

Papageorgiou 2003).  
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place are: The rupture direction is aligned up on the fault plane and the slip vector points 

upwards as well. These conditions are frequently met at reverse dip-slip events but seldom at 

normal events. The effects occur mostly near the updip projection on the surface or the 

surface rupture if it appears, unlike in the case of strike-slip events and are related to the 

hanging-wall effect, discussed later. At high dip angles the strike-normal component can 

represent the fault-normal component but in the cases of low dip angles the vertical 

component of ground motion adequately represents the fault-normal component (Somerville 

1997). 

In cases were the observed directivity pulse does not occur in the assumed fault-normal 

direction, the reasons can be that the ideally defined fault plane does not locally coincide with 

the actual fault direction or the anisotropy of the medium through which the shear waves 

travel may cause rotation of the direction along which the pulses are observed (Mavroeidis 

and Papageorgiou 2002). 

Conditions leading to high forward (and backward) directivity can be identified by the 

followings (Somerville et al. 1997): 

 The smaller the angle between the direction of the rupture propagation and the 

direction of the waves travelling from the fault to the site, the higher the forward 

directivity effect 

 The larger the fraction of the fault rupture surface that lies between the 

hypocenter and the site, the higher the forward directivity effect. 

 Forward directivity does not exist if the slip is concentrated near one end of the 

fault where the site is located, even if these geometrical conditions are satisfied. 

 

Backward directivity is observed at sites located near the same end of fault that the rupture 

starts so that the rupture propagates away from the site. These effects are characterized by 

long duration and low amplitude at long periods. As an example it can be referred to strike 

normal recordings from two stations at the 1992 Landers earthquake, positioned at opposite 

ends of the fault segment (Figure 4). LUC-station showing forward directivity and JSH-

station showing backward directivity (Somerville 1997).  
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Neutral directivity can be observed at sites which are located fairly close to the epicentres of 

strike-slip faulting and sites located off the end of the updip projection of reverse faults. The 

rupture propagation is then neither predominantly towards nor away from the site and the site 

experiences neither forward or backward directivity (Somerville 1997). Never the less the 

peak ground acceleration can be high, depending on the magnitude and distance to fault but 

without affecting the long period range which is the main characteristic of interest. 

2.2.2 Permanent displacement (fling) effect 

Although forward directivity effect is the main cause of distinct pulses, another causative 

effect has also been identified- the so-called fling-effect. Fling effects are the consequences of 

permanent tectonic deformations and appear in the form of step displacement and one-sided 

velocity pulse. This effect is observed close to the fault and can be significant when excessive 

tectonic deformations occur due to large slip on the fault plane. Fling effects are polarized in 

 

Figure 4 Region map, showing the rupture at Landers earthquake 1992. The recording 

stations at opposite ends are shown, the epicentre, the direction of propagation and the 

recorded velocity time-histories showing forward and backward directivity (Somerville 

1997). 
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strike-parallel and strike-normal components for strike-slip and dip-slip events respectively. 

In the latter case directivity effects and the fling effects occur in the same component and 

should preferably be decoupled for isolating their characteristics (Mavroeidis and 

Papageorgiou 2003). In order to de-couple permanent-translation pulse from directivity pulse, 

an estimate of total permanent displacement is required. Rupakhety et al. (2009) have 

proposed a baseline-correction scheme to estimate permanent co-seismic displacements from 

accelerograms. The procedure is found to produce consistent results when compared to 

geodetic measurements of co-seismic displacement (Rupakhety et al. 2009, Rupakhety and 

Sigbjörnsson 2010). 

2.2.3 Hanging-wall effect 

It has bean observed that sites located on the hanging wall of a dip-slip fault experience larger 

ground motion than those located on the foot wall at the same closest distance. Abrahamson 

and Somerville (1996) observed that during the devastating Mw 6.7, Northridge earthquake of 

1994 peak horizontal accelerations on the hanging wall stations were greater than average 

peak ground acceleration by 50% over a distance range of 10 to 20 km while those on the foot 

wall were closer to the average. The focal mechanism of the 1994 Northridge Earthquake is 

categorised as reverse dip-slip and its recordings show severe velocity pulses. The hanging-

wall effect can be explained by the overall proximity of sites, located on the hanging wall, to 

the fault plane (Mavroeidis and Papageorgiou 2002). Because of the proximity the forward 

directivity effects are more severe since the attenuation of ground motion amplitude is 

proportional to the distance from site to the surface projection of fault-plane (also referred to 

as Joyner-Boore distance). This distance is equal to zero at the hanging wall but greater than 

zero at the foot wall. Hanging-wall effects have been observed in some reverse dip-slip 

faulting earthquakes of the past and can be expected in future reverse events (Abrahamson 

and Somerville 1996). Hanging wall effects during the Mw 7.6 1999 Chi-Chi, Taiwan 

earthquake is described in Yu & Gao (2001). 

2.2.4 Surface or interface P-wave effect 

Another significant effect that has been observed in some horizontal components of near-fault 

ground motion is the SP-wave effect. This wave originates at the source as a shear wave, 

undergoes critical reflection under certain topographic circumstances and sedimentary site 
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condition. It then propagates at the surface at the velocity of P-wave. The pulses observed on 

horizontal components of motion look very similar to the one of direct shear wave (Bouchon 

1978). This effect was suggested to explain the damage patterns observed after the Mw 5.93, 

1987 Whittier Narrows earthquake (Kawase and Aki 1990) and the AEG-recordings of the 

Mw 6.3, 1995 Aigon, Greece earthquake (Mavroeidis and Papageorgiou 2000) . 

2.3 Conclusion 

Observations of Near-fault ground motion recordings reveal that less than 50% of them 

exhibit distinct long-period pulse-like behaviour that has been identified as a devastating 

source of damage to flexible structures. The forward directivity and the fling effects seem to 

be the two main causes even though other effects mentioned above may also give rise to or 

further intensify velocity pulses (Mavroeidis and Papageorgiou 2003).  
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3 NEAR-FAULT DATA AND MATHEMATICAL REPRESENTATION 

 

In this chapter the dataset of near-fault records used in this work is briefly introduced and how 

forward directivity effected near-fault ground motions can be expressed mathematically is 

discussed. 

3.1 The dataset used in this work 

The near-fault strong-motion data used in this work, referred to as the RR10 dataset was 

collected and uniformly processed by Rupakhety et al (2010). Important details of the dataset 

are summarized in Appendix A. It consists of ground motions records obtained from 36 

different earthquakes, resulting in a total of 106 records, all of them showing distinct velocity 

pulses. A detailed discussion of the dataset can be found in Rupakhety et al. (2010) and 

references therein. This section summarizes the main features of the dataset. 

 The records are obtained from earthquakes in: USA, Mexico, Greece, Turkey, 

Romania, the former USSR, Iran, Taiwan, Japan, Italy, San Salvador and Iceland. 

 The moment magnitude (Mw) range is from 5 to 7.6 (though few below 5.5) and 

the Joyner-Boore distance from 0 to 35 km. 

 The faulting mechanism is categorised. The dataset is dominated by strike-slip 

events. Out of the 106 records only two belong to normal faulting. Twenty seven 

belong to reverse and twenty three records are produced by events of oblique 

faulting. 

 The dataset is dominated by records revealing forward directivity effect. In cases 

where permanent displacement and directivity effects are coupled, permanent 

displacement part is removed by subtracting a sine pulse from the acceleration 

timeseries, the amplitude and frequency of which is scaled to permanent 

displacement recovered by a procedure explained in Rupakhety et al (2009).  

