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ABSTRACT 

The seismic response at a site is commonly estimated using an equivalent-linear approach 

through analyses based on time-histories or random vibration theory (RVT). In the RVT approach 

the input motion is characterized in the frequency domain by means of Fourier Amplitude Spectra 

(FAS) or Power Spectral Densities so that the need for selecting/developing multiple suitable time-

histories is avoided. Nevertheless, past studies have found that RVT may produce results that differ 

significantly from empirically determined site amplification functions and from the time history 

approach. The initial part of this work is aimed to further understand the potential differences in 

the results from RVT and time-histories based approaches by performing a comprehensive 

numerical evaluation that considers the effect of the input intensity level, input spectral shape, site 

conditions, and the methodology used to produce the input FAS. The results obtained corroborate 

that RVT over-predictions occur mainly at the site fundamental frequencies and are larger for 

relatively soft soil deposits with significant impedance contrast at the soil/rock interface. Based on 

this, an alternative approach to generate the seismic input for equivalent linear (EQL) site response 

analyses is proposed. The proposed approach is aimed to encompass the strengths from the current 

time-histories (TH) and random vibration theory (RVT) based methodologies. It consists of the 

generation of synthetic signals in the time domain (analog to the TH method) that are constructed 

to have a Fourier amplitude spectrum compatible with the design response spectrum (analog to the 

RVT method). Through this approach, the use of extreme value statistics (used in RVT and known 

to overestimate the spectral accelerations at fundamental frequencies) is avoided. Moreover, the 

need to develop an appropriate suite of realistic acceleration series, which is the most challenging 

and time consuming part of the TH based approach, is also circumvented. A simple non-iterative 

procedure to generate the synthetic signals is described. The signals are evaluated through a 

comprehensive analysis that includes different site conditions, input spectral shapes, duration 

scenarios and levels of inelastic demand. The results obtained confirm the viability of using the 

proposed alternative input. 
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RESUMEN 

La respuesta sísmica en un sitio es comúnmente estimada usando un enfoque equivalente 

lineal a través de análisis basados en historiales de tiempo o en la teoría de vibración aleatoria 

(RVT, por sus siglas en inglés).  En el enfoque de RVT, el movimiento sísmico de entrada es 

caracterizado en el dominio de la frecuencia por medio de espectros de amplitudes de Fourier 

(FAS, por sus siglas en inglés) o densidades espectrales de potencia (PSD, por sus siglas en inglés), 

de esta manera se evita la necesidad de seleccionar/desarrollar múltiples historiales de tiempo 

adecuados. Sin embargo, estudios pasados han encontrado que el método basado en RVT puede 

producir resultados que difieren significativamente de las funciones de amplificación de sitio 

determinadas empíricamente y del enfoque de historiales de tiempo. La parte inicial de este trabajo 

está dirigida a entender mejor las posibles diferencias en los resultados de los enfoques basados en 

RVT e historiales de tiempo, mediante la realización de una evaluación numérica exhaustiva que 

considera los efectos del nivel de intensidad de los movimientos de entrada, la forma del espectro 

de entrada, las condiciones del suelo y la metodología usada para generar el FAS de entrada. Los 

resultados obtenidos corroboran que las sobre-predicciones producidas por RVT ocurren 

principalmente en las frecuencias fundamentales del sitio y que son mayores para depósitos de 

suelo relativamente blandos con contraste de impedancia significativo en la interface suelo/roca. 

Basado en esto, se propone un enfoque alterno para generar la entrada sísmica de los análisis de 

respuesta de sitio equivalente lineal. El enfoque propuesto está dirigido a sacar provecho de cada 

uno de los puntos fuertes de las metodologías actuales basadas en historiales de tiempo (TH, por 

sus siglas en inglés) y la teoría de vibración aleatoria (RVT). El mismo consiste en la generación 

de señales sintéticas en el dominio del tiempo (similar al método TH) que son construidas para 

que su espectro de amplitudes de Fourier sea compatible con el espectro de respuesta de diseño 

(similar al método RVT). A través de este enfoque, se evita el uso de estadística de valores 

extremos (usado en RVT y conocido por sobre-estimar las aceleraciones espectrales en las 

frecuencias fundamentales). Además, la necesidad de desarrollar una serie apropiada de 

acelerogramas realistas, que es la parte más difícil y que más tiempo requiere del enfoque basado 

en TH, es también eludida. Un procedimiento sencillo, no iterativo para generar las señales 

sintéticas es descrito. Las señales son evaluadas a través de un análisis comprensivo que incluye 

diferentes condiciones del suelo, formas espectrales de entrada, escenarios de duración y niveles 
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de demanda inelástica. Los resultados obtenidos confirman la viabilidad de usar las señales de 

entrada propuestas. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

v 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

© MARGARITA A. CHI-MIRANDA 2016 



 

 

vi 

 

 

 

 

 

 

 

 

 

 

To my parents 

 

 

 

 

 

 

 

 

 

  



 

 

vii 

 

ACKNOWLEDGMENTS 

 

I owe my deepest gratitude to my advisor, Dr. Luis A. Montejo-Valencia, for his support, 

guidance, mentoring and patience through this research. As well, I am deeply grateful to my 

graduate committee, Dr. Luis E. Suárez-Colche and Dr. Ricardo Ramos-Cabeza, and the 

chairperson of the department, Prof. Ismael Pagán-Trinidad for taking the time to review the 

manuscript. Special thanks to Myriam Hernández, from the administrative staff of the Department 

of Civil Engineering and Surveying, and Crimilda Pagán from the administrative staff of the 

Department of Engineering Science and Materials. Finally, special thanks to my beloved husband, 

Efrain, my sister, Tatiana, and my parents, Enith and Victor for their fully support through this 

research. 

This work was performed at the University of Puerto Rico at Mayagüez under award NRC- 

NRC-HQ-84-14-G-0057 from the US Nuclear Regulatory Commission. The statements, findings, 

conclusions, and recommendations are those of the authors and do not necessarily reflect the view 

of the US Nuclear Regulatory Commission. 

The strong motion data was obtained from the Pacific Earthquake Engineering Research 

Center (PEER) database. This research was never being possible without this data. 

 

 

 

 

 

 

 



 

 

viii 

 

TABLE OF CONTENTS 

ABSTRACT .................................................................................................................................... ii 

RESUMEN .................................................................................................................................... iii 

ACKNOWLEDGMENTS ............................................................................................................ vii 

TABLE OF CONTENTS ............................................................................................................. viii 

LIST OF TABLES .......................................................................................................................... x 

LIST OF FIGURES ........................................................................................................................ x 

CHAPTER I .................................................................................................................................... 1 

1.  Introduction ........................................................................................................... 1 

1.1.  Justification ...................................................................................................... 2 

1.2.  Objectives ......................................................................................................... 2 

1.3.  Methodology and Organization of the Thesis .................................................. 3 

1.4.  Theoretical Background ................................................................................... 4 

1.4.1. Equivalent-Linear Site Response Method .................................................. 4 

1.4.2. Selection and Development of Spectrally Matched Records ..................... 5 

1.4.3. Verification of Spectrum Compatible Records .......................................... 9 

1.5. References ....................................................................................................... 12 

CHAPTER II ................................................................................................................................. 14 

A Numerical Comparison of Random Vibration Theory and Time Histories Based Methods for 

Equivalent-Linear Site Response Analyses .................................................................................. 14 

2.1. Introduction ..................................................................................................... 14 

2.2.  Time-Histories and RVT Based Equivalent-Linear Site Response ................. 15 

2.3.  Generation of the Seismic Input ...................................................................... 17 

2.3.1.  Selection and Development of Spectrally Matched Records ...................... 17 

2.3.2. Development of the Spectrum Compatible FAS .......................................... 19 

2.4.  Numerical Comparison of the Site Response Procedures ............................... 23 

2.5.  Evaluation of Previously Proposed Correction Factors ................................... 27 

2.6.  Conclusions ..................................................................................................... 30 



 

 

ix 

 

2.7. References ....................................................................................................... 31 

CHAPTER III ............................................................................................................................... 34 

An Alternative Input for Equivalent-Linear Site Response Analyses .......................................... 34 

3.1.  Introduction ..................................................................................................... 34 

3.2.  Generation of the Seismic Input ...................................................................... 35 

3.2.1.  Design/Target Spectra ................................................................................. 35 

3.2.2. Development of Seed-Based Spectrum Compatible Time-Series................ 35 

3.2.3.  Development of Spectrum Compatible FAS ............................................... 40 

3.2.4.  Generation of the Proposed Alternative Input............................................. 41 

3.3.  Evaluation of the Proposed Simplified Input for EQL Analyses .................... 45 

3.3.1.  Sites Description ......................................................................................... 45 

3.3.2.  Analyses Performed .................................................................................... 46 

3.4.  Results ............................................................................................................. 47 

3.5.  Conclusions ..................................................................................................... 57 

3.6.  References ....................................................................................................... 58 

CHAPTER IV ............................................................................................................................... 60 

Conclusions and Recommendations ............................................................................................. 60 

4.1 Summary ................................................................................................................. 60 

4.2 Conclusions ............................................................................................................. 61 

4.3 Future Work ............................................................................................................ 62 

APPENDIX A ............................................................................................................................... 63 

Seed Records Compatible with NRC Spectrum ........................................................................... 63 

APPENDIX B ............................................................................................................................. 117 

Seed Records Compatible with NGA Spectrum ......................................................................... 117 

APPENDIX C ............................................................................................................................. 171 

Seed Records Compatible with NUC Spectrum ......................................................................... 171 

APPENDIX D ............................................................................................................................. 225 

Chapter II: Amplification Functions and αAF, Using NRC And NUC Spectra .......................... 225 



 

 

x 

 

APPENDIX E ............................................................................................................................. 228 

Chapter II: Corrected αAF, Using NRC and NUC Spectra. ......................................................... 228 

APPENDIX F.............................................................................................................................. 233 

Chapter III: AFs for the CC Site Using Different Methodologies with Input Compatible to the 

NRC and NGAM5 Spectra. ........................................................................................................ 233 

 

LIST OF TABLES 

Table 1.1 – Summary of scalar measures of change introduced by spectrum matching (Grant and 

Diaferia, 2012). ............................................................................................................................. 10 

Table 2.1 – Maximum over-predictions for the SCH and CC sites at different levels of intensity

....................................................................................................................................................... 25 

Table 3.1 – Seed records used to generate time-series compatible with the NGAM5 spectrum .. 38 

Table 3.2 – Seed records used to generate time-series compatible with the NRC spectrum ........ 39 

 

LIST OF FIGURES 

Fig. 1.1 – Design spectra used as target. ......................................................................................... 6 

Fig. 1.2 – Example of acceleration, velocity and displacement time histories of a spectrum-

compatible record............................................................................................................................ 8 

Fig. 1.3 – Example of pseudo-acceleration spectrum of a spectrum-compatible record. ............... 8 

Fig. 1.4 – Scalar measures to verify spectrum-compatible records for NRC spectrum................ 11 

Fig. 1.5 – Scalar measures to verify spectrum-compatible records for NGA spectrum. .............. 11 

Fig. 1.6 – Scalar measures to verify spectrum-compatible records for NUC spectrum. .............. 12 

Fig. 2.1 – Example of a compatible record (left) and its response spectrum (right) .................... 18 

Fig. 2.2 – Top to bottom: pseudo-acceleration response spectra, Fourier amplitude spectrum, and 

significant duration (D5-75). Left to right: results corresponding to the NRC, NGA and NUC target 

spectra. .......................................................................................................................................... 19 

Fig. 2.3 – Estimation of the optimal duration for IRVT: Top figures show the IRVT FAS obtained 

for different durations and bottom figures show their corresponding Drms when compared against 

the average FAS from the set of 100 spectrum compatible series time-series. Left to right: results 

corresponding to the NRC, NGA and NUC target spectra. .......................................................... 20 

Fig. 2.4 – Estimation of the optimal damping ratio for the DMF approach. Top figures show the 

resulting FAS using DMF with different damping values and bottom figures show their 

corresponding Drms when compared against the average FAS from the set of 100 spectrum 



 

 

xi 

 

compatible series time-series. Left to right: results corresponding to the NRC, NGA and NUC 

target spectra. ................................................................................................................................ 21 

Fig. 2.5 – Spectrum compatible input FAS obtained using the 4 different approaches. Top to 

bottom: results corresponding to the NRC, NGA and NUC spectra. ........................................... 22 

Fig. 2.6 – Linear-elastic transfer functions for SCH and CC sites. .............................................. 23 

Fig. 2.7 – Median AFs from the time-histories approach for the SCH site using NRC (a), NGA (b) 

and NUC (c) spectra; and for the CC site using NRC (d), NGA (e) and NUC (f) spectra. .......... 25 

Fig. 2.8 – AFs and αAFs obtained using inputs compatible with the NGA spectrum. Top figures 

show the results for the SCH site at PGAs average values of 0.01g (a), 0.3g (b) and 0.6g (c). Bottom 

figures show the results for the CC site at 0.01g (d), 0.3g (e) and 0.6g (f). ................................. 26 

Fig. 2.9 – Duration ratios for the SCH site (top figures) and the CC site (bottom figures) for all 

levels of intensity and input spectra. Left to right: results corresponding to the NRC, NGA and 

NUC spectra. ................................................................................................................................. 28 

Fig. 2.10 – Corrected αAF for the CC site and NGA input spectrum: Elastic analysis at 0.01g (a), 

EQL at 0.01g (b), EQL at 0.3g (c) and EQL at 0.6g (d). .............................................................. 29 

Fig. 2.11 – Corrected αAF for the SCH site and NGA input spectrum: Elastic analysis at 0.01g (a), 

EQL at 0.01g (b), EQL at 0.3g (c) and EQL at 0.6g (d). .............................................................. 30 

Fig. 3.1 – Pseudo acceleration response spectra (top) and FAS (bottom) for the NGAM5 (left) and 

NRC (right) target spectra. ............................................................................................................ 36 

Fig. 3.2 – Significant duration for NGAM5 (top) and NRC (bottom) target spectra. Left: short 

duration records. Right: long duration records. ............................................................................ 37 

Fig. 3.3 – Spectrum compatible FAS obtained using 2 different approaches along with the average 

FAS from each set of 20 records. Results obtained for the NGAM5 (top) and NRC (bottom) target 

spectra, using short (left) and long (right) duration sets. .............................................................. 40 

Fig. 3.4 – Procedure for the generation of the synthetic signals (SS) with a FAS concurring with a 

predetermined (spectrum compatible) FAS. Results shown are form the generation of a synthetic 

signal for the NRC spectrum – short duration scenario, using the empirical relationship to generate 

the compatible FAS....................................................................................................................... 42 

Fig. 3.5 – Proposed time domain envelope for the generation of the synthetic signals (SS) ....... 43 

Fig. 3.6 – Pseudo-acceleration response spectra for each set of 20 synthetic signals generated. . 44 

Fig. 3.7 – Linear-elastic transfer functions (TF) for the 3 sites studied: Sylmar County Hospital 

(SCH), Calvert Cliffs (CC) and the strong impedance hypothetical site (HS) ............................. 45 

Fig. 3.8 – Average amplification functions (AFs) from the time-histories approach. Results 

obtained using the long duration sets of seed-based time-series compatible with the NGAM5 (left) 

and NRC (right) spectra. Top to bottom: SCH, CC and HS sites. ................................................ 47 

Fig. 3.9 – AFs for the SCH site using different methodologies with input compatible to the 

NGAM5 spectrum. Each row corresponds to a different level of intensity, top to bottom: 0.01g 

(LE), 0.01g (EQL), 0.3g (EQL), and 0.6g (EQL). The left column corresponds to the short duration 

scenario and the right column to the long duration scenario. ....................................................... 48 



 

 

xii 

 

Fig. 3.10 – AFs for the SCH site using different methodologies with input compatible to the NRC 

spectrum. Each row corresponds to a different level of intensity, top to bottom: 0.01g (LE), 0.01g 

(EQL), 0.3g (EQL), and 0.6g (EQL). The left column corresponds to the short duration scenario 

and the right column to the long duration scenario....................................................................... 49 

Fig. 3.11 – AFs for the HS site using different methodologies with input compatible to the NGAM5 

spectrum. Each row corresponds to a different level of intensity, top to bottom: 0.01g (LE), 0.01g 

(EQL), 0.3g (EQL), and 0.6g (EQL). The left column corresponds to the short duration scenario 

and the right column to the long duration scenario....................................................................... 50 

Fig. 3.12 – AFs for the HS site using different methodologies with input compatible to the NRC 

spectrum. Each row corresponds to a different level of intensity, top to bottom: 0.01g (LE), 0.01g 

(EQL), 0.3g (EQL), and 0.6g (EQL). The left column corresponds to the short duration scenario 

and the right column to the long duration scenario....................................................................... 51 

Fig. 3.13 – Site amplification factors for the first 3 natural modes of the HS site as function of the 

input intensity level. Top figures correspond to the input compatible to the NRC spectrum and 

bottom figures to the NGAM5 spectrum both for the long duration scenario. ............................. 52 

Fig. 3.14 – Site amplification factors for the first 3 natural modes of the HS site as function of the 

input intensity level. Top figures correspond to the input compatible to the NRC spectrum and 

bottom figures to the NGAM5 spectrum both for the short duration scenario. ............................ 53 

Fig. 3.15 – Ratios between the amplification factors estimated from different approaches and the 

amplification factors predicted by the time-series approach. Top figures correspond to the input 

compatible to the NRC spectrum and bottom figures to the NGAM5 spectrum both for the long 

duration scenario. .......................................................................................................................... 54 

Fig. 3.16 – Ratios between the amplification factors estimated from different approaches and the 

amplification factors predicted by the time-series approach. Top figures correspond to the input 

compatible to the NRC spectrum and bottom figures to the NGAM5 spectrum both for the short 

duration scenario. .......................................................................................................................... 55 

Fig. 3.17 – Ratios between the amplification factors estimated from different approaches and the 

amplification factors predicted by the time-series approach for the first modes of the SCH and CC 

sites for both input spectra and duration scenarios. ...................................................................... 56 

 

 

 

 

 

 

 



1 

 

 

 

CHAPTER I 

1.  Introduction 

In the seismic design and/or assessment of many critical structures, like nuclear power 

plants (NPPs), the seismic input is defined from a probabilistic seismic hazard analysis (PSHA) as 

a uniform hazard response spectrum (UHRS) at the rock outcrop. A seismic wave transmission 

analysis (i.e., site response analysis) is then performed to obtain the UHRS at the free-field ground 

surface (or at any elevation required). The dynamic site response analysis is usually implemented 

using an equivalent-linear (EQL) approach through methodologies based either on time-histories 

or, more recently, random vibration theory (RVT). Both approaches are currently accepted by the 

US Nuclear Regulatory Commission (US NRC, 2007). 

In the time-histories based method, a suitable set of ground motions should be selected and 

scaled or modified to obtain records that match the design spectrum. Due to the variability of the 

properties within the input motions, a relatively large number of simulations needs to be performed 

to obtain a consistent estimate of the site response (Kottke, 2010). Alternately, the RVT approach 

can be used to avoid the selection, scaling and matching of time-histories input motions. This 

approach uses a single input motion defined in the frequency domain as either a Fourier Amplitude 

Spectrum (FAS) or a Power Spectral Density (PSD) compatible with the design spectrum.  

Nevertheless, past studies have found that RVT may produce results that differ 

significantly from empirically determined site amplification functions and from the time history 

approach. Moreover, RVT has been found to predict site amplification at the natural site 

frequencies as much as 20%–50% larger than time histories approach (Graizer, 2011; Kottke and 

Rathje, 2013).  

In this work a comprehensive numerical evaluation is performed aiming to identify the 

effect of the input intensity level, input spectral shape and site conditions on the site amplification 

functions predicted by the RVT and time histories methods. Based on the results obtained, an 

alternative procedure to define the seismic input that encompasses the strengths of the two current 

approaches is proposed. 
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1.1.  Justification 

One of the most common techniques used in geotechnical engineering for site response 

analysis is the EQL approach using time-histories as input motions. In this method, the simple site 

characterization requirements and the fast computational time are among its advantages (Rathje 

and Kottke, 2008). Even so, some disadvantages can make this a tedious procedure, such as the 

large amount of appropriate ground motions that should be selected and matched to the design 

spectrum in order to get a stable estimate of the site response (Rathje and Ozbey, 2006).  

