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Current bridge design codes do not account for the effects of duration of mega-

thrust subduction zone earthquakes. Furthermore, codes and even recent performance-

based design methodologies only make use of the peak response quantities (forces, 

displacements, and ductility demands) and do not account for the increased number of 

inelastic cycles that the structure is expected to experience due to the mega-thrust long-

duration subduction zone earthquake ground motions. 

The main goal of this research is to investigate the effect of subduction zone 

earthquake ground motions on bridge structures as a first step towards providing basic 

information for adapting current codes and performance-based design guidelines. To 

achieve this goal, eighty (80) subduction zone earthquake ground motions are 

processed and motions from shallow crustal earthquakes with similar spectral shapes 

are selected.  Three simple nonlinear single-degree of freedom (SDOF) models are 

subjected to the 160 (80 x 2) ground motions and seismic demands are estimated. The 

SDOF models analyzed include an elasto-plastic with hardening model, a Takeda 

model, and a model with isolation bearings. The models are representative of recent 



 

  

 

 

 

 

 

 

 

 

bridges in California and the Pacific Northwest.  Effects of varying the parameters that 

describe these SDOF models are studied. Effects of P-Delta are also investigated. Four 

measures of seismic demand are assumed to be correlated to damage that will be 

sustained by a bridge The seismic demands monitored in these analyses are ductility, 

energy dissipated (yielding and damping), number of inelastic excursions, and 

normalized cumulative absolute inelastic displacements. These four measures of 

seismic demand are assumed to be correlated to the damage that will be sustained by a 

bridge.Statistical correlation coefficients between ground motion intensity measures 

that are sensitive to duration (cumulative absolute velocity, significant duration, and 

arias intensity) and the four measures of seismic demand described above provide for 

new insight on the effects of duration on bridge structures. 

To study the effect of the long-motion duration, a parametric sensitivity 

analysis of simplified nonlinear SDOF models corresponding to cantilever single-

column bridge bents is performed. Three different SDOF models are analyzed: an 

elastoplastic SDOF model, a Takeda-type (stiffness degrading) model, and an isolated 

bearing system model. For the elastoplastic and Takeda type models, the input 

parameters of this parametric analysis include: (i) R-factor (26 levels); (ii) hardening 

ratio (4 levels); (iii) two earthquake types (80 Crustal earthquakes records, 80 

Subduction zone earthquakes records); (iv) structural periods (3 levels); (v) P-Delta 

effect (2 levels). For the SDOF system with the isolation bearing, the input parameters 

are: (i) period of the bearing (3 levels); (ii) friction coefficient (24 levels); (iii) two 

earthquake types (80 Crustal earthquakes records, 80 Subduction zone earthquakes 

records); and (iv) P-Delta effect (2 levels). 



 

  

 

 

  

The Open System for Earthquake Engineering Simulation (OpenSees) software 

is used to compute the nonlinear dynamic response of each SDOF model and a batch 

queue system (HTCondor, Thain 2005) is used for running the very large number of 

simulations efficiently. Comparative statistics of nonlinear response quantities of 

SDOF systems subjected to crustal earthquakes and subduction zone earthquakes are 

presented in terms of seismic capacity (normalized strength), and seismic demands 

(ductility factor, cumulative absolute inelastic displacement, number of inelastic 

excursions, ratio of damping energy and yielding energy). In addition, for the system 

with isolation bearings, the effect of the friction coefficient on the isolation bearing 

displacement, pier base shear, and deck accelerations are studied under these two 

earthquake types. Lastly, the linear correlation coefficient between the seismic 

demands and the ground motion intensity measures is presented. 

In conclusion, this parametric analysis provides insight on the expected damage 

(and its uncertainty) as a function of various ground motion characteristics of long-

duration earthquake records and provides data that can be used later to calibrate design 

equations that have been developed for crustal ground motions.  
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1 INTRODUCTION 


Within the past 25 years, the Cascadia Subdiction Zone (off the coast of the Pacific 

Northwest, United States) has been identified as a threat to the states of Oregon, 

Washington, Alaska, and to parts of Northern California. The Cascadia subduction 

zone extends over 1000 km long in the boundary between the Juan de Fuca and North 

American plates (see Figure 1-1). It was only in 1984, when scientists concluded that 

there was substantial historical evidence that a megathrust earthquake in the Cascadia 

subduction zone is impending (Heaton and Kanamori 1984). More recently, based on 

many years of research off the Oregon coast, Goldfinger et al. (2012) concluded that 13 

significant mega-thrust earthquakes have occurred in the past 3000 years in this region. 

The most recent of these megathrust earthquakes in Cascadia Subduction Zone, for 

which there is textual reports and other geological evidence, is the M9.0 earthquake of 

1700 that produced tsunamis and killed two people as far away as in Japan (Atwater et 

al. 2005). 

(a) (b) 

Figure 1-1 Examples of subduction zones (a) Japan, and (b) Cascadia (Northern US).
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Recent large mega-thrust subduction zone earthquakes (2011 Tohoku, Japan M9.0 

and 2010 Maule, Chile M8.8 earthquakes) have highlighted that the ground 

motions generated display considerable differences when compared to crustal 

earthquake motions, namely in ground motion characteristics such as shaking 

intensities (magnitudes and peak ground acceleration) and significant duration of 

shaking. To better understand the response of structures to these types of 

megathrust ground motions, the focus of this study is placed on assessing simple 

single-degree of freedom oscillators representative of global force-displacement 

response of bridges. As an illustrative example, two ground motions acceleration 

records are shown in Figure 1-2(a) and Figure 1-2(b) for a subduction earthquake 

and a shallow crustal earthquake. It is clear that the duration is significantly 

different and the peak ground accelerations are also different. 

(a) (b) 

Figure 1-2 Ground motions accelerograms for: (a) 2011 Tohoku Japan earthquake, and 

(b) 1979 Imperial Valley earthquake, US. (vertical axis in units of the acceleration of 


gravity, g) 


Before the occurrence of the 2011 Tohoku, Japan (M9.0) and 2010 Maule, Chile 

(M8.8) earthquakes, the number of subduction zone ground motion records available to 

estimate the seismic demands and damage of structures to subduction zone motions 

was insufficient. Before these two earthquakes, simulated ground motion records were 

generated on empirical evidence and attenuation relationships. However, the use of 

scaled simulated ground motions has been shown to produce biased results (Luco and 
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Bazurro 2007). Atkinson and Boore (2003) also stated that an earthquake of magnitude 

8.0 or greater would result in a significant hazard increase compared to ground motions 

of lower magnitude, indicating the need for a study of the specific structural effects of 

large magnitude earthquake events. Today, with the availability of a large number of 

ground motions from these two megathrust events in Japan and Chile, a study such as 

the one presented can now be performed using recorded ground acceleration histories 

and thereby remove the bias caused by scaled and simulated records. While the 

structural demand requirements produced by the Tohoku and Maule earthquakes do not 

necessarily extend to the Cascadia subduction zone, mainly because of different 

geological settings, the study presented herein shows differences between responses 

obtained for subduction zone earthquake motions and shallow crustal earthquake 

motions. The results presented are useful for code development and for future 

displacement based design methodologies (Blandon and Priestley 2005). 

The objectives of this study are: (a) to investigate the effect of subduction earthquake 

ground motions on engineering demand (response) parameters of nonlinear SDOF 

structural models representative of several structural typologies (b) perform 

comparative studies between responses obtained from subduction zone ground motions 

and crustal ground motions, and (c) to provide statistical information on the 

relationship between engineering demand parameters and ground motion intensity 

measures.  

The assessment of seismic demand parameters in this research is concerned with 

the definition of normalized yield strength, which is defined to be a basic strength 

parameter. Accurate estimation of maximum displacements is paramount for 

structural performance assessment because the peak displacement demands have 

been shown to be highly correlated to structural damage and the related level of 

ductility demand is used to define the adequacy of designs. However, this is only 

true in the absence of potential failures due to low-cycle and extremely low-cycle 

fatigues associated with strength and stiffness degradation of structural members. 

Page 4 of 156 



 

        

 

 

 

 

In reinforced concrete structures failures are typically associated with brittle 

failures associated with relatively small number of large inelastic cycles. Thus, in 

this work, seismic demands are presented in terms of not only the peak ductility 

demands but also other seismic demand parameters such as yielding energy, 

damping energy, number of inelastic excursions, and normalized cumulative 

absolute inelastic displacement. 

A total of 80 subduction and 80 crustal earthquakes ground motion records are used 

in this research for the evaluation of seismic demand parameters and their 

correlation to different ground motion intensity measures is estimated. An intensity 

measure is a ground motion characteristic that can be used as a predictor of 

structural damage, such as peak ground acceleration (PGA) or 5%-damped spectral 

acceleration at a fundamental period of the structure, Sa T1  . The 80 ground 

motions for the subduction ground motions are subdivided into 4 sub-groups that 

are based on the magnitude (M) and rupture distance (R). Even though, in the 

literature, crustal ground motions have often been subdivided into different M-R 

bins, the amount of subduction zone ground motions are not enough to be permitted 

such as binning. Therefore, the binning proposed herein is based on the judgment 

of the authors of this work and is a topic worth investigating further in the future.  

A special note worth highlighting is that each record of crustal ground motions is 

selected such that the root mean squared error between the 5%-damped spectral 

acceleration and a corresponding subduction zone earthquake motion is minimized. 

Furthermore, at the spectral accelerations at set equal for specific structural periods 

(T = 0.25s, 0.5s, and 1.0s) the spectral accelerations matched. Details will be 

described in Chapter 2, but it is worth noting that the reason for using this 

scaling/matching approach is to isolate the effect of durations on the seismic 

responses. Figure 1-3 illustrates the response spectra scaling/matching for the two 

accelerograms shown in Figure 1-2. It can be seen that the selection of the records 
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is such that the spectral shape is similar, especially in the range of structural periods 

of interest. 

Figure 1-3 Acceleration spectrum for subduction ground motion record – MYG004EW 
of the 2011 Tohuku earthquake and scaled crustal ground motion record – SHP189p of 

the 1979 Imperial Valley earthquake for Tn  0.5s . 

Chapter 2 presents a literature review of the main topics presented in this thesis. 

These topics include issues related to ground motion selection and processing, 

ground motion characteristics of crustal and subduction zone earthquakes that 

affect the response of structures, also known as ground motion intensity measures, 

and three single-degree-of-freedom (SDOF) models that are representative of 

nonlinear structural response of some bridge typologies. These SDOF models 

(elasto-plastic with kinematic hardening, Takeda-type, and a model with isolation 

bearings) are representative of new structural bridge systems being built in areas 

that can be affected by subduction zone ground motions, such as the Pacific 

Northwest and Northern California. 

Chapter 3 of this thesis describes the analysis methodologies used in this research. 

Several topics are discussed including: (i) the criteria used for building the strong 

ground motion data set, selection and processing of the ground motion records, (ii) 

ground motion intensity measures used to describe the effects of duration, (iii) 
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nonlinear SDOF models, (iii) description of the tools used in the parametric and 

correlation study, and (iv) brief overview of the numerical tools and the distributed 

computing architecture implemented at Oregon State University.   

In chapter 4, the main results of the thesis are presented. Representative time-histories 

plots, force-displacement plots, and comparative studies between response of the 

SDOF models subjected to subduction ground motions and crustal ground motions are 

presented. Results of a correlation study are also presented, highlighting the intensity 

measures which are the best predictors of the effects of duration on structural response. 

Finally, in chapter 5, the main conclusions and limitations of this work are presented. A 

list of points worth studying in the future closes the main text of the document. In 

Appendix, a final section is presented with many tables describing inputs and outputs 

of the analysis for ease of reproduction of the results shown herein.  
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2 LITERATURE REVIEW 

In this chapter the current state-of-the-art in the main topics presented in this thesis are 

discussed. These topics include issues related to ground motion selection and 

processing, and ground motion characteristics (intensity measures) of crustal and 

subduction zone earthquakes that affect the response of structures. Three single-degree

of-freedom (SDOF) models that are representative of structural response of different 

structural systems are described. These systems are representative of possible 

simplified modeling assumptions that may be used to estimate the performance of 

bridge systems in the Pacific Northwest and other areas affected by subduction zone 

earthquakes. 

2.1 EARTHQUAKE GROUND MOTIONS 

The Cascadia region (Washington, Oregon, Northern California, and British Columbia) 

in the Pacific Northwest is one of subduction zones of the world. Megathrust 

earthquakes can occur along the subduction interface between tectonic plates in the 

subduction zone. Compelling evidence for great-magnitude earthquakes along the 

Cascadia subduction zone has recently been discovered (Atkinson and Boore 2003, 

Atwater et al. 2005, Goldfinger et al. 2012). Subduction earthquakes were evidently 

enormous (M7–9+) and have a recurrence, on average, of every 240 to 550 years. 

However, the recurrence interval has been irregular, as short as about 100 years and as 

long as about 1,100 years based on Goldfinger et al. (2012). The records of subduction 

earthquakes have a long-duration effect on the time-history plots and long-period effect 

on the spectra, when compared to crustal earthquakes records. Crustal earthquake 

motions typically have lower magnitudes and shorter durations, and are thus expected 

to produce less damage, unless the structures are located near the faults. 
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In this subsection, the main literature and state-of the art in the selection and processing 

of ground motions (subduction and crustal) is presented. 

2.1.1 Ground Motion Selection 

There are three main options available for selection of strong-motion acceleration time-

histories for nonlinear dynamic response analysis of structures, which include 

(Bommer and Acevedo 2004): (i) spectrum-compatible synthetic accelerograms – 

records of accelerations time histories – with realistic energy, duration, and frequency 

content; (ii) synthetic accelerograms generated from seismological source models that 

account for path and site effects; and (iii) real accelerograms recorded during historical 

earthquakes. Whenever possible, the third option is preferred since it reduces bias and 

model errors, and therefore it is used in this study for nonlinear dynamic response 

analysis. 

Currently, there are several ground motion resources with detailed databases that are 

freely accessible and available online. The Pacific Earthquake Engineering Research 

Center (PEER), under the Next-Generation Attenuation (NGA) project developed a 

ground motion database called the PEER NGA with an accompanying web application 

(PEER 2011) that has become a great resource for selection of historical ground 

motions from crustal earthquakes. The ground motion accelerograms available in this 

database are “processed” records since as measured (unprocessed or raw) analog and 

digital recordings of the ground motions typically include noise due to instrument 

inaccuracy, digitization noise and errors. These noises may pollute the results of time 

integration algorithms when velocity and displacement time histories are computed. 

This database only contains ground motion accelerograms from shallow crustal 

earthquakes. An older version of the PEER database (PEER 2010) contained a very 

small number of acceleorograms recorded from earthquakes that were generated in 

subduction zones, but these have since been removed, because PEER is currently 

developing a database for subduction zone earthquakes (PEER NGA Subduction), 
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which is a project expected to be completed with data available for the general public 

in 2015. 

To this date, accelerograms from subduction zone earthquakes have to be obtained 

from several other sources (e.g. COSMOS Virtual Data Center (2012), K-NET and 

Kik-net database (2012), Chilean RENADIC National Network of Accelerographs 

(2012), and Peruvian Institute of Geophysics (2008)). Even though a very small 

number of records obtained from these databases are processed, these sources typically 

provide unprocessed (raw) accelerograms, i.e. as measured from the analog or digital 

seismometers. For engineering applications, it is imperative that the raw data be 

properly processed to avoid spurious or erroneous results from seismic response 

analysis. For this reason, a brief overview of techniques for ground motion processing 

is presented in the next section. 

When studying the effect of duration on structural damage, specifically by 

investigation of the effect of subduction zone earthquakes on structural damage, it is 

desirable to select “similar” crustal earthquake for comparison of the seismic damage 

by isolating the effect of duration. The “similarity” will be associated with spectral 

acceleration shape and peculiarities in spectral shape. This is the approach followed by 

Foschaar et al (2012) in the selection of the benchmark ground motion set for crustal 

earthquakes related and long-duration (subduction zone) ground motions. These sets 

were specifically designed to have similar spectral acceleration shape and be scaled to 

the same median spectra acceleration with the related long duration ground motion 

records one by one, because the spectral acceleration and peculiarities in spectral shape 

are associated with structural collapse. 

To compute the crustal earthquake target spectrum similar with the long duration 

spectral acceleration shape, there is a useful tool on the PEER Ground Motion 

Database website. Conditional mean spectrum (CMS) plays a key role in this tool. 

Baker (2011) mentions that CMS can be applied to select ground motions since it 

identifies the mean spectral shape associated with target spectrum. Applied to the 
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period range of interest, a ground motion which is close to the target CMS could be 

chosen from all the ground motions in the library. The root mean squared error 

(RMSE) of the difference between the record’s spectral accelerations and target 

spectrum is computed to be defined as quantitative measurement of goodness-of-fit. 

Logarithms of natural period and acceleration spectrum are applied to compute the 

RMSE (PEER 2010), since it has been shown in the literature that the probability of 

occurrence of a ground motion with a given spectral acceleration value follows a 

lognormal distribution, thereby the natural logarithm of the spectral accelerations 

follow a normal distribution and therefore work well with a least squares estimate used 

in the selection of the ground motion. 