 The components of ground motion being considered are either the strike-normal 

or strike-parallel. Most components under consideration are the strike-normal 

ones as it is the component that in most circumstances adequately describes the 

fault-normal component. 
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3.2 Mathematical representation  

Simple mathematical expressions have been used to model velocity pulses associated with 

near-fault ground motions. Mavroeidis and Papageorgiou (2003) proposed a modified Gabor 

wavelet type of representation for velocity pulses. The main focus of this study is, however 

not in simulating velocity pulses. This study is aimed at modelling elastic response spectra 

corresponding to pulse-like ground motions in the near fault region. For this purpose a model 

proposed originally by Rupakhety et al (2010) is used.  

3.2.1 Simulation of velocity pulses 

The model proposed by Mavroeidis and Papageorgiou (2003) is, according to the authors, a 

simple and effective analytical model that adequately describes the impulsive character of 

near-fault ground motion and its input parameters have an unambiguous physical meaning. It 

is highly flexible in the sense that it allows consideration of the phase and number of half 

cycles of the pulses through its use of continuous parameters which is essential to simulate the 

elastic response spectra at wide range of natural periods. The representation of the velocity 

waveform is given by the following function: 
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Eq 1 

 

 

The function is a modified version of the Gabor-wavelet as explained by the authors and has 

the benefits of being easily derived as well as integrated for the development of similar 

wavelets for the acceleration and the displacement time-history series. Methods for calibrating 

the model parameters to actual near-fault ground motions are well explained by the authors 

and are only briefly summarized here. The calibration is done by fitting the plotted function to 

the ground motions time-history and their elastic response spectra. An example is shown in 

Figure 5. 
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Calibration of parameters: The parameters of the equation are defined as follows and their 

main calibration characteristics: 

 A is the amplitude of the signal and is determined so that the amplitude of the synthetic pulse 

and its maximum pseudo-spectral velocity match the corresponding values of the actual 

record. 

 fp is the prevalent frequency of the signal. Its inverse, defined as the pulse duration or rather 

the pulse period – Tp – is determined so that the peak of the pseudo-spectral velocity and the 

peak of the synthetic pulse occur at the same natural period.  

ν is the phase angle of the signal and is calibrated by matching the synthetic velocity and 

displacement signals with their recorded counterparts. 

  is a parameter that defines the oscillatory character of the signal. It is calibrated in the same 

way as the phase angle.  affects the pseudo-velocity spectral amplitude so that the parameters 

A, and ν have to be determined simultaneously by trial and error procedure. 

t0 is the time about which the signal is centred and has no physical importance.  

The model simulates with adequate accuracy not only the recorded velocity and displacement 

pulses but also the long-period components of pseudo-acceleration spectra. Attempts to 

simulate high frequencies of the pseudo-acceleration spectra should be avoided. The 

flexibility offered by the parameters  and ν is an improvement to older models available in 

the literature (Mavroeidis and Papageorgiou 2003). Although the authors claim that all of the 

 

Figure 5 An example of fitting the pulse-simulation model to real records and their response 

spectra (Mavroeidis and Papageorgiou 2003) 
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parameters of the model are unambiguous and have a clear physical meaning, it is important 

to realize that the model is empirical. Since there is no formal criterion defined by the authors 

to calibrate the model, the parameters of the model are not unambiguous. In other words, 

different persons might obtain different values of model parameters when fitted to the same 

ground-motion record. In addition, the relationship of all the model parameters of the model 

with earthquake parameters is not available. Pulse period is found to scale linearly with 

seismic moment and the pulse amplitude is strongly correlated to peak ground velocity. 

However, there is no rational basis for estimating the parameters  and ν. The parameter  is 

very important as it controls the location and the amplitude of the peak of spectral velocity. In 

addition, the simple model is not capable of capturing the response of stiff structures because 

it lacks in high frequencies. Due to these short-comings, simple pulse models are not used in 

this study. In order to have a clear and unambiguous definition of the frequency content of 

ground motions, the pre-dominant period of ground motions is used instead of pulse period. In 

addition, mathematical model to directly estimate the response spectrum in the whole 

frequency range of engineering interest is used. This is desirable because, unlike simple pulse 

models which contain only long-period energy; models of response spectra are more suitable 

for a wider range of structures. 

3.2.2 Scaling relationships of near-fault ground motions 

The pulse like behaviour of forward directivity effect affects structures of natural periods 

close to the predominant period of the velocity pulse. This is related to the frequency-content 

of ground motion. Therefore it is essential to have an estimation of the period where 

structures are most severely affected. In Rupakhety et al. (2010) the predominant period – Td 

– is defined as the period where 5% damped linear-elastic pseudo-velocity spectra reaches its 

peak value. If more than one peak of comparable amplitudes exists then the longest period is 

considered. Based on regression analysis of the RR10-dataset the following scaling 

relationship between earthquake magnitude and the predominant period is established. 

  log 3.09 0.51d wT M          
Eq 2 

This relationship is consistent with the self-similarity conditions proposed by Somerville et al. 

(1999).  
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3.2.3 Attenuation equation for near-fault PGV 

Although abundant empirical attenuation relationships can be found in the literature, 

describing peak ground velocity (PGV) (Bommer and Alarcon 2006), only few are based on 

near-fault ground motions showing forward rupture directivity effects. Rupakhety et al. 

(2010) propose a ground motion prediction equation based on the RR10 dataset as follows 

(logarithm with base 10): 

 2 2

2 2

( 5) log( )  if  
log( )

( 5) log( )  

w i ij w sat

sat i ij

a b M c R d M M
PGV

a b M c R d otherwise

 

 

       
 

     

 Eq 3 

Where PGVij is the PGV of the j
th 

recording from the i
th

 event. Mw is the moment magnitude of 

event i, and Msat is the moment magnitude beyond which the increase in PGV with magnitude 

appears to saturate. R is the Joyner-Boore distance measured in km and a, b, c and d are the 

regression coefficients. ηi and εij represent the inter- and intra-event variations. The error 

terms ηi and εij are assumed to be independent, normally-distributed random variables with 

variances σ1
2
 and σ2

2
 respectively. The regression coefficients for the model of Eq 3 are 

shown in Table 1 and the comparison of data with the model is shown in Figure 6. In the 

legend,  wF M is the magnitude term of Eq 3, which is equal to ( 5)wa b M   for 

w satM M and ( 5)sata b M  otherwise. For comparing the attenuation of PGV with 

distance, observed PGV is normalized with a magnitude-scaling term (magnitude-

normalized). For comparing the scaling of PGV by magnitude, observed PGV is normalized 

by distance (distance-corrected). 

Table 1 Regression coefficients for the model of Eq 3 

 

The total standard deviation associated with predicted PGV is given by  

 2 2

1 2t     Eq 4 

and has the value 0.13 which is a lower value than obtained by authors using similar approach 

but smaller datasets.  

a b c d M sat σ1 σ2 σ t

1.7 0.2 -0.14 1.42 6.5 0.12 0.06 0.13
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Only records from stations within 30 km of the source are selected, furthermore records with 

PGV more than 250 cm/s are excluded. For further details see Rupakhety et al. (2010). 

3.2.4 The spectral shape model 

The PGV-normalized pseudo-velocity spectrum is called spectral shape and is constructed as 

a continuous function of several parameters (Rupakhety et al. 2010). In the following, the 

model of Rupakhety et al (2010) is introduced and its calibration process is discussed in 

detail. 

The spectral shape is defined as a sum of two functions, F1 – a modified log-normal 

probability density function (Eq 5) and F2 – a modified form of SDOF transfer function (Eq 

6). These functions are mathematically expressed as follows: 

  
2

ln1

2

1 1

nT C

W

nF I e T

 
  
   

Eq 5 

 

Figure 6 Comparison of the model of Eq 3 with the data. (a) Attenuation of magnitude-corrected PGV with 

distance. (b) Scaling of distance-corrected PGV with magnitude (Rupakhety et al. 2010). 