As an alternative, RVT based approaches have recently gain popularity as they, in theory, 

require only one simulation to obtain the mean response of the site for a given spectrum. In this 

method, only one input motion defined as a FAS or PSD is required, so that the process of selection 

and modification of several records is avoided. However, past studies have found potential 

differences in site response when comparing RVT and time-histories approaches. For example, 

Rathje and Ozbey (2006) were the first to find some overprediction on the amplification at the site 

natural periods. Graizer (2011) found significant overprediction of the amplification at the first 

mode of the site. He also showed that the differences between the time-histories and RVT results 

can exceed 30% when S-wave velocity profile had large impedances between layers. More 

recently, Kottke and Rathje (2013) found that prediction of the site amplification at the site natural 

frequency by RVT analysis can be 20% - 50% larger than with time-histories approach. 

Furthermore, they detected that sites with smaller site frequency and sites settled on hard rock 

produce the largest overprediction.  

This work is aimed to further understand the potential differences in the results from RVT 

and time-histories based approaches by performing a comprehensive numerical evaluation. It 

should be noticed that different implementations of the RVT based approach have been proposed 

(Graizer, 2011). In this work the RVT methodology used is the one proposed by Rathje and Ozbey 

(2006) and implemented in the software Strata (Kottke and Rathje, 2010). This methodology 

employs a compatible FAS as input. Other methodologies that make use of a compatible PSD and 

a different formulation (e.g. Deng and Ostadan, 2012) were not evaluated. 

1.2.  Objectives 

The initial objective of this research is to evaluate the use of RVT based site response 

analysis by comparison with the results obtained with the well-established time-history based 
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approach. To accomplish this, a comprehensive numerical evaluation that considers the effect of 

the input intensity level, input spectral shape and site conditions is performed. Based on the results 

obtained and a judicious assessment of the current methodologies a more ambitious goal was set: 

to propose an alternative approach that tackle the current methodologies issues, namely: the need 

to develop a set of realistic records in the time-series approach and the systematic over-prediction 

observed in RVT-based methodologies. The specific objectives of this work are as follows: 

(1) Evaluate the effect of the input intensity level on the differences between the results 

obtained from time-histories and RVT based methods. Three different levels of intensity will be 

studied aiming to analyze specific behaviors: mostly elastic, moderate nonlinearity and highly 

nonlinear, respectively. 

(2) Evaluate the influence of input spectral shape on the output of the time-history and 

RVT analyses by varying the target design spectrum on the rock outcrop to which the input motions 

are made compatible. 

(3) Investigate the significance of site conditions when comparing time-histories and 

RVT methods by studying soil deposits with different characteristics, actual and hypothetical sites 

would be used to accomplish this objective. 

(4) Develop and validate an alternative approach to overcome current issues of EQL-

based site response methodologies. 

1.3.  Methodology and Organization of the Thesis 

To achieve the preceding objectives, the following methodology is implemented: 

(1) Chapters I and II: Selection of records from the PEER database and generation of 

compatible records using the CWT approach. 

(2) Chapter II: Perform RVT and time histories based analyses using the computer 

program Strata (Kottke and Rathje, 2010). 

(3) Chapter II: Process the results obtained in Matlab to facilitate comparisons and 

repeat the steps for different intensity levels, spectral shapes and sites. 

(4) Chapter III: Based on the results obtained, propose an alternative approach for the 

implementation of EQL based site response analyses. 
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(5) Chapter III: Validate the proposed approach and identify possible limitation 

through a comprehensive numerical analysis 

Notice that the main content of this research work is contained in Chapters II and III. 

Chapter II describes the implementation and results of a comprehensive numerical study to identify 

the strengths/weaknesses of current approaches to perform EQL-based site response analyses, and 

Chapter III presents the development and validation of an alternative approach proposed to tackle 

current methodologies hardships. These two chapters were developed to be self-contained, that is, 

any of these chapters can be study by itself without having to refer to the previous chapters. To 

accomplish this some repetition in the content was unavoidable. 

1.4.  Theoretical Background 

1.4.1. Equivalent-Linear Site Response Method 

When an earthquake of medium or high intensity occurs, the shear-strains generated in the 

soil are large enough to introduce nonlinear effects on it (Suárez, 2008). Therefore, the Linear 

Elastic (LE) approach is not recommended, otherwise, the Equivalent-Linear method is an 

approximate procedure which includes the nonlinearity of the soils in the analysis.  

When a soil deposit is subjected to a cyclic load, the nonlinear shear stress versus shear 

strain soil response results in a hysteresis loop. In the EQL method this loop is represented by a 

secant shear modulus (G) and an effective damping ratio (D). To calculate these properties an 

iterative process that involves the following steps is required: 

(1) Initial values of the strain-compatible properties (G and D) are estimated for each 

layer of the soil profile. 

(2) The soil response due to these values is calculated, as well as the maximum shear 

strain of each layer and an effective (reduced) shear strain. 

(3) The strain-compatible properties are verified with the new shear strain. 

(4) The process is repeated until a specific tolerance is reached. 

The effective shear strain used to select the strain-compatible properties is commonly set 

at 65% of the peak value (Kottke, 2010). Notice that this procedure is performed in the frequency 

domain because the use of transfer functions is required to obtain the soil response. The Fast 
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Fourier Transform (FFT) is usually used to convert the time history to the frequency domain, the 

resulting Fourier coefficients are multiplied by the complex-valued transfer function to obtain the 

ground surface response. The result of this calculation is then converted back to the time domain 

using the inverse FFT, resulting in the time history at the ground surface.  

Time-history and RVT approaches are both grounded on the EQL method. In the first 

method, the input consists of a time-series that, to comply with NRC requirements, shall be based 

on the modification of a historic ground motion. In the RVT based approach, the input is 

represented by a FAS or PSD. In both cases, the inputs should be compatible with the design 

spectrum.  

In the time-history approach, the variability of ground motions generates different levels 

of nonlinearity and different responses (Kottke and Rathje, 2013), thus, it is necessary several 

inputs to perform the analysis numerous times, so that a steady average site response is obtained.  

In the RVT, a single analysis is performed using a compatible FAS or PSD as input. As the 

input is already in the frequency domain, the EQL analysis can be performed without having to 

use the FFT. Notice that the use of the inverse FFT to get the acceleration time-series at the ground 

surface is not possible because although the amplitude of the Fourier Spectrum is available, the 

phase angle is not. Instead, random vibration theory is applied to find other response values, such 

as peak ground and spectral accelerations. A more detailed description of the RVT procedure can 

be find somewhere else (e.g., Rathje and Ozbey, 2006).  

1.4.2. Selection and Development of Spectrally Matched Records 

For the time-history approach, a set of spectrum compatible records developed from 

historic earthquakes is needed as input. The seed records can be searched from available databases, 

like the Next Generation Attenuation of Ground Motions (NGA-West2) database (PEER, 2013).  

The selection of the seed records is recommended to be based on the overall spectral shape 

resemblance between the records response spectra and the target design spectrum (e.g. Gascot and 

Montejo, 2016). The initial level of matching of the seed records can be estimated using the root 

mean square deviation (Drms) between the spectral amplitudes (Eq. 1.1). The scale factor a (Eq. 

1.2) is applied to the record spectral accelerations (SαR) to reduce the spectral amplitude misfit with 

the target (SαT). N is the number of periods where the spectra are evaluated.  
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 𝐷𝑟𝑚𝑠 = √
1

𝑁
∑ (𝑎 𝑆𝛼𝑅(𝑇𝑖) − 𝑆𝛼𝑇(𝑇𝑖))

2𝑁
𝑖=1  (1.1) 

 𝑎 =
∑ 𝑆𝛼𝑇(𝑇𝑖)𝑁

𝑖=1

∑ 𝑆𝛼𝑅(𝑇𝑖)𝑁
𝑖=1

 (1.2) 

For the numerical study performed in Chapter II, three sets of 100 acceleration time series 

were used as input, each set is aiming to match a different design spectrum. Fig. 1.1 shows the 

three spectra used as target, more information on these spectra is presented in Chapter II. Initially 

150 historic records were selected for each set based on its initial level of matching with the target 

spectrum, measured with the Drms between the spectral amplitudes. For this initial selection, the 

5% pseudo-spectral accelerations (PSA) of the seed record at 111 periods were found in the PEER 

database flatfile (PEER, 2013), which has over 20,000 records. The 150 records with the lower 

Drms were selected. From this initial set, some of the records were eliminated depending on the 

following conditions: (a) PSA with a high amplitude misfit with the target, (b) earthquakes 

recorded in soft soils, and (c) records with pulse effect.  

 
Fig. 1.1 – Design spectra used as target. 

Once the seed records are selected, they need to be modified to make them compatible with 

the design spectrum and comply with Appendix F of R.G. 1.208 (US NRC, 2007). There are 

different procedures to modify historic records into compatible time histories which are 

summarized in three main categories: frequency domain matching by manipulation of the Fourier 

coefficients, wavelet adjustment to the acceleration time histories at specific times and 

manipulation of the wavelet coefficients obtained via continuous wavelet transform (CWT). 
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In this work the CWT approach will be used to generate the spectrum compatible records 

by means of the program ArtifQuakeLet II (Montejo and Suárez, 2013) which implements the 

algorithm described in Suárez and Montejo (2005). This algorithm decomposes the original record 

into detail functions (functions with a very dominant frequency and modulated amplitude) and 

reconstruct the signal through an iterative procedure that independently scale these detail functions 

to obtain an average match with the target spectrum (Suárez and Montejo, 2005). The algorithm 

implemented in the program is as follows: 

(1) Initially, the wavelet coefficients (C(s,p), Eq. 1.3) are calculated based on a fast 

convolution implementation by using the fast Fourier transform (FFT). In Eq. 1.3, it is presented 

the convolution between the signal f(t) and the wavelet function (Ψs,p, Eq. 1.4) by using the FFT 

and the inverse discrete Fourier transform (IFFT). The parameters s y p scaled and shifted the 

wavelet. 

 𝐶(𝑠, 𝑝) = 𝑓(𝑡)⨂Ψ𝑠,𝑝 = 𝐼𝐹𝐹𝑇 {𝐹𝐹𝑇{𝑓(𝑡)} ⋅ 𝐹𝐹𝑇{Ψ𝑠,𝑝}} (1.3) 

 Ψ(𝑡) = 𝑒−𝜁Ω|𝑡| sin(Ω𝑡) (1.4) 

(2) The detail functions (D(s,t), Eq. 1.5) is multiplied by a ratio between the target 

spectrum (SαT) and the spectral accelerations of the seed record (SαR) for each frequency in which 

the wavelet coefficients are defined. The detail function can be calculated using the same 

implementation as before: 

 𝐷(𝑠, 𝑡) =
1

𝑠2 𝐶(𝑠, 𝑝)⨂Ψ𝑠,𝑝(𝑡) =
1

𝑠2 𝐼𝐹𝐹𝑇 {𝐹𝐹𝑇{𝐶(𝑠, 𝑝)} ⋅ 𝐹𝐹𝑇{Ψ𝑠,𝑝}} (1.5) 

(3) Then, the signal (Eq. 1.6) is reconstructed using the wavelet coefficients, C(s,p), 

and the scaled detail functions, D(s,t): 

 𝑓(𝑡) =
1

𝑘Ψ
∫ 𝐷(𝑠, 𝑡)

+∞

𝑠=0
𝑑𝑠 (1.6) 

where kΨ is a constant which depends on the wavelet function. 

(4) Finally, the response spectrum of the reconstructed signal is compared to the target 

spectrum and all the process is repeated until a desired level of matching is reached. 
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More details on the algorithm used can be found in Montejo and Suárez (2013). An 

example of a compatible record is presented in Fig. 1.2, the resulting matching with the target 

spectrum is presented in Fig. 1.3. After the compatible records are constructed a final selection of 

100 records is performed based on a set of scalar parameters presented in the following section. 

 
Fig. 1.2 – Example of acceleration, velocity and displacement time histories of a spectrum-compatible 

record.  

 
Fig. 1.3 – Example of pseudo-acceleration spectrum of a spectrum-compatible record.  
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1.4.3. Verification of Spectrum Compatible Records 

Even when the seed records are selected based on its initial level of matching with the 

design spectrum, it is a good practice to check whether the resulting compatible record exhibits 

realistic characteristics like acceleration, velocity and displacement time histories and Arias 

Intensity, among others. Grant and Diaferia (2012) proposed a set of scalar measures to determine 

whether a compatible record is acceptable or not, according to the level of change of the original 

seed record. It is important to mention that although scalar measures are preferred, there are some 

characteristics that can only be apparent with visual inspection. However, notice that while it is 

preferred to obtain ground motions which conserve realistic non-stationary content of the original 

seed record, the objective of site response analysis is to determine a consistent response of the site 

so if this goal can be achieved with “unrealistic” ground motions, it should be acceptable, even 

more when they can present other advantages, like reducing dispersion in the results (Grant and 

Diaferia, 2012). 

A summary of the scalar measures is presented in Table 1.1, where Δ represents the ratio 

of the parameter post-matching to pre-matching. The acceptable range of each parameter is also 

shown. In this study, only the first nine parameters were used to select the final sets of 100 records. 

These parameters are divided into three main categories (Grant and Diaferia, 2012):  

o Peak ground motion parameters: peak ground acceleration (PGA), peak ground 

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

o Cumulative squared parameters: arias intensity (AI), cumulative squared velocity 

(CSV), and cumulative squared displacement (CSD). 

o Maximum difference in normalized peak parameters: in this case, the parameter 

measures the maximum difference (not the ratio) over time of the cumulative squared 

quantities (AI, CSV, and CSD), normalized with respect their final values. 

Each compatible record was evaluated to verify if its characteristics comply with the range 

limits suggested by Grant and Diaferia (2012) and a score were assign to it depending on the 

quantity of parameters that were over the limit and how much it deviates from the limit. Finally, 

the 100 records with the lower score were selected to perform the site response analyses. Figs. 1.4 

to 1.6 show the results obtained. It is noticed that the dispersion on the acceleration parameters are 

lower than in the other two and that the parameters based on the displacement present higher 
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dispersion with more records outside of the acceptable range. The time histories of acceleration, 

velocity and displacement for all the 300 compatible and scaled records are presented in 

Appendixes A, B and C along with tables depicting the basic information/characteristics of the 

selected records.   

Table 1.1 – Summary of scalar measures of change introduced by spectrum matching (Grant and Diaferia, 

2012). 

Parameter Description 
Lower 

bound 

Upper 

bound 

ΔPGA 
Ratio of peak ground acceleraion between 

compatible and seed record 
0.4 1.9 

ΔPGV Ratio of peak groun velocity 0.5 1.7 

ΔPGD Ratio of peak ground displacement 0.5 3.8 

ΔAI Ratio of final value of Arias Intensity 0.4 2.0 

ΔCSV 
Ratio of final value of cumulative squared 

velocity 
0.4 2.7 

ΔCSD 
Ratio of final value of cumulative squared 

displacement 
0.4 7.1 

Max(ΔAInorm) 

Maximun difference over time of Arias Intensity 

normalized with respect to final value, between 

compatible and seed record 

0.0 0.2 

Max(ΔCSVnorm) 

Maximun difference over time of cumulative 

squared velocity normalized with respect to final 

value, between compatible and seed record 

0.0 0.2 

Max(ΔCSDnorm) 

Maximun difference over time of cumulative 

squared displacement normalized with respect to 

final value, between compatible and seed record 

0.0 0.4 

ΔIE(T1) 
Ratio of input energy (per unit mass) at 

fundamental period of structure 
0.6 1.9 

Δ∫IE(T)dT 

Ratio of input energy (per unit mass) integrated 

over periods between 1 and 2 times fundamental 

period 

0.4 2.3 

Δ∫IE(ω)dω 

Ratio of input energy (per unit mass) integrated 

over natural frequencies between 0.5 and 1 times 

fundamental frequency 

0.5 2.2 
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Fig. 1.4 – Scalar measures to verify spectrum-compatible records for NRC spectrum. 

 
Fig. 1.5 – Scalar measures to verify spectrum-compatible records for NGA spectrum. 
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Fig. 1.6 – Scalar measures to verify spectrum-compatible records for NUC spectrum. 
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CHAPTER II 

A NUMERICAL COMPARISON OF RANDOM VIBRATION THEORY AND 

TIME HISTORIES BASED METHODS FOR EQUIVALENT-LINEAR SITE 

RESPONSE ANALYSES 

2.1. Introduction 

In the seismic design and/or assessment of many critical structures, like nuclear power 

plants (NPPs), the seismic input is defined from a probabilistic seismic hazard analysis (PSHA) as 

a uniform hazard response spectrum (UHRS) at the rock outcrop. A seismic wave transmission 

analysis (i.e., site response analysis) is then performed to obtain the UHRS at the free-field ground 

surface (or at any elevation required). The dynamic site response analysis is usually implemented 

using an equivalent-linear (EQL) approach through methodologies based either on time-histories 

or, more recently, random vibration theory (RVT). Both approaches are currently accepted by the 

US Nuclear Regulatory Commission (US-NRC, 2007). 

In the time-histories based method, a suitable set of ground motions should be selected and 

scaled or modified to obtain records that match the design spectrum. Due to the variability of the 

properties within the input motions, a relatively large number of simulations needs to be performed 

to obtain a consistent estimate of the site response (Kottke, 2010). Alternately, the RVT approach 

can be used to avoid the selection, scaling and matching of time-histories input motions. This 

approach uses a single input motion defined in the frequency domain as either a Fourier Amplitude 

Spectrum (FAS) or a Power Spectral Density (PSD) compatible with the design spectrum. 

However, past studies have found that, in some cases, prediction of the site amplification at the 

site natural frequency by RVT analysis can be 20% - 50% larger than with time-histories approach. 

Moreover, it has been noticed that sites with low fundamental frequency and settled on hard rock 

produce the largest over-predictions (Ozbey and Rathje, 2006; Kottke and Rathje, 2013).  

This work is aimed to further understand the potential differences in the results from RVT 

and time-histories based approaches by performing a comprehensive numerical evaluation that 

takes into account the effect of the input intensity level, input spectral shape, site conditions, and 

the methodology used to produce the input FAS. It should be noticed that different 

implementations of the RVT based approach have been proposed (Graizer, 2011). In this work the 
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RVT methodology used is the one proposed by Rathje and Ozbey (2006) and implemented in the 

software Strata (Kottke and Rathje, 2010). This methodology employs a FAS as input and the peak 

factor formulation from Cartwright and Longuet-Higgins (1956). Other methodologies that use a 

PSD as input and/or a different peak factor formulation (e.g. Deng and Ostadan, 2012) are not 

evaluated.  

The analyses performed can be seen as an extension of the work presented by Kottke and 

Rathje (2013), in fact, the two sites analyzed were extracted from there. Important differences 

worth mentioning are: 

(1) The seismic input for the time-histories based analyses were developed in 

compliance with NRC requirements (US-NRC, 2007). That is, spectrum compatible records were 

developed based on the modification of recorded accelerograms. In Kottke and Rathje (2013), the 

analyses were performed using stochastically simulated time-series motions with a specified strong 

motion duration. As a result, it is expected that the seismic input used in this work would have a 

larger variability in terms of frequency content and duration. 

(2) Different methodologies to generate the spectrum compatible FAS used as input in 

the RVT based approach are evaluated. 

(3)  Different design spectra and levels of intensity are used to develop the seismic 

input, so that the influence of the spectral shape and soil inelastic demand can be investigated. 