The main criterion used by the web application in the selection of records is that the 

root-mean-squared errors (RMSE) between a target response spectrum and the elastic 

(damped) response spectrum of geometric mean of the two horizontal components of 

the historical ground motion records are minimized. The RMSE can be computed over 

a range of structural periods of interest by defining a weighting function that takes 

different values in several period ranges. Furthermore, several acceptance criteria can 

also be input in the selection of the earthquakes such as magnitude, and average shear 

velocity. 

2.1.2 Ground motion processing 

Proper processing of ground motion data is because of instruments. Analog and digital 

instruments are used to record the ground motion data. Compare with the recordings 

from analog instrumentation, digital instruments provide better data, since the analog 

instrumentation showed several disadvantages (e.g. these would only be triggered after 

a specific acceleration, limiting frequency was typically 25 Hz, and processing was 

time consuming and laborious). But they still need to be processed especially for long-

duration ground motion data (Boore 2005; Boroschek et al. 2012; Akkar et al. 2011), 
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which is typical to accelerograms recorded/derived from subduction zone earthquake 

recordings. 

Low-frequency filters are required to correct the drifts in the velocity and displacement 

records obtained by integration from the acceleration records. Drift is undesired when 

studying the engineering response parameters of long period structures subjected to 

long-period and long-duration ground motions. To select the long-period cut-offs, 

several methods are available (Boore and Bommer 2005). First, information on the 

signal-to-noise ratio characteristics of the records should be known when analyzing the 

Fourier Acceleration Spectrum (FAS) of the records. Second, baseline adjustments can 

be used to compensate for the distortions and shifts of reference baseline and to remove 

long-period noise and recover ground displacements from accelerograms. Third, 

filtering and baselines correction can be combined to reduce the long-period noise 

(Boore 2005). In addition, one way to judge the adequacy of the processing performed 

(combination of filtering and baseline corrections) for long-duration ground motion 

accelereograms, namely at long periods, is to compare the displacement waveforms 

obtained at two stations that are so close that the accelerorgams measured at these two 

stations are not influenced by the large wavelengths of the long period motions and the 

site conditions (Hanks 1975). Generally, there is no one recipe or remedies that fits all 

ground motion record processing and assumptions always need to be made. Therefore, 

especially for long-period motions, the users of these records must be aware of the 

limitation of the data and the processing schemes and any assumptions should be 

clearly stated and made available to other researchers and engineers (Boore and 

Bommer 2005). 

Several authors (e.g. Boroschek et al. 2012, Akkar et al. 2011, and Akkar and Bommer 

2006) apply these techniques in their research. Boroschek et al. (2012) identify the 

procedures in processing subduction earthquake ground motion data and use this data 

to analyze the characteristics of 2010 Mw 8.8 Maule, Chilean earthquake. Akkar et al. 

(2011) use the same procedure of processing the analogue and digital data to argue the 
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importance of high-cut filters using band-pass filters. In addition, Akkar and Bommer 

(2006) apply the same procedure in discussing the influence of low-cut filter on elastic 

spectral displacements. Their results indicate that spectral displacement depends on the 

values selected for the low-cut filter order. 

2.1.3 Ground Motion Characteristics as Predictors of Structural Damage 

2.1.3.1 Seismic Demand and Measures of Structural Damage 

Damage measures or indices for structures are numerous. The most common damage 

index is given by the ductility deformation demand, which is defined as:  

um Ru  m   (2.1)
u uy o 

where um is the inelastic maximum deformation, uy is the yielding displacement, uo is 

the peak deformation for the corresponding SDOF linear system, and R is the yield 

strength reduction factor. 

The ductility demand may also be written as an inelastic deformation ratio, which is the 

ratio of inelastic displacement demand to displacement demand of the equivalent linear 

system. The inelastic displacement is given by: 

 um umCR    (2.2)
R Ruy u0 

where um is the inelastic maximum deformation, uo is the peak deformation for the 

corresponding linear system,  is the ductility factor and R is the yield strength 

reduction factor. 
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Other damage indices are related to the number of inelastic excursions, cumulative 

absolute inelastic displacements, and dissipated energy (yielding energy/hysteretic 

energy and damping energy). For example, Nassar and Krawinkler (1991), 

Castellanos and Ordaz (2013), Iervolino et al. (2006) and Cosenza and Manfredi 

(2000) use the energy demand parameters (e.g. hysteretic energy) to assess 

structural damage. To clarify some of these concepts, Figure 2-1 presents a loading 

sequence and in this figure the total number of inelastic excursions would be 3 (at 

point 1, 3 and 5). The cumulative absolute inelastic displacement is given as the 

sum of CAID    Ui , i  1,  2,3    U 2 U1  U 4 U3  U 6 U5 , and 

hysteretic energy Eh is the area under the dissipated energy “under” the force-

displacement. 

Figure 2-1 Number of inelastic excursions and hysteresis energy in the hysteresis loop.  

The seismic demands used in this thesis are ductility factor, number of inelastic 

excursions, (normalized) cumulative absolute inelastic displacement, yielding energy, 

and damping energy. To study the relationship between ground motions and the 

seismic demand and damage of structures, related articles are reviewed in this section. 

Nassar and Krawinkler (1995) defined other measures of damage. Beyond the 

displacement ductility, these authors also defined hysteretic ductility Dhyst , and 

equivalent number of cycles N , and cyclic ductility D , which are given by:e cyc
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EhDhyst  1 (2.3)
f uY Y  

EHNe  1 (2.4)
f uY ( max  uy ) 

u  umin max Dcyc  (2.5)
uy 

where E is the dissipated hysteretic energy, F is the yielding strength, u  is the h Y max 

maximum positive displacement, umin is the maximum negative displacement, and 

uy is the yielding displacement. For example, for an elasto-perfectly-plastic SDOF 

model, the parameters shown in Eqs. (2.3) to (2.5) for the right hand side of 

equations are illustrated in the Figure 2-2. 

Figure 2-2 Elastic-perfectly-plastic (EPP) Hysteretic Loops. 

When estimating demand and damage, ground motion characteristics are important for 

earthquake-resistant design because these can be used as predictors of seismic response 

and damage in structures. Many researchers have centered their attention on the effects 

of crustal earthquake ground motions on the seismic response of structures (e.g. 

Iervolino et al. 2006, Manfredi 2001, Reinoso et al. 2000, and Bommer and Martinez-

Pereira 2000). Research on the effects of crustal earthquake motions has made its way 
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into seismic design code provisions, and since crustal earthquakes are typically short in 

duration, the effect of duration of the ground motion has not been identified as an 

important predictor of damage. Thus, seismic codes rely on response spectral measures 

(of acceleration and displacement) to characterize the peak force and peak 

displacement demands. Since these demands can be directly related to the expected 

level of structural damage for short-duration motions and the long-duration motions are 

scarce, to date, little attention has been placed on studying the effects of subduction 

zone earthquake ground motions on structural response (Foschaar et al. 2012, Luca et 

al. 2011, and Wataru et al. 2012). In studying the effects of long-duration records, 

which are typical of large mega-thrust subduction zone earthquakes, the main 

predictors of structural damage that have been identified in the literature are duration, 

Arias Intensity, and cumulative absolute velocity. Thus, besides the inelastic 

displacement ratio, these latter three ground motion intensity measures are also used to 

characterize the subduction ground motions. 

2.1.3.2 Inelastic Displacement Ratio, CR 

Earthquake ground motions are characterized by their amplitude, frequency content, 

and duration. These parameters are influenced by several factors, namely: earthquake 

magnitude, distance from site to the fault (such as rupture distance), local soil 

conditions (site classes), and other special effects (such as rupture directivity and 

topographic effects). The description of these parameters and factors is useful because 

they are important in characterizing the response of structures and the expected 

damage.  

To study the influence of three of the aforementioned factors (earthquake magnitude, 

distance, and site class) on the response of structures, Chopra and Chintanapakdee 

(2004) organized 214 ground motions into bins of large magnitude short rupture 

distance (LMSR), large magnitude large rupture distance (LMLR), small magnitude 

short rupture distance (SMSR), and small magnitude large rupture distance (SMLR). 
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Through comparison of the structural response of elasto-plastic single-degree of 

freedom (SDOF) systems to ground motions from these different bins, they concluded 

that the median inelastic deformation ratios of the structural system versus natural 

periods are independent of site class and earthquake magnitude and rupture distance. 

Before Chopra and Chintanapakdee (2004), Miranda (2000) had used identical 

procedures based on 264 earthquake ground motion records from 12 historical crustal 

earthquakes in the state of California to study the damage of SDOFs as a function of 

varying period of vibration, site condition, earthquake magnitude, rupture distance, and 

ductility demand. Based on a large parametric study, the authors concluded that 

earthquake magnitude and rupture distance do not influence the inelastic deformation 

ratio significantly for periods greater than 0.7 seconds. Furthermore, site class – 

identified as the mean shear-wave velocities, above 180m/s, of the soil, in the first 30 

m below site – do not affect the inelastic displacement ratios. However, in the short-

period range, the inelastic deformation ratio is influenced by the rupture distance and 

earthquake magnitude, is always greater than one and increases exponentially as the 

period of the structure shortens. This main result is also illustrated in Baez and Miranda 

(2000) where inelastic displacement ratios were computed from SDOFs subjected to 

near-fault records (rupture distance less than 10 km) and far-field records. Baez and 

Miranda (2000) also showed that the inelastic displacement rations are greater for the 

near-fault records than those computed from far-field records. 

To investigate the inelastic displacement ratios for SDOF models under the long period 

ground motions, Hatzigeorgiou and Beskos (2009) conducted extensive parametric 

studies to observe this ratio considering soil class and other structural system 

parameters under a total of 112 ground motion records organized into four groups 

based on different soil classes. They concluded that the inelastic displacement ratio is 

not influenced by the local site condition for the long-duration ground motions. 
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2.1.3.3	 Duration 

There are various definitions for duration of the strong motion of earthquakes. Bommer 

and Martinez-Pereira (2000) present more than 30 definitions for measures of duration, 

two of which have been used in the literature. Many duration measures are defined as a 

function of the Arias Intensity IA (Arias 1970) which is expressed as: 

 t 
2IA 	 [ ( )]  a t  dt  (2.6)2g 0 

where a t( ) is acceleration time history of ground motions, t is considered duration of 

the acceleration time history, and g is the gravitational acceleration. 

The Husid plot is often used in the earthquake engineering field to define the duration 

of the ground motion based on the normalized Arias Intensity (Husid 1969). This plot 

is shown in the Figure 2-3 and is expressed as: 

t 
[ (  )]  2 dt   a t  

H t( )  	 t 
0 (2.7)
D 

[ (  )]  2 dt   a t  
0 

Figure 2-3 shows the significant durations in the Husid plots for MYG004EW record 

(Subduction ground motion) and SHP189 record (Crustal ground motion). 

In engineering applications the most commonly used measures of “significant 

duration” are denoted as D5 75  and 5 95 (Lee 2009). As illustrated in Figure 2-3, D  

D5 75 is defined as the duration between times corresponding 5% of IA and 75% of the 

normalized I , while D  is the time interval between 5% and 95% of the normalized A 5 95

IA . To study the effect of strong motion duration on structural response, Iervolino et al. 

(2006) selected a number of SDOF structures and considered different oscillation 

periods, hysteretic behaviors, and ductility levels. Each different SDOF was subjected 
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to a large set of ground motions selected from the PEER Database (PEER 2010) and 

the response of the SDOFs was obtained through nonlinear dynamic response analysis. 

Figure 2-3 Significant duration determination using the Husid plot for a ground 
acceleration time history from: (a) Subduction ground motion record – MYG004EW 

(Mw = 9.0; R = 75.1km) of the 2011 Tohuku earthquake; and (b) Crustal ground 
motion record – SHP189 (Mw = 6.53; R = 9.6km) of the 1979 Imperial Valley 

earthquake.  

Nassar and Krawinkler (1991) discussed the effect of significant duration D   on5 95

cumulative damage of elastoplastic bilinear SDOF model as well as in a modified 

Clough stiffness degrading SDOF model. These models were subjected to 36 ground 

motion records from the 1987 Whittier Narrows earthquake. Cumulative damage was 

quantified by counting the number of inelastic excursions. Because the total number of 

inelastic excursions is not only influenced by the characteristics of the strong ground 

motion, but also strongly affected by the stiffness and strength characteristics of the 

structural model itself, Nassar and Krawinkler mentioned that there is no unique 

definition of the “effective” significant duration for all structural systems that can be 

used to characterize damage. To find some insight of the complexity of the problem, 

several parametric studies were performed in their paper. For example, when a bilinear 

system with 10% strain hardening ratio and ductility factor of four is analyzed it was 

shown that cumulative damage increases with increase of significant duration. 

However, for models with varying periods and varying ductility ratios, there is no 
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convincing evidence that the cumulative damage was influenced by significant 

duration. 

2.1.3.4 Cumulative Absolute Velocity (CAV) and Arias Intensity (IA) 

Cumulative absolute velocity (CAV) has been shown to be a reliable measure of the 

damage potential of earthquakes. Its use was recommended by Reed and Kassawara 

(1990) for characterizing the intensity of ground motions. CAV is expressed as: 

CAV 
tmax 

a t ( )  dt (2.8) 0 

where is the absolute value of the acceleration time series at time t and tmax 

is the total duration of the acceleration trace.  

a t( )

The CAV has also been used to derive a new index CAD (cumulative absolute 

displacement). CAD combines an alternative bracketed and significant duration 

definition defined in Taflampas et al. (2008). Results by Taflampas et al. (2008) 

indicate that the CAD index is correlated with the structural response of medium-to

long period structures. The CAD index is given by:  

tmax 

CAD   vg dt (2.9) 
0 

where tmax  is the total duration considered for the acceleration trace.  

Arias Intensity is defined in Eq.(2.6). This parameter has been shown to be an 

important parameter to estimate the structural damage due cyclic/inelastic deformations 

(Arias 1970). Furthermore, Manfredi (2001) defined a new seismic index ID  as a 

predictor of potential seismic damage that is as a function of Arias Intensity, peak 

ground acceleration (PGA), and peak ground velocity (PGV). His results indicate that 
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hysteretic energy is dependent on the ID index in the range of medium-periods. This 

seismic index proposed by Manfredi (2001) is given by: 

IEID  (2.10)
PGA PGV  

where 

tmax 

IE   a t( )2 dt  (2.11)
0 

where I is proportional to the Arias Intensity, t is the earthquake duration, andE max 

a t( )  is the ground acceleration time series.  

In summary, previous studies on duration effects are not conclusive in terms of the 

effect of duration on structural damage. However, the recent mega-thrust subduction 

zone earthquakes, the 2010 Chile (M8.8) and 2011 Tohoku (M9.0) earthquakes have 

provided more long-duration ground motion data that can be used to study the effect of 

duration on structural damage. Several studies addressing this topic are now arising. 

Foschaar et al. (2012) collected a set of long duration ground motion records and a set 

of “standard” duration ground motion records, for subduction zone earthquakes and 

crustal earthquakes, respectively. The standard ground motion set is selected from the 

FEMA P695 code (FEMA 2009) and the long duration records are selected from 2011 

Tohoku and the 2010 Chile earthquakes. With the objective of selecting a measure of 

duration that may be used for performance-based earthquake engineering, Foschaar et 

al. 2012 identified that the ideal duration metric of ground motion should be 

uncorrelated from spectral acceleration and insensitive to peculiarities in response 

spectra and spectral acceleration characteristics. These authors also selected several 

metrics to characterize strong ground motion duration including Arias Intensity and 

CAV, since, as discussed above, Arias Intensity is a good indicator of structural 
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inelastic deformation demands (Manfredi 2001) and CAV is a measure of the energy 

content of a ground motion (Reed and Kassawara 1990). Unlike many previous studies, 

Foschaar et al. (2012) studied an MDOF nonlinear model of a building structure in 

contrast to the SDOF models typically studied in the literature and also studied herein. 

The MDOF structure analyzed is a 3-story steel frame model developed in Open 

Systems for Earthquake Engineering Simulation (OpenSees) software, which is 

subjected to the two sets of ground motions described above. Results from this 

example show that significant duration (D5-95) seems to be the most appropriate 

measure for including performance-based earthquake engineering assessments. 

2.2 SDOF MODELING 

To study the effect of the ground motion characteristics on structural response, three 

simple SDOF nonlinear (load-deformation) models are chosen to represent the global 

behavior of structures when subjected to ground motion input and nonlinear dynamic 

response. The SDOF models are characterized by having only one dynamic degree of 

freedom. 

2.2.1 Elasto-plastic (with hardening) Bilinear Model 

Due to historical considerations, an elasto-plastic bilinear model, as shown in Figure 

2-4, is reviewed in this section. The elasto-plastic model with hardening is used herein 

for comparison with many studies done in the past 50 years (e.g. Newmark and Hall 

1982, Miranda 1993). 

Elasto-plastic bilinear models of a SDOF can be assigned different hardening ratios. 