 

a)                                                                 b) 
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 Eq 6 

By summing F1 and F2 the spectral shape model, also denoted by PSVn is then obtained as 
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 Eq 7 

The functions are plotted individually in Figure 7 with the shape model fitted to the mean 

spectral shape for earthquakes with magnitude less than 6.0 from the RR10 dataset. The 

functions are continuous with respect to the oscillator period –Tn– for a given magnitude. The 

parameters of the functions (except for the oscillator period – Tn) are assumed to be dependant 

on the earthquake magnitude and the critical damping level of the oscillator.  

The functions and their parameters are described as follows: 

 F1 is a bell shaped function (dashed black line in Figure 7), the centre of which is controlled 

by C with its width controlled by W. The amplitude of this function is controlled by I1. This 

function models the central part of the shape and has low values at the edges of the spectra at 

very long and very short periods. The function captures the overall characteristics of the 

spectral shape. 

F2 is a symmetric function (thin red line in Figure 7), centred at Tm and I2 controls its 

amplitude. The function is linearly increasing at shorter periods and linearly decreasing at 

longer periods with the slope controlled by . A very important feature of this function is that 

it exhibits a resonance like character with a hump around Tm and the amplitude of hump is 

controlled by Dm .This is effective to capture the narrow velocity-sensitive part of response 

spectra. 
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As can be seen in Figure 7, with the spectral shape model of Eq 7, a simulated spectral shape 

can be obtained by fitting the shape model to the mean of real records response spectra by 

adjusting the seven parameters introduced. The next chapter deals with calibration of the 

model parameters and their relationships to earthquake magnitude and viscous damping of 

SDOF system. 

 

Figure 7 Illustration of the different parameters of the spectral shape model 
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4 ELASTIC RESPONSE SPECTRA 

 

4.1 Introduction 

The use of elastic response spectra is a common and well known procedure in seismic 

analysis of structures in the field of civil and earthquake engineering. Most design codes 

provide elastic response spectra for seismic design and evaluation of structures. In many 

cases, elastic response spectra are obtained by scaling a pre-defined spectral shape with peak 

ground acceleration corresponding to a given hazard level usually taken at return period of 

475 years. In Eurocode 8 (EC8), magnitude dependence of spectral shapes is considered by 

defining different spectral shapes for small and large events with Ms 5.5 separating the two 

classes (CEN 2004). Such crude representation is not satisfactory for near-fault ground 

motions because their spectral peaks occur at periods proportional to earthquake size. As the 

 

Figure 8 Comparison of Eurocode spectra to near fault response spectra 
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spectral shape defined in Eurocode 8 is mostly based on far-field data, it does not capture the 

forward directivity affected near-fault ground motions response. As an example, the mean of 

all records of the RR10 dataset is plotted in Figure 8 as along with the Eurocode 8 type 1 

spectra.  

Constructing response spectra from earthquake ground motions is a procedure thoroughly 

described in books of structural dynamics. The relationship between the peak acceleration, 

velocity and displacement response can be expressed by a simple mathematical relationship 

 2

2 2

n n

PSA PSV SD
T T

  
   

 
 Eq 8 

where SD is spectral displacement, PSA is pseudo spectral acceleration and PSV is pseudo 

spectral velocity. This pseudo-relationship holds to be true at lower levels of critical damping. 

For further reading regarding response spectra and relative issues see for example Chopra 

(2007). 

The spectral shape model introduced in section 3.2.4 simulates PSV normalised with PGV. 

The details of calibration of its parameters is covered in the following sections 

4.2 Calibration method 

The spectral shape model is a highly non-linear function. Calibration of such a model is a case 

of non-linear optimization. Even though formal non-linear optimization can be used, it was 

observed that the solution of such procedures is not always optimal in the whole spectral 

region. Therefore we use initial estimates of non-linear optimization and perform trial and 

error fitting to get the final parameters. The procedure described in the following sections is 

an iterative trial and error procedure of visual tuning until acceptable match is found. 74 out 

of the 106 records were used for the calibration process. Records not supporting the Td-Mw 

relationship of Eq 2 are excluded. 

4.2.1 Magnitude bins 

The magnitude dependant behaviour of near-fault ground motions has been found to be 

greater than that of far-fault ground motions (Mavroeidis et al. 2004). As an example it can be 

seen from Figure 9 how the location of peak amplitude of PSV shifts toward longer periods as 
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earthquake magnitude increases. It is evident that the smaller earthquakes have on average 

higher spectral ordinates at short periods than the larger ones. The normalization of the 

vertical axis not affecting this conclusion since the magnitude dependence of peak ground 

velocity has been found to be small (as discussed in section 3.2.3)  

To account for the effects of magnitude on spectral shapes, ground-motion records are 

categorized into different magnitude bins as shown in the following table. 

Table 2 Grouping of near-fault records into magnitude bins 

 

 

In Figure 9 normalised pseudo-velocity response spectra of the first and the last bin are 

Bin Mw-range Median magnitude No. of records

1 5.5 < Mw ≤ 6.0 6.0 14

2 6.0 < Mw ≤ 6.3 6.2 12

3 6.3 < Mw ≤ 6.6 6.5 9

4 6.6 < Mw ≤ 6.8 6.7 11

5 6.8 < Mw ≤ 7.3 6.9 10

6 7.3 < Mw ≤ 7.6 7.6 18

 

Figure 9 Magnitude dependence of spectral shape. Solid and dashed black lines represent 

means of bin 1 and 6 respectively (Rupakhety et al. 2010). 
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plotted.  The solid black curve is the mean of the first bin and the dashed line is the mean of 

the last bin. The spectral shapes of individual records are represented by gray lines.  The 

figure clearly demonstrates the magnitude dependant behaviour mentioned above and is in 

accordance with the Td-Mw relationship of Eq 2. 

Another important behaviour of near-fault ground motion that is different from far-field ones 

and can also be seen in Figure 9 is the narrow velocity-sensitive part of the spectra with its 

peak at the predominant period – Td.  

4.2.2 Damping levels 

For practical applications spectral shapes for different levels of viscous damping are required. 

An effort is made in this study to introduce the level of viscous damping as a continuous 

parameter in the model of spectral shape. Structural damping ratio – ζ – is expressed as a 

percentage of critical damping. This is achieved by relating the parameters of the spectral 

shape model to ζ. To establish such relationships, spectral shapes of nine different levels of 

damping from 2% to 20% are studied.  

4.3 Calibration 

4.3.1 The first step 

With six magnitude bins and nine damping levels a total of fifty-four fittings needs to be done 

in each step by manually tuning the model parameters.  The results of the first fittings can be 

seen in Table 3 and an example is shown in Figure 10 where all magnitude bins are plotted for 

5% damped SDOF system.  
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Table 3 The parameters of Eq 7 

 