2.2.  Time-Histories and RVT Based Equivalent-Linear Site Response  

Incorporation of soil non-linearity in seismic site response analyses is fundamental since 

soil deposits exhibit non-linear hysteretic behavior even at low levels of strain demand. In practice, 

most site response studies are performed using one dimensional frequency domain equivalent 

linear (EQL) procedures due to their robustness, simplicity, flexibility and low computational 

requirements (Hashash et al., 2010). In EQL site-response analyses, the propagation of the wave 

through the soil layers is modeled using transfer functions and the soil nonlinearity is incorporated 

through the use of strain-compatible soil properties (shear modulus and damping). Therefore, an 

iterative scheme needs to be implemented where the soil properties are updated based on the strain 

level until the maximum strain for all layers converge. 
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Time-histories and RVT approaches are both grounded on the EQL method, the main 

difference is in the fashion the seismic input is defined. In the first method, the input consists of 

time histories while for the RVT based approach, the input is represented by a FAS or PSD. In 

both cases to comply with most design codes requirements the inputs need to be compatible with 

a design response spectrum. In the time-histories approach, the variability of ground motions may 

generate significant different responses and levels of nonlinearity (Kottke and Rathje, 2013), thus, 

a number of inputs to perform the analysis several times are required to obtain a steady average 

site response. Since the input is defined in the time domain, Fast Fourier Transforms (FFT) are 

used to convert it to the frequency domain, where all the calculations are performed. The resulting 

time history at the ground surface is obtained applying the inverse FFT to the Fourier coefficients 

estimated after the application of the transfer functions. 

In the RVT approach, a single analysis is performed using a compatible FAS or PSD as 

input. As the input is already in the frequency domain, the EQL analysis can be performed without 

having to use the FFT. However, the use of the inverse FFT to get the ground surface time history 

is not possible because although the amplitude of the Fourier Spectrum is available, the phase 

angle is not. Instead, random vibration theory is applied to estimate other response values, such as 

peak ground and spectral accelerations. Moreover, Parseval’s theorem is used to compute the root-

mean-square acceleration, arms, Eq. (2.1): 

 𝑎𝑟𝑚𝑠 = √
1

𝐺𝑀𝐷𝑟𝑚𝑠
∫ |𝑎(𝑡)|2𝐷𝑟𝑚𝑠

0
𝑑𝑡 = √

2

𝐺𝑀𝐷𝑟𝑚𝑠
∫ |𝐴(𝑓)|2∞

0
𝑑𝑓 = √

𝑚0

𝐷𝑟𝑚𝑠
 (2.1) 

where a(t) is the signal in the time domain, GMDrms is the root mean square of the ground motion 

duration (e.g. Liu and Pezeshk, 1999), A(f) is the Fourier amplitude at frequency f and mo is the 

zero-order spectral moment of the FAS, Eq. (2.2): 

 𝑚𝑘 = 2 ∫ (2𝜋𝑓)𝑘|𝐴(𝑓)|2∞

0
𝑑𝑓 (2.2) 

The time domain peak values are then estimated by multiplying the arms by a peak factor, 

pf. The computer code Strata implements the formulation by Cartwright and Longuet-Higgins 

(1956): 

 𝑝𝑓 =
𝑎𝑚𝑎𝑥

𝑎𝑟𝑚𝑠
= √2 ∫ 1 − [1 − 𝜉𝑒(−𝑧2)]

𝑁𝑒∞

0
𝑑𝑧 (2.3) 
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 𝜉 = √
𝑚2

2

𝑚0𝑚4
 (2.4) 

 𝑁𝑒 =
𝐷𝑔𝑚

𝜋
√

𝑚4

𝑚2
 (2.5) 

where 𝜉 is a bandwidth factor, 𝑁𝑒 is the number of extrema, and 𝑚𝑖 is the 𝑖-th order spectral 

moment of the FAS. It shall be noticed that many models of the statistical distribution of the peak 

factor have been proposed. More recently, Wang and Rathje (2015), found that the use of the 

Vanmarcke (1975) peak factor model provides RVT estimates of site amplification closer to those 

from the time-histories approach. Nevertheless, significant over-prediction was still noticed for 

specific combinations of site dynamic properties and seismic input frequency content. A detailed 

description of the RVT procedure can be found somewhere else (Ozbey and Rathje, 2006). 

2.3.  Generation of the Seismic Input 

2.3.1.  Selection and Development of Spectrally Matched Records 

Three sets of 100 spectrum compatible acceleration time series were developed from 

historic earthquake records, each set aiming to match a different target spectrum. The seed records 

were obtained from the Next Generation Attenuation of Ground Motions (NGA-West2) database 

(PEER, 2013) and its selection was based on the overall spectral shape resemblance between the 

records response spectra and the target design spectrum (Gascot and Montejo, 2016). The initial 

level of matching of the seed records was estimated using the root mean square deviation (Drms) 

between the spectral amplitudes, Eq. (2.6). The scale factor a, Eq. (2.7), is applied to the record 

spectral accelerations (SαR) to reduce the spectral amplitude misfit with the target (SαT) and N is 

the number of periods where the spectra are evaluated. 

 𝐷𝑟𝑚𝑠 = √
1

𝑁
∑ (𝑎 𝑆𝛼𝑅(𝑇𝑖) − 𝑆𝛼𝑇(𝑇𝑖))

2𝑁
𝑖=1  (2.6) 

 𝑎 =
∑ 𝑆𝛼𝑇(𝑇𝑖)𝑁

𝑖=1

∑ 𝑆𝛼𝑅(𝑇𝑖)𝑁
𝑖=1

 (2.7) 

Once the seed records are selected, they are modified to make them compatible with the 

design spectrum while complying with Appendix F of R.G. 1.208 (US-NRC, 2007). A Continuous 

Wavelet Transform (CWT) based algorithm was used to generate the spectrum compatible records 

(Montejo and Suárez, 2013). This algorithm decomposes the original record into detail functions 

(functions with a very dominant frequency and modulated amplitude) and reconstruct the signal 
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through an iterative procedure that independently scale these detail functions to obtain an average 

match with the target spectrum (Montejo and Suárez, 2005). This methodology has been shown to 

preserve the main characteristics of the seed records (e.g. Perez-Rivera and Montejo, 2016). An 

example of the resulting compatible records and response spectra is presented in Fig. 2.1. 

 

  
Fig. 2.1 – Example of a compatible record (left) and its response spectrum (right) 

The target design spectrum to which the input motions are made compatible is varied to 

evaluate the influence of the input spectral shape on the results from time-histories and RVT 

analyses. Three spectral shapes with different dominant frequencies and bandwidths are used. The 

first target spectrum is extracted from Section 5 of RG 1.208 (US-NRC, 2007) and represents a 

typical UHRS at the outcrop rock, it is denominated NRC spectrum for further identification. The 

second target is a deterministic spectrum for a magnitude 6.5 earthquake in a strike slip fault with 

a distance to rupture of 50 km for a site with Vs = 370 m/s developed using the tools available at 

the PEER NGA Ground Motion Database (PEER, 2013), it will be identified as NGA spectrum. 

Finally, the third spectrum is characterized by high levels of energy at high frequencies and it will 

be identified as NUC spectrum. This spectrum was developed for a representative Central/Eastern 

U.S. site as part of the response initiatives taken by the U.S. nuclear industry after the Fukushima 

earthquake (Hardy et al., 2015). Fig. 2.2 shows each of the target spectra scaled to a peak ground 

acceleration (PGA) of 0.3 g, the pseudo acceleration spectra (PSA) for the records generated are 

also presented in this figure along with each set median PSA. The FAS and significant durations 

(D5-75) from all the records are also presented in this figure. The D5-75 is calculated as the time 

interval at which 5% and 75% of the Arias intensity is reached. It is noticed that although each set 
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of 100 records shares approximately the same response spectrum, the variability in the FAS and 

durations is quite significant within each set.  

 

 
Fig. 2.2 – Top to bottom: pseudo-acceleration response spectra, Fourier amplitude spectrum, and 

significant duration (D5-75). Left to right: results corresponding to the NRC, NGA and NUC target 

spectra. 

2.3.2. Development of the Spectrum Compatible FAS 

A critical first step in RVT site response analyses is the development of an appropriate 

input FAS, which often need to be defined consistent with a uniform hazard spectrum (UHS) to 

comply with code requirements. Four different approaches to generate the compatible FAS were 

evaluated in this work: 

(1) Inverse RVT (IRVT): The IRVT procedure proposed by Rathje et al. (2005) uses 

extreme value statistics, the characteristics of single-degree-of-freedom oscillator transfer 

functions, and a spectral ratio correction to develop the Fourier amplitude spectra. This procedure 

is implemented in the computer program Strata (Kottke and Rathje, 2010) and requires of empirical 
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approximations and an iterative scheme to converge. In addition to the target spectrum, a consistent 

strong motion duration is required as input to the inversion process. In this work, an optimal 

duration is estimated by generating a number of FAS for different strong motion durations. Each 

FAS is compared via Drms with the average FAS from the 100 spectrum compatible records 

previously developed, the optimal duration is set as the one that generated the FAS with the 

minimum Drms. The results obtained are presented in Fig. 2.3 and compared with the average 

significant duration from the 100 records. It is seen that the optimal durations are very close to the 

average D5-75. 

 

 
(a)                        (b)    (c) 

Fig. 2.3 – Estimation of the optimal duration for IRVT: Top figures show the IRVT FAS obtained for 

different durations and bottom figures show their corresponding Drms when compared against the average 

FAS from the set of 100 spectrum compatible series time-series. Left to right: results corresponding to the 

NRC, NGA and NUC target spectra. 

(2) Damping modification factors (DMF): DMF are commonly used to adjust elastic 

response spectral values corresponding to 5% of viscous damping to other damping levels. Based 

on the observation that the FAS of a ground motion is very similar to the undamped velocity 
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spectrum, DMF were used to convert the average 5% pseudo velocity spectrum (PSV) of the 100 

records to an undamped velocity spectrum which is used as the input FAS. The DMF where 

calculated using the expression proposed by Hatzigeorgiou (2010), Eq. (2.8), with the coefficient 

values ci suggested for spectrum compatible records. Although this expression was developed for 

damping ratios (ζ) between 0.5% and 50 %, following an analysis similar to the one performed to 

obtain the optimal duration for the IRVT procedure, it was found that using the coefficients for 

0.2% provided the closest match to the average FAS from the 100 spectrum compatible records in 

each set (Fig. 2.4). 

 𝐷𝑀𝐹(𝑇, 𝜁) = 1 + (𝜁 − 5) [1 + 𝑐1𝑙𝑛(𝜁) + 𝑐2(𝑙𝑛(𝜁))
2

] [𝑐3 + 𝑐4𝑙𝑛(𝑇) + 𝑐5(𝑙𝑛(𝑇))
2

] (2.8) 

 

 
(a)                        (b)    (c) 

Fig. 2.4 – Estimation of the optimal damping ratio for the DMF approach. Top figures show the resulting 

FAS using DMF with different damping values and bottom figures show their corresponding Drms when 

compared against the average FAS from the set of 100 spectrum compatible series time-series. Left to 

right: results corresponding to the NRC, NGA and NUC target spectra. 
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(3) Using an empirical relationship:  the conversion is performed directly through a 

duration dependent empirical relationship between FAS and 5%PSA intended mainly for spectrum 

compatible records, Montejo and Vidot-Vega (2016), Eq. (2.9): 

 
𝐹𝐴𝑆

5%𝑃𝑆𝐴
= [𝑎1(𝐷5−75)𝑎2 + 𝑎3] ∗ 𝑓[𝑏1(𝐷5−75)𝑏2+𝑏3] (2.9) 

where a1 = 0.0512, a2 = 0.4920, a3 = 0.1123, b1 = -0.5869, b2 = -0.2650 and b3 = -0.4580. 

(4) Average FAS from a set of spectrum compatible records: The fourth approach to 

estimate the input FAS was to simply take the average FAS from the 100 compatible records in 

each set. It is clear that this approach goes against the essence of the RVT procedure, however, it 

was implemented to investigate the influence of the specified FAS in the results and whether the 

differences with the time-histories approach could be partially attributed to the specification of the 

FAS. Fig. 2.5 summarizes the results from all four approaches used to develop the spectrum 

compatible input FAS. 

 

 
Fig. 2.5 – Spectrum compatible input FAS obtained using the 4 different approaches. Top to bottom: 

results corresponding to the NRC, NGA and NUC spectra. 
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2.4.  Numerical Comparison of the Site Response Procedures  

In order to investigate the significance of site conditions on the site response, two different 

sites used in Kottke (2010) and Kottke and Rathje (2013) for the same purpose, were selected. The 

first site is the Sylmar County Hospital parking lot (SCH) which is located in San Fernando Valley 

of Southern California and consists of 90 meters of alluvium over rock, with shear wave velocity 

varying from 250 m/s to 760 m/s in the bedrock (no significant impedance contrast). The second 

site is Calvert Cliffs (CC) located on the coast of Chesapeake Bay in Maryland. This site has over 

750 meters of alternating layers of sand and clay/silt, with the shear wave velocity varying form 

241 m/s to 2804 m/s in the bedrock for a large impedance contrast at the soil/rock interface. The 

detailed characteristics of both sites can be found in Kottke (2010). The linear-elastic transfer 

functions (TF) for each site are shown in Fig. 2.6 which shows a first-mode natural frequency of 

1.7 Hz. for the SCH site and 0.25 Hz. for the CC site. 

 
Fig. 2.6 – Linear-elastic transfer functions for SCH and CC sites. 

Site response analyses using both time-history and RVT based methods are performed 

using the software Strata (Kottke and Rathje, 2010). Several analyses are conducted by varying 

the input intensity level, input spectral shape and site conditions to calculate the amplification 

function for each case, defined as the ratio between spectral accelerations (AF = Sa_out/Sa_in). To 

evaluate the differences in the results from the time-histories and RVT approaches, the median AF 

predicted from the 100 time histories (AFTH) and the AF predicted using RVT (AFRVT) is compared 

by using the ratio between them (αAF = AFRVT/ AFTH).  
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The median AFs obtained by the time-histories approach for each site, target spectrum and 

level of intensity are presented in Fig. 2.7. These can be seen as the “target” AFs that would be 

used to calculate the ratios αAF (αAF = AFRVT/ AFTH) used to evaluate the RVT results. Three levels 

of seismic intensity are evaluated that correspond to average PGAs of 0.01g, 0.3g and 0.6g – which 

are aimed to study three different performance levels of the soil deposit: mostly elastic, moderate 

nonlinearity and highly nonlinear. It is seen that the augment in the soil inelastic demand caused 

by the increasing intensity in the seismic input is reflected in the AFs by a shift in the site 

fundamental frequency (softening of the soil deposit) and a response mostly dominated by the first 

mode (higher modes are attenuated). There is also a slight reduction in the magnitude of 

amplification at the fundamental frequency at increasing levels of inelastic demand. Nevertheless, 

it shall be noticed that as nonlinear effects become more significant (e.g. the 0.6g case), the 

response obtained from the EQL method may deviate significantly from the expected one and a 

full nonlinear analysis in the time domain is more appropriate (e.g. Hashash et al., 2010; Rosario 

et al., 2015). Moreover, the nonlinear effects were less noticeable in the CC site, presumably due 

to the large depth of the site controlling its behavior (Kottke and Rathje, 2013). Finally, it is also 

noticed that the shape of the spectra used as target did not influence the AFs obtained. 

A sample of the RVT site response results are presented in Fig. 2.8. The results are 

presented in the form of AFs for both sites, the three intensity levels and the four different 

methodologies used to generate the input FAS. The median AFs from the time-histories approach 

are also presented for comparison purposes as well as the αAF. Due to space constraints only the 

results obtained when using the NGA spectrum are presented. However, the results obtained for 

the other two spectra were very similar and lead to the same conclusions; they are presented in 

Appendix D. Key remarks from Fig. 2.8 can be summarized as follows: 

o Regarding the site influence: As shown by Kottke and Rathje (2013), the largest 

over-predictions are obtained at the fundamental frequencies of the soft soil with 

significant impedance contrast (CC site). The over-prediction at this site reached values of 

24% compared to a maximum value of 11.30% in the SCH site.  

o Regarding the methodology used to generate the input FAS: The magnitude of the 

over-prediction at the sites fundamental frequency was practically the same independent 

of the methodology used to generate the input FAS. At higher frequencies the AFs obtained 
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from the different input FAS start to differ, especially for the DMF methodology that 

consistently over-predict the AFs at frequencies larger than ~5Hz.  

o Regarding the level of inelastic demand: For the stiffer site (SCH), the over-

predictions are seen to slightly increase as the inelastic demand in the soil increases (Table 

2.1). However, in the deep-soft site evaluated (CC), the level of over-prediction was rather 

insensitive to the level of inelastic demand.  

 

 
Fig. 2.7 – Median AFs from the time-histories approach for the SCH site using NRC (a), NGA (b) and 

NUC (c) spectra; and for the CC site using NRC (d), NGA (e) and NUC (f) spectra. 

Table 2.1 – Maximum over-predictions for the SCH and CC sites at different levels of intensity  

  Over-prediction at fundamental frequency 

Site Input Spectrum PGA = 0.01g PGA = 0.3g PGA = 0.6g 

SCH 

NRC 3.1% 10.2% 11.3% 

NGA 5.5% 6.8% 8.3% 

NUC 5.8% 7.6% 10.7% 

CC 

NRC 18% 24% 14.1% 

NGA 12.5% 13.7% 12.2% 

NUC 17.6% 16.5% 17.8% 
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Fig. 2.8 – AFs and αAFs obtained using inputs compatible with the NGA spectrum. Top figures show the 

results for the SCH site at PGAs average values of 0.01g (a), 0.3g (b) and 0.6g (c). Bottom figures show 

the results for the CC site at 0.01g (d), 0.3g (e) and 0.6g (f). 
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2.5.  Evaluation of Previously Proposed Correction Factors 

Kottke and Rathje (2013) have suggested that one of the potential reasons for the over-

predictions is the site-response induced increase in significant duration of the motion at the surface. 

When using the RVT method, this increase in duration is not taken into account, only the input 

ground motion duration is used. A review of the RVT formulation shows that duration is inversely 

proportional to the spectral acceleration (Eq. 2.1). That is, if the increase in duration is ignored, 

the resulting accelerations will tend to be larger than the ones calculated using the time-histories 

based approach. To account for this issue, Kottke and Rathje (2013) proposed a rather simple fix: 

modify the AF computed using RVT by dividing by the square root of the observed duration ratio, 

Dsurf5-75/Din5-75. The D5-75 values are the [5-75]% significant durations of the responses (at the 

surface and input motions) of SDOF oscillators with a natural frequency set at the same frequency 

values used to calculate the AFs. In the work by Kottke and Rathje (2013), these ratios were used 

to correct the predictions based on an elastic analyses but their applicability to EQL analyses were 

not explored. In this work, the same concept was applied to EQL analyses. Fig. 2.9 summarizes 

all of the duration ratios obtained for both sites and all input spectra and intensity levels evaluated. 

The linear elastic case at an input intensity of 0.01g was also evaluated and is denoted as LE in 

Fig. 2.9. 

The duration ratios fluctuated between 0.6 and 2, verifying that there is mostly an increase 

in the duration. Nevertheless, the duration remained mainly constant in the lower frequency range 

(<1Hz) where most of the sites fundamental frequencies are located. The increment in duration is 

more evident at frequencies larger than 1 Hz, having its peak value close to 10 Hz. Moreover, as 

the level of inelastic demand increases in the soil deposit, larger duration ratios are found. It is also 

noticed that the softer site (CC) exhibits larger variability in the duration ratios. For instance, the 

ratios obtained at 0.01g from EQL and LE approaches do no converge, but it does for the stiffer 

site (SCH). In general, the shape of the duration ratios obtained largely differ from those presented 

in Kottke and Rathje (2013), which follows the same shape of the over-prediction ratios (αAF, Fig. 

2.8). Figs. 2.10 and 2.11 shows the result of applying the calculated correction factors for both 

sites, for the sake of brevity only the results obtained using the NGA spectrum as input are 

presented, but similar results were obtained for the other spectral shapes. The results of the other 

two spectra are presented in Appendix E. As expected, the use of the correction factors was not 
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successful. Since the correction factors were ~1 at the frequency range where most of the sites 

fundamental frequencies were located, the over-prediction magnitudes remained basically the 

same. 

 

 
Fig. 2.9 – Duration ratios for the SCH site (top figures) and the CC site (bottom figures) for all levels of 

intensity and input spectra. Left to right: results corresponding to the NRC, NGA and NUC spectra. 
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Fig. 2.10 – Corrected αAF for the CC site and NGA input spectrum: Elastic analysis at 0.01g (a), EQL at 

0.01g (b), EQL at 0.3g (c) and EQL at 0.6g (d). 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 
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Fig. 2.11 – Corrected αAF for the SCH site and NGA input spectrum: Elastic analysis at 0.01g (a), EQL 

at 0.01g (b), EQL at 0.3g (c) and EQL at 0.6g (d). 