Among these models, the one which has zero hardening is called elasto-perfectly

plastic (EPP) model. The EPP model can represent the behavior of a real flexible 

structure isolated with a Coulomb damper (Blandon and Priestley 2005). Other elasto

plastic models with linear hardening can be used to analyze steel or reinforced concrete 

structures with primarily flexural behavior (Hatzigeorgiou and Beskos 2009). Nassar 
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and Krawinkler also mention that elasto-plastic bilinear models are commonly used to 

identify the behavior of structural elements with small stiffness degradation (i.e. a 

flexural behavior of a compact steel beam). However, the EPP model usually 

overestimates the dissipated energy in most structural systems (Blandon and Priestley 

2005). 

Figure 2-4 Bilinear force-deformation relationship of inelastic single-of degree-of 
freedom system and corresponding elastic system.  

Chopra and Chintanapakdee (2004) studied the seismic demands of the elasto-plastic 

bilinear model. Nonlinear dynamic time-history analyses were carried out using two 

different SDOF systems, which were subjected to different ensembles of real 

(historical) ground motions records to obtain the median inelastic deformation ratios 

and their dispersion. The first SDOF system was designed with known ductility factor 

as defined by Eq.(2.2) and unknown yield-strength reduction factor as defined by 

Eq.(2.1). The second SDOF system was set were designed with unknown ductility 

factor and known yield-strength reduction factor. In this case the R-factor is given by: 

fo 
mSa  T

R   (2.12)
f y f y 
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where fy is the yield-strength of the SDOF, fo is the demand on the equivalent linear 

S T  

acceleration a structural period T . To investigate the influence of the postyield 

stiffness ratio of the elasto-plastic model, 4 different stiffness ratios are chosen for 

these models and for a same damping ratio. Based on their parametric study, the 

authors conclude that the limiting values of inelastic deformation ratio are influenced 

by postyield stiffness especially for the inelastic deformation ratio with known yield 

strength reduction factor. In addition, they conclude that it is too conservative to 

evaluate the deformation of existing structures with known yield strength reduction 

factor Ry  ignoring postyield stiffness. 

elastic system (see Figure 2-4), m is the mass of the system, and a   is the spectral 

As reviewed before, other authors (e.g. Miranda 1993, Miranda 2000, Baez and 

Miranda 2000, Ruiz-García and Miranda 2003, and Hatzigeorgiou and Beskos 2009) 

also used elasto-plastic bilinear SDOF models to estimate the relationship between the 

inelastic deformation ratios of SDOF system and various ground motion 

characteristics. These parameters include period of vibration, local soil classes, 

earthquake magnitude, rupture distance, level of ductility demand, and damping and 

strain hardening ratios.  

Ruiz-García and Miranda (2003) analyzed the elasto-plastic bilinear SDOF models 

subjected to 216 earthquake acceleration time histories records and concluded that the 

rupture distance has no influence on constant relative strength inelastic displacement 

ratios. However, earthquake magnitude and soil conditions have a moderate influence 

on these ratios (1.5, 2, 3, 4, 5, and 6) for periods smaller than 1 second. In addition, for 

periods of vibration shorter than 1 second, as strain hardening increases, the peak 

inelastic displacement ratio decreases. However, for period of vibration longer than 1 

second, increasing the strain hardening does not have a considerable effect on the 

inelastic displacement ratio. To illustrate these results, in Figure 2-5, the work by Ruiz-

Garcia and Miranda is repeated by for 80 selected long-duration subduction motions. In 
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this figure, the R-factor is known (i.e. ductility is unknown, since it is not explicitly 

defined) and it is given by: 

Figure 2-5 Median normalized ductility demands C R of bilinear SDOF systems due to 

the long-duration records for: (a)   0% ; (b)   2% ; (c)   5% ; (d)  10% . 

Miranda (1993) used 124 ground motions obtained from sites with varying soil site 

conditions to analyze the elasto-plastic bilinear hysteretic behavior of a system with 

3% postyield stiffness ratio and 5% damping ratio. The author concluded that the 

inelastic displacement ratio is dependent on site conditions and period of vibration. 

This study was extended by the same author in Miranda (2000) in which  the bilinear 

models were subjected to 264 ground motion records from 12 earthquakes which 
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occurred in the State of California. In this study, the author concluded that earthquake 

magnitude and source-to-site rupture distance have a negligible effect on the inelastic 

deformation ratio.  

Nassar and Krawinkler (1991) studied not only strength demand parameters for 

response spectra of inelastic system, but also energy demand for the elasto-plastic 

bilinear SDOF model subjected to 33 horizontal ground motions recorded during the 

1987 Whittier Narrows earthquake. They observed that the effect of strain hardening 

on the inelastic strength demands of bilinear SDOF systems is noticeable, but not 

predominant. For the energy demand, these authors use rain-flow cycle counting 

method to count number of inelastic excursions to estimate the damage. 

Hatzigeorgiou and Beskos (2009) carried out a statistical investigation on the response 

of elasto-plastic bilinear models to infer on the influence of the duration on the 

inelastic displacement ratios. The SDOF models were subjected to long-duration 

ground motions available in the literature. Based on their study, the authors conclude 

that increasing the force reduction factors always increases the inelastic displacement 

ratios, especially at short structural periods (up to 0.5 second). Furthermore, site 

conditions and viscous damping ratio also showed some influence the inelastic 

displacement ratio, but to a lesser extent. However, the authors noted that the effect of 

duration had a negligible effect on the inelastic displacement ratios. 

They also define the sum of plastic deformation range as cumulative damage index. 

Based on these parameters, hysteretic energy and normalized hysteretic energy are 

calculated. In the end, they conclude that strain hardening has no significant effect on 

hysteretic energy over damping energy and hysteretic energy for bilinear systems 

except for very short period. 
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2.2.2 Takeda Model 

Takeda models are used in this thesis to model reinforced concrete piers. Based on the 

experimental observation of cantilever concrete columns, Takeda et al. (1970) develop 

a refined piecewise linear hysteresis model. This model can be used to identify the 

nonlinear behavior of concrete structures and members (Gulkan and Sozen 1977, 

Otani 1980, Blandon 2004). Two main types of Takeda models can be defined, as 

shown as in Figure 2-6. The first, on the left of Figure 2-6, is the “thin” Takeda model 

which may be used to analyze walls and bridge piers (Kowalsky 1994), while the one 

of the right is the “fat” Takeda model, which can be used to represent the global 

behavior of reinforced concrete frames (Blandon 2004). Besides the initial stiffness K 0 

and the yield-strength Fy , three important parameters are used to define these models: 

post yielding stiffness r , unloading stiffness parameter  , and reloading stiffness 

parameter  , which are all shown in Figure 2-6. Based on these parameters, the 

unloading stiffness is defined as: 

 dy 
 

K  K (2.13)u o  
d m 

where dy  is the yield deformation, dm is the maximum deformation. 

The Takeda model has been used by many researchers over the past few decades and 

an exhaustive literature review is not an easy task as can be seen by the number of 

citations that the original document has received, which is over 750 per Google 

Scholar, with applications ranging from modeling of reinforced concrete structures 

(e.g. Otani 1980) to uncertainty analysis in system identification methods (e.g. 

Moaveni et al 2009). 

Blandon and Priestley (2005) analyzed different SDOF hysteresis models with the 

objective of defining equivalent viscous damping factors for use in displacement-based 

design of structures, considering structural periods, ductility levels, and different types 
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of earthquakes. The “thin” Takeda model was defined with model parameters α=0.5 

and β=0 while the “fat” Takeda model with parameters α=0.3 and β=0.6. Similar 

parameters will be used herein since these are representative of flexural bridge pier 

responses. As described in Otani (1980), the Takeda model captures the effects of 

stiffness changes at flexural cracking, yielding, and strain hardening, while unloading 

stiffness is reduced by an exponential function of the previous peak deformation. 

However, this model does not consider the failure or extensive damage caused by shear 

or bond deterioration. 

Figure 2-6 Takeda Model (Blandon and Priestley 2005).  

2.2.3 Isolation Bearings 

Seismic isolation can be implemented in building and bridge structures to improve the 

seismic response and mitigate potential damage of earthquakes on bridges. In bridges, 

the isolation bearing system typically isolates the motion of the columns and 

foundations from that of the deck system. The isolation bearings should thus not only 

support the weight of the structure, but also provide extra horizontal flexibility and 

energy dissipation (Kunde and Jangid 2003). Elastomeric bearings and sliding bearings 

are the two basic types of existing isolation bearing solutions. The elastomeric bearings 

are designed with low horizontal stiffness and used to shift the fundamental period of 

the bridge. The sliding bearings are based on the sliding friction concepts and restoring 
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forces. Kunde and Jangid (2005) mention that the laminated rubber bearing and the 

lead-rubber bearing (LRB) are the most common types of elastomeric bearings. On the 

other hand, the pot bearings and friction pendulum system (FPS) are the classic type of 

sliding bearings (Zhang and Huo 2008) . 

Furukawa et al. (2005) studied several nonlinear restoring force models for the base-

isolation system of an existing three-story reinforced concrete frame structure, 

including simple bilinear model, bilinear multiple shear spring (MSS) model, and 

trilinear multiple spring model to represent the behavior of the springs. A parametric 

study was carried out to allow for comparison of the response obtained for the different 

models when subjected to several ground motions. In this application, it was shown 

that the trilinear MSS model can predict the hysteretic behavior of the base-isolation 

system more accurately. 

To model the force deformation of all isolation systems in practice, bilinear hysteretic 

behavior can also be effectively used in the study (Gomase and Bakre 2011, Sharma 

and Jangid 2009). Especially for isolated bridges, an equivalent linear model with 

bilinear hysteretic bearings had been suggested in the seismic analysis for practicing 

engineers (Kunde and Jangid 2003, Blandon 2004). Therefore, several papers that 

address based-isolation modeling using bilinear hysteretic behavior are reviewed in this 

subsection. 

For the elastomeric bearings, many authors (e.g. Haque et al. (2010), Gomase and 

Bakre (2011), Zhang and Huo (2008)) use the bilinear hysteretic models to study the 

behavior of base-isolated structures. Highlighted here is the work by Haque et al. 

(2010) who studied the response of an isolated highway bridge with laminated rubber 

bearing (RB), high damping rubber bearings (HDRB), and lead rubber bearings (LRB). 

In this study, the LRB and HDRB were modeled as bilinear models while RB was 

modeled as an equivalent linear model. In the comparative studies, the response of two 

historical earthquake records of the three systems was compared to corresponding non-
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isolated models. It was shown that the LRBs was most efficient and could substantially 

reduce the seismic force demands of a bridge during strong ground shaking.  

For the sliding bearings, and even though the friction pendulum system (FPS) exhibits 

a complex dynamic behavior, for each case of axial load and assumed friction 

coefficient, the FPS bearings can be adequately modeled using bilinear models (e.g. De 

Risi et al. 2012, Zhang and Huo 2008, Sharma and Jangid 2009, and Jangid 2005). 

Figure 2-7 FPS hysteretic loop or LRB. 

De Risi et al.(2012) studied the seismic behavior of an existing reinforced concrete 

bridge and the effectiveness of retrofitting system that included the use of bearing 

isolation. In this study, the seismic retrofit an old Italian viaduct with portal frame piers 

was performed making use of FPS devices. The existing and retrofitted bridges were 

examined using OpenSees and results to seven near-fault ground motion records 

showed the fragility of the bridge was substantially decreased if isolation bearings are 

used. In this study, two modeling approaches for the isolation bearings were used. In 

the first model, bilinear force-displacement relationship was used, while in the second 

model, a Coulomb friction law was used to represent the nonlinear dynamic behavior 

of the system. Interestingly, the numerical results obtained using both modeling 

approaches were very similar, validating the use of bilinear relationships for capturing 

the lateral response of these isolation systems. 
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Zhang and Huo (2008) derived fragility functions to optimize isolation design for 

highway bridges. A four-span continuous concrete box-girder bridge from California is 

used as the prototype bridge in the study. ERB, LRB, and FPS bearings are modeled 

with bilinear behavior. The non-isolated and isolated bridges are studied to generate the 

fragility curves through the use of incremental dynamic analyses. A composite damage 

index is developed from the fragility curves which show that the damage probability of 

bridges can be reduced drastically through the use of isolation devices. The parameters 

of the post-yielding stiffness, characteristic strength, and elastic stiffness for different 

isolation devices are obtained for the optimum isolation design. Finally, Jangid (2005) 

investigated the seismic response of multi-story buildings and a bridge isolated by FPS 

devices. After idealizing the superstructure as an equivalent linear model and FPS 

devices as bilinear models, dynamic time-history analyses were carried out with six 

ground motion records and a parametric study on the effects of friction coefficient, 

isolation period, and superstructure flexibility is performed. Results indicate the low 

value of friction coefficient will cause an important sliding displacement and optimum 

friction coefficient of the FPS is derived for the range of 0.05 to 0.15 based on the 

criterion of minimization of bearing displacement under six near-fault motions.  
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3 METHODOLOGY 


3.1 STRONG GROUND MOTION DATA SET 

In this section, the strong ground motion data set used in this research is described. To 

study the effect of subduction earthquake on the bridge structure, both subduction 

earthquakes and related crustal earthquakes are presented and compared. Subduction 

earthquakes ground motion records are processed and assembled into suitable groups 

for the use in engineering analyses. Based on the subduction earthquakes, related 

crustal earthquakes are selected with a data selection criterion from a tool (PEER 2011) 

online. 

3.1.1 Selection of Ground Motion Data 

3.1.1.1 Resources and Binning 

Subduction earthquakes and crustal earthquakes are two types of ground motion 

records chosen for this research. The subduction ground motion records are collected 

from several high magnitude (higher than M8.0) and relatively low magnitude (lower 

than M8.0) subduction events that exhibit “long” duration characteristics, including the 

2011 Tohoku, the 2010 Maule, the 2001 Peru, and other earthquakes in Japan, Chile, 

Taiwan, and Alaska. These ground motion records, shown in the Appendix, are 

obtained from the PEER NGA ground motion database (2011), COSMOS Virtual Data 

Center (2012), K-NET and Kik-net database (2012), Center for Engineering Strong 

Motion Data (2012), and Peruvian Institute of Geophysics (2008).  

To study the influence of magnitude and the site-to-source distance/rupture distance on 

the inelastic deformation ratio, the selection criteria of the sets of subduction 

earthquake ground motion records is established based on not only the earthquake 

magnitude but also the rupture distance (R). To minimize any earthquake event-based 
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bias, 80 subduction earthquakes ground motion records selected are subdivided into 

four bins of 20 records each: 

high magnitude short source-to-site rupture distance: Mw      8.0 R 70 km  S ,HM R  

high magnitude large source-to-site rupture distance: Mw 8.0 R 70 km  L ,     HM R  

low magnitude short source-to-site rupture distance: Mw  8.0    km L  ,R 70  MSR 

R 70  Llow magnitude large source-to-site rupture distance: Mw  8.0    km LM R  . 

3.1.1.2 Ground Motion Characteristics 

Several characteristics of ground motion records are considered in this research. 

Subduction earthquake ground motion records are selected based on the magnitude and 

rupture distance. Both crustal earthquake ground motion records and related subduction 

earthquake are selected based on the similar Vs30. 

Shear-wave velocity averaged over the top 30m of soil is referred to as Vs30. It is an 

important parameter for evaluating dynamic behavior of soil. The Vs30 for Japan 

earthquakes records are computed and shown in the Appendix. Since at some stations 

soil depths in Japan are less than 30m, for the remaining depth to 30m, it is assumed 

that the shear-wave velocity for the bedrock is 760 m/s for NEHRP B/C (Cortez-Flores 

2004). The Vs30 of other records are obtained from the PEER Ground Motion 

Database (2011), Cortez-Flores (2004), and Boroschek et al.(2012), except one Chile 

station (Santiago Centro). To obtain the Vs30 for these two Chilean sites, an online 

seismic analysis tool, named “Predefined Vs30 Mapping” from USGS website is used 

(USGS 2010). This web tool provides the shear wave velocities based on the latitude 

and longitude provided, and thus the Vs30 for these two stations is obtained. Once the 

ground motions are selected, other ground motion characteristics of interest are, 

response spectra, Arias Intensity IA , cumulative absolute velocity CAV, and significant 

duration D5-95 are computed for each ground motion. These data are shown in the 

Appendix for the selected ground motions. 
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3.1.1.3 PEER Ground Motion Database Tool 

For comparing effects of crustal and subduction zone ground motions on structural 

responses, each crustal earthquake is selected based such these have similar spectral 

shapes to one subduction earthquake. This selection is performed using the PEER 

Ground Motion Database Tool (2011). Different groups of records are shown in the 

Appendix. Similarity in the spectral shape is determined by selecting the record with 

the smallest RMSE between a subduction ground motion record and the corresponding 

crustal earthquakes. In the tables shown in Appendix, the number of the earthquake 

indicates the number of the search performed, and therefore, for each of the 80 

subduction zone ground motions selected, a corresponding crustal ground motion exists 

following the procedure explained next.  