Bin 2 I 1 W T m C D m  2 I 2

1 10.0 1.00 0.88 1.47 0.39 1.97 10.0

2 10.0 1.00 1.15 1.45 0.53 2.07 9.0

3 9.0 1.00 1.70 1.45 0.55 2.15 7.6

4 9.0 1.00 2.15 1.45 0.55 2.15 7.0

5 11.0 1.00 2.30 1.30 0.75 2.15 7.0

6 10.0 1.00 5.50 1.35 0.83 2.35 4.0

1 7.5 1.00 0.88 1.40 0.46 1.98 10.0

2 9.2 1.00 1.17 1.30 0.65 2.10 8.0

3 7.0 1.00 1.70 1.70 0.56 2.17 7.0

4 6.0 1.00 2.40 1.50 0.70 2.46 6.7

5 8.5 1.00 3.10 1.30 1.30 2.54 6.4

6 6.5 0.60 6.00 1.30 1.20 2.65 4.5

1 8.0 0.80 0.95 1.40 0.52 2.05 10.5

2 9.0 1.00 1.20 1.30 0.80 2.07 8.4

3 8.0 0.75 1.75 1.50 0.62 2.16 7.3

4 6.0 1.00 2.30 1.40 0.82 2.21 7.0

5 8.0 1.00 2.35 1.40 0.95 2.11 6.5

6 5.0 0.60 6.00 1.20 1.30 2.45 4.4

1 8.0 0.80 0.95 1.40 0.52 2.00 10.0

2 9.0 1.00 1.25 1.30 0.88 2.10 8.4

3 7.0 0.75 1.75 1.50 0.63 2.16 7.1

4 6.0 1.00 2.30 1.40 0.85 2.21 7.0

5 8.0 1.00 2.30 1.40 1.00 2.11 6.5

6 4.5 0.70 5.90 1.30 1.32 2.44 4.4

1 8.0 0.80 0.98 1.40 0.52 2.00 9.0

2 8.0 1.00 1.38 1.45 0.75 2.15 7.0

3 5.5 0.75 1.75 1.50 0.67 2.16 7.0

4 6.0 1.00 2.35 1.40 0.75 2.20 5.3

5 6.5 1.00 2.30 1.40 1.05 2.11 5.5

6 3.2 0.70 6.10 1.25 1.48 2.48 4.4

1 8.0 0.80 0.99 1.40 0.57 2.00 9.0

2 8.0 1.00 1.35 1.45 0.75 2.12 6.6

3 5.5 0.75 1.75 1.50 0.67 2.16 6.5

4 6.0 1.00 2.35 1.40 0.75 2.20 5.0

5 6.5 1.00 2.35 1.40 0.98 2.08 5.3

6 4.6 0.90 6.20 1.50 1.20 2.50 3.3

1 7.3 0.80 1.00 1.33 0.63 2.00 9.1

2 8.0 0.95 1.36 1.45 0.76 2.12 6.6

3 5.0 0.75 1.75 1.50 0.71 2.16 6.5

4 6.0 1.00 2.40 1.40 0.80 2.20 4.8

5 6.3 1.00 2.45 1.40 1.10 2.08 5.3

6 4.4 0.90 6.10 1.50 1.15 2.40 3.1

1 6.2 0.80 1.00 1.33 0.67 2.02 9.1

2 7.0 0.95 1.38 1.33 0.89 2.15 6.6

3 4.5 0.75 1.75 1.50 0.76 2.16 6.4

4 5.3 1.00 2.40 1.40 0.90 2.20 4.8

5 5.7 1.00 2.90 1.33 1.43 2.21 5.0

6 3.4 0.90 5.90 1.50 1.23 2.35 3.2

1 5.8 0.80 1.00 1.33 0.73 2.02 9.1

2 7.0 0.90 1.38 1.33 0.92 2.15 6.6

3 4.2 0.75 1.80 1.50 0.85 2.16 6.4

4 5.1 1.00 2.40 1.40 0.95 2.20 4.8

5 5.7 1.00 3.30 1.33 1.62 2.27 4.5

6 3.1 0.90 5.90 1.42 1.35 2.38 3.2
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The model is fitted against the mean values of the actual records, shown with thick gray lines 

in Figure 10 where the spectral shape model is plotted with black lines. 

Carefully examining the parameters in Table 3, it can be noticed that W (width of F1) does not 

change much from the value of 1.0 and C (centre of F1) shows small variations from the 

average value of 1.4. Defining those parameters as constants reduces the number of 

parameters from seven to five and simplifies the spectral shape model. 

Another feature noticed is the relationship between Tm (centre of F2) and the median 

magnitude of each bin. This relationship seems to be independent of damping ratio. As has 

been shown earlier, the predominant period – Td – scales with the moment magnitude 

according to Eq 2. Plotting the mean values of Tm for each magnitude bin against median 

 

Figure 10 Comparison of simulated spectral shapes with the mean spectral shapes of near-fault ground motions 

for undamped SDOF system, axes being logarithmic. 
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magnitude (Figure 11) revealed that Tm can be replaced by Td which in turn is related to 

earthquake magnitude by Eq 2. 

 

The values of Td calculated for the median values of the magnitude bins are used hereafter in 

the calibration and are given in Table 4. 

Table 4 The values of the parameter Td according to Eq 2 and the median magnitude. 

 

Having constrained the parameters W and C with constant values without any correlation to 

magnitude or damping level and replaced Tm with Td the spectral shape model can be 

expressed as 
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 Eq 9 

with Td according to Eq 2 and Tn as before. 

Mw-bin 1 2 3 4 5 6

T d 0.93 1.18 1.68 2.12 2.69 6.11

 

Figure 11 The relationship between parameter Tm and  predominant period – Td  (Rupakhety et al. 2010). 
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4.3.2 The second step 

The spectral shape model of Eq 9 has four free parameters. Fitting this simplified model to the 

mean spectral shapes of real records again resulted in the parameters listed in Table 5.  

Table 5 Recalibrated parameters of Eq 9 (second step) 

 

Again carefully examining the recalibrated four free parameters with the damping levels, it 

can be assumed that I2 (The amplitude of F2) and  (the slope of the branches of F2) could be 

assigned constant values within each magnitude bin regardless of the damping level but with 

some magnitude dependant behaviour. On the other hand the parameters I1 (the peak of F1) 

and Dm (the height of the bump of F2) seam to decrease and increase respectively with 

increasing damping level, Dm though showing some variations from this assumption. 

ζ 2 I 1 D m  2 I 2 ζ 2 I 1 D m  2 I 2

2% 15.0 0.42 2.06 7.5 2% 14.0 0.60 2.13 8.3

5% 11.0 0.43 1.97 7.7 5% 8.0 0.62 2.13 8.5

7% 9.0 0.48 2.00 8.0 7% 7.7 0.66 2.13 8.1

8% 8.1 0.51 2.02 8.5 8% 7.3 0.70 2.13 8.2

10% 7.4 0.54 2.02 8.6 10% 7.2 0.75 2.13 8.0

12% 6.3 0.56 2.00 8.8 12% 6.5 0.78 2.13 8.0

14% 5.4 0.59 2.00 9.0 14% 5.9 0.81 2.13 8.0

17% 4.8 0.66 2.00 9.1 17% 4.4 0.81 2.13 8.0

20% 3.9 0.66 2.00 9.2 20% 3.7 0.84 2.13 8.0

2% 10.0 0.49 2.13 6.5 2% 11.0 0.48 2.16 6.0

5% 6.0 0.57 2.13 6.6 5% 7.0 0.59 2.16 6.0

7% 5.5 0.61 2.13 6.5 7% 6.4 0.64 2.16 5.8

8% 5.0 0.63 2.13 6.5 8% 6.1 0.67 2.16 5.7

10% 4.7 0.68 2.13 6.5 10% 5.6 0.72 2.16 5.6

12% 4.4 0.69 2.13 6.2 12% 5.2 0.77 2.16 5.5

14% 3.8 0.73 2.13 6.2 14% 5.0 0.81 2.16 5.4

17% 3.5 0.78 2.13 6.1 17% 4.4 0.88 2.16 5.3

20% 2.8 0.83 2.13 6.1 20% 3.9 0.92 2.16 5.2

2% 14.5 0.90 2.17 5.7 2% 11.5 0.58 2.23 2.5

5% 9.5 1.08 2.22 6.0 5% 7.3 0.68 2.28 2.7

7% 8.2 1.13 2.24 5.9 7% 6.5 0.71 2.30 2.7

8% 7.9 1.15 2.24 5.7 8% 6.0 0.69 2.30 2.7

10% 7.3 1.16 2.22 5.3 10% 5.2 0.69 2.32 2.7

12% 6.5 1.17 2.21 5.2 12% 4.6 0.73 2.34 2.7

14% 5.9 1.24 2.21 5.2 14% 3.8 0.77 2.35 2.9

17% 4.9 1.31 2.23 5.3 17% 3.0 0.84 2.40 3.2

20% 4.1 1.43 2.23 5.4 20% 2.6 0.9 2.43 3.2
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In Figure 12 the parameter I1 from Table 5 is plotted against the damping level for all 

magnitude bins. The best expression of the relationship between the damping level and the I1 

parameter seams to be a power-function that has the form  

 0.5

1I a     Eq 10 

with a having constant value for each magnitude bin. This function is plotted in the figure 

with dashed lines for two values of a. Using this relationship; I1 can be expressed as a 

continuous function of the damping level within each magnitude bin. The constrained values 

of I1 according to Eq 10 and the corresponding values of a are shown in Table 6. 