2.6.  Conclusions 

Over the last years, the nuclear industry has been switching to the RVT-based approach to 

EQL site response analysis as an alternative to the time-histories method. In theory, RVT would 

require of only one analysis to obtain the mean amplification function for a site and input spectrum. 

This may represent substantial computational savings when compared to the traditional time-

histories approach, where a relatively large set of input motions needs to be constructed in order 

to run the several analyses required to obtain a stable mean response. The savings increase 

dramatically when the studies require that site-property variability be taken into account via Monte 

Carlo simulation (US-NRC, 2007). This work extended the study by Kottke and Rathje (2013) by 

using different design spectra and levels of intensity, so that the influence of the spectral shape and 

degree of soil inelastic demand can be investigated. Moreover, the development of the input data-

set for the time-history based analyses is significantly different: in the study by Kottke and Rathje 

(2013) the input motions were developed using stochastically simulated time-series motions with 

(a) (b) 

(c) (d) 
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a specified strong motion duration. In this work, spectrum compatible records were developed 

based on the modification of recorded accelerograms to comply with current NRC requirements. 

Therefore, the input motions used in this work would have a larger variability in terms of frequency 

content and duration. From the results obtained it can be concluded that: 

o As previous studies suggested, over-predictions in the AFs occur mainly at the site 

fundamental frequencies and the magnitude of the over-prediction is larger for relatively 

soft soil deposits with significant impedance contrast at the soil/rock interface. 

o The shape of the design spectrum does not seem to have influence in the differences 

between the results from the RVT and time-histories approach. 

o The magnitude of the over-prediction was found to be insensitive to the 

methodology used to develop the input FAS. 

o In soft sites the magnitude of the over-prediction could be rather insensitive to 

increments in the inelastic demand, conversely, in stiffer sites the over-prediction may 

increase as the site softens due to the rising inelastic demand. 

o The correction procedure proposed by Kottke and Rathje (2013) for LE analyses 

and based on the significant duration ratios does not seem to apply for EQL analyses. 
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CHAPTER III 

AN ALTERNATIVE INPUT FOR EQUIVALENT-LINEAR SITE RESPONSE 

ANALYSES 

3.1.  Introduction 

Seismic wave transmission analyses play a key role in the process of developing the free-

field design spectrum at a specific site. In practice, these analyses are commonly carried out 

following an equivalent-linear approach based either on time-histories or random vibration theory 

(RVT). In the RVT approach the input motion is characterized in the frequency domain by means 

of Fourier Amplitude Spectra (FAS) or Power Spectral Densities (PSD) so that the need for 

selecting/developing multiple suitable time-histories is avoided.  Nevertheless, previous works 

have demonstrated that RVT-based EQL site response analyses systematically over-predict the 

amplification functions at the site fundamental frequencies when compared with the results 

obtained from traditional time-histories based approach. Moreover, it has been shown that such 

over-prediction is not related to the methodology used to develop the input FAS (Chi-Miranda and 

Montejo, 2016), but is rather related to the assumptions and approximations implicit in the 

statistical model used to estimate the peak-to-rms ratio (known as the peak factor) and used to 

convert the root mean square (rms) acceleration to a peak value (Wang and Rathje, 2015). 

The main advantage of RVT-based methodologies is that, by defining the seismic input as 

a compatible FAS or PSD, only one analysis is needed to obtain the mean amplification function 

for a site and input spectrum. Consequently, the need for the selection and modification of 

numerous acceleration records to be used as input in the time-histories approach is avoided. Notice 

that the development of a suite of compatible time-series complying with current requirements in 

RG 1.208 (US-NRC, 2007) may become a challenging, time-consuming task. 

In this work, we propose an alternative approach to define the input in EQL site response 

analyses. It conserves the flavor of the RVT-based approach, as it is based on the observation that 

in EQL analyses all the calculations are performed in the frequency domain. Thus, even if the input 

is defined as time histories, they are first transformed to the frequency domain in order to apply 

the transfer functions. That is, the iterative EQL calculations would never “see” the time-histories 

but its Fourier coefficients. Considering this, we propose the use of a set of synthetic signals (SS) 



35 

 

 

 

developed from Gaussian noise and molded to a FAS compatible to the design spectrum. The 

resulting signals share the same FAS and a 5% PSA similar to the target design spectrum. The 

viability of using these signals for EQL site response analyses is evaluated through a 

comprehensive numerical analysis that account for the influence of the site characteristics, design 

spectra shape, strong motion duration of the input and level of inelastic demand. 

3.2.  Generation of the Seismic Input 

The feasibility of using the proposed simplified input is evaluated by comparison with the 

results from EQL analyses performed using sets of seed-based spectrum compatible time-series 

and EQL analyses based on RVT theory. The development of the seismic input, i.e. the compatible 

time-series, the compatible FAS and the proposed synthetic signals are discussed next. 

3.2.1.  Design/Target Spectra 

Two target spectra with different dominant frequencies and bandwidths are used to 

evaluate the influence of the input spectral shape on the results of the site response analyses by the 

different methodologies. The first spectrum is a deterministic spectrum for a magnitude 5.0 

earthquake in a strike slip fault with a distance to rupture of 20 km for a site with Vs = 1,000 m/s. 

It was developed using the tools available at the PEER NGA Ground Motion Database (PEER, 

2013) and is labeled as NGAM5 for further identification. The second spectrum is extracted from 

Section 5 of RG 1.208 (US-NRC, 2007) and represents a typical UHRS at the outcrop rock; it is 

identified as NRC spectrum. The top row of Fig. 3.1 shows each of the target design spectra scaled 

to a peak ground acceleration (PGA) of 0.3 g.  

3.2.2. Development of Seed-Based Spectrum Compatible Time-Series 

Initially, two sets of 100 compatible time-series (one per target spectrum) were constructed. 

The compatible series were developed based on the modification of actual earthquake records to 

comply with Appendix F of R.G. 1.208 (US-NRC, 2007). A Continuous Wavelet Transform 

(CWT) based algorithm (Montejo and Suárez, 2005, 2013) was used to modify the seed records in 

the time-frequency domain so that their response spectra closely match the target response 

spectrum. The seed records were selected from the Next Generation Attenuation of Ground 

Motions (NGA-West2) database (PEER, 2013) based on the overall spectral shape resemblance 
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between the records response spectra and the target design spectra (e.g. Gascot and Montejo, 

2016).  

 

  
Fig. 3.1 – Pseudo acceleration response spectra (top) and FAS (bottom) for the NGAM5 (left) and NRC 

(right) target spectra. 

Once the two sets are created, the significant duration D5-75 (calculated as the time interval 

at which 5% and 75% of the Arias intensity is reached) is computed for all the compatible series. 

For each target spectrum two subsets of 20 records are constructed so that one subset contains 

short duration time-series and the other longer duration series. This is done because, as is shown 

later, duration play an important role in the generation of the compatible FAS for the RVT-based 

analyses and in the generation of the proposed synthetic signals. Having sets of time-series with 

substantially different durations would allow us to identify any duration effects on the results from 

each methodology. Tables 3.1 and 3.2 summarize the main characteristics of the series generated. 

The top row of Fig. 3.1 shows the response spectra for all time-series generated, short and long 

duration sets, along with their average and target spectrum. The FAS from the series are presented 

in the bottom row of the figure along with their average. It is noticed that although the series share 

approximately the same response spectrum, the variability in the FAS is important. Moreover, Fig. 

3.2. presents the significant durations for each set of time-series. For the NGAM5 spectrum 
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compatible series the average significant duration for the short duration set is 4.37 s, against 13.94 

s for the long duration set. In the case of the sets made compatible to the NRC spectrum, the 

average significant durations are 8.93 s and 25.62 s for short and long duration sets, respectively.  

 
Fig. 3.2 – Significant duration for NGAM5 (top) and NRC (bottom) target spectra. Left: short duration 

records. Right: long duration records. 
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Table 3.1 – Seed records used to generate time-series compatible with the NGAM5 spectrum 

TAG 
NGA 

RSN 
Earthquake Name Year Mag. 

Rjb 

(km) 

Vs30 

(m/s) 

D5-75 

(Seed R.) 

D5-75  

(Comp. R.) 

NGAM5-01 3768 Northridge-06 1994 5.28 6.98 476.32 1.53 2.96 

NGAM5-02 272 Mammoth Lakes-09 1980 4.85 9.24 353.2 1.95 3.06 

NGAM5-03 4547 
L'Aquila (aftershock 

2)_ Italy 
2009 5.4 10.22 475 2.70 3.34 

NGAM5-04 643 Whittier Narrows-01 1987 5.99 23.4 1222.52 2.90 3.39 

NGAM5-05 4508 
L'Aquila (aftershock 

1)_ Italy 
2009 5.6 13.01 488 1.13 3.52 

NGAM5-06 4085 Parkfield-02_ CA 2004 6 12.59 357.35 5.83 3.65 

NGAM5-07 1651 Northridge-02 1994 6.05 1.48 297.71 1.56 3.76 

NGAM5-08 3704 Whittier Narrows-02 1987 5.27 17.44 371.07 1.30 3.77 

NGAM5-09 196 Imperial Valley-07 1979 5.01 49.4 242.05 2.56 4.36 

NGAM5-10 825 Cape Mendocino 1992 7.01 0 567.78 2.89 4.36 

NGAM5-11 4511 
L'Aquila (aftershock 

1)_ Italy 
2009 5.6 10.73 563.74 2.56 4.39 

NGAM5-12 3718 Whittier Narrows-02 1987 5.27 25.04 1222.52 2.79 4.47 

NGAM5-13 4259 Ancona-09_ Italy 1972 4.7 11.58 256 3.67 4.85 

NGAM5-14 6106 Yorba Linda 2002 4.265 26.15 342.5 4.93 5.03 

NGAM5-15 2123 Big Bear City 2003 4.92 24.5 436.14 3.43 5.12 

NGAM5-16 598 Whittier Narrows-01 1987 5.99 22.5 550.11 2.85 5.21 

NGAM5-17 121 Friuli_ Italy-01 1976 6.5 49.13 496.46 3.96 5.36 

NGAM5-18 89 San Fernando 1971 6.61 61.75 669.48 2.83 5.48 

NGAM5-19 72 San Fernando 1971 6.61 19.45 600.06 3.69 5.68 

NGAM5-20 454 Morgan Hill 1984 6.19 14.83 729.65 5.05 5.75 

NGAM5-21 8320 Yorba Linda 2002 4.265 20.14 392.7 6.52 9.40 

NGAM5-22 3201 Chi-Chi_ Taiwan-05 1999 6.2 49.69 389.41 9.71 10.03 

NGAM5-23 2058 Yorba Linda 2002 4.265 30.37 333.31 8.79 10.06 

NGAM5-24 8249 Anza-02 2001 4.92 51.49 352 9.56 10.40 

NGAM5-25 915 Big Bear-01 1992 6.46 82.12 473.8 11.38 11.42 

NGAM5-26 927 Big Bear-01 1992 6.46 52.95 389.95 9.26 11.77 

NGAM5-27 3206 Chi-Chi_ Taiwan-05 1999 6.2 50.78 451.37 8.10 12.05 

NGAM5-28 5637 Iwate_ Japan 2008 6.9 38.05 429.2 11.26 12.55 

NGAM5-29 4157 Niigata_ Japan 2004 6.63 51.31 330.61 9.41 13.01 

NGAM5-30 3175 Chi-Chi_ Taiwan-05 1999 6.2 45.58 487.27 10.39 13.32 

NGAM5-31 4241 Niigata_ Japan 2004 6.63 82.32 518.59 13.21 13.73 

NGAM5-32 2945 Chi-Chi_ Taiwan-05 1999 6.2 78.15 210.01 7.98 13.80 

NGAM5-33 2979 Chi-Chi_ Taiwan-05 1999 6.2 73.78 193.69 10.75 14.24 

NGAM5-34 5480 Iwate_ Japan 2008 6.9 58.34 620.4 13.47 14.51 

NGAM5-35 5467 Iwate_ Japan 2008 6.9 57.37 449.45 13.03 14.81 

NGAM5-36 2005 CA/Baja Border Area 2002 5.31 52.91 276.25 15.33 15.16 

NGAM5-37 5645 Iwate_ Japan 2008 6.9 97.66 620.54 11.77 15.33 

NGAM5-38 5545 Iwate_ Japan 2008 6.9 128.46 388.58 9.92 17.93 

NGAM5-39 6702 Niigata_ Japan 2004 6.63 113.81 771.43 19.05 22.06 

NGAM5-40 5826 
El Mayor-Cucapah_ 

Mexico 
2010 7.2 80.59 415.23 20.92 23.31 
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Table 3.2 – Seed records used to generate time-series compatible with the NRC spectrum 

TAG 
 NGA 

RSN 
Earthquake Name Year Mag. 

 Rjb 

(km) 

 Vs30 

(m/s) 

D5-75 

(Seed R.) 

D5-75  

(Comp. R.) 

NRC-01 788 Loma Prieta 1989 6.93 72.9 895.36 4.46 7.22 

NRC-02 755 Loma Prieta 1989 6.93 19.97 561.43 6.02 7.68 

NRC-03 1082 Northridge-01 1994 6.69 5.59 320.93 5.81 7.86 

NRC-04 959 Northridge-01 1994 6.69 0 267.49 6.21 7.96 

NRC-05 3268 Chi-Chi, Taiwan-06 1999 6.30 32.09 542.61 4.15 7.96 

NRC-06 949 Northridge-01 1994 6.69 3.3 297.71 6.36 8.19 

NRC-07 4457 Montenegro, Yugo. 1979 7.10 1.52 410.35 7.69 8.36 

NRC-08 8069 
Christchurch, New 

Zealand 
2011 6.2 36.18 332.73 6.43 8.38 

NRC-09 1027 Northridge-01 1994 6.69 36.86 499.31 5.34 8.51 

NRC-10 693 Whittier Narrows-01 1987 5.99 32.8 385.87 7.74 8.60 

NRC-11 5806 Iwate 2008 6.90 22.41 655.45 8.18 8.73 

NRC-12 721 Superstition Hills-02 1987 6.54 18.2 192.05 7.05 9.35 

NRC-13 4866 Chuetsu-oki 2007 6.80 0 338.32 7.21 9.42 

NRC-14 1005 Northridge-01 1994 6.69 28.82 452.15 7.27 9.55 

NRC-15 804 Loma Prieta 1989 6.93 63.03 1020.62 5.26 9.70 

NRC-16 730 Spitak, Armenia 1988 6.77 23.99 343.53 6.26 10.07 

NRC-17 392 Coalinga-03 1983 5.38 12.05 286.41 5.53 10.13 

NRC-18 4503 L'Aquila, Italy 2009 6.30 39.04 612.78 6.25 10.19 

NRC-19 4864 Chuetsu-oki 2007 6.80 4.69 655.45 7.68 10.30 

NRC-20 761 Loma Prieta 1989 6.93 39.66 284.79 7.19 10.47 

NRC-21 164 Imperial Valley-06 1979 6.53 15.19 471.53 19.68 22.19 

NRC-22 5683 Iwate 2008 6.90 93.94 358.25 15.53 22.34 

NRC-23 3196 Chi-Chi, Taiwan-05 1999 6.20 125.78 422.28 15.73 22.58 

NRC-24 5827 El Mayor-Cucapah 2010 7.20 13.21 242.05 19.77 22.74 

NRC-25 913 Big Bear-01 1992 6.46 121.75 452.15 21.06 23.75 

NRC-26 5834 El Mayor-Cucapah 2010 7.20 88.48 505.23 22.67 23.78 

NRC-27 5600 Iwate 2008 6.90 256.42 335.81 15.61 24.39 

NRC-28 5464 Iwate 2008 6.90 118.96 514.86 13.27 24.62 

NRC-29 6051 El Mayor-Cucapah 2010 7.20 111.38 1100 13.89 25.31 

NRC-30 5551 Iwate 2008 6.90 178.42 423.53 14.18 25.52 

NRC-31 1245 Chi-Chi, Taiwan 1999 7.62 36.06 804.36 20.48 25.75 

NRC-32 3757 Landers 1992 7.28 26.95 367.84 23.14 26.00 

NRC-33 6612 Niigata, Japan 2004 6.63 163.06 538.9 15.25 26.57 

NRC-34 840 Landers 1992 7.28 144.13 550.11 25.67 26.99 

NRC-35 6050 El Mayor-Cucapah 2010 7.20 142.36 333.89 17.76 27.07 

NRC-36 882 Landers 1992 7.28 26.84 344.67 25.33 27.28 

NRC-37 2009 CA/Baja Border Area 2002 5.31 52.65 202.89 20.40 27.78 

NRC-38 5463 Iwate 2008 6.90 104.42 298.5 31.46 28.39 

NRC-39 169 Imperial Valley-06 1979 6.53 22.03 242.05 24.37 29.66 

NRC-40 6882 Darfield, New Zealand 2010 7.00 124.96 586.28 27.44 29.75 
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3.2.3.  Development of Spectrum Compatible FAS 

Spectrum compatible FAS are required to be used as input in the RVT-based EQL analyses 

and to generate the synthetic signals proposed in this work. Two different approaches to generate 

the compatible FAS were employed: 

(1) Inverse RVT (IRVT): The IRVT procedure proposed by Rathje et al. (2005) uses 

extreme value statistics, the characteristics of single-degree-of-freedom oscillator transfer 

functions, and a spectral ratio correction to develop the Fourier amplitude spectra. In this work the 

IRVT inverted FAS are generated using the computer program Strata (Kottke and Rathje, 2010), 

in addition to the target spectrum, an estimate of the strong motion duration is required as input to 

the inversion process. The duration used correspond to the average D5-75 from the 20 records in 

each set. 

 

  
Fig. 3.3 – Spectrum compatible FAS obtained using 2 different approaches along with the average FAS 

from each set of 20 records. Results obtained for the NGAM5 (top) and NRC (bottom) target spectra, 

using short (left) and long (right) duration sets. 

(2) Using an empirical relationship (ER):  the conversion is performed directly through 

a duration-dependent empirical relationship between FAS and 5%PSA (Montejo and Vidot-Vega, 

2016): 
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𝐹𝐴𝑆

5%𝑃𝑆𝐴
= [𝑎1(𝐷5−75)𝑎2 + 𝑎3] ∗ 𝑓[𝑏1(𝐷5−75)𝑏2+𝑏3] (3.1) 

where a1 = 0.0512, a2 = 0.4920, a3 = 0.1123, b1 = -0.5869, b2 = -0.2650 and b3 = -0.4580. 

Fig. 3.3. shows the results from the two approaches used to develop the spectrum 

compatible FAS along with the average FAS from the 20 records in each set. It is seen that both 

approaches were able to predict the overall shape of the average FAS.  

3.2.4.  Generation of the Proposed Alternative Input 

The proposed alternative input consists of simple, fast to generate time-domain synthetic 

signals with a frequency content shaped to a predetermined FAS compatible with the design 

spectrum. The procedure implemented for the generation of these signals is similar to the one 

described in Boore (2003): 

(1)  Use the prescribed target spectrum and significant duration to construct a spectrum 

compatible FAS. For this task one can employ either an IRVT procedure (e.g. Rathje et al., 2005) 

or an empirical relationship (e.g. Montejo and Vidot-Vega, 2016). 

(2)  Generate a normally distributed random signal (Gaussian noise, Fig. 3.4a) and 

modulate its amplitude using a time-domain envelope (Fig. 3.4b). The length of the signal and 

shape of the envelope should be defined so that the significant duration of the final signal coincide 

with the duration used to generate the compatible FAS. Since the signal would be further modified 

to shape its FAS, setting the length of the signal and envelope is not obvious. After considering 

several options, the envelope shape described in Fig. 3.5 is recommended as it provided 

satisfactory results for different duration/design-spectrum scenarios while maintaining its 

simplicity. This envelope consists of a strong motion part controlled by a triangular shape and 

constant low amplitude segments at the beginning and end of the signal. The length of the 

triangular shape, and therefore the total length of the signal, depends on the specified significant 

duration while the constant low amplitude segments duration is fixed. When the specified 

significant duration is short (e.g. <2s), the constant low amplitude segments would ensure that the 

signal is long enough to capture the fundamental frequencies in soft soils deposits.  