The tool in the PEER ground motion website (2011) is used to select the crustal 

earthquake ground motion record based for each subduction earthquake ground motion 

record. Each of the 80 subduction ground motions is defined as a “target” spectrum, 

one at a time (see thick black line in Figure 3-1). Several parameters are defined to 

bind the characteristics of the crustal ground motions selected, which are: (i) magnitude 

(M5.5-M8.0); (ii) strike slip fault; (iii) Vs30 of the site for the crustal in the range of 

the Vs30 of subduction earthquake (i.e. 100 m/s). The RMSE between the response 

spectra of the subduction and the crustal motions is computed in the period range 0.1s 

to 5s and finally the ground motion with the smallest RMSE (with the response spectra 

shown in red in Figure 3-1) is selected from a set of ground motions (shown in cyan in 

Figure 3-1). 
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Figure 3-1 PEER Ground Motion Database Tool (PEER 2011). 

3.1.2 Processing of Ground Motion Data 

The ground motion records of crustal earthquakes used in this research were all 

selected from the PEER Ground Motion Database (PEER 2011). All of these records 

are processed and ready for use in engineering analysis. However, a very limited 

number of ground motion records of subduction earthquakes had been previously 

processed, which led to the processing and evaluation of the adequateness of these 

ground motions for use in engineering analyses. To this effect, and following the 

procedure by Bommer (2005),  a Matlab (2012) script which had been previously 

developed by the research group was used to filter and baseline correct the ground 
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motions records. This script allows for the use of different filters and baseline 

correction schemes. In this study, the Butterworth filter is used to form the band pass 

filter; low-cut and high-cut corner frequencies are defined to reduce the noise in the 

long period and short period, respectively. Higher order (N = 5 to 8) of the filter is 

used. Zero-padding and zero-phasing are also considered. The baseline correction 

method is implemented by using a combination of filters and use of the “detrend” 

command in Matlab. Since it is not possible to save the acceleration record computed 

by detrend command, two sets of the velocity and displacement time-histories are 

obtained by the integration of the filtered acceleration and “detrend acceleration”. An 

example of the final figures obtained for visual inspection is shown in Figure 3-2 and 

Figure 3-3. In Figure 3-2, it can be seen that the displacement trace in red still is not 

adequate for use in analysis. After adjustment of the corner frequencies the 

displacement time-histories are matched, as shown in Figure 3-3. The parameters used 

in the filtering process are then recorded and these are listed in Appendix. 

Figure 3-2 Visual inspection of the filtered results and detrend results for the ACA NSg 
record from the 2001 Peru earthquake (Subduction Earthquake) with corner frequency 

f1=0.3s-1 and f2=25s-1. 
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Figure 3-3 Visual inspection of the filtered results and detrend results for the ACA NSg 
record from the 2001 Peru earthquake (Subduction Earthquake) with corner frequency 

f1=0.51s-1 and f2=25s-1. 

3.1.2.1 Scale Factor 

The natural frequency of concrete bridges in the Pacific Northwest is studied by 

Dusseau and Dubaisi (1993), they found the range of natural frequency of the concrete 

bridges to be ranging from 20.6 s-1 to 2.1 s-1. Based on their study, natural periods of 

the bridge model are regarded as Tn=1s, Tn=0.5s and Tn=0.25s in this research. In 

addition, since the natural periods of friction pendulum system are chosen as Tb=2.0s, 

Tb=2.5s and Tb=3.0s, the periods of the bridge model are 0.53s, 0.57s and 0.61s. To 

compare the effect of subduction and crustal earthquakes on the bridge structure, the 

acceleration spectra should be same at the specific periods of the bridge model. 

Therefore, the ground motion records for crustal earthquakes are scaled so that the 

acceleration response spectral values at specific periods of interest match exactly the 

acceleration response spectral values for the subduction earthquakes. Scale factors for 

crustal ground motion records are collected in the Appendix. 
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The results of the subduction earthquakes spectral acceleration over the crustal 

earthquakes spectral acceleration are shown in the following figures. In Figure 3-4 

this ratio is shown prior to scaling of the crustal ground motions. Since spectral 

accelerations follow lognormal distributions, the “mean” value shown in the thick 

blue line is obtained as the exponent of the mean of the natural logarithm of the 

response spectral values at each period, i.e. it corresponds to the central value in the 

natural log space and is equal to the geometric mean. The “r” value corresponds to 

the mean of the geometric mean values reported over all periods. The value of 1.28 

indicates that the subduction records, over all period ranges, and if not further 

scaling was performed, would have larger spectral accelerations. To remove this 

bias, the spectral accelerations are matched at specific periods of interest. Thus, 

Figure 3-5 shows the same ratio of spectral accelerations after scaling all the crustal 

ground motions to match a “sister” subduction zone ground motion at a period of 

Tn  0.5s . Similarly, Figure 3-6 illustrates the ratio of spectral accelerations after 

matching them at Tn  0.25s . 

Figure 3-4 Ratio of subduction spectral acceleration over crustal spectral acceleration 
vsTn  , before records scaled. 
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Figure 3-5 Ratio of subduction spectral acceleration over crustal spectral acceleration 
for Tn  0.5s . 

Figure 3-6 Ratio of subduction spectral acceleration over crustal spectral acceleration 
for Tn  0.25s . 
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Figure 3-7 Ratio of subduction spectral acceleration over crustal spectral acceleration 
for Tn  1.0 s . 

To explain the scale factor idea, the acceleration spectra of an individual record 

(MYG004EW) of subduction ground motion and the related crustal ground motion 

record (SHP189p) for three different periods are plotted with damping ratio   0.05 

in the following figures. From the Figure 3-8 to Figure 3-10, it can be seen that the 

acceleration spectrum shapes are similar and the spectral accelerations of crustal 

ground motion are scaled as same with subduction ground motion in the certain 

periods. 

Figure 3-8 Acceleration spectrum for subduction ground motion record – MYG004EW 
of the 2011 Tohuku earthquake and scaled crustal ground motion record – SHP189p of 

the 1979 Imperial Valley earthquake for Tn  0.5 s . 
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Figure 3-9 Acceleration spectrum for subduction ground motion record – MYG004EW 
of the 2011 Tohuku earthquake and scaled crustal ground motion record – SHP189p of 

the 1979 Imperial Valley earthquake for Tn  0.25 s . 

Figure 3-10 Acceleration spectrum for subduction ground motion record – 
MYG004EW of the 2011 Tohuku earthquake and scaled crustal ground motion record 

– SHP189p of the 1979 Imperial Valley earthquake for Tn  1.0 s . 

3.2 SDOF MODELING 

Three different SDOF models (Bilinear model, Takeda model, and Bearing isolation 

model) are studied herein using Open Systems for Earthquake Engineering Simulation 

(OpenSees 2012). Hardening ratios (0%, 3%, 5%, 10%), R-factors (1-3.5), natural 

periods (0.25s, 0.5s, 1s for bilinear and Takeda; initial linear period of 0.53s, 0.57s, and 

0.61s for the system with isolation levels), and P-delta effect are considered in these 

models. For all the models, damping ratio is considered to be equal to 5%. A 
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correlation study is also carried out to find the relation between ground motion 

characteristics and the seismic demands. 

3.2.1 Model Description 

The first model illustrated in Figure 3-11 is used to for analysis of the SDOF with 

bilinear properties as well as for the Takeda model. These nonlinear models are used to 

model the behavior of nonlinear spring, shown in Figure 3-11 as element 2. Element 1 

is modeled as a very stiff element. A unit mass is defined at the top of the column and 

an axial load, which corresponds to weight of a typical bridge deck is used to account 

for the P-Delta effects. The SDOF models are developed in OpenSees (OpenSees 

2012). All the parameters of the model are listed in the Table 3-1. 

Figure 3-11 Single column of a bridge bent and idealized SDOF system.  

The properties used to define the idealized SDOF system are: mass = 1, L=1, 

fundamental (initial) period of the SDOF: Tn = 0.25s, 0.5s, and 1.0s. These periods are 

used to define the initial elastic stiffness of the SDOF system.  
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Table 3-1 Parameters of the First Model 

Element 1 
Young’s Modulus 

(E1) 

2(2 / )n T Height (L) 1 

Moment of Inertia 
(I1) 

1000 in4 Area (A1) 450 in2 

Stiffness (K1) 1 1  
1 3 

3E I
K 

L
 

Element 2 
Stiffness (K2) 2 

2 

2
( ) 

n 

K 
T 


 

The second model defined is used to simulate the behavior of the isolated bridge 

system shown in Figure 3-12. Friction pendulum system (FPS) is assumed to be the 

isolation bearings used. This bridge model used in this thesis is mathematically 

equivalent to the three-span bridge defined in Wang et al. (1998). The parameters of 

the model are: deck mass = 385.56 metric tons; moment of inertia of pier = 0.64 m2; 

Young’s modulus of elasticity = 20,670 MPa; pier height = 8 m, and area of the pier = 

2.836 m2. The SDOF model used to represent capture the lateral deformation of this 

bridge is shown in Figure 3-13. A bilinear behavior is assigned to the horizontal spring 

(element 2 in the Figure 3-13) follows the hysteretic loop shown in Figure 2-7.  

Figure 3-12 Analytical model for a three-span continuous isolated Bridge with FPS 
system. 
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The main assumptions are that the periods of the FPS are equal to 2.0s, 2.5s, and 3.0s 

and FPS initial stiffness is equal to 50 times FPS stiffness, which is a realistic value for 

the initial stiffness of the FPS bearing. To study the friction coefficient   effects on 

the pier base shear, deck acceleration, and bearing displacement, the friction coefficient 

is varied from 0.01 to 0.24. The friction coefficient  influences the “yielding” shear-

force for the FPS system (see Figure 2-7), and the Fy  is given by: 

Fy  W (3.1) 

where W is the tributary weight of the bridge supported by the column. 

Figure 3-13 Model of a bridge seismically isolated by the FPS and idealized SDOF 
system. 

3.2.2 P-Delta Effect 

The weight (gravity load) used to model the bridge was estimated as 5% of the capacity 

of a prototype column, which was used as the reference guide to define the bridge 

structure. This P-Delta value of the axial load may be less than what is typically 

observed in bridges that were at some point design for the effects of gravity load only 

(or very small lateral loads). However, it is an appropriate value for design of new 
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bridges in California and in the Pacific Northwest. It is worth noting that the study did 

only consider two-levels of P-Delta, i.e. without P-Delta and with P-Delta under this 

assumption.  

It is also worth noting that the consideration of P-Delta effects has not been considered 

by many researchers in the past. This is mainly due to the fact that the second order 

effects may cause the convergence problems during the nonlinear analysis since the 

post peak behavior exhibits softening for some cases of hardening assumed. That is, the 

displacement may reach to uo before the nonlinear dynamic analysis would tend to be 

complete due to the duration of the ground motion as illustrated in Figure 3-14 and 

Figure 3-15. To solve this problem, the analysis will be considered to be complete and 

will be stopped when uo  is reached. 

Figure 3-14 P-Delta Effect on the Model and System Behavior. 
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Figure 3-15 P-Delta effect on the bilinear model with 0% hardening ratio and 3.5 
reduction factor for IWT010NSp record of the 2011 Tohuku earthquake (Subduction 

Earthquake). 

3.2.3 Convergence Test of the Time Step used for Newmark Integration  

All nonlinear dynamic time-history analyses were performed using a time step, Δt, that 

was selected based on a convergency test of the acceleration response with decreasing 

Δt for the bilinear model with 0% hardening ratio and for the subduction “MYG004” 

ground motion (which has the largest PGA). This convergence test allowed lead to the 

selection of Δt = 0.00125s. 

The results with the same Δt in the cases with P-Delta effect show that several ground 

motion records of subduction and crustal earthquakes achieved the value of  uo shown 

in Figure 3-14, especially for the nonlinear dynamic analysis for the cases in which 

hardening ratio of 0% and 3% are used. Based on Figure 3-16, the peak displacement 

umax and the peak ductility factor are given by: 

uy  K     Fy  
umax  (3.2)

 K P   
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umax K Kmax   (3.3)
uy P K 

where uy is yielding displacement, K is the initial stiffness,   is hardening ratio, 

and Fy  is yielding force. 

Figure 3-16 Peak displacement that may be achieved in the analysis due to P-Delta. 

3.3 CONDOR PROGRAM 

To reduce the total computational time required for obtaining all the results for the 

large number of runs performed in this thesis, an “embarrassingly” parallel computing 

framework was implemented. The implemented framework makes use of the OpenSees 

(v2.4.0, release 5172) sequential version and a batch-queue system called HTCondor 

(v7.8.0) (Thain et al. 2005). HTCondor is a specialized batch system for managing 

computational-intensive jobs. Like most other batch systems, HTCondor provides a 

queuing mechanism, schedule policy, priority scheme, and resource classifications. 

Users submit their compute jobs to HTCondor; HTCondor puts the jobs in a queue, 

runs them, and then informs the user of the results of the analysis. This batch-queue 

system is particularly useful for clusters (or computer pools) consisting of 

heterogeneous architectures and those making use of idle non-dedicated desktop 

computers, such as idle workstations of student computer centers, commonly available 

in Universities. The use of non-dedicated computer for running simulations is called 

"cycle scavenging" or "opportunistic usage" of computational resources. To make the 
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most use of student computer centers at Oregon State University (OSU) an HTCondor 

pools was created, consisting of 1500-cores. To minimize time needed for simulation 

data transfer and post-processing of the numerical results, a large network attached 

storage web shared folder was used. A network scratch system was used for saving and 

storing the results obtained from Condor. This system is comprised of a linux virtual 

machine that iSCSI connected to a Dell md3600i storage array, running the multipath 

daemon to provide multipath support and redundancy. The network scratch system 

includes several PowerVault MD1200 disk trays. Total capacity is currently over 

120TB with services provided via nfs and smb (SAMBA). 

3.4 PARAMETERIC STUDY AND CORRELATION STUDY 

A parametric study is performed to study the relationships between median normalized 

strength f y and other seismic demands (e.g. ductility factor  , normalized absolute 

cumulative inelastic displacement  / uy , number of inelastic excursions, and ratio up 

of yielding energy and damping energy to the total dissipated energy, considering 

different parameters (e.g. hardening ratio  , P-Δ effect and structural periods) for 

bilinear model and Takeda model after the nonlinear dynamic analysis.  

In addition, the effect of friction coefficient  of the FPS on the bearing displacement, 

peak median pier base shear and deck acceleration of an isolated bridge is also 

investigated by the parametric study considering different periods, ground motions and 

P-Delta effect. 

In the end, the correlation study is performed to obtain the linear correlation 

coefficients r of ground motion characteristics and structural damages using bilinear 

model only. 
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4 RESULTS 


To study the effect of the long-motion duration, a parametric analysis of simplified 

nonlinear SDOF models is presented. Three different SDOF models are analyzed: an 

elastoplastic SDOF model, a Takeda-type (stiffness degrading) model, and a system 

with an isolation bearing. Details of the models are described in the methodology 

chapter. For the elastoplastic and Takeda type models, the input parameters of this 

parametric sensitivity analysis include: (i) R-factor (26 levels); (ii) hardening ratio (4 

levels); (iii) two earthquake types (80 Crustal earthquakes records, 80 Subduction zone 

earthquakes records); (iv) structural periods (3 levels); (v) P-Delta effect (2 levels). For 

the SDOF system with the isolation bearing the input parameters are: (i) period of the 

bearing (3 levels); (ii) friction coefficient (24 levels); (iii) two earthquake types (80 

Crustal earthquakes records, 80 Subduction zone earthquakes records); and (iv) P-Delta 

effect (2 levels). 

The Open System for Earthquake Engineering Simulation (OpenSees) software is used 

to compute the nonlinear dynamic response of each SDOF model and a batch queue 

system (HTCondor, Thain 2005) is used for running the very large number of 

simulations efficiently. 

Comparative statistics of nonlinear response quantities of SDOFs subjected to crustal 

earthquakes and subduction zone earthquakes are presented in terms of seismic 

capacity (normalized strength), and seismic demand parameters (ductility factor, 

cumulative absolute inelastic displacement, number of inelastic excursions, ratio of 

damping energy and yielding energy). In addition, for the system with isolation 

bearings, the effect of the friction coefficient  of the friction pendulum system FPS 

on the isolation bearing displacement and deck accelerations are studied under these 

two earthquakes. Lastly, linear correlation coefficient between the seismic demands 

and the ground motion intensity measures is presented. 
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For the bilinear and Takeda models results are presented for varying hardening ratio , 

for cases with and without P-Δ effect, and three values for the period of vibration. 

Three sets of plots are shown: the first set includes plots are the relationships between 

median normalized strength f y and other response parameters, such as ductility factor 

 , normalized cumulative absolute inelastic displacement  / uy , number of up 

inelastic excursions, and ratio of yielding energy and damping energy to the sum of the 

yielding and damping energy, respectively.  

For the FPS bearing system, the effects of friction coefficient  on the bearing 

displacement, peak median pier base shear, and deck acceleration of an isolated bridge 

are investigated.  

Finally, the last set of plots show the correlation study of between coefficients of 

ground motion characteristics and measures of structural damage. These results are 

only shown for the bilinear model using   0% and  3% . 