 

Figure 12 The parameter I1 plotted against the damping level 
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Table 6 The values of the parameters I1 and a constrained according to Eq 10 

 

4.3.3 The third step 

With I1 constrained with respect to magnitude and damping the spectral shape model can be 

fitted again to the real records with I2 and   assigned constant values within each magnitude 

bin. Their values are plotted against median magnitude of each bin in Figure 13. 

 

The plot in Figure 13 reveals that the parameter   obviously increases with magnitude but 

1 2 3 4 5 6

0.334 0.294 0.143 0.263 0.334 0.258

2% 2.36 2.08 1.01 1.86 2.36 1.82

5% 1.49 1.32 0.64 1.17 1.49 1.15

7% 1.26 1.11 0.54 0.99 1.26 0.97

8% 1.18 1.04 0.51 0.93 1.18 0.91

10% 1.06 0.93 0.45 0.83 1.06 0.82

12% 0.96 0.85 0.41 0.76 0.96 0.74

14% 0.89 0.79 0.38 0.70 0.89 0.69

17% 0.81 0.71 0.35 0.64 0.81 0.63

20% 0.75 0.66 0.32 0.59 0.75 0.58

I 1
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m
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 l
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- 
  ζ

Mw-bin

a

 

Figure 13 The parameters  and I2 plotted against the medians of the magnitude bins 
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can not be expressed by a simple function without introducing unacceptable fitting between 

the mean and the spectral shape model. It is therefore assigned a constant value within each 

bin. A linear relationship between I2 and the moment magnitude is obtained by using standard 

least-square regression. It can be expressed by a simple function: 

 
2 0.62 5.1wI M     Eq 11 

which is shown in the figure with gray dashed line.  

The values of 2πI2 according to Eq 11 and the constant values of  are shown in Table 7 in the 

next step along with the values of 2πI1 according to Eq 10. 

4.3.4 The fourth step 

Having constrained three parameters in the second and the third step, I1 as a function of both 

damping and magnitude, I2 as a function of magnitude and   as constant within each 

magnitude bin the only free parameter Dm was recalibrated and the results are shown in Table 

7. 
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Table 7 Recalibrated parameters of Eq 9 (fourth step) 

 

 

The recalibrated values of Dm appear to increase with the level of damping. In Figure 14, Dm 

is plotted against damping level for all magnitude bins.  

ζ 2 I 1 D m  2 I 2 ζ 2 I 1 D m  2 I 2

2% 14.8 0.45 2.00 8.73 2% 13.1 0.60 2.13 7.95

5% 9.4 0.46 2.00 8.73 5% 8.3 0.62 2.13 7.95

7% 7.9 0.48 2.00 8.73 7% 7.0 0.66 2.13 7.95

8% 7.4 0.49 2.00 8.73 8% 6.5 0.68 2.13 7.95

10% 6.6 0.52 2.00 8.73 10% 5.9 0.72 2.13 7.95

12% 6.1 0.55 2.00 8.73 12% 5.3 0.76 2.13 7.95

14% 5.6 0.58 2.00 8.73 14% 4.9 0.80 2.13 7.95

17% 5.1 0.63 2.00 8.73 17% 4.5 0.85 2.13 7.95

20% 4.7 0.67 2.00 8.73 20% 4.1 0.90 2.13 7.95

2% 6.4 0.47 2.16 6.78 2% 11.7 0.49 2.22 6.00

5% 4.0 0.53 2.16 6.78 5% 7.4 0.59 2.22 6.00

7% 3.4 0.59 2.16 6.78 7% 6.2 0.64 2.22 6.00

8% 3.2 0.61 2.16 6.78 8% 5.8 0.68 2.22 6.00

10% 2.8 0.66 2.16 6.78 10% 5.2 0.73 2.22 6.00

12% 2.6 0.70 2.16 6.78 12% 4.8 0.79 2.22 6.00

14% 2.4 0.74 2.16 6.78 14% 4.4 0.83 2.22 6.00

17% 2.2 0.82 2.16 6.78 17% 4.0 0.88 2.22 6.00

20% 2.0 0.88 2.16 6.78 20% 3.7 0.95 2.22 6.00

2% 14.8 0.90 2.23 5.22 2% 11.5 0.57 2.30 2.50

5% 9.4 1.03 2.23 5.22 5% 7.2 0.70 2.30 2.50

7% 7.9 1.10 2.23 5.22 7% 6.1 0.77 2.30 2.50

8% 7.4 1.14 2.23 5.22 8% 5.7 0.80 2.30 2.50

10% 6.6 1.18 2.23 5.22 10% 5.1 0.86 2.30 2.50

12% 6.1 1.23 2.23 5.22 12% 4.7 0.91 2.30 2.50

14% 5.6 1.28 2.23 5.22 14% 4.3 0.97 2.30 2.50

17% 5.1 1.35 2.23 5.22 17% 3.9 1.04 2.30 2.50

20% 4.7 1.48 2.23 5.22 20% 3.6 1.12 2.30 2.50
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A simple linear relationship between Dm and ζ , represented by the following equation is 

proposed. 

 
mD c d    Eq 12 

where c and d have constant values for each magnitude bin. Using this relationship, Dm can be 

expressed as a continuous function of the damping level within each bin. The values of Dm 

constrained according to Eq 12 and the corresponding values of c and d are shown in Table 8. 

 

Figure 14 The parameter Dm plotted against the damping level 
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Table 8 The values of the parameters c, d and Dm constrained according to Eq 12 

 

An acceptable fit to the mean spectral shapes of real records is obtained using the parameters 

obtained as described in the calibration process. A sample of the fitting with the calibrated 

parameters is shown in Figure 15 for damping levels of 2, 7 and 20% and all magnitude bins. 

The spectral shape model is plotted in black and the means of the real records in different 

colour for each damping level. Furthermore, comparisons for other levels of damping are 

presented in Appendix B. 

Figure 15 shows that the fitting of the spectral shape model and the mean spectral shape is 

acceptable. For the lower magnitude bins it is on the conservative side on the acceleration 

sensitive part of the spectra but fairly accurate at the velocity and displacement sensitive parts. 

The average spectra of the higher magnitude bins show higher variations, being fitted on 

average at lower damping levels and conservatively for higher damping levels. 

 

1 2 3 4 5 6

1.32 1.78 2.30 2.52 2.97 2.95

0.41 0.52 0.43 0.50 0.84 0.52

2% 0.44 0.56 0.48 0.55 0.90 0.58

5% 0.48 0.61 0.55 0.63 0.99 0.67

7% 0.50 0.64 0.59 0.68 1.05 0.73

8% 0.52 0.66 0.61 0.70 1.08 0.76

10% 0.54 0.70 0.66 0.75 1.14 0.82

12% 0.57 0.73 0.71 0.80 1.20 0.87

14% 0.59 0.77 0.75 0.85 1.26 0.93

17% 0.63 0.82 0.82 0.93 1.34 1.02

20% 0.67 0.88 0.89 1.00 1.43 1.11
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4.4 Calibration – summary and discussion 

Having constrained all parameters of the spectral shape model and recalibrated as described, 

the spectral shape model can be expressed as 

  
 

2

1
2 2

1
ln 1.4
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1 0.62 5.1 1 4
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d d
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 Eq 13 

where  I2 has been replaced by Eq 11, Tn is the SDOF´s undamped natural period, Mw is the 

moment magnitude, Td is obtained from Eq 2 and the other three parameters are summarized 

in Table 9. Notice that the damping ratio – ζ – is defined as a fraction of the critical damping 

 

Figure 15 Fitting the spectral shape model to the mean of real records for all magnitude bins 

and 2, 7 and 20% of critical damping. The vertical axes are linear. 
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(i.e. 0.05 for 5%). 