(3)  Obtain the windowed noise complex Fourier coefficients via Fast Fourier 

Transform (FFT) and construct its FAS (Fig. 3.4c). 
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(4)  Scale the complex Fourier coefficients so that the signal FAS coincide with the 

spectrum compatible FAS (Fig. 3.4d).  

(5)  Perform an inverse FFT to the scaled complex Fourier coefficients to obtain the 

signal in the time domain (Fig. 3.4e). Since the signal was constructed to have a significant 

duration consistent with the one used to develop the spectrum compatible FAS and forced to have 

a FAS identical to the compatible FAS, it shall have a response spectrum similar to the 

design/target spectrum (Fig. 3.4f). 

 
Fig. 3.4 – Procedure for the generation of the synthetic signals (SS) with a FAS concurring with a 

predetermined (spectrum compatible) FAS. Results shown are form the generation of a synthetic signal 

for the NRC spectrum – short duration scenario, using the empirical relationship to generate the 

compatible FAS. 
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Fig. 3.5 – Proposed time domain envelope for the generation of the synthetic signals (SS) 

Notice that the signals generated through this methodology are not intended to have the 

characteristics of actual strong motion records, e.g. they may exhibit lineal-stationary behavior and 

ill-behave traces of accelerations, velocities and displacements. Rather, these signals can be 

thought of as an artifact to obtain random sets of complex Fourier coefficients sharing the same 

(spectrum-compatible) FAS, so that during the EQL analysis, the surface motion can be obtained 

using the inverse Fourier transforms and the use of extreme value statistics can be circumvented. 

Unavoidably, the resulting surface time histories may also display characteristics not proper of 

seismic induced motions. However, it is shown later that the surface response spectra and 

amplification functions (which are the main objective on a site response analysis) can be 

effectively estimated.  

In this study, the spectrum compatible FAS are constructed using both methodologies 

aforementioned and are denoted as IRVT FAS (the ones generated using the inverse RVT 

procedure) and ER FAS (the ones generated using the empirical relationship). To allow 

comparisons, the ground motion durations used to generate these FAS are set as the average D5-75 

from each set of 20 seed-based spectrum compatible time-series. For each set of compatible-time 

series a corresponding set of 20 synthetic signals (SS) is generated. Figs. 3.4 demonstrates the 

generation of a single signal and Figs. 3.6 summarizes the resulting response spectra for all 

signals/sets generated. It is seen from Fig. 3.6 that while the overall shape of the response spectra 

from the synthetic signals resembles the target spectrum, the level of matching is not as close as 

the one exhibited by the seed-based spectrum compatible time-signals (Fig. 3.1). Moreover, the 

amplitude of the average response spectrum from each set of synthetic signals is lower than the 
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target spectrum, especially at large frequencies (>4Hz) in the narrow band target spectrum 

(NGAM5). However, keep in mind that the input to the EQL analysis are (ultimately) the Fourier 

coefficients of the excitation and the FAS from each synthetic signal in a set is identical to the 

spectrum compatible FAS (Fig. 3.3). 

 

 
Fig. 3.6 – Pseudo-acceleration response spectra for each set of 20 synthetic signals generated. 
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3.3.  Evaluation of the Proposed Simplified Input for EQL Analyses 

The viability of the proposed alternative approach is assessed through EQL analyses at 

different levels of seismic intensity and performed on sites of diverse characteristics. This section 

briefly describes the sites used, the analyses performed, and summarizes the main results obtained. 

3.3.1.  Sites Description 

Three different sites were selected to investigate the significance of site conditions on the 

site response. Two of them are actual sites extracted from Kottke and Rathje (2013). The first site 

is the Sylmar County Hospital parking lot (SCH) consisting of 90 meters of alluvium over rock 

with shear wave velocity varying from 250 m/s to 760 m/s in the bedrock. The second site is 

Calvert Cliffs (CC) on the Chesapeake Bay in Maryland. This site has over 750 meters of 

alternating layers of sand and clay/silt, with the shear wave velocity varying form 241 m/s to 2804 

m/s in the bedrock causing a larger impedance contrast at the soil/rock interface when compared 

to the SCH site. Further details on both sites are provided in Kottke (2010). The third site is a very 

flexible hypothetical site (HS) with strong impedance contrast extracted from Wang and Rathje 

(2015, 2016) and considered critical for the over-prediction problems in RVT-based site response 

analyses. It consists of a single layer of soil of 316 m of thickness and shear wave velocity of 400 

m/s sitting on rock with a shear wave velocity of 3,000 m/s. The linear-elastic transfer functions 

(TF) for each site are shown in Fig. 3.7 unveiling first-mode natural frequencies of 1.7Hz for the 

SCH site, 0.25Hz. for the CC site and 0.31Hz for the HS. 

 
Fig. 3.7 – Linear-elastic transfer functions (TF) for the 3 sites studied: Sylmar County Hospital (SCH), 

Calvert Cliffs (CC) and the strong impedance hypothetical site (HS) 
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3.3.2.  Analyses Performed 

The site response analyses are performed using the computer program Strata (Kottke and 

Rathje, 2010) with the motions imposed at the rock outcrop. Three levels of seismic intensity are 

evaluated in the EQL analyses to allow the investigation of three different levels of inelastic 

demand in the soil deposits: mostly elastic, moderate nonlinearity and highly nonlinear. The target 

peak ground accelerations (PGA) for each performance level were set at 0.01g, 0.3g and 0.6g. The 

required scaled factors are estimated based on the average PGA of the seed-based spectrum 

compatible time-series in each set and are then applied to the design spectra used to generate the 

compatible FAS and the synthetic signals. That is, no attempt is made to improve the match 

between the synthetic signal and the design/target spectrum (Fig. 3.6). 

In addition to the EQL analyses, linear-elastic (LE) analyses are also performed for the 

level of intensity corresponding to an average PGA of 0.01g. The results are presented in the form 

of amplification functions (AF = Sa_out/Sa_in). Fig. 3.8 shows the average AFs calculated for the 

long duration sets of seed-based compatible time-series for each intensity level, target spectrum 

and site profile. In terms of the sites, the inelastic effects (as indicated by a decrease in the 

fundamental frequencies, reduction of the amplification and attenuation of higher modes) is more 

evident in the stiffer site (SCH), followed by the hypothetical site (HS) and lastly, the Calvert 

Cliffs (CC) site. In terms of the input spectra, the NRC spectrum seems to induce larger inelastic 

effect in all sites. This can be explained by the broader band nature of this spectrum, containing 

more energy in the frequency range where the soil deposits fundamental frequencies are located 

than the NGAM5 spectrum. Since the results from Fig. 3.8 come from the well-established and 

widely used time-series approach to EQL with input carefully developed from the modification of 

actual records, these results are used next as target to evaluate the proposed simplified input and 

the RVT-based approach. 
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Fig. 3.8 – Average amplification functions (AFs) from the time-histories approach. Results obtained using 

the long duration sets of seed-based time-series compatible with the NGAM5 (left) and NRC (right) 

spectra. Top to bottom: SCH, CC and HS sites.  

3.4.  Results 

The resulting amplification functions (AFs) for the SCH and HS sites are presented in Figs. 

3.9 to 3.12 for each target spectrum, intensity level, duration scenario and input motion 

methodology. The results for the Calvert Cliffs (CC) site are not presented for the sake of brevity 

but they are consistent with the results obtained for the other two sites. The results for the CC site 

is presented in Appendix F. It is seen that, in general, the proposed synthetic signals (SS) generated 

AFs that are in good agreement with the AFs obtained using the seed-based spectrum-compatible 

time-series, in spite of input intensity level, site conditions or the methodology used to generate 

the target spectrum-compatible FAS (ER or IRVT).  

As expected, due to its larger impedance contrast at the soil-rock interface, the larger 

differences between the methodologies evaluated occur at the HS site. In this site the RVT-
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approach reached its maximum over-predictions at the amplifications corresponding to the site 

natural frequencies and the SS approach under-predicted the amplification at the site fundamental 

frequency. This site is initially selected to perform a more detailed analysis where additional AFs 

were generated at incremental levels of input intensity ranging from 0.01g to 0.6g.  

 

 
Fig. 3.9 – AFs for the SCH site using different methodologies with input compatible to the NGAM5 

spectrum. Each row corresponds to a different level of intensity, top to bottom: 0.01g (LE), 0.01g (EQL), 

0.3g (EQL), and 0.6g (EQL). The left column corresponds to the short duration scenario and the right 

column to the long duration scenario. 
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Fig. 3.10 – AFs for the SCH site using different methodologies with input compatible to the NRC 

spectrum. Each row corresponds to a different level of intensity, top to bottom: 0.01g (LE), 0.01g (EQL), 

0.3g (EQL), and 0.6g (EQL). The left column corresponds to the short duration scenario and the right 

column to the long duration scenario. 
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Fig. 3.11 – AFs for the HS site using different methodologies with input compatible to the NGAM5 

spectrum. Each row corresponds to a different level of intensity, top to bottom: 0.01g (LE), 0.01g (EQL), 

0.3g (EQL), and 0.6g (EQL). The left column corresponds to the short duration scenario and the right 

column to the long duration scenario. 
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Fig. 3.12 – AFs for the HS site using different methodologies with input compatible to the NRC 

spectrum. Each row corresponds to a different level of intensity, top to bottom: 0.01g (LE), 0.01g (EQL), 

0.3g (EQL), and 0.6g (EQL). The left column corresponds to the short duration scenario and the right 

column to the long duration scenario. 

As it has been shown here and by other authors (e.g. Kottke and Rathje, 2013), the main 

discrepancies between the different methodologies occur at the sites fundamental frequencies. 

Therefore, the results of the incremental analysis are presented in the form of amplification factors 

for the first three fundamental modes as function of the level of intensity (Figs. 3.13 and 3.14, for 

the long and short duration scenarios, respectively). In these figures it is seen that as the input 

intensity increases, the amplification decreases, which reflects the increasing inelastic action. 

While this reduction in the amplification is recognizable in all three modes and for both input 

spectra and duration scenarios, it is more evident when the input is defined compatible to the NRC 

spectrum, as already anticipated from Fig. 3.8. Nevertheless, the largest differences between the 

amplifications predicted by the different methodologies are obtained when the seismic input is 

defined compatible to the NGAM5 spectrum. Such differences are further analyzed in Figs. 3.15 

and 3.16, which show the ratios between the amplification factors obtained through the evaluated 
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methodologies and the seed-based spectrum-compatible time-series approach. It is seen that the 

proposed alternative input generated amplification factors that are in close agreement with the 

amplifications predicted by the time-series approach, yet a tendency to slightly under-predict the 

amplification is noticed. The largest under-prediction (~0.85) occurred for the first mode when the 

site is subjected to the NGAM5 spectrum and for both duration scenarios.  

 

  
Fig. 3.13 – Site amplification factors for the first 3 natural modes of the HS site as function of the input 

intensity level. Top figures correspond to the input compatible to the NRC spectrum and bottom figures to 

the NGAM5 spectrum both for the long duration scenario. 
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Fig. 3.14 – Site amplification factors for the first 3 natural modes of the HS site as function of the input 

intensity level. Top figures correspond to the input compatible to the NRC spectrum and bottom figures to 

the NGAM5 spectrum both for the short duration scenario. 

For the RVT results substantial over-predictions are observed (~1.3), particularly in the 

short duration scenario for the 2nd and 3rd modes when the input is defined compatible to the 

NGAM5 spectrum. This agrees with the results presented in Wang and Rathje (2016) who 

concluded that the magnitude of the RVT over-prediction is mainly related to: (1) the relation 

between the site fundamental frequency (fsite) and the corner frequency of the input FAS (fc, the 

frequency below which the FAS begins to decrease), and (2) the elongation of the strong motion 

duration due to the site response which is not accounted for in the RVT procedure. For the case of 

the HS site (fsite ~ 0.31Hz, Fig. 3.7) and the NGAM5 spectrum (fc ~ 4Hz, Fig. 3.3), the fundamental 

frequency of the site is positioned well below fc on the decaying portion of the FAS causing the 

secondary modes to contribute significantly to the response, a phenomenon that current peak 

factors used in the RVT procedure have trouble capturing. This explains why the largest over-

predictions are observed for the NGAM5 spectrum and not the NRC spectrum, whose related FAS 

has a smaller corner frequency (fc ~ 1Hz, Fig. 3.3) and its decaying part is not a severe as for the 
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NGAM5. Moreover, within the NGAM5 results, the over-predictions are larger for the short 

duration scenario because the elongation effect is more significant for short duration input motions, 

while long durations tend to remove this effect (Wang and Rathje, 2016). Finally, the large under-

prediction (~0.8) observed in the 2nd and 3rd modes when the input is defined compatible to the 

NRC spectrum can be attributed to the vanishing of these peaks as the intensity increases (Fig. 

3.12) which does not occur when the NGAM5 is used as input (Fig. 3.13). 

 

  
Fig. 3.15 – Ratios between the amplification factors estimated from different approaches and the 

amplification factors predicted by the time-series approach. Top figures correspond to the input 

compatible to the NRC spectrum and bottom figures to the NGAM5 spectrum both for the long duration 

scenario. 
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Fig. 3.16 – Ratios between the amplification factors estimated from different approaches and the 

amplification factors predicted by the time-series approach. Top figures correspond to the input 

compatible to the NRC spectrum and bottom figures to the NGAM5 spectrum both for the short duration 

scenario. 

The same incremental analyses were performed for the other two sites and the results are 

summarized in Fig. 3.17. Since the secondary modes of the SCH site fade away at larger values of 

inelastic demand (Fig. 3.10) and in the sake of brevity, only the results for the first fundamental 

frequency are presented. For the SCH site (stiffer site) the results obtained using the RVT approach 

are consistent with the results presented in Kottke and Rathje (2013), i.e. the over-prediction 

remains below 1.1 with the short duration scenario exhibiting slightly larger over-predictions than 

the long duration series. On the other hand, using the proposed SS approach for the SCH site lead 

to predictions that closely match the seed-based time-series results with ratios bounded by 0.96 

and 1.03 independent of the input spectral shape, duration scenario or and intensity level.  
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Fig. 3.17 – Ratios between the amplification factors estimated from different approaches and the 

amplification factors predicted by the time-series approach for the first modes of the SCH and CC sites 

for both input spectra and duration scenarios. 

The results obtained for the CC site (bottom four figures in Fig. 3.17) show that the over-

prediction from the RVT-based methodology are larger when the input is compatible to the NRC 

spectrum (~1.16) than when the NGAM5 spectrum is used (~1.07). The results for the SS approach 
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in this site seem to be influenced by the duration of the synthetic signals. For the long duration 

scenarios, the ratios obtained are rather stable and close to 1 independent of the input spectrum. In 

the short duration scenarios, an under-prediction of 0.93 is observed for the NRC spectrum and an 

over-prediction of 1.07 for the NGAM5 spectrum. Nevertheless, the level of agreement with the 

time-series results is maintained within ±10% which seems to be the limit tacitly considered as 

acceptable in this type of analyses (e.g. Wang and Rathje, 2016).  

3.5.  Conclusions 

An alternative approach to develop the input motions for EQL site response analyses was 

proposed. The proposed alternative input consists of easy to generate synthetic signals with a FAS 

that coincide with a prescribed spectrum compatible FAS. In this way, as in RVT-based 

procedures, the time-consuming and sometimes challenging task of developing a realistic set of 

seed-based spectrum-compatible time-series is circumvented. However, different to RVT-

procedures, the input is maintained in the time-domain, providing the possibility of using inverse 

Fourier transforms to obtain the ground surface response. Thus, avoiding the use of extreme value 

statistics and approximations known to induce over-predictions in the amplifications at the sites 

fundamental frequencies.  

The viability of using the proposed approach was confirmed through a comprehensive 

numerical analysis that accounted for the influence of site conditions, input intensity level, input 

spectral shape and strong motion duration. In general, the proposed approach produced AFs in 

close agreement with the ones obtained when using the seed-based time-series as input, even in 

cases identified as critical for the RVT-based approach.  

The spectrum-compatible FAS used as target for the synthetic signals were developed 

using two different approaches, inverse random vibration theory and a duration-dependent 

empirical equation that relates FAS and 5%PSA. The results obtained showed that any of the two 

approaches is feasible for the generation of the signals; nevertheless, the empirical equation is 

easier to implement than the iterative IRVT procedure. 

One aspect that should be taken in to account when implementing the proposed approach 

is the relation between the duration of the signal and the lowest/fundamental frequency of the site. 
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For the critical combination of a very flexible site and a short-duration scenario it may be 

challenging to excite/capture the fundamental mode properly.  

Finally, the level of inelastic demand on the soil deposits did not show any influence on 

the accuracy of the proposed approach. 
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CHAPTER IV 

CONCLUSIONS AND RECOMMENDATIONS 

4.1 Summary 

Dynamic site response analyses are usually implemented through equivalent-linear (EQL) 

methods based either in time-histories (TH) or random vibration theory (RVT). In the time-history 

based approach, an appropriate suite of input motions is needed. To comply with US NRC 

regulations, these records should be based on actual earthquake records which are carefully 

selected and modified to make them compatible to a design target spectrum without altering much 

their original features. Moreover, several analyses using a certain number of records must be 

performed to obtain a consistent estimate of the site response. Therefore, the process of selection 

and development of the input may result in a tedious, time-consuming task. Conversely, in RVT 

based methods, only one input motion, defined in the frequency domain as a Fourier amplitude 

spectrum (FAS) or power spectral density (PSD), is needed. This represent substantial 

computational savings when compared to the traditional time-histories approach. However, past 

studies have found that RVT systematically over-predicts the site amplification at the site natural 

frequencies. In this work, a comprehensive numerical evaluation was performed to evaluate the 

potential differences between the two approaches mentioned before, taking into account the effect 

of the input intensity level, input spectral shape, site conditions, and the methodology used to 

produce the input FAS. 

Aiming to encompass the strengths from the current TH and RVT based methodologies, 

an alternative approach to generate the seismic input for EQL site response analyses was proposed. 

It consisted of the generation of synthetic signals (SS), which are defined in the time domain 

(analog to TH-approach) - so the used of extreme value statistics is avoided, and they are developed 

to have a Fourier amplitude spectrum compatible with the design response spectrum (analog to the 

RVT method). In this approach, the selection and development of seed-based compatible time-

series is not needed, but rather a simple and fast procedure is implemented to generate the SS. The 

viability of using the proposed alternative input was confirmed through an exhaustive numerical 

analysis that includes the effects of the site characteristics, design spectra shape, strong motion 

duration of the input, and level of inelastic demand. 



61 

 

 

 

4.2 Conclusions 

The main conclusions of this study can be summarized as follows: 

o The RVT-based EQL site response method evaluated over-predicts the site 

amplification primarily at the site fundamental frequencies. The magnitude of the over-

prediction is larger in relatively soft soil deposits with significant impedance contrast at 

the soil/rock interface. In these soft soil deposits, the magnitude of the over-prediction was 

found to be rather insensitive to increments in the inelastic demand. Conversely, in stiffer 

sites the over-prediction is lower but may increase as the site softens due to the rising 

inelastic demand. 

o In the RVT-based approach, the magnitude of the over-prediction was found to be 

insensitive to the methodology used to develop the input FAS and is rather affected by the 

duration of the input motion and the relation between the site fundamental frequency and 

the input FAS corner frequency. The critical case would be that of a soft soil deposit with 

a fundamental frequency well below the corner frequency of the input FAS on a short 

duration scenario. 

o In general, the use of the proposed alternative input produces amplification 

functions (AFs) in close agreement with the ones obtained when using the seed-based time-

series as input, even in cases identified as critical for the RVT-based approach. 

Furthermore, the results obtained when using the proposed input exhibited no significant 

influence of site conditions, input intensity level, input spectral shape or strong motion 

duration. Thus, the viability of using the proposed synthetic signals as input in EQL-based 

site response analysis was confirmed.  

o Any of the two methodologies used to generate the spectrum-compatible FAS, 

which is the target of the synthetic signals, seems to be feasible for the generation of the 

signals. Evidently, the use of an empirical equation is easier to implement than the iterative 

IRVT procedure. Moreover, the level of inelastic demand on the soil deposits did not show 

any influence on the accuracy of the proposed approach. Finally, when implementing the 

proposed approach, the relation between the duration of the signal and the 

lowest/fundamental frequency of the site plays a key role. For the critical combination of 
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a very flexible site and a short-duration scenario it may be challenging to excite/capture 

the fundamental mode properly. 