4.1 BILINEAR MODEL 

4.1.1 Results for Tn = 0.5 s 

Figure 4-1 illustrates the relationship between median normalized strength and ductility 

factor with and without effects of P-Delta for the bilinear SDOF model with   0% 

and   3% for both subduction ground motions and crustal ground motion records 

used. It is worth highlighting that each of the curves shown corresponds to the median 

response of 80 ground motion records. 

The first observation that can be made from Figure 4-1(a) relates to the effect of P-

Delta. It can be seen that the steepest curves are the ones that correspond to the cases 

without the effect of P-Delta. The higher the hardening ratio the steeper the curve, 

indicating that the ductility demands decrease as the hardening ratio increases. This 
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translates directly to the case with P-Delta. It is shown that when the P-Delta effects are 

accounted for during the analysis, the effects of P-Delta introduce a clear increase in 

ductility demands. This can be explained readily by inspection of Figure 3-14 and 

Figure 3-15, where it can be inferred that once a ground motion imposes a yielding 

displacement, it will tend to unstabilize the system. It is only the fact that the ground 

motion reverses its motion that the SDOF may continue vibrating about a new position 

of equilibrium. 

Through comparison of Figure 4-1(a) and Figure 4-1(b), the second observation is that 

ductility demands for the subduction zone ground motions are larger than those for the 

crustal motions especially for case that considers the P-Delta effect.  

Figure 4-1 Relationship between median normalized strength and ductility factor with 
and without effect of P-Delta for bilinear model with   0% and  3% : (a) 

subduction ground motions; (b) crustal ground motions. 

Figure 4-2 presents the relationship between median (of 80 ground motions) 

normalized strength and ductility factor without effects of P-Delta for the bilinear 

SDOF model with   0%,  3%, 5%, and 10% for both subduction ground motions and 

crustal ground motion records used.. This figure shows that the influence of hardening 

ratio for subduction ground motion. For the subduction zone ground motions, a clear 

trend is observable. As the hardening ratio increases the ductility demands decrease. 

However, for crustal ground motion, the difference from   3%, 5%, and 10% is 
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negligible. Through comparison of Figure 4-2(a) and Figure 4-2(b), it can be seen that 

the ductility demands for subduction zone ground motions are larger than the crustal 

motions for   0% and   3% , but for  10% , ductility demands for crustal 

ground motions are slightly larger than subduction zone motions. 

Figure 4-2 Relationship between median normalized strength and ductility factor for 
bilinear model without P-Delta effect for   0%,  3%, 5%, and 10% : (a) subduction 

ground motions; (b) crustal ground motions. 

To find out the effects of the magnitude and rupture distance on the response, the 

normalized median normalized strength is plotted four different bins HMLR, HMSR, 

LMSR, and LMLR (see Tables A.1-1 to A.1-24) in the Figure 4-3 to Figure 4-6, 

respectively. 

There are several observations that can be made from these figures. First, it can be seen 

that long duration ground motions cause more ductility demands than the crustal 

ground motions. Second, by comparison of Figure 4-3(a) and Figure 4-4(a), it can be 

seen that shorter rupture distances cause larger ductility demands. From the 

comparison of Figure 4-5(a) and Figure 4-6(a), the influence of the magnitudes is 

observable: the higher magnitude cause larger ductility demands.  
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Figure 4-3 Group 1 (HMLR): Relationship between median normalized strength and 
ductility factor with and without effect of P-Delta for bilinear model with   0% and 

  3% : (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-4 Group 2 (HMSR): Relationship between median normalized strength and 
ductility factor with and without effect of P-Delta for bilinear model with   0% and 

  3% : (a) subduction ground motions; (b) crustal ground motions. 

The relationships between median of 80 ground motions’ normalized strength and 

other seismic demand parameters with two different hardening ratios (0% and 3%) are 

presented in Figure 4-7, Figure 4-8, and Figure 4-9. These figures illustrate that both 

the hardening ratio and P-Delta effect has negligible effects on the number of inelastic 

excursions (Figure 4-7), normalized cumulative absolute inelastic displacement (Figure 

4-8), and ratio of yielding energy to total dissipated energy (Figure 4-9). 
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Figure 4-5 Group 3 (LMSR): Relationship between median normalized strength and 
ductility factor with and without effect of P-Delta for bilinear model with   0% and 

  3% : (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-6 Group 4 (LMLR): Relationship between median normalized strength and 
ductility factor with and without effect of P-Delta for bilinear model with   0% and 

  3% : (a) subduction ground motions; (b) crustal ground motions. 

Comparison of Figure 4-7(a) and Figure 4-7(b) shows that the number of inelastic 

excursions of subduction ground motion records is twice the corresponding number for 

crustal motions. Comparison of the two plots from Figure 4-8(a) and Figure 4-8(b) 

results in a the normalized cumulative absolute inelastic displacement for subduction 

ground motions being 1.5 times the crustal motions.  These results indicate that, on 

average), the subduction ground motion causes less inelastic displacement in each 

excursion than crustal ground motion. 
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Figure 4-7 Relationship between median normalized strength and number of inelastic 
excursions with and without effect of P-Delta for bilinear model with   0% and 

  3% : (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-8 Relationship between median normalized strength and normalized absolute 
cumulative inelastic displacement with and without effect of P-Delta for bilinear model 
with   0% and  3% : (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-9 presents the relationship between median normalized strength and ratio of 

yielding energy over total energy with and without effect of P-Delta for bilinear model 

with   0% and   3% using subduction ground motions and crustal motions. The 

observation of this figure is the ratio of EY  EY  ED  of subduction ground motions is 

less than crustal motions. As explained before, it is because the numbers of elastic 

excursions cause damping energy for viscous damping ratio 5% of the SDOF model 
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and the yielding energy only account for inelastic excursions of SDOF model. In 

addition, the P-Delta effect could be seen after R=2. 

To understand Figure 4-9, the time variation of energy dissipated by viscous damping 

and yielding and total energy plot is shown on the Figure 4-10 using the EPP model, 

without P-Delta effect for R=3.5, subjected to one individual subduction zone ground 

motion record (MYG004EW) which from Tohuku earthquake and the related crustal 

motion record (SHP189) which from Imperial Valley earthquake. Total energy is 

considered as yielding energy EY  and damping energy ED in this study. The Figure 

4-10 illustrates the total energy, EY and ED of MYG004EW record are more than 

SHP189 record. But the ratio of EY  EY  ED  of MYG004EW record is less than 

SHP189 record. It is because there is more damping energy caused by elastic and 

inelastic excursions from subduction earthquake than crustal earthquake. 

Figure 4-9 Relationship between median normalized strength and ratio of yielding 
energy over total energy with and without effect of P-Delta for bilinear model with 
  0% and  3% : (a) subduction ground motions; (b) crustal ground motions. 

To quantify the difference of the response due of these two types of ground motions 

pairs (subduction and crustal), the ratio of the structural responses when the SDOF is 

subjected to the subduction ground motions to the structural responses when the 

SDOFs are subjected to crustal ground motions, for all the reduction factors R 

considered, are plotted in Figure 4-11 to Figure 4-15. In these figures, the individual 
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response for each of the ground motion pairs is shown in green. The median (central) 

values for all R-factors is shown in the darker blue lines and the median value plus or 

minus one (log) standard deviation (computed as the exponent of the mean of the 

natural log of the variable + the standard deviation of the natural logarithm of the 

variable) and median value plus or minus two (log) standard deviations are shown as 

red thin line and blue thin line in these figures, respectively. It is worth highlighting 

that the mean value is shown by blue thick line corresponds to the median response of 

80 ground motion records which are also shown in the figure with the lightest lines for 

these figures. Finally, in these figures, the mean value r of all the median values (the 

number of inelastic excursions, normalized cumulative absolute inelastic displacement, 

and ratio of yielding energy to total dissipated energy) are presented. 

Figure 4-10 Time variation of energy dissipated by viscous damping and yielding and 
total energy, without P-Delta effect, R=3.5: (a) MYG004EW record from Tohuku 
Earthquakes (Subduction Earthquake); (b) SHP189 record from Imperial Valley 

Earthquake (Crustal Earthquake). 

Figure 4-11 illustrates the relationship between the ratios of normalized cumulative 

absolute inelastic displacement of subduction ground motions over crustal motions for 

bilinear model with   3% and with and without P-Delta effect. It can be seen that 

r  1.31 (the mean of the median for all R-factors) for Figure 4-11(a) and Figure 

4-11(b), indicating that P-Delta has negligible effect on the relationship between the 
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ratio of the normalized cumulative absolute inelastic displacement and the different 

levels of the R factor ( R 1/ f y ). 

Figure 4-11 Ratio of responses of subduction ground motion to crustal ground motion 
for   3% vs R-factor: (a) normalized cumulative absolute inelastic displacement 
without P-Delta; (b) normalized cumulative absolute inelastic displacement with P-

Delta, “blue thick line” presents median value, “red thin line” presents median plus or 
minus one (log) standard deviation, and “blue thin line” presents median plus or minus 

two times (log) standard deviation. 

Figure 4-12 presents the relationship between the ratios of responses of subduction 

ground motions over crustal motions for bilinear model with   0% and without P-

Delta effect: (a) number of inelastic excursions and (b) normalized cumulative absolute 

inelastic displacement. It can be seen that r  1.60 for Figure 4-12(a) and r 1.26 for 

Figure 4-12(b), indicating that subduction ground motions cause less inelastic 

displacement for each inelastic excursion than crustal ground motions.  

Figure 4-13 illustrates the relationship between the ratios of number of inelastic 

excursions of subduction ground motions over crustal motions for bilinear model with 

  3% : (a) without P-Delta effect and (b) P-Delta effect. It can be seen that r  1.59 

for Figure 4-13(a) and r  1.67 for Figure 4-13(b), indicating that for the case with P-

Delta, long-duration effects causes a slightly larger number of inelastic excursions than 

the case when without P-Delta effects are considered. 
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Figure 4-12 Ratio of responses of subduction ground motion to crustal ground motion 
for   0% without P-Delta effects vs R-factor: (a) number of inelastic excursions; and 
(b) cumulative absolute inelastic displacement, “blue thick line” presents median value, 
“red thin line” presents median plus or minus standard deviation, and “blue thin line” 

presents median plus or minus two times standard deviation. 

Figure 4-13 Ratio of responses of subduction ground motion to crustal ground motion 
for   3% vs R-factor: (a) number of inelastic excursions without P-Delta; (b) number 
of inelastic excursions with P-Delta, “blue thick line” presents median value, “red thin 
line” presents median plus or minus standard deviation, and “blue thin line” presents 

median plus or minus two times standard deviation. 

Figure 4-14 illustrates the relationship between the ratios of EY /  EY  ED  of 

subduction ground motions over crustal motions for bilinear model without P-Delta 

effect. It can be seen that r  0.81 for both the case considering   0%  (see Figure 

4-14a) and the case considering   3% (see Figure 4-14b), indicating the hardening 

ratio has no effect on the relationship between EY /  EY  ED  and R factor. Another 

observation is that the uncertainty becomes smaller as R increases.  
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Figure 4-15 illustrates the relationship between the ratios of E / ( E  E ) ofY Y D 

subduction ground motions over crustal motions for bilinear model with   3% . It can 

be seen that r  0.81 for the case considering without P-Delta effect (see Figure 4-15a) 

and r  0.82 for the case considering P-Delta effect (see Figure 4-15b), indicating the 

P-Delta has negligible effect on the relationship between E / ( E  E ) and R factor.Y Y D 

Figure 4-14 Ratio of yielding energy over total energy of subduction ground motion to 

crustal ground motion vs R-factor for bilinear model without P-Delta effect: (a)
 

  0% ; (b)  3% . “Blue thick line” presents median value, “red thin line” presents 

median plus or minus standard deviation, and “blue thin line” presents median plus or
 

minus two times standard deviation.
 

Figure 4-15 Ratio of yielding energy over total energy of subduction ground motion to 
crustal ground motion vs R-factor for bilinear model with   3% : (a) without P-

Delta; (b) P-Delta. “Blue thick line” presents median value, “red thin line” presents 
median plus or minus standard deviation, and “blue thin line” presents median plus or 

minus two times standard deviation. 
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4.1.2 Results for Tn = 0.25 s 

Figure 4-16 illustrates the relationship between median normalized strength and 

ductility factor with and without effects of P-Delta for the bilinear SDOF model with 

  0% and   3% for both subduction ground motions and crustal ground motion 

records used. It is worth highlighting that each of the curves shown corresponds to the 

median response of 80 ground motion records. Observations that can be made for this 

figure are similar to those made for the Tn = 0.5s case. That is, first, comparison of 

Figure 4-16(a) and Figure 4-16(b) illustrates that ductility demands for the subduction 

zone ground motions are larger than those for the crustal motions. Second, from Figure 

4-16(a), the steepest curves are the ones that correspond to the cases without the effect 

of P-Delta. The higher the hardening ratio the steeper the curve, indicating that the 

ductility demands decrease as the hardening ratio increases. This translates directly to 

the case with P-Delta. It is shown that when the P-Delta effects are accounted for 

during the analysis, the effects of P-Delta introduce a clear increase in ductility 

demands.  

Figure 4-16 Relationship between median normalized strength and ductility factor with 
and without effect of P-Delta for bilinear model with   0% and  3% : (a) 

subduction ground motions; (b) crustal ground motions. 

Figure 4-17 presents the relationship between median normalized strength and ductility 

factor without effects of P-Delta for the bilinear SDOF model with 
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  0%,  3%, 5%, 10% for both subduction ground motions and crustal ground motion 

records used. For the subduction zone ground motions, a clear trend is observable for 

the influence of the hardening ratio. As the hardening ratio increases the ductility 

demands decrease. Through comparison of Figure 4-17(a) and Figure 4-17(b), it can be 

seen that ductility demands for subduction zone ground motions are larger than those 

for the crustal motions. 

Figure 4-17 Relationship between median normalized strength and ductility factor for 
bilinear model without P-Delta effect for   0%,  3%, 5%, and 10% : (a) subduction 

ground motions; (b) crustal ground motions. 

The relationships between median of 80 ground motions’ normalized strength and three 

other seismic demand parameters with two different hardening ratios (0% and 3%) are 

presented in the Figure 4-18, Figure 4-19, and Figure 4-20. These figures illustrate that 

the hardening ratio and P-Delta effect have negligible influence on the number of 

inelastic excursions (Figure 4-18), normalized cumulative absolute inelastic 

displacement (Figure 4-19), and ratio of yielding energy to total dissipated energy 

(Figure 4-20). 

Through comparison of Figure 4-18(a) and Figure 4-18(b), it can be observed that the 

ratio of the number of inelastic excursions of subduction ground motion records to 

crustal ground motions is approximately 1.3. Comparison of the plots in Figure 4-19(a) 

and Figure 4-19(b) illustrate that the ratio of normalized cumulative absolute inelastic 
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displacement of subduction ground motions to crustal motions is approximately 1.6. 

These results indicate that the subduction ground motion causes less inelastic 

displacement in each excursion than crustal ground motions. 

Figure 4-18 Relationship between median normalized strength and number of inelastic 
excursions with and without effect of P-Delta for bilinear model with   0% and 

3%  : (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-19 Relationship between median normalized strength and normalized 
cumulative absolute inelastic displacement with and without effect of P-Delta for 

bilinear model with   0% and  3% : (a) subduction ground motions; (b) crustal 
ground motions. 

Figure 4-20 presents the relationship between median normalized strength and ratio 

of yielding energy over total energy with and without effect of P-Delta with 

  0% and   3%  using subduction ground motions and crustal motions (Figure 
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4-20a and Figure 4-20b, respectively). It can be observed from this figure that the 

EY /  EY  ED ratio of of subduction ground motions to crustal motions is less 

than one. This indicates that for the case of the crustal motions, the dissipated 

energy due to damping is less, thus increasing the ratio of the yielding energy. This 

reduction in damping energy can be associated with a reduced number of cycles 

that crustal motions induce on the SDOF model. 

Figure 4-20 Relationship between median normalized strength and ratio of yielding 
energy over total energy with and without effect of P-Delta for bilinear model with 
  0% and  3% : (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-21 to Figure 4-26 show the ratios of the responses for different R-factors. For 

the sake of brevity, for the full description of the content of these figures refer to the 

text relating to Figure 4-11 to Figure 4-15. 

Figure 4-21 illustrates the relationship between the ratios of normalized cumulative 

absolute inelastic displacement of subduction ground motions over crustal motions for 

bilinear model with   0% and   3% without P-Delta effect. It can be seen that 

r  1.55 for Figure 4-21(a) and Figure 4-21(b), indicating that the hardening ratio has a 

negligible effect on the relationship between cumulative absolute inelastic 

displacements and R factor. This confirms what was observed for the Tn = 0.5s case. 
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Figure 4-22 illustrates the relationship between the ratios of normalized cumulative 

absolute inelastic displacement of subduction ground motions over crustal motions for 

bilinear model with   3% with and without P-Delta effect. It can be seen that 

r  1.55 for Figure 4-22(a) and r  1.56 for Figure 4-22(b), indicating P-Delta has 

negligible effect on the relationship between ratio of normalized cumulative absolute 

inelastic displacement and R factor. Comparing the Tn = 0.5s case, the r values are also 

similar, but slightly smaller for this case of Tn = 0.25s. 