Table 9 Summary of calibrated parameters for the shape model of Eq 13 

 

 

As described in section 3.2.4, F1 is a bell shaped curve that captures the overall characteristics 

of the spectral shape. By taking the position of the curve (C) and the width (W) as having the 

constant values of 1.4 and 1.0 respectively, the F1 function captures the high frequency part of 

the ground motion, not being affected by the forward-directivity effects but rather as an 

overall characteristic of earthquake induced ground motion.  

The F2 function on the other hand seams to capture the impulsive nature of near-fault ground 

motions. The predominant period of forward-directivity affected velocity records have a 

robust relationship with the magnitude. The acceleration and displacement sensitive parts of 

the spectra are controlled by parameters which are dependant on magnitude. I2 controls the 

high frequency part, linearly decreasing with increasing magnitudes as the energy content 

shifts to lower frequencies. The slope of the displacement sensitive part ( ) gets steeper as 

the peak of the spectra positioned by Tm shifts to longer periods. These parameters of the 

spectra remain constants for each magnitude bin regardless of the damping level considered.  

The peak amplitudes of the spectra are controlled by the two parameters I1 and Dm for F1 and 

F2 respectively. Both of them show strong correlation in reduction of the amplitudes as the 

damping level increases. The former being expressed as a continuous power function of the 

damping level, thus greatly reducing the amplitude as the damping increases from the lowest 

level but less at higher levels. This is in accordance with known effects of damping from 

structural dynamics (Chopra 2007). Reduction in spectral amplification being expressed as a 

Mw - range I 1 D m 

5.0 < Mw ≤ 6.0 0.334 ζ 
-0.5 1.32 ζ + 0.41 2.00

6.0 < Mw ≤ 6.3 0.294 ζ 
-0.5 1.78 ζ + 0.52 2.13

6.3 < Mw ≤ 6.6 0.143 ζ 
-0.5 2.30 ζ + 0.43 2.16

6.6 < Mw ≤ 6.8 0.263 ζ 
-0.5 2.52 ζ + 0.50 2.22

6.8 < Mw ≤ 7.3 0.334 ζ 
-0.5 2.97 ζ + 0.84 2.23

7.3 < Mw ≤ 7.6 0.258 ζ 
-0.5 2.95 ζ + 0.52 2.30
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function of the square root of the damping level  1/  is common in the literature (see for 

example Lin and Chang (2003)) and it is the approach made in Eurocode 8 to adjust the 

codified spectral shape for damping levels other than 5% (CEN 2004).  The parameter Dm, 

controlling the amplitude of the resonance-like peak shows a remarkably simple linear 

relationship with the damping level thus lowering the resonance hump as damping increases. 

It is concluded that the spectral shape model captures with acceptable accuracy the salient 

features of the normalised velocity response spectra. Further investigation of the model and its 

calibration as the database grows might result in observation of parameters correlation not 

being captured here. 

4.5 Handling uncertainties 

For probabilistic applications, the variation of spectral shapes of individual records with the 

mean of an ensemble is required. This variability can be quantified by using the standard 

deviation of residuals between the simulated spectral shapes and spectral shapes of recorded 

ground motions. The residuals are in this context the deviations of response spectral shapes of 

individual records from the value computed by the spectral shape model of Eq 13.  Magnitude 

of individual records is used to compute the spectral shapes and their residuals. The standard 

deviation of these residuals is termed σlogPSVn and is plotted in Figure 16 as a function of the 

natural period (Tn) for three levels of damping. Note that the period axis is in logarithmic 

scale with base 10. The figure reveals how standard deviation reduces as the damping level is 

increased. This is caused by the smoothness of highly damped spectral shapes. The decrease 

is the highest in the high frequency (short periods) region. The deviation is lowest on a period 

range 0.4 s < Tn < 6 s which is in most cases the range of interest for engineering design. 
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The variation of σlogPSVn with natural period of vibration can be approximated by a simple 

curve shown in black in Figure 17 for 5% damped systems. The equation related to this 

approximation is the following: 

   
log

0.17 0.04sin 2.73 log 1.9

0.17
n

n

PSV

T


  
 


 
1.55 log 0.75,nif T

otherwise

  
 Eq 14 

For other damping levels than 5% the same equation can be used multiplied by a correction 

factor – κ – which has average values listed in Table 10. 

Table 10 A correction factor for the standard deviation calculated by Eq 14 for different levels of damping 

 

ζ 0.02 0.07 0.08 0.10 0.12 0.14 0.17 0.20

κ 1.10 0.97 0.96 0.94 0.93 0.91 0.90 0.88

 

Figure 16 Standard deviation of residuals of spectral shapes for three different levels of 

damping (Rupakhety et al. 2010). 
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The distribution of residuals compared to the standard normal distribution for nine different 

values of Tn can be seen in Figure 18. Based on the figure, an assumption of normal 

distribution of residuals for practical application seems reasonable. 

 

Figure 17 Standard deviation of residuals for 5% damped spectral shapes as a function of Tn 

(Rupakhety et al. 2010). 
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4.6 Spectral acceleration 

Although normalised velocity spectra clearly reveals the characteristics of the response to 

forward directivity affected ground motions; the magnitude dependency, and the narrow 

nature of spectral response; for practical applications in forced-based design, a conversion of 

the velocity spectra to acceleration spectra (PSA) is necessary.  

 

Figure 18 Standard Distribution of residuals of 5% damped spectral shapes compared to 

standard normal distribution (Rupakhety et al. 2010). 
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4.6.1  PSA with predicted PGV 

As mentioned earlier a simple mathematical relationship between spectral velocity and 

spectral acceleration can be expressed by Eq 8. To convert the simulated PSVn shape model to 

normalised acceleration spectra (PSAn) the following expression can be used: 

 2 n
n

n

PSV PGV
PSA

T PGA

 
   Eq 15 

Since the velocity pulses are the main characteristics of the forward directivity affected near-

fault ground motion, it can be assumed that predicting PGV with methods described in section 

3.2.3 for areas defined as near-fault zones, rather than PGA is appropriate.  

 

  

Figure 19 Comparison of the 5% damped spectral shape model converted to PSA to the 

mean of real records for all magnitude bins, loglin plot. 
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By using PGV and spectral shapes of PSVn; absolute spectral acceleration can be obtained by 

using 

 2
n

n

PSA PSV PGV
T


    Eq 16 

A comparison of the simulated absolute spectral acceleration obtained by Eq 16, to the mean 

of real records is presented in Figure 19 in units of g. Mean PGV of each magnitude bin is 

used for conversion. 

One thing observed by examining Figure 19 is the difference between each bins PGA, 

estimated as an average value of the records response spectral acceleration at the highest 

frequency. This difference is caused by the uneven distribution of the data in site-to-source 

distance within each bin which affects both PGA and PGV. Records of the fourth bin are for 

example on average lot closer to the fault than records of the sixth bin. 

What can be concluded is that PGV can easily be used to define earthquake ground motion in 

the near-fault and PSA converted from PSV with the expression of Eq 16 fairly simulates the 

elastic acceleration response spectra. 

4.7 Comparison to Eurocode 8 

Since methods of structural design in seismic regions are mostly based on far-field data, it is 

of significant interest to compare the codified spectral shape to the converted simulated shape 

of this study as well as that of recorded ground motions. 