4.3 Future Work 

The results of this study showed that the proposed approach to generate the input of EQL 

site response analysis is viable, further studies should be performed to better understand the 

implications of using completely synthetic signals as input for EQL methods. For instance, in all 

the analyses performed in this work sets of 20 synthetic signals were used to determine the average 

response of the site, the same number of seed-based time series. Future investigations shall focus 

on the average response sensibility to the number of synthetic signals used.   
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APPENDIX A 

SEED RECORDS COMPATIBLE WITH NRC SPECTRUM 
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Table A-1.  Seed records used to generate time-series compatible with the NRC spectrum 

TAG 
NGA 

RSN 
Earthquake Name Year Mag. 

Rjb 

(km) 

Vs30 

(m/s) 

D5-75 

(Seed R.) 

D5-75  

(Comp. R.) 

EQCNRC1 5827 El Mayor-Cucapah 2010 7.20 13.21 242.05 19.77 22.735 

EQCNRC2 3202 Chi-Chi, Taiwan-05 1999 6.20 49.66 714.27 11.165 14.245 

EQCNRC3 6266 Tottori, Japan 2000 6.61 158.49 371.388 9.865 15.835 

EQCNRC4 4475 L'Aquila, Italy 2009 6.30 19.08 638.39 10.265 14.02 

EQCNRC5 1008 Northridge-01 1994 6.69 25.59 329.52 9.01 11.535 

EQCNRC6 1518 Chi-Chi, Taiwan 1999 7.62 55.14 999.66 11.74 14.35 

EQCNRC7 3495 Chi-Chi, Taiwan-06 1999 6.30 36.58 535.13 16.115 20.335 

EQCNRC8 2413 Chi-Chi, Taiwan-02 1999 5.90 57.79 230.3 16.07 19.975 

EQCNRC9 919 Big Bear-01 1992 6.46 125.54 382.07 10.46 17.875 

EQCNRC10 2625 Chi-Chi, Taiwan-03 1999 6.20 14.23 549.43 11.645 15.575 

EQCNRC11 804 Loma Prieta 1989 6.93 63.03 1020.62 5.255 9.7 

EQCNRC12 1082 Northridge-01 1994 6.69 5.59 320.93 5.805 7.855 

EQCNRC13 3456 Chi-Chi, Taiwan-06 1999 6.30 30.44 487.27 10.405 13.745 

EQCNRC14 6988 Darfield, New Zealand 2010 7.00 24.36 344.02 14.435 16.8 

EQCNRC15 175 Imperial Valley-06 1979 6.53 17.94 196.88 9.615 11.21 

EQCNRC16 5834 El Mayor-Cucapah 2010 7.20 88.48 505.23 22.665 23.775 

EQCNRC17 8069 Christchurch, New Zealand 2011 6.2 36.18 332.73 6.425 8.38 

EQCNRC18 2714 Chi-Chi, Taiwan-04 1999 6.20 38.11 442.15 6.755 11.165 

EQCNRC19 169 Imperial Valley-06 1979 6.53 22.03 242.05 24.365 29.66 

EQCNRC20 5284 Chuetsu-oki 2007 6.80 21.19 375 12.13 14.68 

EQCNRC21 3268 Chi-Chi, Taiwan-06 1999 6.30 32.09 542.61 4.145 7.96 

EQCNRC22 2004 CA/Baja Border Area 2002 5.31 89.24 205.78 48.29 41.775 

EQCNRC23 913 Big Bear-01 1992 6.46 121.75 452.15 21.06 23.75 

EQCNRC24 755 Loma Prieta 1989 6.93 19.97 561.43 6.02 7.68 

EQCNRC25 4466 L'Aquila, Italy 2009 6.30 33.09 415.23 9.95 16.58 

EQCNRC26 2402 Chi-Chi, Taiwan-02 1999 5.90 81.32 346.56 13.12 20.795 

EQCNRC27 4503 L'Aquila, Italy 2009 6.30 39.04 612.78 6.245 10.19 

EQCNRC28 6948 Darfield, New Zealand 2010 7.00 30.63 481.62 17.8 18.865 

EQCNRC29 1508 Chi-Chi, Taiwan 1999 7.62 0 468.14 15.53 17.65 

EQCNRC30 3196 Chi-Chi, Taiwan-05 1999 6.20 125.78 422.28 15.73 22.575 

EQCNRC31 761 Loma Prieta 1989 6.93 39.66 284.79 7.185 10.47 

EQCNRC32 3129 Chi-Chi, Taiwan-05 1999 6.20 139.13 403.17 15.095 20.605 

EQCNRC33 6930 Darfield, New Zealand 2010 7.00 9.38 295.74 10.845 16.63 

EQCNRC34 1000 Northridge-01 1994 6.69 27.82 304.68 9.44 11.875 

EQCNRC35 2417 Chi-Chi, Taiwan-02 1999 5.90 55.5 236.19 18.94 19.78 
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Table A-1.  Seed records used to generate time-series compatible with the NRC spectrum (Cont.) 

TAG 
NGA 

RSN 
Earthquake Name Year Mag. 

Rjb 

(km) 

Vs30 

(m/s) 

D5-75 

(Seed R.) 

D5-75  

(Comp. R.) 

EQCNRC36 3502 Chi-Chi, Taiwan-06 1999 6.30 30.88 459.34 11.81 13.255 

EQCNRC37 5261 Chuetsu-oki 2007 6.80 41.99 488.65 19.485 18.35 

EQCNRC38 2605 Chi-Chi, Taiwan-03 1999 6.20 37.88 487.27 8.125 13.97 

EQCNRC39 1270 Chi-Chi, Taiwan 1999 7.62 39.8 626.43 9.675 12.065 

EQCNRC40 6882 Darfield, New Zealand 2010 7.00 124.96 586.28 27.435 29.745 

EQCNRC41 1776 Hector Mine 1999 7.13 56.4 359 13.285 15.47 

EQCNRC42 3451 Chi-Chi, Taiwan-06 1999 6.30 56.93 362.03 9.01 17.775 

EQCNRC43 5464 Iwate 2008 6.90 118.96 514.86 13.265 24.615 

EQCNRC44 693 Whittier Narrows-01 1987 5.99 32.8 385.87 7.735 8.595 

EQCNRC45 2112 Denali, Alaska 2002 7.90 104.17 424.9 15.345 19.32 

EQCNRC46 5975 El Mayor-Cucapah 2010 7.20 19.12 231.23 19.085 18.775 

EQCNRC47 1208 Chi-Chi, Taiwan 1999 7.62 24.1 442.15 17.13 22.05 

EQCNRC48 797 Loma Prieta 1989 6.93 74.04 873.1 8.21 12.06 

EQCNRC49 4858 Chuetsu-oki 2007 6.80 25.35 640.14 4.72 11.25 

EQCNRC50 933 Big Bear-01 1992 6.46 115.57 296.62 14.385 20.765 

EQCNRC51 882 Landers 1992 7.28 26.84 344.67 25.33 27.275 

EQCNRC52 721 Superstition Hills-02 1987 6.54 18.2 192.05 7.045 9.345 

EQCNRC53 1014 Northridge-01 1994 6.69 53.94 322 16.2 20.45 

EQCNRC54 1100 Kobe, Japan 1995 6.90 24.85 256 10.73 13.76 

EQCNRC55 840 Landers 1992 7.28 144.13 550.11 25.67 26.985 

EQCNRC56 3453 Chi-Chi, Taiwan-06 1999 6.30 47.42 512.88 12.685 13.98 

EQCNRC57 6612 Niigata, Japan 2004 6.63 163.06 538.9 15.25 26.565 

EQCNRC58 949 Northridge-01 1994 6.69 3.3 297.71 6.36 8.19 

EQCNRC59 3757 Landers 1992 7.28 26.95 367.84 23.14 26 

EQCNRC60 788 Loma Prieta 1989 6.93 72.9 895.36 4.46 7.215 

EQCNRC61 4865 Chuetsu-oki 2007 6.80 5 561.59 10.385 10.98 

EQCNRC62 775 Loma Prieta 1989 6.93 29.54 621.2 8.17 11.085 

EQCNRC63 5797 Iwate 2008 6.90 46.32 262.25 9.825 13.605 

EQCNRC64 5269 Chuetsu-oki 2007 6.80 31.47 654.76 9.195 17.415 

EQCNRC65 6050 El Mayor-Cucapah 2010 7.20 142.36 333.89 17.755 27.07 

EQCNRC66 4866 Chuetsu-oki 2007 6.80 0 338.32 7.205 9.42 

EQCNRC67 5837 El Mayor-Cucapah 2010 7.20 19.39 229.25 14.885 18.235 

EQCNRC68 523 N. Palm Springs 1986 6.06 41.74 339.02 13.345 15.39 

EQCNRC69 392 Coalinga-03 1983 5.38 12.05 286.41 5.525 10.125 

EQCNRC70 3491 Chi-Chi, Taiwan-06 1999 6.30 42.07 410.45 15.53 17.74 
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Table A-1.  Seed records used to generate time-series compatible with the NRC spectrum (Cont.) 

TAG 
NGA 

RSN 
Earthquake Name Year Mag. 

Rjb 

(km) 

Vs30 

(m/s) 

D5-75 

(Seed R.) 

D5-75  

(Comp. R.) 

EQCNRC71 3281 Chi-Chi, Taiwan-06 1999 6.30 53.17 442.15 7.55 12.53 

EQCNRC72 5600 Iwate 2008 6.90 256.42 335.81 15.605 24.39 

EQCNRC73 4864 Chuetsu-oki 2007 6.80 4.69 655.45 7.675 10.3 

EQCNRC74 4457 Montenegro, Yugo. 1979 7.10 1.52 410.35 7.69 8.36 

EQCNRC75 5683 Iwate 2008 6.90 93.94 358.25 15.53 22.34 

EQCNRC76 366 Coalinga-01 1983 6.36 39.94 392.24 9.215 12.825 

EQCNRC77 6013 El Mayor-Cucapah 2010 7.20 27.81 276.25 14.92 21.65 

EQCNRC78 164 Imperial Valley-06 1979 6.53 15.19 471.53 19.68 22.19 

EQCNRC79 5198 Chuetsu-oki 2007 6.80 107.1 410.35 10.6 21.865 

EQCNRC80 6242 Tottori, Japan 2000 6.61 101.84 289.46 5.435 14.53 

EQCNRC81 1245 Chi-Chi, Taiwan 1999 7.62 36.06 804.36 20.48 25.745 

EQCNRC82 6946 Darfield, New Zealand 2010 7.00 179.01 638.39 29.39 35.345 

EQCNRC83 959 Northridge-01 1994 6.69 0 267.49 6.21 7.955 

EQCNRC84 5829 El Mayor-Cucapah 2010 7.20 13.7 242.05 15.615 18.525 

EQCNRC85 5806 Iwate 2008 6.90 22.41 655.45 8.18 8.725 

EQCNRC86 1029 Northridge-01 1994 6.69 37 499.31 5.81 10.665 

EQCNRC87 5551 Iwate 2008 6.90 178.42 423.53 14.175 25.52 

EQCNRC88 730 Spitak, Armenia 1988 6.77 23.99 343.53 6.255 10.065 

EQCNRC89 5463 Iwate 2008 6.90 104.42 298.5 31.46 28.39 

EQCNRC90 1005 Northridge-01 1994 6.69 28.82 452.15 7.265 9.545 

EQCNRC91 1035 Northridge-01 1994 6.69 33.56 351.57 9.08 11.63 

EQCNRC92 3498 Chi-Chi, Taiwan-06 1999 6.30 53.02 230.3 19.66 20.24 

EQCNRC93 1056 Northridge-01 1994 6.69 85.75 333.41 12.045 18.66 

EQCNRC94 929 Big Bear-01 1992 6.46 129.61 324.5 8.05 12.615 

EQCNRC95 2009 CA/Baja Border Area 2002 5.31 52.65 202.89 20.395 27.78 

EQCNRC96 1027 Northridge-01 1994 6.69 36.86 499.31 5.335 8.505 

EQCNRC97 3272 Chi-Chi, Taiwan-06 1999 6.30 72.92 197.63 14.435 15.485 

EQCNRC98 1783 Hector Mine 1999 7.13 65.04 367.43 7.875 12.01 

EQCNRC99 4860 Chuetsu-oki 2007 6.80 15.89 278.12 10.88 13.785 

EQCNRC100 6051 El Mayor-Cucapah 2010 7.20 111.38 1100 13.885 25.305 

 



67 

 

 

 

 
Figure A-1. Time Histories of compatible record EQCNRC1. 

 
Figure A-2. Time Histories of compatible record EQCNRC2. 
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Figure A-3. Time Histories of compatible record EQCNRC3. 

 
Figure A-4. Time Histories of compatible record EQCNRC4. 
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Figure A-5. Time Histories of compatible record EQCNRC5. 

 
Figure A-6. Time Histories of compatible record EQCNRC6. 
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Figure A-7. Time Histories of compatible record EQCNRC7. 

 
Figure A-8. Time Histories of compatible record EQCNRC8. 
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Figure A-9. Time Histories of compatible record EQCNRC9. 

 
Figure A-10. Time Histories of compatible record EQCNRC10. 
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Figure A-11. Time Histories of compatible record EQCNRC11. 

 
Figure A-12. Time Histories of compatible record EQCNRC12. 
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Figure A-13. Time Histories of compatible record EQCNRC13. 

 
Figure A-14. Time Histories of compatible record EQCNRC14. 
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Figure A-15. Time Histories of compatible record EQCNRC15. 

 
Figure A-16. Time Histories of compatible record EQCNRC16. 
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Figure A-17. Time Histories of compatible record EQCNRC17. 

 
Figure A-18. Time Histories of compatible record EQCNRC18. 
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Figure A-19. Time Histories of compatible record EQCNRC19. 

 
Figure A-20. Time Histories of compatible record EQCNRC20. 
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Figure A-21. Time Histories of compatible record EQCNRC21. 

 
Figure A-22. Time Histories of compatible record EQCNRC22. 
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Figure A-23. Time Histories of compatible record EQCNRC23. 

 
Figure A-24. Time Histories of compatible record EQCNRC24. 
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Figure A-25. Time Histories of compatible record EQCNRC25. 

 
Figure A-26. Time Histories of compatible record EQCNRC26. 
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Figure A-27. Time Histories of compatible record EQCNRC27. 

 
Figure A-28. Time Histories of compatible record EQCNRC28. 
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Figure A-29. Time Histories of compatible record EQCNRC29. 

 
Figure A-30. Time Histories of compatible record EQCNRC30. 
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Figure A-31. Time Histories of compatible record EQCNRC31. 

 
Figure A-32. Time Histories of compatible record EQCNRC32. 
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Figure A-33. Time Histories of compatible record EQCNRC33. 

 
Figure A-34. Time Histories of compatible record EQCNRC34. 



84 

 

 

 

 
Figure A-35. Time Histories of compatible record EQCNRC35. 

 
Figure A-36. Time Histories of compatible record EQCNRC36. 
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Figure A-37. Time Histories of compatible record EQCNRC37. 

 
Figure A-38. Time Histories of compatible record EQCNRC38. 
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Figure A-39. Time Histories of compatible record EQCNRC39. 

 
Figure A-40. Time Histories of compatible record EQCNRC40. 
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Figure A-41. Time Histories of compatible record EQCNRC41. 

 
Figure A-42. Time Histories of compatible record EQCNRC42. 
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Figure A-43. Time Histories of compatible record EQCNRC43. 

 
Figure A-44. Time Histories of compatible record EQCNRC44. 
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Figure A-45. Time Histories of compatible record EQCNRC45. 

 
Figure A-46. Time Histories of compatible record EQCNRC46. 
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Figure A-47. Time Histories of compatible record EQCNRC47. 

 
Figure A-48. Time Histories of compatible record EQCNRC48. 
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Figure A-49. Time Histories of compatible record EQCNRC49. 

 
Figure A-50. Time Histories of compatible record EQCNRC50. 
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Figure A-51. Time Histories of compatible record EQCNRC51. 

 
Figure A-52. Time Histories of compatible record EQCNRC52. 
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Figure A-53. Time Histories of compatible record EQCNRC53. 

 
Figure A-54. Time Histories of compatible record EQCNRC54. 
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Figure A-55. Time Histories of compatible record EQCNRC55. 

 
Figure A-56. Time Histories of compatible record EQCNRC56. 
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Figure A-57. Time Histories of compatible record EQCNRC57. 

 
Figure A-58. Time Histories of compatible record EQCNRC58. 



96 

 

 

 

 
Figure A-59. Time Histories of compatible record EQCNRC59. 

 
Figure A-60. Time Histories of compatible record EQCNRC60. 
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Figure A-61. Time Histories of compatible record EQCNRC61. 

 
Figure A-62. Time Histories of compatible record EQCNRC62. 
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Figure A-63. Time Histories of compatible record EQCNRC63. 

 
Figure A-64. Time Histories of compatible record EQCNRC64. 
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Figure A-65. Time Histories of compatible record EQCNRC65. 

 
Figure A-66. Time Histories of compatible record EQCNRC66. 
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Figure A-67. Time Histories of compatible record EQCNRC67. 

 
Figure A-68. Time Histories of compatible record EQCNRC68. 
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Figure A-69. Time Histories of compatible record EQCNRC69. 

 
Figure A-70. Time Histories of compatible record EQCNRC70. 
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Figure A-71. Time Histories of compatible record EQCNRC71. 

 
Figure A-72. Time Histories of compatible record EQCNRC72. 
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Figure A-73. Time Histories of compatible record EQCNRC73. 

 
Figure A-74. Time Histories of compatible record EQCNRC74. 
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Figure A-75. Time Histories of compatible record EQCNRC75. 

 
Figure A-76. Time Histories of compatible record EQCNRC76. 
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Figure A-77. Time Histories of compatible record EQCNRC77. 

 
Figure A-78. Time Histories of compatible record EQCNRC78. 
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Figure A-79. Time Histories of compatible record EQCNRC79. 

 
Figure A-80. Time Histories of compatible record EQCNRC80. 
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Figure A-81. Time Histories of compatible record EQCNRC81. 

 
Figure A-82. Time Histories of compatible record EQCNRC82. 
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Figure A-83. Time Histories of compatible record EQCNRC83. 

 
Figure A-84. Time Histories of compatible record EQCNRC84. 
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Figure A-85. Time Histories of compatible record EQCNRC85. 

 
Figure A-86. Time Histories of compatible record EQCNRC86. 
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Figure A-87. Time Histories of compatible record EQCNRC87. 

 
Figure A-88. Time Histories of compatible record EQCNRC88. 
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Figure A-89. Time Histories of compatible record EQCNRC89. 

 
Figure A-90. Time Histories of compatible record EQCNRC90. 
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Figure A-91. Time Histories of compatible record EQCNRC91. 

 
Figure A-92. Time Histories of compatible record EQCNRC92. 
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Figure A-93. Time Histories of compatible record EQCNRC93. 

 
Figure A-94. Time Histories of compatible record EQCNRC94. 
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Figure A-95. Time Histories of compatible record EQCNRC95. 

 
Figure A-96. Time Histories of compatible record EQCNRC96. 
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Figure A-97. Time Histories of compatible record EQCNRC97. 

 
Figure A-98. Time Histories of compatible record EQCNRC98. 
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Figure A-99. Time Histories of compatible record EQCNRC99. 

 
Figure A-100. Time Histories of compatible record EQCNRC100. 
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Table B-1.  Seed records used to generate time-series compatible with the NGA spectrum 

TAG 
NGA 

RSN 
Earthquake Name Year Mag. 

Rjb 

(km) 

Vs30 

(m/s) 

D5-75 

(Seed R.) 

D5-75  

(Comp. R.) 