Figure 4-21 Relationship between difference of normalized cumulative absolute 
inelastic displacement from subduction ground motion to crustal ground motion and 
reduction factor for bilinear model without P-Delta effect: (a)   0% ; (b)   3% 

.“blue thick line” presents median value, “red thin line” presents median plus or minus 
standard deviation, and “blue thin line” presents median plus or minus two times 

standard deviation. 

Figure 4 23 illustrates the relationship between the ratios of numbers of inelastic 

excursions of subduction ground motions over crustal motions for bilinear model with 

and with and without P-Delta effect. It can be seen that  for Figure 4 23(a) and Figure 

4 23(b), indicating that P-Delta has no effect on the ratios of number of inelastic 

excursions. As expected since for Tn = 0.25s the ductility demands are larger than the 

Tn = 0.5 s, under the same conditions, comparison of the two cases shows that the ratio 

of number of inelastic excursions increases with reduction of Tn = 0.25s. 
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Figure 4-22 Ratio of responses of subduction ground motion to crustal ground motion 
for   3%  vs R-factor: (a) normalized cumulative absolute inelastic displacement 
without P-Delta; (b) normalized cumulative absolute inelastic displacement with P-

Delta, “blue thick line” presents median value, “red thin line” presents median plus or 
minus standard deviation, and “blue thin line” presents median plus or minus two times 

standard deviation. 

Figure 4-23 Ratio of responses of subduction ground motion to crustal ground motion 
for   0% vs R-factor: (a) number of inelastic excursions without P-Delta; (b) number 
of inelastic excursions with P-Delta, “blue thick line” presents median value, “red thin 
line” presents median plus or minus standard deviation, and “blue thin line” presents 

median plus or minus two times standard deviation. 

Figure 4-24 illustrates the relationship between the ratios of number of inelastic 

excursions of subduction ground motions over crustal motions for bilinear model with 

  3% and with and without P-Delta effect. It can be seen that r 1.78  for Figure 
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4-24(a) and r  1.80 for Figure 4-24(b), indicating that P-Delta has negligible effect on 

numbers of inelastic excursions for bilinear model with 3% hardening ratio. 

Figure 4-24 Ratio of responses of subduction ground motion to crustal ground motion 
for   3% vs R-factor: (a) number of inelastic excursions without P-Delta; (b) number 
of inelastic excursions with P-Delta, “blue thick line” presents median value, “red thin 
line” presents median plus or minus standard deviation, and “blue thin line” presents 

median plus or minus two times standard deviation. 

Figure 4-25 Ratio of yielding energy over total energy of subduction ground motion to 

crustal ground motion vs R-factor for bilinear model without P-Delta effect: (a)
 

  0% ; (b)  3% . “Blue thick line” presents median value, “red thin line” presents 

median plus or minus standard deviation, and “blue thin line” presents median plus or
 

minus two times standard deviation.
 

Figure 4-25 illustrates the relationship between the ratios of E / ( E  E ) ofY Y D 

subduction ground motions to crustal motions for bilinear model with   0% and 
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  3% without P-Delta effect. It can be seen that r  0.85 for both Figure 4-25(a) 

and Figure 4-25(b), indicating hardening ratio has no effect on the relationship between 

the ratio of E / ( E  E ) and R factor.Y Y D 

Figure 4-26 illustrates the relationship between the ratios of E / ( E  E ) ofY Y D 

subduction ground motions to crustal motions for bilinear model with   3% and 

without P-Delta effect. It can be seen that r  0.85 for both Figure 4-26(a) and Figure 

4-26(b), indicating P-Delta has no effect on the relationship between E / ( E  E )Y Y D 

and R factor. 

Figure 4-26 Ratio of yielding energy over total energy of subduction ground motion to 
crustal ground motion vs R-factor for bilinear model with   3% : (a) without P-

Delta; (b) P-Delta. “Blue thick line” presents median value, “red thin line” presents 
median plus or minus standard deviation, and “blue thin line” presents median plus or 

minus two times standard deviation. 

4.1.3 Period Effect 

Figures in this section are plotted to compare the effect of varying period on the 

relationship between median normalized strength and ductility factor for the 

subduction and crustal ground motions, using bilinear model with hardening ratio 

α=0% and α=3%. 
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Figure 4-27 illustrates the effect of the varying periods on the relationship between 

median normalized strength and ductility factor for bilinear model with   0% and 

considering without P-Delta effect, using subduction ground motions and crustal 

ground motions. Each curve shown corresponds to the median response of 80 ground 

motion records. It can be seen from this figure that the ductility demand increases as 

period decreases, as expected and shown previously in the literature. 

Figure 4-27 Effect of structural periods of vibration on the relationship between 
median normalized strength and ductility factor for bilinear model with   0% and 
without P-Delta effect: (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-28 illustrates that change in period has a considerable effect on the 

relationship between median normalized strength and ductility factor for bilinear model 

with   0% and with P-Delta effect. As before, each curve shown corresponds to the 

median response of 80 ground motion records. From Figure 4-28(a) it can be observed 

that there is no clear trend in ductility demand with increasing period, that is, the 

demand does not decrease as period decreases for all curves and ductility level. Figure 

4-28(a) shows that the ductility demand for Tn = 0.25s is slightly larger than Tn = 0.5s 

for   3.5 but it becomes smaller than Tn = 0.5s for   3.5 for subduction ground 

motions. For crustal motions, a similar observation could be made for the ductility 

demand for Tn = 0.25s which is slightly larger than Tn = 0.5s for   3.2  and becomes 

smaller than Tn = 0.5s for   3.2 (see Figure 4-28b). The ductility demand for Tn = 
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1.0s is larger than Tn = 0.5s and Tn = 0.25s for   5 . Because of the P-Delta effect, the 

ductility demand remains unchanged after R  2 . The abrupt vertical lines correspond 

to the peak displacement demands ( max ) that can be achieved when the P-Delta 

effects are considered. The equations for computing the max (corresponding to zero 

base shear) were presented in Chapter 3. As the period increases the initial stiffness 

decreases and therefore the effects of P-Delta become more prominent and the peak 

demand capacity is reduced. 

Figure 4-28 Effect of structural periods of vibration on the relationship between 
median normalized strength and ductility factor for bilinear model with   0% and 

with P-Delta effect: (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-29 illustrates that effect of the changing periods on the relationship between 

median normalized strength and ductility factor for bilinear model with   3% and 

without P-Delta effect, using subduction ground motions and crustal ground motions. 

Each curve shown corresponds to the median response of 80 ground motion records. 

The main observation that can be made from this figure is that the ductility demand 

increases as period decreases. 

Figure 4-30 illustrates that effect of the periods on the relationship between median 

normalized strength and ductility factor for bilinear model with   0% and with P-

Delta effect, using subduction ground motions and crustal ground motions. Each curve 

shown corresponds to the median response of 80 ground motion records. From Figure 
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4-30(a) it can be seen that the ductility demand does not increase as period decreases. 

The ductility demand for Tn = 0.25s is slightly larger than Tn = 0.5s for   3  and Tn = 

0.25s become smaller than Tn = 0.5s for   3 for subduction ground motions. Similar 

observation could be made for the crustal motions (Figure 4-30b) the ductility demand 

for Tn = 0.25s is slightly larger than Tn = 0.5s for   3 and Tn = 0.25s become smaller 

than Tn = 0.5s for   3 for crustal motions on the Figure 4-30(b). The ductility 

demand for Tn = 1.0s is larger than Tn = 0.5s and Tn = 0.25s for   6 . Due to the P-

Delta effect, the ductility demand remains the same after R  2 f y  0.5   , which 

corresponds to attainment of max  for zero force. 

Figure 4-29 Effect of structural periods of vibration on the relationship between 
median normalized strength and ductility factor for bilinear model with   3% and 
without P-Delta effect: (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-31 and Figure 4-32 show the relationship between structural responses 

(number of inelastic excursions and normalized cumulative absolute inelastic 

displacement) and normalized strength for the bilinear model with   0% and without 

P-Delta effect for three periods. From these figures it can be seen that the structural 

responses increase as period decreases. 
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Figure 4-30 Effect of structural periods of vibration on the relationship between 
median normalized strength and ductility factor for bilinear model with   3% and 

with P-Delta effect: (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-31 Effect of structural periods of vibration on the relationship between 

median normalized strength and number of inelastic excursions for bilinear model with 

  0% and without P-Delta effect: (a) subduction ground motions; (b) crustal ground 


motions. 

The bilinear model with   0% and P-Delta effect, the relationship between structural 


responses (number of inelastic excursions and normalized cumulative absolute inelastic 


displacement) and normalized strength is shown in the Figure 4-33 and Figure 4-34.
 

The first observation of these results is same as the last two figures that the structural 


responses increase as period decreases. But the period of 0.5s and the period of 1.0s 


have similar effect on the normalized cumulative inelastic displacement from R=1 to 
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R=2. The “ragged” shape of the lines may have to do with numerical instabilities. More 

work will need to be done to help explain these results. Also the variation observed for 

Tn = 0.5s in Figure 4-33(b) at the higher levels of normalized strength also require 

more attention in future works.  

For the bilinear model with   0% , the relationship between the ratio of yielding 

energy over total energy and normalized strength is shown in the Figure 4-35 and 

Figure 4-36. It can be seen that period of 0.5 s and period of 1.0s have similar effect on 

this ratio for the bilinear model considering without P-Delta effect. Also, periods of 

0.25s cause higher ratio than the other two periods. However, for the case considering 

P-Delta effect, period of 1.0 s cause higher ratio than period of 0.5s. In addition, R>1.6, 

the ratio increases as period increases. For the crustal ground motion, for R>2, the ratio 

increases as period increases. This Figure 4-36 shows some interesting results that 

require further investigation in the future.

 Figure 4-32 Effect of structural periods of vibration on the relationship between 
median normalized strength and normalized cumulative absolute inelastic displacement 

for bilinear model with   0% and without P-Delta effect: (a) subduction ground 
motions; (b) crustal ground motions. 
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 Figure 4-33 Effect of structural periods of vibration on the relationship between 
median normalized strength and number of inelastic excursions for bilinear model with 
  0% and with P-Delta effect: (a) subduction ground motions; (b) crustal ground 

motions. 

 Figure 4-34 Effect of structural periods of vibration on the relationship between 
median normalized strength and normalized cumulative inelastic displacement for 

bilinear model with   0% and with P-Delta effect: (a) subduction ground motions; 
(b) crustal ground motions. 

 Figure 4-35 Effect of structural periods of vibration on the relationship between 
median normalized strength and ratio of yielding energy over total energy for bilinear 

model with   0% and without P-Delta effect: (a) subduction ground motions; (b) 
crustal ground motions. 
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 Figure 4-36 Effect of structural periods of vibration on the relationship between 
median normalized strength and ratio of yielding energy over total energy for bilinear 

model with   0% and with P-Delta effect: (a) subduction ground motions; (b) crustal 
ground motions. 

4.2 TAKEDA MODEL 

4.2.1 Results for Tn = 0.5 s 

Figure 4-37 illustrates the relationship between median normalized strength and 

ductility factor with and without effects of P-Delta for the “thin” Takeda model with 

  0% and   3% for both subduction ground motions and crustal ground motion 

records used. It is worth highlighting that each of the curves shown corresponds to the 

median response of 80 ground motion records. The first observation that can be made 

from Figure 4-37 relates to the effect of P-Delta and hardening ratio. It can be seen that 

there is without P-Delta and hardening ratio effect on this relationship for the Takeda 

model. From the comparison of Figure 4-37(a) and Figure 4-37(b), it can be seen that 

ductility demands for the subduction zone ground motions are larger than the crustal 

motions. 

Figure 4-39 shows the relationship between median normalized strength and ductility 

factor with and without effects of P-Delta for the Takeda model with   0% and 

  3% for the HMLR group of subduction zone ground motions and related crustal 

ground motions. The same relationship for the HMSR, LMSR and LMLR groups of 
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subduction zone ground motions and related crustal ground motions are plotted on the 

Figure 4-40, Figure 4-41 and Figure 4-42. 

Figure 4-37 Relationship between median normalized strength and ductility factor with 
and without effect of P-Delta for Takeda model with   0% and  3% : (a) 

subduction ground motions; (b) crustal ground motions. 

Figure 4-38 Relationship between median normalized strength and ductility factor for 
Takeda model without P-Delta effect for   0%,3%,5%,10% : (a) subduction ground 

motions; (b) crustal ground motions. 

There are several observations that can be made from these figures. First, subduction 

ground motions cause larger ductility demands than crustal ground motions for all four 

groups. Second, through comparison of Figure 4-39(a) and Figure 4-40(a) it can be 

seen that for shorter rupture distance larger ductility demands are recorded. This is also 

observable from Figure 4-41(a) and Figure 4-42(a).   
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Figure 4-39 Group 1 (HMLR): Relationship between median normalized strength and 
ductility factor with and without effect of P-Delta for Takeda model with   0% and 

  3% : (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-40 Group 2 (HMSR): Relationship between median normalized strength and 
ductility factor with and without effect of P-Delta for Takeda model with   0% and 

  3% : (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-43 presents the relationship between median normalized strength and number 

of inelastic excursions with and without effect of P-Delta for Takeda model with 

  0% and   3% subjected to subduction ground motions and crustal ground 

motions. It can be seen that subduction ground motions cause a larger number of 

inelastic excursions. The number of inelastic excursions is less than the ones recorded 

for the bilinear model due to the model behavior.  
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Figure 4-41 Group 3 (LMSR): Relationship between median normalized strength and 
ductility factor with and without effect of P-Delta for Takeda model with   0% and 

  3% : (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-42 Group 4 (LMLR): Relationship between median normalized strength and 
ductility factor with and without effect of P-Delta for Takeda model with   0% and 

  3% : (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-44 presents the relationship between median normalized strength and 

normalized cumulative absolute inelastic displacement with and without effect of P-

Delta for Takeda model with   0% and   3% subjected to subduction ground 

motions and crustal ground motions. From this figure, it can be seen that the 

subduction ground motions cause similar results as crustal ground motions. 
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Figure 4-43 Relationship between median normalized strength and number of inelastic 

excursions with and without effect of P-Delta for Takeda model with   0% and
 

  3% : (a) subduction ground motions; (b) crustal ground motions.
 

Figure 4-44 Relationship between median normalized strength and number of inelastic 

excursions with and without effect of P-Delta for Takeda model with   0% and
 

  3% : (a) subduction ground motions; (b) crustal ground motions.
 

Figure 4-45 presents the relationship between median normalized strength and ratio of 

yielding energy over total dissipated energy with and without effect of P-Delta for 

Takeda model with   3% and   5% using subduction ground motions and crustal 

motions. From the figure it can be seen that the ratio of E / ( E  E ) of subductionY Y D 

ground motions to the crustal motions is less than one. This is due to the increased 

duration of shaking which causes the damping energy to be greater in the SDOF 

subjected to subduction ground motions. 
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The time variation of energy dissipated by viscous damping and yielding and total 

dissipated energy is shown on the Figure 4-46 for the Takeda model without P-Delta 

effect and R=3.5 using one individual subduction zone ground motion record 

(MYG004EW) and the related crustal motion record (SHP189). The Figure 4-46 

illustrates the total energy, EY and ED of MYG004EW record are more than SHP189 

record. However, the ratio of E / ( E  E ) of MYG004EW record is less thanY Y D 

SHP189 record. 

Figure 4-45 Relationship between median normalized strength and ratio of yielding 
energy over total energy with and without effect of P-Delta for Takeda model with 
  0% and  3% : (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-46 Time variation of energy dissipated by viscous damping and yielding and 
total energy, without P-Delta effect, R=3.5: (a) MYG004EW record from Tohuku 
Earthquakes (Subduction Earthquake); (b) SHP189 record from Imperial Valley 

Earthquake (Crustal Earthquake). 
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The difference of the ratio E / ( E  E ) of subduction ground motions and crustal Y Y D 

ground motion is shown in Figure 4-47 and Figure 4-48. Figure 4-47 illustrates the 

relationship between this ratio for cases with   0% and   3% without P-Delta 

effect. It can be seen that r  0.92 for Figure 4-47(a) and Figure 4-47(b), indicating the 

hardening ratio has no effect on this ratio. 

Figure 4-48 illustrates the relationship between the ratios E / ( E  E )  of subduction Y Y D 

ground motions over crustal motions with   3% and with and without P-Delta 

effect. It can be seen that r  0.92 for Figure 4-48(a) and for Figure 4-48(b), indicating 

the P-Delta has no effect on the relationship between E / ( E  E ) and R factor (Y Y D 

R 1/ f y ). 

Figure 4-47 Ratio of yielding energy over total energy of subduction ground motion to 
crustal ground motion vs R-factor for Takeda model without P-Delta effect: (a)   0% 
; (b)  3% . “blue thick line” presents median value, “red thin line” presents median 
plus or minus standard deviation, and “blue thin line” presents median plus or minus 

two times standard deviation. 
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Figure 4-48 Ratio of yielding energy over total energy of subduction ground motion to 
crustal ground motion vs R-factor for Takeda model with   3% :(a) without P-Delta; 

(b) P-Delta. “blue thick line” presents median value, “red thin line” presents median 
plus or minus standard deviation, and “blue thin line” presents median plus or minus 

two times standard deviation. 