According to provisions of Eurocode 8; the elastic (acceleration) response spectra is defined 

with continuous functions of the undamped natural period of SDOF system between tabulated 

transition periods for different parts of spectra. The spectral magnification is assigned a value 

of 2.5 for the acceleration sensitive part, defined between 0.15 and 0.4 s for type 1 spectra 

which is the type appropriate for the magnitude bins considered in this work (CEN 2004).  
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A comparison of the normalised elastic spectra is plotted in Figure 20 with both axes linear. 

The figure reveals how the Eurocode spectra must be considered non-conservative for SDOF 

systems periods in the velocity sensitive part for near-fault spectra. The centre of the velocity 

sensitive part is indicated with dashed lines positioned at periods equal to the value of the 

parameter Td obtained from Eq 2. Td has a value of 6.11 in the sixth bin which is outside the 

limits of the horizontal axis in this figure. The results indicate that the EC8 spectra under-

estimates long-period spectral ordinates in the near-fault region. 

Another fact observed by examining Figure 20 is how the Eurocode spectra seem to 

overestimate the response resonance at the acceleration sensitive part. A factor of 2.5 seems to 

be over conservative and a lower value could be considered more appropriate.  

  

Figure 20 Comparison of EC-8 type 1 spectral shape to near-fault spectra 
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5 INELASTIC RESPONSE  

 

Force based design of engineering structures for earthquake resistance is generally based on 

the elastic spectra of SDOF with the spectral ordinates lowered by the use of a behaviour 

factor (force reduction factor) to account for inelastic behaviour. In this chapter the 

relationship between the force reduction of elastic structures and displacement ductility factor 

is briefly discussed mainly to introduce how inelasticity is presented in structural design. The 

main emphasis of this chapter is the modelling of inelasticity for concrete structures by 

comparing different hysteresis models. 

5.1 Elastic force reduction factors and displacement ductility 

The reduction in design forces due to hysteretic energy dissipation is defined as the ratio of 

elastic strength demand to the inelastic strength demand required to maintain the displacement 

ductility less than or equal to a predetermined target ductility ratio when subjected to the same 

excitation. It has bean shown in past studies that the force reduction factor – Rμ – depends 

mostly on the displacement ductility – μ , the period of the SDOF system – Tn , and local site 

conditions (see for example Miranda and Ruiz-Garcia (2002)). The displacement ductility 

ratio is the ratio of the maximum displacement – um – of an inelastic system to the 

displacement when yielding occurs – uy. 

 

 

Figure 21 Force-deformation relationship for elastic-perfectly-plastic system and 

corresponding elastic system. 
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With reference to Figure 21 the force reduction factor is expressed by 

 
0 0

y y

f u
R

f u
    Eq 17 

and the displacement ductility factor by 

 
m

y

u

u
   Eq 18 

The relationship between displacement ductility factor and force reduction factor has been 

studied by several authors. For example a review of some of those studies can be found in 

Borzi and Elnashai (2000). For a detailed analysis of their limitations see Rupakhety (2010). 

It is shown in Rupakhety et al. (2010) that the relationship between the force reduction factor 

and the displacement ductility for the forward directivity affected records of the RR10 dataset 

can be idealized by a continuous function similar to one proposed by Watanabe and 

Kawashima (2002), expressed as 

    1 1nR T       Eq 19 

where 

 
  1

n

n
n T

T
T

e








   Eq 20 

The parameters , τ and   are constants depending on ductility (μ) and were calibrated by the 

authors accordingly for 5% damped elastic-perfectly-plastic systems with ductility values of 

1.5, 2.0, 3.0, 4.0, 5.0 and 6.0.  
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In Figure 22 the mean values of the force reduction factors are plotted in coloured solid lines 

against undamped natural periods of vibration. The reduction factor, idealized by Eq 19 and 

Eq 20 is plotted for comparison with dashed lines. It is worth mentioning for clarity that lower 

values of force reduction factors results in more conservative design.  

5.2 Hysteresis rules for concrete structures 

In Rupakhety et al. (2010) the hysteresis model used for calculation is elastic-perfectly-plastic 

(EPP) as is shown schematically in Figure 21. It is a simple bilinear model which indicates 

that after yielding occurs, there is no stiffness at all in the system and its deformations are 

completely plastic. This assumption is regarded as conservative for design while other 

hysteresis models have been developed that might be more appropriate. The objectives of the 

following subsections are to study different hysteresis behaviour and compare them to the 

EPP hysteresis model. 

 

Figure 22 Comparison of the mean force reduction factor (solid lines) with the 

idealized one (dashed) for different ductility’s (Rupakhety et al. 2010). 
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5.2.1 Methodology 

The developments of hysteresis models are based on experimental results, where the force-

deformation hystereses are mathematically simulated. In this study the modified Clough 

hysteresis model (MC), presented schematically in Figure 23, is used. It has been concluded 

in several studies that this model is capable of reproducing the behaviour of properly designed 

reinforced concrete structures where the behaviour is primarily flexural (Miranda and Ruiz-

Garcia 2002). 

 

This model is bilinear as is the EPP model but it has in addition two important aspects.  

 Post yielding stiffness, representing non-zero stiffness after reaching the yield limit. 

The value of post yielding stiffness is quantified by the ratio of the post yielding 

stiffness – ku –  to the initial (elastic) stiffness – ky – expressed by 

 
u

y

k

k
   Eq 21 

This ratio has a value of 0.0 for EPP models and 1.0 for elastic models. The values 

considered in this study are 0.0 and 0.05 meaning that the post yielding stiffness is 5% 

of the initial stiffness. 

 

Figure 23 A schematic representation of the modified Clough hysteresis model 
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 Stiffness degradation implies to reduction in lateral stiffness after a system has 

undergone inelastic deformations. The degraded stiffness – k1 – is expressed by 

 0

1

y

y

m

u
k k

u


 

  
 

 Eq 22 

where 0 is the stiffness degradation factor and has a value between 0.0 and 1.0. The 

higher this factor the more is the degradation in stiffness. Values considered in this 

study are 0.25, 0.50 and 0.75. 

For the calculation of non-linear spectra, USDP, freely available software was downloaded 

from the website of the Middle East Technical University-EERC.  USDP was developed by 

the METU-Earthquake Engineering Research Centre in Ankara, Turkey and can be used for 

strong ground-motion data processing and spectral calculations. It uses public-open Fortran 

sources that have been developed by Dr. David M. Boore (U.S. Geological Survey, Menlo 

Park CA) for data processing and elastic spectra computations (USDP).  

 

 

Figure 24 A comparison of non-linear constant ductility spectra for five records, 

calculated by USDP (blue) and Icespec (red) 
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For verification of the software’s calculation, a Fortran-code Icespec written by R. Rupakhety 

(EERC, University of Iceland) was used for calculation of non-linear response of EPP model. 

Verification is done by plotting the results of the two programs together and a part of it can be 

seen in Figure 24. The figure presents spectral acceleration, velocity and displacement for five 

selected earthquake records of the dataset and a target ductility of 2.0. The USDP results are 

plotted in blue (not visible) and Icespec calculations are in red. Further comparisons can be 

found in Appendix C.  

Constant-ductility 5% damped response spectra are calculated for all 106 records of the 

dataset for SDOF systems with 100 log-spaced periods on the range 0.05 to 20 s. As 

mentioned above the calculation is done for three values of stiffness degradation and two 

values of post-yielding stiffness in addition to the elastic model and the EPP model. The 

response spectra are calculated for target ductility ratios of 1.5, 2.0, 3.0, 4.0, 5.0 and 6.0.  

5.2.2 Effects of post yielding stiffness 

The effects of different hysteresis parameters on the force reduction factor for the forward 

directivity affected records of the dataset can be seen in the following figures.  