EQCNGA1 3159 Chi-Chi, Taiwan-05 1999 6.2 124.43 441.58 13.04 13.11 

EQCNGA2 2982 Chi-Chi, Taiwan-05 1999 6.2 76.09 318.52 6.24 17.98 

EQCNGA3 551 Chalfant Valley-02 1986 6.19 29.35 382.12 7.685 11.27 

EQCNGA4 2093 Nenana Mountain, Alaska 2002 6.7 104.73 382.5 14.82 19.93 

EQCNGA5 2769 Chi-Chi, Taiwan-04 1999 6.2 82.87 578.11 14.83 17.37 

EQCNGA6 9 Borrego 1942 6.5 56.88 213.44 21.46 20.14 

EQCNGA7 6949 Darfield, New Zealand 2010 7 52.13 551.3 12.64 15.18 

EQCNGA8 2141 Big Bear City 2003 4.92 44.52 322.53 6.245 10.625 

EQCNGA9 2170 Chi-Chi, Taiwan-02 1999 5.9 74.42 201.21 11.82 13.445 

EQCNGA10 8906 14383980 2008 5.39 52.13 333.75 11.6 11.765 

EQCNGA11 9140 14408052 2008 5.06 84.57 396.41 8.975 12.5 

EQCNGA12 2165 Chi-Chi, Taiwan-02 1999 5.9 75.78 192.71 9.665 10.705 

EQCNGA13 2788 Chi-Chi, Taiwan-04 1999 6.2 49.62 484.97 14.99 16.35 

EQCNGA14 6961 Darfield, New Zealand 2010 7 13.37 295.74 13.185 13.885 

EQCNGA15 4414 
Umbria Marche 

(aftershock 18), Italy 
1998 4.8 16.96 492 7.645 9.135 

EQCNGA16 5397 Chuetsu-oki 2007 6.8 141.34 429.13 18.45 21.515 

EQCNGA17 3197 Chi-Chi, Taiwan-05 1999 6.2 96.91 589.85 12.23 17.065 

EQCNGA18 4163 Niigata, Japan 2004 6.63 73.46 349.74 6.94 14.57 

EQCNGA19 761 Loma Prieta 1989 6.93 39.66 284.79 7.175 9.855 

EQCNGA20 8133 Christchurch, New Zealand 2011 6.2 31.81 249.28 7.17 8.775 

EQCNGA21 1008 Northridge-01 1994 6.69 25.59 329.52 9.01 10.1 

EQCNGA22 1338 Chi-Chi, Taiwan 1999 7.62 63.82 621.06 15.175 18.18 

EQCNGA23 2625 Chi-Chi, Taiwan-03 1999 6.2 14.23 549.43 11.645 14.36 

EQCNGA24 6692 Niigata, Japan 2004 6.63 162.68 534.99 24.175 25.93 

EQCNGA25 4384 
Umbria Marche 

(aftershock 2), Italy 
1997 5.6 19.92 585.04 2.09 3.73 

EQCNGA26 2415 Chi-Chi, Taiwan-02 1999 5.9 38.23 493.09 7.32 8.815 

EQCNGA27 962 Northridge-01 1994 6.69 45.44 160.58 14.6 14.83 

EQCNGA28 2137 Big Bear City 2003 4.92 45.79 322 9.73 10.63 

EQCNGA29 6002 El Mayor-Cucapah 2010 7.2 89.69 743 17.525 21.625 

EQCNGA30 2950 Chi-Chi, Taiwan-05 1999 6.2 52.61 573.04 5.28 12.395 

EQCNGA31 4918 Chuetsu-oki 2007 6.8 223.57 485.2 16.725 18.565 

EQCNGA32 5990 El Mayor-Cucapah 2010 7.2 27.42 210.51 17.7 20.225 

EQCNGA33 4435 Molise-02, Italy 2002 5.7 96.04 356.39 16.62 24.63 

EQCNGA34 1005 Northridge-01 1994 6.69 28.82 452.15 7.265 8.97 

EQCNGA35 3202 Chi-Chi, Taiwan-05 1999 6.2 49.66 714.27 10.03 12.18 
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Table B-1.  Seed records used to generate time-series compatible with the NGA spectrum (Cont.) 

TAG 
NGA 

RSN 
Earthquake Name Year Mag. 

Rjb 

(km) 

Vs30 

(m/s) 

D5-75 

(Seed R.) 

D5-75  

(Comp. R.) 

EQCNGA36 8886 14383980 2008 5.39 2.3 378.17 1.88 2.92 

EQCNGA37 2958 Chi-Chi, Taiwan-05 1999 6.2 88.66 172.1 11.035 14.43 

EQCNGA38 6831 Niigata, Japan 2004 6.63 166.28 382.07 25.905 27.11 

EQCNGA39 2925 Chi-Chi, Taiwan-04 1999 6.2 62.16 670.8 13.675 14.96 

EQCNGA40 1549 Chi-Chi, Taiwan 1999 7.62 1.83 511.18 14.545 16.06 

EQCNGA41 8060 Christchurch, New Zealand 2011 6.2 30.46 295.74 5.675 6.92 

EQCNGA42 964 Northridge-01 1994 6.69 42.96 266.9 12.665 14.11 

EQCNGA43 1082 Northridge-01 1994 6.69 5.59 320.93 5.72 7.435 

EQCNGA44 3694 Whittier Narrows-02 1987 5.27 47.89 267.49 9.77 11.675 

EQCNGA45 3705 Whittier Narrows-02 1987 5.27 29.19 301.11 4.69 6.69 

EQCNGA46 1002 Northridge-01 1994 6.69 27.89 301.93 8.625 9.635 

EQCNGA47 5257 Chuetsu-oki 2007 6.8 45.54 149.97 25.71 22.735 

EQCNGA48 57 San Fernando 1971 6.61 19.33 450.28 10.61 11.105 

EQCNGA49 762 Loma Prieta 1989 6.93 39.32 367.57 8.55 9.59 

EQCNGA50 792 Loma Prieta 1989 6.93 68.05 362.4 4.845 8.65 

EQCNGA51 5969 El Mayor-Cucapah 2010 7.2 30.75 223.03 21.545 22.265 

EQCNGA52 2162 Chi-Chi, Taiwan-02 1999 5.9 73.61 210.01 6.25 10.755 

EQCNGA53 1056 Northridge-01 1994 6.69 85.75 333.41 9.025 11.81 

EQCNGA54 4866 Chuetsu-oki 2007 6.8 0 338.32 7.205 9.245 

EQCNGA55 160 Imperial Valley-06 1979 6.53 0.44 223.03 4.655 6.64 

EQCNGA56 5464 Iwate 2008 6.9 118.96 514.86 20.2 25.735 

EQCNGA57 4183 Niigata, Japan 2004 6.63 54.5 303.73 13.625 14.91 

EQCNGA58 4854 Chuetsu-oki 2007 6.8 35.79 570.62 6.99 9.385 

EQCNGA59 2624 Chi-Chi, Taiwan-03 1999 6.2 19.06 473.65 11.395 13.635 

EQCNGA60 3160 Chi-Chi, Taiwan-05 1999 6.2 130.09 496.47 18.34 20.89 

EQCNGA61 3495 Chi-Chi, Taiwan-06 1999 6.3 36.58 535.13 16.115 17.095 

EQCNGA62 8893 14383980 2008 5.39 36.08 257.33 7.75 7.695 

EQCNGA63 1115 Kobe, Japan 1995 6.9 28.08 256 12.635 13.445 

EQCNGA64 1849 Yountville 2000 5 48.95 533.89 7.61 11.88 

EQCNGA65 2635 Chi-Chi, Taiwan-03 1999 6.2 5.93 671.52 2.97 6.04 

EQCNGA66 6013 El Mayor-Cucapah 2010 7.2 27.81 276.25 15.705 18.005 

EQCNGA67 975 Northridge-01 1994 6.69 53.71 362.31 7.46 9.93 

EQCNGA68 6060 Big Bear-01 1992 6.46 40.87 367.84 7.545 9.295 

EQCNGA69 357 Coalinga-01 1983 6.36 32.81 565.08 4.84 7.815 

EQCNGA70 1512 Chi-Chi, Taiwan 1999 7.62 0 443.04 20.01 21.2 
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Table B-1.  Seed records used to generate time-series compatible with the NGA spectrum (Cont.) 

TAG 
NGA 

RSN 
Earthquake Name Year Mag. 

Rjb 

(km) 

Vs30 

(m/s) 

D5-75 

(Seed R.) 

D5-75  

(Comp. R.) 

EQCNGA71 8522 El Mayor-Cucapah 2010 7.2 50.94 238 11.535 17.925 

EQCNGA72 3187 Chi-Chi, Taiwan-05 1999 6.2 64.96 645.72 7.655 13.335 

EQCNGA73 5829 El Mayor-Cucapah 2010 7.2 13.7 242.05 15.495 17.91 

EQCNGA74 8843 14383980 2008 5.39 27.93 222 4.625 5.315 

EQCNGA75 6005 El Mayor-Cucapah 2010 7.2 36.15 202.89 16.37 16.41 

EQCNGA76 684 Whittier Narrows-01 1987 5.99 29.42 345.72 15.37 15.435 

EQCNGA77 5853 El Mayor-Cucapah 2010 7.2 139.41 477.44 17.405 25.67 

EQCNGA78 2388 Chi-Chi, Taiwan-02 1999 5.9 30.06 573.02 7.345 9.86 

EQCNGA79 3302 Chi-Chi, Taiwan-06 1999 6.3 69.66 169.84 12.995 11.785 

EQCNGA80 3165 Chi-Chi, Taiwan-05 1999 6.2 89.88 423.4 7.4 13.95 

EQCNGA81 4086 Parkfield-02, CA 2004 6 43.18 410.66 12.03 15.99 

EQCNGA82 2752 Chi-Chi, Taiwan-04 1999 6.2 21.62 258.89 8.05 13.43 

EQCNGA83 2951 Chi-Chi, Taiwan-05 1999 6.2 75.26 201.21 12.36 18.34 

EQCNGA84 8079 Christchurch, New Zealand 2011 6.2 160.32 389.54 23.37 29.17 

EQCNGA85 3347 Chi-Chi, Taiwan-06 1999 6.3 37.67 677.49 10.64 12.745 

EQCNGA86 8890 14383980 2008 5.39 38.76 302.73 12.675 13.65 

EQCNGA87 164 Imperial Valley-06 1979 6.53 15.19 471.53 16.58 19.725 

EQCNGA88 4089 Parkfield-02, CA 2004 6 110.33 540.4 20.08 20.28 

EQCNGA89 2238 Chi-Chi, Taiwan-02 1999 5.9 44.29 602.29 9.91 12.78 

EQCNGA90 6893 Darfield, New Zealand 2010 7 11.86 344.02 14.985 16.615 

EQCNGA91 6728 Niigata, Japan 2004 6.63 111.74 360 9.605 16.545 

EQCNGA92 5066 Chuetsu-oki 2007 6.8 100.26 287.37 19.58 23.75 

EQCNGA93 3979 San Simeon, CA 2003 6.52 6.97 362.42 7.785 8.48 

EQCNGA94 8114 Christchurch, New Zealand 2011 6.2 230.58 638.39 19.205 28.075 

EQCNGA95 988 Northridge-01 1994 6.69 15.53 277.98 7.045 8.48 

EQCNGA96 4074 Parkfield-02, CA 2004 6 4.36 340.45 4.82 5.13 

EQCNGA97 3560 Taiwan SMART1(5) 1981 5.9 25.51 309.41 4.145 6.965 

EQCNGA98 3740 Whittier Narrows-02 1987 5.27 39.22 348.87 5.515 6.075 

EQCNGA99 3306 Chi-Chi, Taiwan-06 1999 6.3 60.95 193.69 1.775 25.1 

EQCNGA100 499 Hollister-04 1986 5.45 13.11 215.54 7.88 10.7 
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Figure B-1. Time Histories of compatible record EQCNGA1. 

 
Figure B-2. Time Histories of compatible record EQCNGA2. 
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Figure B-3. Time Histories of compatible record EQCNGA3. 

 
Figure B-4. Time Histories of compatible record EQCNGA4. 
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Figure B-5. Time Histories of compatible record EQCNGA5. 

 
Figure B-6. Time Histories of compatible record EQCNGA6. 
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Figure B-7. Time Histories of compatible record EQCNGA7. 

 
Figure B-8. Time Histories of compatible record EQCNGA8. 
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Figure B-9. Time Histories of compatible record EQCNGA9. 

 
Figure B-10. Time Histories of compatible record EQCNGA10. 
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Figure B-11. Time Histories of compatible record EQCNGA11. 

 
Figure B-12. Time Histories of compatible record EQCNGA12. 
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Figure B-13. Time Histories of compatible record EQCNGA13. 

 
Figure B-14. Time Histories of compatible record EQCNGA14. 
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Figure B-15. Time Histories of compatible record EQCNGA15. 

 
Figure B-16. Time Histories of compatible record EQCNGA16. 
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Figure B-17. Time Histories of compatible record EQCNGA17. 

 
Figure B-18. Time Histories of compatible record EQCNGA18. 
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Figure B-19. Time Histories of compatible record EQCNGA19. 

 
Figure B-20. Time Histories of compatible record EQCNGA20. 
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Figure B-21. Time Histories of compatible record EQCNGA21. 

 
Figure B-22. Time Histories of compatible record EQCNGA22. 
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Figure B-23. Time Histories of compatible record EQCNGA23. 

 
Figure B-24. Time Histories of compatible record EQCNGA24. 
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Figure B-25. Time Histories of compatible record EQCNGA25. 

 
Figure B-26. Time Histories of compatible record EQCNGA26. 
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Figure B-27. Time Histories of compatible record EQCNGA27. 

 
Figure B-28. Time Histories of compatible record EQCNGA28. 
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Figure B-29. Time Histories of compatible record EQCNGA29. 

 
Figure B-30. Time Histories of compatible record EQCNGA30. 
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Figure B-31. Time Histories of compatible record EQCNGA31. 

 
Figure B-32. Time Histories of compatible record EQCNGA32. 
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Figure B-33. Time Histories of compatible record EQCNGA33. 

 
Figure B-34. Time Histories of compatible record EQCNGA34. 
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Figure B-35. Time Histories of compatible record EQCNGA35. 

 
Figure B-36. Time Histories of compatible record EQCNGA36. 
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Figure B-37. Time Histories of compatible record EQCNGA37. 

 
Figure B-38. Time Histories of compatible record EQCNGA38. 
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Figure B-39. Time Histories of compatible record EQCNGA39. 

 
Figure B-40. Time Histories of compatible record EQCNGA40. 
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Figure B-41. Time Histories of compatible record EQCNGA41. 

 
Figure B-42. Time Histories of compatible record EQCNGA42. 
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Figure B-43. Time Histories of compatible record EQCNGA43. 

 
Figure B-44. Time Histories of compatible record EQCNGA44. 
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Figure B-45. Time Histories of compatible record EQCNGA45. 

 
Figure B-46. Time Histories of compatible record EQCNGA46. 



144 

 

 

 

 
Figure B-47. Time Histories of compatible record EQCNGA47. 

 
Figure B-48. Time Histories of compatible record EQCNGA48. 
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Figure B-49. Time Histories of compatible record EQCNGA49. 

 
Figure B-50. Time Histories of compatible record EQCNGA50. 
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Figure B-51. Time Histories of compatible record EQCNGA51. 

 
Figure B-52. Time Histories of compatible record EQCNGA52. 
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Figure B-53. Time Histories of compatible record EQCNGA53. 

 
Figure B-54. Time Histories of compatible record EQCNGA54. 
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Figure B-55. Time Histories of compatible record EQCNGA55. 

 
Figure B-56. Time Histories of compatible record EQCNGA56. 
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Figure B-57. Time Histories of compatible record EQCNGA57. 

 
Figure B-58. Time Histories of compatible record EQCNGA58. 
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Figure B-59. Time Histories of compatible record EQCNGA59. 

 
Figure B-60. Time Histories of compatible record EQCNGA60. 
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Figure B-61. Time Histories of compatible record EQCNGA61. 

 
Figure B-62. Time Histories of compatible record EQCNGA62. 
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Figure B-63. Time Histories of compatible record EQCNGA63. 

 
Figure B-64. Time Histories of compatible record EQCNGA64. 
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Figure B-65. Time Histories of compatible record EQCNGA65. 

 
Figure B-66. Time Histories of compatible record EQCNGA66. 
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Figure B-67. Time Histories of compatible record EQCNGA67. 

 
Figure B-68. Time Histories of compatible record EQCNGA68. 
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Figure B-69. Time Histories of compatible record EQCNGA69. 

 
Figure B-70. Time Histories of compatible record EQCNGA70. 
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Figure B-71. Time Histories of compatible record EQCNGA71. 

 
Figure B-72. Time Histories of compatible record EQCNGA72. 
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Figure B-73. Time Histories of compatible record EQCNGA73. 

 
Figure B-74. Time Histories of compatible record EQCNGA74. 
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Figure B-75. Time Histories of compatible record EQCNGA75. 

 
Figure B-76. Time Histories of compatible record EQCNGA76. 



159 

 

 

 

 
Figure B-77. Time Histories of compatible record EQCNGA77. 

 
Figure B-78. Time Histories of compatible record EQCNGA78. 
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Figure B-79. Time Histories of compatible record EQCNGA79. 

 
Figure B-80. Time Histories of compatible record EQCNGA80. 
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Figure B-81. Time Histories of compatible record EQCNGA81. 

 
Figure B-82. Time Histories of compatible record EQCNGA82. 
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Figure B-83. Time Histories of compatible record EQCNGA83. 

 
Figure B-84. Time Histories of compatible record EQCNGA84. 
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Figure B-85. Time Histories of compatible record EQCNGA85. 

 
Figure B-86. Time Histories of compatible record EQCNGA86. 



164 

 

 

 

 
Figure B-87. Time Histories of compatible record EQCNGA87. 

 
Figure B-88. Time Histories of compatible record EQCNGA88. 
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Figure B-89. Time Histories of compatible record EQCNGA89. 

 
Figure B-90. Time Histories of compatible record EQCNGA90. 
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Figure B-91. Time Histories of compatible record EQCNGA91. 

 
Figure B-92. Time Histories of compatible record EQCNGA92. 
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Figure B-93. Time Histories of compatible record EQCNGA93. 

 
Figure B-94. Time Histories of compatible record EQCNGA94. 
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Figure B-95. Time Histories of compatible record EQCNGA95. 

 
Figure B-96. Time Histories of compatible record EQCNGA96. 
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Figure B-97. Time Histories of compatible record EQCNGA97. 

 
Figure B-98. Time Histories of compatible record EQCNGA98. 
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Figure B-99. Time Histories of compatible record EQCNGA99. 

 
Figure B-100. Time Histories of compatible record EQCNGA100. 
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APPENDIX C  

SEED RECORDS COMPATIBLE WITH NUC SPECTRUM 
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Table C-1.  Seed records used to generate time-series compatible with the NUC spectrum 

TAG 
NGA 

RSN 
Earthquake Name Year Mag. 

Rjb 

(km) 

Vs30 

(m/s) 

D5-75 

(Seed R.) 

D5-75  

(Comp. R.) 