4.2.2 Results for Tn = 0.25s 

Figure 4-49 illustrates the relationship between median normalized strength and 

ductility factor with and without effects of P-Delta for the “thin” Takeda model with 

  0% and   3% for both subduction ground motions and crustal ground motion 

records used. It is worth highlighting that each of the curves shown corresponds to the 

median response of 80 ground motion records.  

The first observation that can be made from Figure 4-49 relates to the effect of P-Delta 

and hardening ratio. It can be seen that without P-Delta and hardening ratio do not 

affect the relationship between normalized strength and ductility factor. 

Through comparison of Figure 4-49(a) and Figure 4-49(b), it can be seen that ductility 

demands for the subduction zone ground motions are larger than the ones for crustal 

motions. 
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Figure 4-49 Relationship between median normalized strength and ductility factor with 
and without effect of P-Delta for Takeda model with   0% and  3% : (a) 

subduction ground motions; (b) crustal ground motions. 

Figure 4-50 presents the relationship between median normalized strength and ductility 

factor without effects of P-Delta for the Takeda SDOF model with 

  0%,  3%, 5%, 10% for both subduction ground motions and crustal ground motion 

records used. There is no discernible effect of the hardening ratio and P-Delta effect on 

these plots. However, it can be seen that subduction ground motions cause large 

ductility demands. 

Figure 4-50 Relationship between median normalized strength and ductility factor for 
Takeda model without P-Delta effect for   0%,  3%, 5%, and 10% : (a) subduction 

ground motions; (b) crustal ground motions. 
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Figure 4-51 presents the relationship between median normalized strength and number 

of inelastic excursions with and without effect of P-Delta for Takeda model with 

  0% and   3% subjected to subduction ground motions and crustal ground 

motions. It can be seen that subduction ground motions cause a larger number of 

inelastic excursions. 

Figure 4-51 Relationship between median normalized strength and number of inelastic 

excursion with and without effect of P-Delta for Takeda model with   0% and
 

  3% : (a) subduction ground motions; (b) crustal ground motions.
 

Figure 4-52 presents the relationship between median normalized strength and 

normalized cumulative inelastic displacement with and without effect of P-Delta for 

Takeda model with   0% and  3% subjected to subduction ground motions and 

crustal ground motions. It can be seen from this figure that the subduction ground 

motions cause larger values of more normalized cumulative inelastic displacement than 

the crustal ground motions. 
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Figure 4-52 Relationship between median normalized strength and normalized 
cumulative inelastic displacement with and without effect of P-Delta for Takeda model 
with   0% and  3% : (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-53 presents the relationship between median normalized strength and ratio of 

yielding energy over total dissipated energy with and without effect of P-Delta for 

Takeda model with   3% and   5% using subduction ground motions and crustal 

motions. The observation that can be made through inspection of this figure is the ratio 

E / (E  E ) for subduction ground motions is less than crustal motions.  Y Y D 

Figure 4-53 Relationship between median normalized strength and ratio of yielding 
energy over total energy with and without effect of P-Delta for Takeda model with 
  0% and  3% : (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-54 illustrates the relationship between the ratios E / ( E  E )  of subduction Y Y D 

ground motions to crustal motions for Takeda model with   0% and  3% without 
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P-Delta effect. It can be seen that r  0.99 for Figure 4-54(a) and Figure 4-54(b) 

indicating that the hardening ratio has no effect on the relationship between 

EY / (EY  ED ) and R factor ( R 1/ f y ). 

Figure 4-54 Ratio of yielding energy over total energy of subduction ground motion to 
crustal ground motion vs R-factor for Takeda model without P-Delta effect: (a)   0% 
; (b)  3% . “Blue thick line” presents median value, “red thin line” presents median 
plus or minus standard deviation, and “blue thin line” presents median plus or minus 

two times standard deviation. 

Figure 4-55 illustrates the relationship between the ratios E / ( E  E )  of subduction Y Y D 

ground motions over crustal motions for bilinear model with   3% and with and 

without P-Delta effect. It can be seen that r  0.92 for both Figure 4-55(a) and Figure 

4-55(b), indicating the P-Delta has no effect on the relationship between 

EY / (EY  ED ) and R factor ( R 1/ f y ). 
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Figure 4-55 Ratio of yielding energy over total energy of subduction ground motion to 
crustal ground motion vs R-factor for Takeda model with   3% :(a) without P-Delta; 

(b) P-Delta. “Blue thick line” presents median value, “red thin line” presents median 
plus or minus standard deviation, and “blue thin line” presents median plus or minus 

two times standard deviation. 

4.2.3 Period Effect 

Figure 4-56 shows results for three different periods on the relationship between 

median normalized strength and ductility factor for the subduction and crustal 

earthquakes, the Takeda model for α=0% case without P-Delta effect. Since the results 

of Takeda model show that the different hardening ratio α  and P-Delta have negligible 

effect on this relationship as mentioned before, other hardening ratios and P-Delta 

cases are not presented. 

Figure 4-57 shows that the response for three periods for the relationship between 

median normalized strength and number of inelastic excursions with   0% and 

without P-Delta effect. The results indicate that the number of inelastic excursions 

increase as period decreases. The subduction ground motions cause the number of 

inelastic excursions to be 1.7 times greater than crustal ground motions. 
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Figure 4-56 Effect of structural periods of vibration on the relationship between 
median normalized strength and ductility factor for Takeda model with   0% and 
without P-Delta effect: (a) subduction ground motions; (b) crustal ground motions. 

Figure 4-57 Effect of structural periods of vibration on the relationship between 
median normalized strength and number of inelastic excursions for Takeda model with 
  0% and without P-Delta effect: (a) subduction ground motions; (b) crustal ground 

motions. 

Figure 4-58 shows the effect of structural periods of vibration on the relationship 

between median normalized strength and normalized cumulative absolute inelastic 

displacement for Takeda model with   0% and without P-Delta effect. The result 

indicates the normalized cumulative absolute inelastic displacement increases as period 

decreases. Furthermore, for example, the subduction ground motions cause the 

normalized cumulative absolute inelastic displacement to be 1.2 times greater than 

crustal ground motions. 
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Figure 4-58 Effect of structural periods of vibration on the relationship between 
median normalized strength and normalized cumulative inelastic displacement for 

Takeda model with   0% and without P-Delta effect: (a) subduction ground motions; 
(b) crustal ground motions. 

Figure 4-61 shows effect of structural periods of vibration on the relationship between 

median normalized strength and ratio of yielding energy and total dissipated energy 

with   0% and without P-Delta effect. The result indicates this ratio increases as 

period decreases. For the period of 1.0s, for example, the subduction ground motions 

cause this ratio to be 0.7 times greater than crustal ground motions.

 Figure 4-59 Effect of structural periods of vibration on the relationship between 
median normalized strength and ratio of yielding energy and total energy for Takeda 
model with   0% and without P-Delta effect: (a) subduction ground motions; (b) 

crustal ground motions. 
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4.3 FPS BEARING SYSTEM 

Results for the effects of friction coefficient μ on the peak median pier base shear, deck 

acceleration and bearing displacement for three different periods of the FPS are shown 

in this section. It is worth highlighting that each of the curves shown in the following 

figures corresponds to the median response of 80 ground motion records. 

Figure 4-60 shows the effect of friction coefficient  on the bearing displacement of 

the isolated bridge without P-Delta effect for Tb=2s, Tb=2.5s and Tb=3s, using 

subduction ground motions and crustal motions. It can be seen from this figure that the 

bearing displacement decreases as  increases when  is in the range of 0 to 0.15. 

Through comparison of Figure 4-60(a) and Figure 4-60(b), it can be seen that 

subduction ground motions cause larger bearing displacements than crustal ground 

motions. In addition, as period increases the bearing displacement decreases. 

Figure 4-60 Effect of friction coefficient on the peak median bearing displacement of 
the isolated bridge without P-Delta effect for Tb=2s, Tb=2.5s and Tb=3s: (a) 

subduction ground motions; (b) crustal ground motions. 

Figure 4-61 shows the effect of friction coefficient  on the pier base shear of the 

isolated bridge without P-Delta effect for Tb=2s, Tb=2.5s and Tb=3s for subduction 

ground motions and crustal motions. It can be seen that pier base shear increases as  

Page 90 of 156 



 

        

 

 

 

 

   

 

 

 

 

 

increases from 0.02 to 0.24. Through comparison of Figure 4-61(a) and Figure 4-61(b), 

no apparent distinction can be made for the pier base shear. 

Figure 4-61 Effect of friction coefficient of the FPS on the peak median pier base shear 
of the isolated bridge without P-Delta effect: (a) subduction ground motions; (b) crustal 

ground motions. 

Figure 4-62 shows the effect of friction coefficient  of the FPS on deck acceleration 

of the isolated bridge without P-Delta effect for Tb=2s, Tb=2.5s and Tb=3s, using 

subduction ground motions and crustal motions. From this figure it can be seen that the 

deck acceleration increases as  increases for  greater than 0.02. Comparing Figure 

4-61(a) and Figure 4-61(b), it can be seen that subduction ground motions cause larger 

deck acceleration than crustal ground motions.  

Figure 4-63 shows the effect of friction coefficient  on the bearing displacement of 

the isolated bridge without P-Delta effect for Tb=3s, using subduction ground motions 

and crustal motions and 80 individual records are illustrated. The result indicates that 

even though the median value of bearing displacement is low, there are several 

earthquakes can cause large bearing displacements. 
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Figure 4-62 Effect of friction coefficient of the FPS on the peak median deck 
acceleration of the isolated bridge with on P-Delta effect: (a) subduction ground 

motions; (b) crustal ground motions. 

Figure 4-63 Effect of friction coefficient on the peak median bearing displacement of 
the isolated bridge without P-Delta effect for bearing period = 3s: (a) 80 individual 

subduction ground motions with median value identified with the blue thick line; (b) 80 
individual crustal ground motions with median value identified with the blue thick line. 

Figure 4-64 shows the effect of the friction coefficient  on the pier base shear of the 

isolated bridge without P-Delta effect for Tb=3s, using subduction ground motions and 

crustal motions. The result indicates that there are several earthquakes cause very large 

base shears, up to 50% of the weight of the deck. 
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Figure 4-64 Effect of friction coefficient on the peak median pier base shear of the 
isolated bridge with P-Delta effect: (a) 80 individual subduction ground motions with 

median value identified with the blue thick line; (b) 80 individual crustal ground 
motions with median value identified with the blue thick line. 

Figure 4-65 shows the effect of friction coefficient  of the FPS on the deck 

acceleration of the isolated bridge without P-Delta effect for Tb=3s, using subduction 

ground motions and crustal motions. It can be observed that the acceleration do not 

change much with increasing friction coefficient. 

Figure 4-65 Effect of friction coefficient of the FPS on the peak median deck 
acceleration of the isolated bridge with P-Delta effect: (a) 80 individual subduction 

ground motions with median value identified with the blue thick line; (b) 80 individual 
crustal ground motions with median value identified with the blue thick line. 
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4.4 CONDITIONAL CORRELATION STUDY 

The subduction zone ground motions and the crustal ground motions were selected to 

have the same spectral shape and scaling was done at the various periods to isolate the 

effects of subduction zone earthquakes, which are primarily the effect of duration but 

also induce other effects such as long-period energy content of subduction zone 

earthquakes. Under this assumption, a correlation study is performed in this section and 

the statistical correlation coefficient between various EDPs and ground motion 

intensity measures are reported. Since this correlation study is performed conditional 

on the assumption of similar spectral shape it is typical a conditional correlation study. 

The bilinear models with 0% and 3% hardening ratio are considered in the regression 

study. The linear correlation coefficient r is computed for the relationship between 

ground motion characteristics and structural demand parameters in the natural 

logarithm scale. In this study, ground motion intensity measures analyzed are 

Cumulative Absolute Velocity (CAV), Arias Intensity (IA), and significant duration 

(D5-95); engineering demand parameters (EDP) considered are (i) number of inelastic 

excursions, (ii) normalized cumulative absolute inelastic displacement  u / uy , (iii)p 

damping energy ED , and (iv) yielding energy EY .The ground motion intensity measures 

and engineering demand parameters are all presented as the ratio of responses obtained 

for subduction ground motions’ to crustal ground motions’. The correlation coefficient 

r considered being high if it is in the range of 0.7 to 1.0; medium correlation is defined 

for r in the range to be 0.5 to 0.7; and low correlation is defined if r is in the range 0 to 

0.5. 

Figure 4-66 shows the linear correlation coefficient r for the ratio of structure responses 

of subduction ground motion to crustal ground motion versus the ratio of CAV of 

subduction ground motion to crustal ground motion for bilinear model   0% without 

P-Delta effects and R factor = 3.5. In this figure the EDP analyzed is the number of 

inelastic excursions. In Figure 4-66(b) the normalized cumulative absolute inelastic 
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displacement is the EDP analyzed. In Figure 4-66(a) a high value of correlation 

coefficient is reported indicating the number of inelastic excursions are highly 

correlated with CAV. However, the normalized cumulative absolute inelastic 

displacement shows a medium level of correlation with CAV. 

Figure 4-66 Linear correlation coefficient between the ratio of responses of subduction 
ground motion to crustal ground motion and the ratio of CAV of subduction ground 
motion to crustal ground motion for bilinear model   0% without P-Delta effects 

and R factor = 3.5: (a) number of inelastic excursions; and (b) normalized cumulative 
absolute inelastic displacement. 

Figure 4-67 shows linear correlation coefficient r between the ratio of number of 

inelastic excursions of subduction ground motion to crustal ground motion and the 

ratio of CAV of subduction ground motion to crustal ground motion for bilinear model 

  3% and R factor = 3.5 for two cases: (a) without P-Delta effects, (b) with P-Delta 

effects. Both of the plots show a high correlation coefficient, indicating the inelastic 

excursions are highly correlated with the ratio of CAV for these two cases.  

Figure 4-68 shows the linear correlation coefficient r between the ratio of normalized 

cumulative absolute inelastic displacement of subduction ground motion to crustal 

ground motion and the ratio of CAV of subduction ground motion to crustal ground 

motion for bilinear model   3% and R factor = 3.5 for two case: (a) without P-Delta 

effects, (b) with P-Delta effects. The results show that a medium correlation coefficient 

for the cases with and without P-Delta effect, indicating the ratio of normalized 
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cumulative absolute inelastic displacement is not highly correlated with the ratio of 

CAV for both cases. 

Figure 4-67 Linear correlation coefficient between the ratio of inelastic excursions of 
subduction ground motion to crustal ground motion and the ratio of CAV of subduction 
ground motion to crustal ground motion for bilinear model with   3% and R factor = 

3.5: (a) without P-Delta; (b) P-Delta.  

Figure 4-68 Linear correlation coefficient between the ratio of normalized absolute 
cumulative inelastic displacement of subduction ground motion to crustal ground 

motion and the ratio of CAV of subduction ground motion to crustal ground motion for 
bilinear model with   3% and R factor = 3.5: (a) without P-Delta; (b) P-Delta.  

Figure 4-69 shows the linear correlation coefficient r between the ratio of structure 

responses of subduction ground motion to crustal ground motion and ratio of CAV of 
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subduction ground motion to crustal ground motion for bilinear model   0% without 

P-Delta effects and R factor = 3.5. The EDP considered is the damping energy in 

Figure 4-69(a) and yielding energy in Figure 4-69(b). The results show that a high 

correlation coefficient for Figure 4-69(a), indicating the damping energy is highly 

correlated with CAV. However, a medium level of correlation coefficient is observed 

in Figure 4-69(b). 

Figure 4-69 Linear correlation coefficient between the ratio of responses of subduction 
ground motion to crustal ground motion and the ratio of CAV of subduction ground 

motion to crustal ground motion for bilinear model with   0% without P-Delta 
effects and R factor = 3.5: (a) damping energy; and (b) yielding energy. 

Figure 4-70 shows the linear correlation coefficient r between the ratio of damping 

energy of subduction ground motion to crustal ground motion and the ratio of CAV of 

subduction ground motion to crustal ground motion for bilinear model   3% and R 

factor = 3.5 for two cases: (a) without P-Delta effects, (b) with P-Delta effects. The 

results show that a very high correlation coefficient for both cases, indicating the ratio 

of damping energy is highly correlated with CAV.  

Figure 4-71 shows the linear correlation coefficient r between the ratio of yielding 

energy of subduction ground motion to crustal ground motion and the ratio of CAV of 

subduction ground motion to crustal ground motion for bilinear model   3% and R 

factor = 3.5 for two cases: (a) without P-Delta effects, (b) with P-Delta effects. The 
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results show that a medium level of correlation coefficient for both cases, indicating the 

ratio of yielding energy is not highly correlated with the ratio of CAV. 

Figure 4-70 Linear correlation coefficient between the ratio of damping energy of 
subduction ground motion to crustal ground motion and the ratio of CAV of subduction 
ground motion to crustal ground motion for bilinear model with   3% and R factor = 

3.5: (a) without P-Delta; (b) P-Delta (outliners are taken out). 