Plotted in Figure 25  is the ratio – ρα – of the force reduction factor for models with 5% post 

yielding stiffness to models with no post yielding stiffness separately for different values of 

stiffness degradation. 

 
0.05

0

R

R






 



  Eq 23 

The different values of stiffness degradation are plotted with different colours, as defined in 

the legend. If the value of ρα is higher than 1.0 it indicates that hysteresis models with no post 

yielding stiffness are conservative considering the strength demand compared to models with 

5% post yielding stiffness.  
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For low ductility structures the effects are minor, there is not much non-linear behaviour in 

low ductility systems and the use of post-yielding stiffness seems not to be affecting the 

values of the force reduction. The blue line, labelled as bilinear is a model without stiffness 

degradation (0 = 0). As the ductility increases for that model, the force reduction factor for 

elastoplastic models gets more conservative, up to a maximum of ~14% at the highest 

ductility considered. 

The trend is similar for all the period range considered, though the greatest different is at the 

shortest periods. For models with stiffness degradation the trend seems to be that models 

without post yielding stiffness are conservative at short periods, the ratio increasing with the 

ductility as for the bilinear model, up to a maximum value of ~9% for the highest ductility but 

rapidly decreasing as the systems natural period elongates. For systems with natural periods 

 

Figure 25 The ratio of the force reduction factor for hysteresis models with 5% post 

yielding stiffness to models with no post yielding stiffness. 
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longer than ~1.0 s the effects of post yielding stiffness is minor. Another observation is that 

for stiffness degrading models the use of zero post yielding stiffness is not necessary 

conservative, although the differences are not alarming.  

5.2.3 Effects of stiffness degradation 

Plotted on Figure 26 and Figure 27 is the ratio – ρ – of the force reduction factor for the 

modified Clough hysteresis models with different stiffness degradation but no post yielding 

stiffness to EPP hysteresis model. 

 
MC

EPP

R

R
   Eq 24 

The ratios corresponding to different values of stiffness degradation are plotted with different 

colours as before.  

 

 

Figure 26 The ratio of the force reduction factor for modified Clough hysteresis 

models with stiffness degradation to elastic-perfectly-plastic models. 
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Figure 26 reveals how the effect of stiffness degradation is strongly dependant on the natural 

periods of the systems although a definite trend is not present. By normalising the natural 

period with the predominant period of the individual records Td (see subsection 3.2.2 for 

definition of the predominant period) and interpolating between the calculated values as can 

be seen in Figure 27, a clearer trend is observed. The methodology of researching the effects 

of non-linear hysteresis models by normalising the period axis is found in the literature and 

can for example be seen in Miranda and Ruiz-Garcia (2002). 

 

Figure 27 reveals that systems that are most dramatically affected by the degradation of the 

modified Clough hysteresis model (force reduction more than ~5% lower for MC than EPP) 

are structures with their natural periods on the range 0.2Td -1.2Td. Considering the range of 

 

Figure 27 The ratio of the force reduction factor for modified Clough hysteresis models with stiffness 

degradation to elastic-perfectly-plastic models. The period axis is normalised with the predominant period 
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the records predominant periods being 0.6 – 9.8 s it might be simply concluded that it can not 

be considered safe to discard the stiffness degradation for structures with periods on the range 

0.1 – 11.8 s which is basically a range covering all structures periods of engineering interest. 

On the other hand, considering regions were expected earthquake magnitude is low, taller 

structures with longer periods fall outside this range and do not support this simplification. 
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6 CONCLUSIONS  

 

The conclusions of this work are summarised here below in coherence with the objectives 

listed in section 1.2. 

 An analytical model to estimate mean spectral shapes of forward directivity affected 

ground motions, proposed by Rupakhety (2010), is investigated. The model is a 

continuous function of undamped period of SDOF oscillator and its parameters are 

magnitude dependent. 

 The model is calibrated by using a large number of recorded ground motions. The 

dependence of the parameters of the model on earthquake size is investigated, 

constraining their relationship in a step-by-step manner and a detailed account of these 

steps is provided. It was found that several parameters of the model can be effectively 

expressed in terms of earthquake size, thereby reducing the number of free variables. 

 In addition, effects of viscous damping ratio on spectral shape were thoroughly 

examined. By studying spectral shapes for different levels of viscous damping, the 

parameters of spectral shape model can be expressed as a continuous function of 

damping ratio. This avoids the use of so-called damping correction factors commonly 

used to derive response spectra for various levels of damping from that corresponding 

to 5% of critical damping. 

 The proposed model is found to have small uncertainties in the period range of 

common engineering structures whereas uncertainties concerned with very high 

frequencies are larger. The standard deviation of residuals of the spectral shape model 

was found to be smaller for highly damped systems. 

 A comparison of the near-fault response spectra to the spectral shape of Eurocode 8 

reveals that Eurocode does not account for the forward directivity effects affecting at 

longer periods. It can also be concluded that Eurocode overestimates the response 

magnification at short periods. 

 Inelastic response spectra were calculated for the records of the data-set with 
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hysteresis models accounting for post yielding stiffness and stiffness degradation. For 

low ductility ratios the effects of post-yielding stiffness and stiffness degradation is 

minor. 

For non stiffness degrading models (bilinear) the conservativeness of not accounting 

for post yielding increases as the ductility increases for all periods considered.  

For stiffness degrading models it is conservative to assume zero post-yielding stiffness 

at periods shorter than 1.0 s and the level of conservatism increases with ductility. 

The effects of stiffness degradation depend largely on SDOF period and the 

predominant period of ground motions.  Neglecting these effects might lead to unsafe 

design calculations. 

 

6.1 Final remarks 

Near-fault ground motions and related structural response is a topic widely addressed among 

researchers these days and the amount of properly recorded data of earthquakes in the near-

fault zone is growing substantially.  

Revisiting the models discussed and calibrated in this work will be an option as the database 

accumulates. For future work simulating time-history series based on the response spectral 

shape model could produce designer’s reliable and simple analytical tools to use for non-

linear time-history analysis. Further more comparison of available inelastic hysteresis models 

found appropriate for different types of structures would give engineers an opportunity of 

selecting models that would lead to both safe and economic design of complex structures. 
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APPENDIX A THE RR10 DATA SET 

 

The records of the data-set used in this work are presented in a tabular format with their 

associated metadata. 
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APPENDIX B FITTING THE SPECTRAL SHAPE MODEL 

 

Figures revealing how the model introduced in chapter 3 and calibrated in chapter 4 fits the 

response spectra of the real records of the data-set. Figures are presented for all magnitude 

bins and damping levels considered. The spectral shape model plotted in black lines and the 

mean of the real records in gray. 
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APPENDIX C VERIFICATION OF USDP SOFTWARE 

 

Figures revealing how non-linear response spectra, calculated with USDP freely available 

software matches spectra calculated with Icespec-code (introduced in section 5.2.1). 

The calculations are plotted for five selected earthquake records from the data-set, identified 

with their wave identification (labelled WID in the dataset of Appendix A). The calculations 

made by USDP are plotted in blue and the Icespec calculations in red. 

The first three figures show the non-linear response time-history series for three SDOF 

periods. Total acceleration, relative displacement and relative velocity are plotted. 

The next three figures show the non-linear response time history series for SDOF period of 

0.1s and three values of constant force reduction factors. The total acceleration, relative 

displacement and the spring force versus relative displacement are plotted. 

The next four figures show the response spectra for total acceleration (Sat), relative 

displacement (Sd) and relative velocity (Sv) for period-range 0.05 - 20 s. The spectra are 

calculated for different values of constant force reduction factor, the value of which is one in 

the first, indicating linear elastic.  

The last three figures plot the same spectra but with different values of the displacement 

ductility ratio set as constant. 
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