EQCNUC1 9632  "10410337" 2009 4.7 12.81 273.99 7.33 8.235 

EQCNUC2 6893  "Darfield_ New Zealand" 2010 7 11.86 344.02 14.985 16.05 

EQCNUC3 1549  "Chi-Chi_ Taiwan" 1999 7.62 1.83 511.18 14.545 15.63 

EQCNUC4 825  Cape Mendocino 1992 7.01 0 567.78 2.49 3.72 

EQCNUC5 265  Victoria_ Mexico 1980 6.33 13.8 471.53 4.135 5.265 

EQCNUC6 183  Imperial Valley-06 1979 6.53 3.86 206.08 3.015 4.93 

EQCNUC7 231  Mammoth Lakes-01 1980 6.06 12.56 537.16 6.92 8.115 

EQCNUC8 158  Imperial Valley-06 1979 6.53 0 259.86 5.605 6.05 

EQCNUC9 1945  "Anza-02" 2001 4.92 27.54 311.18 3.185 6.435 

EQCNUC10 532  N. Palm Springs 1986 6.06 77.98 390.18 9.995 14.14 

EQCNUC11 5750  "Iwate_ Japan" 2008 6.9 57.54 407.5 18.66 20.065 

EQCNUC12 4481  "L'Aquila_ Italy" 2009 6.3 0 685 4.3 5.805 

EQCNUC13 108  Oroville-02 1975 4.79 12.07 377.25 3.285 3.77 

EQCNUC14 2107  "Denali_ Alaska" 2002 7.9 49.94 399.35 12.575 16.28 

EQCNUC15 3471  "Chi-Chi_ Taiwan-06" 1999 6.3 24.34 573.02 10.97 13.33 

EQCNUC16 8655  "40204628" 2007 5.45 25.15 258.1 21.655 17.17 

EQCNUC17 1836  "Hector Mine" 1999 7.13 42.06 635.01 12.105 13.89 

EQCNUC18 412  Coalinga-05 1983 5.77 13.16 257.38 2.02 2.87 

EQCNUC19 3931  "Tottori_ Japan" 2000 6.61 87.38 598.28 15.69 16.57 

EQCNUC20 3185  "Chi-Chi_ Taiwan-05" 1999 6.2 52.49 375.42 10.35 13.35 

EQCNUC21 253  Mammoth Lakes-07 1980 4.73 3.86 377.41 3.085 4.525 

EQCNUC22 3893  "Tottori_ Japan" 2000 6.61 108.34 834.56 17.325 19.845 

EQCNUC23 811  Loma Prieta 1989 6.93 11.03 388.33 6.195 6.96 

EQCNUC24 2946  "Chi-Chi_ Taiwan-05" 1999 6.2 54.31 544.74 7.085 10.57 

EQCNUC25 4478  "L'Aquila_ Italy" 2009 6.3 11.12 547 5.64 8.445 

EQCNUC26 3687  "Whittier Narrows-02" 1987 5.27 9.92 267.13 4.22 4.77 

EQCNUC27 1 Helena_ Montana-01 1935 6 2.07 593.35 1.095 2.28 

EQCNUC28 3920  "Tottori_ Japan" 2000 6.61 70.52 1047.01 11.86 13.775 

EQCNUC29 4513 
 "L'Aquila (aftershock 1)_ 

Italy" 
2009 5.6 5.07 717 3.22 6.155 

EQCNUC30 5648  "Iwate_ Japan" 2008 6.9 48.43 534.71 18.42 20.825 

EQCNUC31 9628  "10410337" 2009 4.7 21.46 336.07 5.545 7.955 

EQCNUC32 9563  "10410337" 2009 4.7 17.93 275.5 0.64 2.51 

EQCNUC33 4205  "Niigata_ Japan" 2004 6.63 39.83 488.65 12.73 12.105 

EQCNUC34 5830 
 "El Mayor-Cucapah_ 

Mexico" 
2010 7.2 43.64 523.99 20.735 22.125 

EQCNUC35 2619  "Chi-Chi_ Taiwan-03" 1999 6.2 27.66 433.63 5.34 5.585 
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Table C-1.  Seed records used to generate time-series compatible with the NUC spectrum (Cont.) 

TAG 
NGA 

RSN 
Earthquake Name Year Mag. 

Rjb 

(km) 

Vs30 

(m/s) 

D5-75 

(Seed R.) 

D5-75  

(Comp. R.) 

EQCNUC36 8732  "40204628" 2007 5.45 61.27 686.73 3.68 9.575 

EQCNUC37 4135  "Parkfield-02_ CA" 2004 6 6.74 386.19 3.81 4.27 

EQCNUC38 2003  "CA/Baja Border Area" 2002 5.31 39.73 231.23 11.465 25.88 

EQCNUC39 5834 
 "El Mayor-Cucapah_ 

Mexico" 
2010 7.2 88.48 505.23 25.895 30.59 

EQCNUC40 3180  "Chi-Chi_ Taiwan-05" 1999 6.2 45.29 460.69 9.64 16.255 

EQCNUC41 251  Mammoth Lakes-07 1980 4.73 3.33 373.18 1.79 2.59 

EQCNUC42 68  San Fernando 1971 6.61 22.77 316.46 5.035 6.695 

EQCNUC43 3192  "Chi-Chi_ Taiwan-05" 1999 6.2 44.19 472.81 7.055 10.515 

EQCNUC44 4553 
 "L'Aquila (aftershock 2)_ 

Italy" 
2009 5.4 10.4 552 3.175 4.545 

EQCNUC45 9581  "10410337" 2009 4.7 14.28 272.63 2.69 6.535 

EQCNUC46 5748  "Iwate_ Japan" 2008 6.9 55.76 192.29 15.655 18.72 

EQCNUC47 8295  "Anza-02" 2001 4.92 33.9 217.84 14.535 16.55 

EQCNUC48 713  Whittier Narrows-02 1987 5.27 20.99 316.46 3.825 9.2 

EQCNUC49 530  N. Palm Springs 1986 6.06 10.08 312.47 5.985 8.39 

EQCNUC50 4134  "Parkfield-02_ CA" 2004 6 4.43 308.87 3.015 3.935 

EQCNUC51 5618  "Iwate_ Japan" 2008 6.9 16.26 825.83 9.31 8.9 

EQCNUC52 923  Big Bear-01 1992 6.46 64.04 333.41 10.17 16.185 

EQCNUC53 6431  "Tottori_ Japan" 2000 6.61 160.32 521.9 8.01 18.465 

EQCNUC54 5812  "Iwate_ Japan" 2008 6.9 16.44 348.99 10.87 12.265 

EQCNUC55 4106  "Parkfield-02_ CA" 2004 6 15.49 359.03 9.575 9.595 

EQCNUC56 529  N. Palm Springs 1986 6.06 0 344.67 2.11 2.54 

EQCNUC57 880  Landers 1992 7.28 26.96 355.42 30.515 29.975 

EQCNUC58 4873  "Chuetsu-oki_ Japan" 2007 6.8 10.38 561.59 3.545 4.775 

EQCNUC59 1011  Northridge-01 1994 6.69 15.11 1222.52 5.12 5.415 

EQCNUC60 3211  "Chi-Chi_ Taiwan-05" 1999 6.2 54.72 215.34 9.98 14.165 

EQCNUC61 5543  "Iwate_ Japan" 2008 6.9 111.63 514.58 6.62 13.78 

EQCNUC62 3472  "Chi-Chi_ Taiwan-06" 1999 6.3 23.84 614.98 7.595 9.04 

EQCNUC63 2948  "Chi-Chi_ Taiwan-05" 1999 6.2 78.63 192.71 11.17 20.67 

EQCNUC64 9130  "14408052" 2008 5.06 37.3 353.63 8.585 11.09 

EQCNUC65 523  N. Palm Springs 1986 6.06 41.74 339.02 13.345 14.045 

EQCNUC66 2163  "Chi-Chi_ Taiwan-02" 1999 5.9 45.56 542.61 6.185 13.85 

EQCNUC67 3207  "Chi-Chi_ Taiwan-05" 1999 6.2 51.35 409 11.665 15.365 

EQCNUC68 5809  "Iwate_ Japan" 2008 6.9 17.34 655.45 7.65 9.835 

EQCNUC69 4227  "Niigata_ Japan" 2004 6.63 39.17 653.28 4.78 9.985 

EQCNUC70 3214  "Chi-Chi_ Taiwan-05" 1999 6.2 70.2 221.7 7.605 15.23 
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Table C-1.  Seed records used to generate time-series compatible with the NUC spectrum (Cont.) 

TAG 
NGA 

RSN 
Earthquake Name Year Mag. 

Rjb 

(km) 

Vs30 

(m/s) 

D5-75 

(Seed R.) 

D5-75  

(Comp. R.) 

EQCNUC71 10630  "10370141" 2009 4.45 28.63 352.55 2.815 7.545 

EQCNUC72 2783  "Chi-Chi_ Taiwan-04" 1999 6.2 62.04 677.49 9 13.565 

EQCNUC73 5446  "Chuetsu-oki_ Japan" 2007 6.8 105.06 533.12 11.075 19.07 

EQCNUC74 5813  "Iwate_ Japan" 2008 6.9 7.82 413.04 11.445 11.045 

EQCNUC75 727  Superstition Hills-02 1987 6.54 5.61 362.38 8.91 10.285 

EQCNUC76 5773  "Iwate_ Japan" 2008 6.9 41.12 531.25 7.935 9.32 

EQCNUC77 4869  "Chuetsu-oki_ Japan" 2007 6.8 23.63 640.14 9.94 9.615 

EQCNUC78 5802  "Iwate_ Japan" 2008 6.9 43.15 346.81 7.625 9.62 

EQCNUC79 5760  "Iwate_ Japan" 2008 6.9 34.61 410.57 8.75 9.495 

EQCNUC80 4218  "Niigata_ Japan" 2004 6.63 0.46 430.71 3.79 4.88 

EQCNUC81 5775  "Iwate_ Japan" 2008 6.9 28.9 561.59 7.945 10.905 

EQCNUC82 4554 
 "L'Aquila (aftershock 2)_ 

Italy" 
2009 5.4 13.99 717 7.83 6.695 

EQCNUC83 1763  "Hector Mine" 1999 7.13 89.98 724.89 13.93 15.655 

EQCNUC84 3706  "Whittier Narrows-02" 1987 5.27 20.84 362.31 7.05 8.22 

EQCNUC85 230  Mammoth Lakes-01 1980 6.06 1.1 382.12 7.14 8.49 

EQCNUC86 2113  "Denali_ Alaska" 2002 7.9 53.02 382.5 39.1 42.975 

EQCNUC87 5479  "Iwate_ Japan" 2008 6.9 73.17 475.09 12.24 16.875 

EQCNUC88 8707  "40204628" 2007 5.45 30.45 760 5.56 8.33 

EQCNUC89 4121  "Parkfield-02_ CA" 2004 6 5.79 450.61 6.235 7.05 

EQCNUC90 2772  "Chi-Chi_ Taiwan-04" 1999 6.2 45.61 671.52 10.375 14.065 

EQCNUC91 8920  "14383980" 2008 5.39 48.02 488 6.235 8.765 

EQCNUC92 6041 
 "El Mayor-Cucapah_ 

Mexico" 
2010 7.2 110.95 827 15.29 18.71 

EQCNUC93 5666  "Iwate_ Japan" 2008 6.9 45.55 166.75 11.525 12.595 

EQCNUC94 4515 
 "L'Aquila (aftershock 1)_ 

Italy" 
2009 5.6 86.13 310.01 3.875 5.21 

EQCNUC95 3888  "Tottori_ Japan" 2000 6.61 84.18 447.75 12.035 17.245 

EQCNUC96 5657  "Iwate_ Japan" 2008 6.9 0 506.44 6.92 7.17 

EQCNUC97 6513  "Niigata_ Japan" 2004 6.63 140.9 567.86 14.735 20.63 

EQCNUC98 110  Oroville-04 1975 4.37 13.37 391.76 2.64 4.595 

EQCNUC99 72  San Fernando 1971 6.61 19.45 600.06 4.18 5.83 

EQCNUC100 4213  "Niigata_ Japan" 2004 6.63 25.33 654.76 1.365 6.155 
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Figure C-1. Time Histories of compatible record EQCNUC1. 

 
Figure C-2. Time Histories of compatible record EQCNUC2. 
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Figure C-3. Time Histories of compatible record EQCNUC3. 

 
Figure C-4. Time Histories of compatible record EQCNUC4. 
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Figure C-5. Time Histories of compatible record EQCNUC5. 

 
Figure C-6. Time Histories of compatible record EQCNUC6. 
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Figure C-7. Time Histories of compatible record EQCNUC7. 

 
Figure C-8. Time Histories of compatible record EQCNUC8. 
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Figure C-9. Time Histories of compatible record EQCNUC9. 

 
Figure C-10. Time Histories of compatible record EQCNUC10. 
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Figure C-11. Time Histories of compatible record EQCNUC11. 

 
Figure C-12. Time Histories of compatible record EQCNUC12. 
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Figure C-13. Time Histories of compatible record EQCNUC13. 

 
Figure C-14. Time Histories of compatible record EQCNUC14. 
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Figure C-15. Time Histories of compatible record EQCNUC15. 

 
Figure C-16. Time Histories of compatible record EQCNUC16. 
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Figure C-17. Time Histories of compatible record EQCNUC17. 

 
Figure C-18. Time Histories of compatible record EQCNUC18. 
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Figure C-19. Time Histories of compatible record EQCNUC19. 

 
Figure C-20. Time Histories of compatible record EQCNUC20. 
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Figure C-21. Time Histories of compatible record EQCNUC21. 

 
Figure C-22. Time Histories of compatible record EQCNUC22. 
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Figure C-23. Time Histories of compatible record EQCNUC23. 

 
Figure C-24. Time Histories of compatible record EQCNUC24. 
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Figure C-25. Time Histories of compatible record EQCNUC25. 

 
Figure C-26. Time Histories of compatible record EQCNUC26. 
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Figure C-27. Time Histories of compatible record EQCNUC27. 

 
Figure C-28. Time Histories of compatible record EQCNUC28. 
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Figure C-29. Time Histories of compatible record EQCNUC29. 

 
Figure C-30. Time Histories of compatible record EQCNUC30. 
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Figure C-31. Time Histories of compatible record EQCNUC31. 

 
Figure C-32. Time Histories of compatible record EQCNUC32. 
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Figure C-33. Time Histories of compatible record EQCNUC33. 

 
Figure C-34. Time Histories of compatible record EQCNUC34. 
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Figure C-35. Time Histories of compatible record EQCNUC35. 

 
Figure C-36. Time Histories of compatible record EQCNUC36. 
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Figure C-37. Time Histories of compatible record EQCNUC37. 

 
Figure C-38. Time Histories of compatible record EQCNUC38. 
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Figure C-39. Time Histories of compatible record EQCNUC39. 

 
Figure C-40. Time Histories of compatible record EQCNUC40. 



195 

 

 

 

 
Figure C-41. Time Histories of compatible record EQCNUC41. 

 
Figure C-42. Time Histories of compatible record EQCNUC42. 
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Figure C-43. Time Histories of compatible record EQCNUC43. 

 
Figure C-44. Time Histories of compatible record EQCNUC44. 
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Figure C-45. Time Histories of compatible record EQCNUC45. 

 
Figure C-46. Time Histories of compatible record EQCNUC46. 
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Figure C-47. Time Histories of compatible record EQCNUC47. 

 
Figure C-48. Time Histories of compatible record EQCNUC48. 
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Figure C-49. Time Histories of compatible record EQCNUC49. 

 
Figure C-50. Time Histories of compatible record EQCNUC50. 
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Figure C-51. Time Histories of compatible record EQCNUC51. 

 
Figure C-52. Time Histories of compatible record EQCNUC52. 
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Figure C-53. Time Histories of compatible record EQCNUC53. 

 
Figure C-54. Time Histories of compatible record EQCNUC54. 
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Figure C-55. Time Histories of compatible record EQCNUC55. 

 
Figure C-56. Time Histories of compatible record EQCNUC56. 
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Figure C-57. Time Histories of compatible record EQCNUC57. 

 
Figure C-58. Time Histories of compatible record EQCNUC58. 
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Figure C-59. Time Histories of compatible record EQCNUC59. 

 
Figure C-60. Time Histories of compatible record EQCNUC60. 
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Figure C-61. Time Histories of compatible record EQCNUC61. 

 
Figure C-62. Time Histories of compatible record EQCNUC62. 
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Figure C-63. Time Histories of compatible record EQCNUC63. 

 
Figure C-64. Time Histories of compatible record EQCNUC64. 
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Figure C-65. Time Histories of compatible record EQCNUC65. 

 
Figure C-66. Time Histories of compatible record EQCNUC66. 
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Figure C-67. Time Histories of compatible record EQCNUC67. 

 
Figure C-68. Time Histories of compatible record EQCNUC68. 
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Figure C-69. Time Histories of compatible record EQCNUC69. 

 
Figure C-70. Time Histories of compatible record EQCNUC70. 
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Figure C-71. Time Histories of compatible record EQCNUC71. 

 
Figure C-72. Time Histories of compatible record EQCNUC72. 
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Figure C-73. Time Histories of compatible record EQCNUC73. 

 
Figure C-74. Time Histories of compatible record EQCNUC74. 
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Figure C-75. Time Histories of compatible record EQCNUC75. 

 
Figure C-76. Time Histories of compatible record EQCNUC76. 
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Figure C-77. Time Histories of compatible record EQCNUC77. 

 
Figure C-78. Time Histories of compatible record EQCNUC78. 
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Figure C-79. Time Histories of compatible record EQCNUC79. 

 
Figure C-80. Time Histories of compatible record EQCNUC80. 
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Figure C-81. Time Histories of compatible record EQCNUC81. 

 
Figure C-82. Time Histories of compatible record EQCNUC82. 
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Figure C-83. Time Histories of compatible record EQCNUC83. 

 
Figure C-84. Time Histories of compatible record EQCNUC84. 
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Figure C-85. Time Histories of compatible record EQCNUC85. 

 
Figure C-86. Time Histories of compatible record EQCNUC86. 
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Figure C-87. Time Histories of compatible record EQCNUC87. 

 
Figure C-88. Time Histories of compatible record EQCNUC88. 
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Figure C-89. Time Histories of compatible record EQCNUC89. 

 
Figure C-90. Time Histories of compatible record EQCNUC90. 
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Figure C-91. Time Histories of compatible record EQCNUC91. 

 
Figure C-92. Time Histories of compatible record EQCNUC92. 
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Figure C-93. Time Histories of compatible record EQCNUC93. 

 
Figure C-94. Time Histories of compatible record EQCNUC94. 
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Figure C-95. Time Histories of compatible record EQCNUC95. 

 
Figure C-96. Time Histories of compatible record EQCNUC96. 
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Figure C-97. Time Histories of compatible record EQCNUC97. 

 
Figure C-98. Time Histories of compatible record EQCNUC98. 
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Figure C-99. Time Histories of compatible record EQCNUC99. 

 
Figure C-100. Time Histories of compatible record EQCNUC100. 
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APPENDIX D  

CHAPTER II: AMPLIFICATION FUNCTIONS AND αAF, USING NRC AND NUC 

SPECTRA 
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Fig. D-1. AFs and αAFs obtained using inputs compatible with the NRC spectrum. Top figures show the 

results for the SCH site at PGAs average values of 0.01g (a), 0.3g (b) and 0.6g (c). Bottom figures show 

the results for the and CC site at 0.01g (d), 0.3g (e) and 0.6g (f). 
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Fig. D-2. AFs and αAFs obtained using inputs compatible with the NUC spectrum. Top figures show the 

results for the SCH site at PGAs average values of 0.01g (a), 0.3g (b) and 0.6g (c). Bottom figures show 

the results for the CC site at 0.01g (d), 0.3g (e) and 0.6g (f). 



228 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX E  

CHAPTER II: CORRECTED αAF, USING NRC AND NUC SPECTRA. 
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Fig. E-1. Corrected αAF for the SCH site and NRC input spectrum: Elastic analysis at 0.01g (a), EQL at 

0.01g (b), EQL at 0.3g (c) and EQL at 0.6g (d). 
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Fig. E-2. Corrected αAF for the CC site and NRC input spectrum: Elastic analysis at 0.01g (a), 

EQL at 0.01g (b), EQL at 0.3g (c) and EQL at 0.6g (d). 

 

 

 

 

 

 

 

 

 

 

(a) (b) 

(c) (d) 



231 

 

 

 

 

 
Fig. E-3. Corrected αAF for the SCH site and NUC input spectrum: Elastic analysis at 0.01g (a), EQL at 

0.01g (b), EQL at 0.3g (c) and EQL at 0.6g (d). 
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Fig. E-4. Corrected αAF for the CC site and NUC input spectrum: Elastic analysis at 0.01g (a), EQL at 

0.01g (b), EQL at 0.3g (c) and EQL at 0.6g (d). 
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APPENDIX F 

CHAPTER III: AFS FOR THE CC SITE USING DIFFERENT 

METHODOLOGIES WITH INPUT COMPATIBLE TO THE NRC AND NGAM5 

SPECTRA. 
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Fig. F-1. AFs for the CC site using different methodologies with input compatible to the NRC spectrum. 

Each row corresponds to a deferent level of intensity, top to bottom: 0.01g (LE), 0.01g (EQL), 0.3g 

(EQL), and 0.6g (EQL). The left column corresponds to the short duration scenario and the right column 

to the long duration scenario. 
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Fig. F-2. AFs for the CC site using different methodologies with input compatible to the NGAM5 

spectrum. Each row corresponds to a deferent level of intensity, top to bottom: 0.01g (LE), 0.01g (EQL), 

0.3g (EQL), and 0.6g (EQL). The left column corresponds to the short duration scenario and the right 

column to the long duration scenario. 

 

 

 