Figure 4-71 Linear correlation coefficient between the ratio of yielding energy of 
subduction ground motion to crustal ground motion and the ratio of CAV of subduction 
ground motion to crustal ground motion for bilinear model with   3% and R factor = 

3.5: (a) without P-Delta; (b) P-Delta (outliners are taken out). 

Figure 4-72 shows the linear correlation coefficient r between the ratio of structure 

responses of subduction ground motion to crustal ground motion and the ratio of D5-95 

of subduction ground motion to crustal ground motion for bilinear model   0% 

without P-Delta effects and R factor = 3.5, structure responses are considered as 
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number of inelastic excursions in the Figure 4-72(a) and normalized cumulative 

absolute inelastic displacement in the Figure 4-72(b). The results show that r takes a 

large value (see Figure 4-72a), indicating the ratio of the number of inelastic excursions 

is highly correlated with D5-95. However, in Figure 4-72(b) the r value indicates that the 

ratio of normalized cumulative absolute inelastic displacement is not highly correlated 

with the ratio of D5-95. 

Figure 4-72 Linear correlation coefficient between the ratio of responses of subduction 
ground motion to crustal ground motion and the ratio of D5-95 of subduction ground 

motion to crustal ground motion for bilinear model with   0% and without P-Delta 
effects and R factor = 3.5: (a) number of inelastic excursions; and (b) normalized 

cumulative absolute inelastic displacement. 

Figure 4-73 shows the linear correlation coefficient r between the ratio of number of 

inelastic excursions of subduction ground motion to crustal ground motion and the 

ratio of D5-95 of subduction ground motion to crustal ground motion for   3% and R 

factor = 3.5, for two cases: (a) without P-Delta effects, (b) with P-Delta effects. The 

results show that there is a high correlation coefficient between the ratio of number of 

inelastic excursions and D5-95 for the case without P-Delta. However, this value of r 

indicates a medium level of correlation coefficient for the case with P-Delta.  

Figure 4-74 presents linear correlation coefficient r between the ratio of normalized 

cumulative absolute inelastic displacement  u / uy  of subduction ground motion p 
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to crustal ground motion and ratio of D5-95 of subduction ground motion to crustal 

ground motion for bilinear model   3% and R factor = 3.5 for two cases: (a) without 

P-Delta effects, and (b) with P-Delta effects. The results show that a low correlation 

coefficient for both cases, indicating  / uy is not correlated to D5-95 for both cases.up 

Figure 4-73 Linear correlation coefficient between the ratio of inelastic excursions of 
subduction ground motion to crustal ground motion and the ratio of D5-95 of subduction 
ground motion to crustal ground motion for bilinear model with   3% and R factor = 

3.5: (a) without P-Delta; (b) P-Delta.  

Figure 4-74 Linear correlation coefficient between the ratio of normalized absolute 
cumulative inelastic displacement of subduction ground motion to crustal ground 

motion and the ratio of D5-95 of subduction ground motion to crustal ground motion for 
bilinear model with   3% and R factor = 3.5: (a) without P-Delta; (b) P-Delta.  
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Figure 4-75 shows the linear correlation coefficient r between the ratio of the EDPs of 

subduction ground motion to crustal ground motion and the ratio of D5-95 of subduction 

ground motion to crustal ground motion for bilinear model   0% without P-Delta 

effects and R factor = 3.5. The EDPs considered are ratio of damping energy (Figure 

4-75a) and ratio of yielding energy (Figure 4-75b). The result shows that there is a high 

correlation coefficient for the ratio of the damping energy with D5-95. A low value of 

the correlation coefficient indicates that there is no correlation between the ratio of 

yielding energy and D5-95. 

Figure 4-75 Linear correlation coefficient between the ratio of responses of subduction 
ground motion to crustal ground motion and the ratio of D5-95 of subduction ground 

motion to crustal ground motion for bilinear model with   0% and without P-Delta 
effects and R factor = 3.5: (a) damping energy; and (b) yielding energy. 

Figure 4-76 shows the linear correlation coefficient r between the ratio of damping 

energy of subduction ground motion to crustal ground motion and ratio of D5-95 of 

subduction ground motion to crustal ground motion for bilinear model   3% and R 

factor = 3.5 for two cases: (a) without P-Delta effects, (b) with P-Delta effects. The 

results show that there is a high correlation coefficient between the damping energy 

and D5-95. 

Figure 4-77 shows the linear correlation coefficient r between the ratio of yielding 

energy of subduction ground motion to crustal ground motion and the ratio of D5-95  of 

subduction ground motion to crustal ground motion for bilinear model   3%  and R 
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factor = 3.5 for two cases: (a) without P-Delta effects, (b) with P-Delta effects. The 

results show that ratio of yielding energy is not correlated with D5-95 for both cases. 

Figure 4-76 Linear correlation coefficient between the ratio of damping energy of 
subduction ground motion to crustal ground motion and the ratio of D5-95 of subduction 
ground motion to crustal ground motion for bilinear model with   3% and R factor = 

3.5: (a) without P-Delta; (b) P-Delta (outliners are taken out). 

Figure 4-77 Linear correlation coefficient between the ratio of yielding energy of 
subduction ground motion to crustal ground motion and the ratio of D5-95 of subduction 
ground motion to crustal ground motion for bilinear model with   3% and R factor = 

3.5: (a) without P-Delta; (b) P-Delta (outliners are taken out). 

Figure 4-78 shows the linear correlation coefficient r between the ratio of EDPs of 

subduction ground motion to crustal ground motion and the ratio of Arias Intensity (IA) 

of subduction ground motion ion to crustal ground motion for bilinear model   0% 

without P-Delta effects and R factor = 3.5. The EDPs considered are the ratio of 
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number of inelastic excursions in Figure 4-78(a) and ratio of normalized cumulative 

absolute inelastic displacement in the Figure 4-78(b). The results show that a medium 

level of the correlation coefficient between the EDPs and IA. 

Figure 4-78 Linear correlation coefficient between the ratio of EDPs of subduction 
ground motion to crustal ground motion and the ratio of Arias Intensity of subduction 
ground motion to crustal ground motion for bilinear model with   0% and without 

P-Delta effects and R factor = 3.5: (a) number of inelastic excursions; and (b) 
normalized cumulative absolute inelastic displacement. 

Figure 4-79 shows the linear correlation coefficient r between the ratio of number of 

inelastic excursions of subduction ground motion to crustal ground motion and ratio of 

Arias Intensity (IA) of subduction ground motion to crustal ground motion   3% and 

R factor = 3.5 for two cases: (a) without P-Delta effects, and (b) with P-Delta effects. 

The results show that r is medium correlation coefficient for the both cases. 

Figure 4-80 shows the linear correlation coefficient r between the ratio of normalized 

cumulative absolute inelastic displacement of subduction ground motion to crustal 

ground motion and the ratio of Arias Intensity (IA) of subduction ground motion to 

crustal ground motion for bilinear model   3% and R factor = 3.5 for two cases: (a) 

without P-Delta effects, (b) with P-Delta effects. The results show that a medium 

correlation coefficient for the case without P-Delta. However, for the case with P-

Delta, the normalized absolute cumulative inelastic displacement is not correlated with 

IA. 
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Figure 4-79 Linear correlation coefficient between the ratio of inelastic excursions of 
subduction ground motion to crustal ground motion and the ratio of Arias Intensity of 
subduction ground motion to crustal ground motion for bilinear model with   3% 

and R factor = 3.5: (a) without P-Delta; (b) P-Delta.  

Figure 4-80 Linear correlation coefficient between the ratio of normalized cumulative 
inelastic displacement of subduction ground motion to crustal ground motion and the 

ratio of Arias Intensity of subduction ground motion to crustal ground motion for 
bilinear model with   3% and R factor = 3.5: (a) without P-Delta; (b) P-Delta.  

Figure 4-81 shows the linear correlation coefficient r between the ratio of EDPs of 

subduction ground motion to crustal ground motion and the ratio of Arias Intensity (IA) 

of subduction ground motion to crustal ground motion for bilinear model   0% 

without P-Delta effects and R factor = 3.5. The EDPs considered are the ratio of 
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damping energy in Figure 4-82(a) and ratio of yielding energy in Figure 4-82(b). The 

results show that r is in the boundary of the high and medium correlation values. 

Figure 4-81 Linear correlation coefficient between the ratio of EDPs of subduction 
ground motion to crustal ground motion and the ratio of Arias Intensity of subduction 

ground motion to crustal ground motion for bilinear model with   0% and without P-
Delta effects and R factor = 3.5: (a) damping energy; and (b) yielding energy. 

Figure 4-82 shows the linear correlation coefficient r between the ratio of damping 

energy of subduction ground motion to crustal ground motion and the ratio of Arias 

Intensity (IA) of subduction ground motion to crustal ground motion for bilinear model 

  3% and R factor = 3.5 for two cases: (a) without P-Delta effects, (b) with P-Delta 

effects. The result shows that there is a medium to high correlation coefficient value 

between damping energy and IA for both cases (with and without P-Delta). 

Figure 4-82 Linear correlation coefficient between the ratio of damping energy of 
subduction ground motion to crustal ground motion and the ratio of Arias Intensity of 
subduction ground motion to crustal ground motion for bilinear model with   3% 

and R factor = 3.5: (a) without P-Delta; (b) P-Delta (outliners are taken out). 
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Figure 4-83 shows the linear correlation coefficient r between the ratio of yielding 

energy of subduction ground motion to crustal ground motion and the ratio of Arias 

Intensity (IA) of subduction ground motion to crustal ground motion for   3% and R 

factor = 3.5 for two cases: (a) without P-Delta effects, (b) with P-Delta effects. All the 

80 individual records are plotted as different groups of earthquakes. The results show 

that there is a medium correlation coefficient between ratio of yielding energy and IA. 

Figure 4-83 Linear correlation coefficient between the ratio of yielding energy of 
subduction ground motion to crustal ground motion and the ratio of Arias Intensity of 
subduction ground motion to crustal ground motion for bilinear model with   3% 

and R factor = 3.5: (a) without P-Delta; (b) P-Delta (outliners are taken out). 

Figure 4-84 shows linear correlation coefficient between the ratio of responses of 

subduction ground motion to crustal ground motion and the ratio of CAV subduction 

ground motion to crustal ground motion for bilinear model with   0% and without 

P-Delta effects and R factor from 1.1 to 3.5. Responses are the ratio of number of 

inelastic excursions in Figure 4-84(a); and the ratio of normalized cumulative absolute 

inelastic displacement in Figure 4-84(b). The results show that the correlation 

coefficient increases as R increases. At low values of the R it is interesting to note that 

there is no correlation between ratio of CAV and either of the two EDPs considered.  

Figure 4-85 shows that linear correlation coefficient between the ratio of number of 

inelastic excursions of subduction ground motion to crustal ground motion and the 

ratio of CAV subduction ground motion to crustal ground motion for bilinear model 
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with   3% and R from 1.1 to 3.5 for two cases: (a) without P-Delta, (b) with P-

Delta. The results show that the correlation coefficient increases as R factor increases. 

Figure 4-84 Linear correlation coefficient for between ratio of responses of subduction 
ground motion to crustal ground motion and the ratio of CAV subduction ground 

motion to crustal ground motion for bilinear model with   0% and without P-Delta 
effects and R factor from 1.1 to 3.5 : (a) number of inelastic excursions; and (b) 

normalized cumulative absolute inelastic displacement. 

Figure 4-85 Linear correlation coefficient between the ratio of number of inelastic 
excursions of subduction ground motion to crustal ground motion and the ratio of CAV 
of subduction ground motion to crustal ground motion for bilinear model with   3% 

and R factor from 1.1 to 3.5: (a) without P-Delta; (b) P-Delta. 

Figure 4-86 shows that linear correlation coefficient between the ratio of normalized 

cumulative absolute inelastic displacement  u / uy  of subduction ground motion p 

to crustal ground motion and the ratio of CAV subduction ground motion to crustal 
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ground motion for bilinear model with   3% and R factor from 1.1 to 3.5 for two 

cases: (a) without P-Delta, (b) with P-Delta. The results show that the correlation 

coefficient increases as R increases. It is worth noting that the increase is not 

monotonic with r decreasing locally for R = 1.7. No apparent reason was found for this 

behavior, but it does appear in both plots.  

Figure 4-86 Linear correlation coefficient between the ratio of normalized cumulative 
absolute inelastic displacement of subduction ground motion to crustal ground motion 

and the ratio of CAV of subduction ground motion to crustal ground motion for 
bilinear model with   3% and R factor from 1.1 to 3.5: (a) without P-Delta; (b) P-

Delta. 

Figure 4-87 shows that linear correlation coefficient between the ratio of responses of 

subduction ground motion to crustal ground motion and the ratio of CAV subduction 

ground motion to crustal ground motion for bilinear model with   3% and without 

P-Delta effects and R factor from 1.1 to 3.5. The responses analyzed are ratios of 

damping energy in Figure 4-87(a); and ratios of yielding energy in Figure 4-87(b). The 

results show that a very high correlation coefficient for the damping case for all levels 

of R, and for the yielding energy the correlation coefficient increases as R increases.  

Figure 4-88 shows that linear correlation coefficient between the ratio of responses of 

subduction ground motion to crustal ground motion and the ratio of D5-95 subduction 

ground motion to crustal ground motion for bilinear model with   0% and without 

P-Delta effects and R factor from 1.1 to 3.5. The responses are ratio of number of 

Page 108 of 156 



 

        

 

 

 

 

 
  

 
 

 

 

inelastic excursions in Figure 4-88(a); and normalized cumulative absolute inelastic 

displacement in Figure 4-88(b). The results show that the correlation coefficient 

increases as R factor increases to high correlation values for the ratio of number of 

inelastic excursions but not for the ratio of normalized cumulative absolute inelastic 

displacements. 

Figure 4-87 Linear correlation coefficient between the ratio of responses of subduction 
ground motion to crustal ground motion and the ratio of CAV of subduction ground 

motion to crustal ground motion for bilinear model with   3% and  without P-Delta 
effects and R factor from 1.1 to 3.5: (a) damping energy; and (b) yielding energy. 

Figure 4-88 Linear correlation coefficient between the ratio of responses of subduction 
ground motion to crustal ground motion and the ratio of D5-95 subduction ground 

motion to crustal ground motion for bilinear model with   0% and without P-Delta 
effects and R factor from 1.1 to 3.5 : (a) number of inelastic excursions; and (b) 

normalized cumulative absolute inelastic displacement. 
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Figure 4-89 shows the linear correlation coefficient between the ratio of number of 

inelastic excursions of subduction ground motion to crustal ground motion and the 

ratio of D5-95 subduction ground motion to crustal ground motion for bilinear model 

with   3% and R factor from 1.1 to 3.5 for two cases: (a) without P-Delta, (b) with 

P-Delta. The results show that the correlation coefficient increases as R factor 

increases. Through comparison of Figure 4-89(a) and Figure 4-89(b), the correlation 

coefficient between the ratio of number of inelastic excursions and D5-95 is higher for 

the case without P-Delta than the one with P-Delta. 

Figure 4-89 Linear correlation coefficient between the ratio of inelastic excursions of 
subduction ground motion to crustal ground motion and the ratio of D5-95 of subduction 
ground motion to crustal ground motion for bilinear model with   3%  and R factor 

from 1.1 to 3.5: (a) without P-Delta; (b) P-Delta. 

Figure 4-90 shows the linear correlation coefficient between the ratio of normalized 

cumulative absolute inelastic displacement  u / uy  of subduction ground motion p 

to crustal ground motion and the ratio of D5-95 subduction ground motion to crustal 

ground motion for R factors ranging from 1.1 to 3.5 and for two cases: (a) without P-

Delta, (b) with P-Delta. The results show that the correlation coefficient increases as R 

factor increases, but in both case the correlation is very small, below 0.50, and 

therefore it can be said that the ratio of  / uy and the ratio of D5-95 are notup 

correlated. 
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Figure 4-90 Linear correlation coefficient between the ratio of normalized cumulative 
absolute inelastic displacement of subduction ground motion to crustal ground motion 

and the ratio of D5-95 of subduction ground motion to crustal ground motion for bilinear 
model with   3% and R factor from 1.1 to 3.5: (a) without P-Delta; (b) P-Delta. 

Figure 4-91 shows the linear correlation coefficient between the ratio of responses of 

subduction ground motion to crustal ground motion and ratio of D5-95 subduction 

ground motion to crustal ground motion for bilinear model with   3% and without 

P-Delta effects and R factor from 1.1 to 3.5. The responses presented are a ratio of 

damping energy in Figure 4-91(a); and ratio of yielding energy in Figure 4-91(b). 

Figure 4-91(a) shows that the ratio of damping energy is always highly correlated to 

the ratio of D5-95 for all levels of R factor, although Figure 4-91(b) shows that the ratio 

of the yielding energy is not correlated to the ratio of D5-95. 

Figure 4-91 Linear correlation coefficient for the ratio of responses of subduction 
ground motion to crustal ground motion and ratio of D5-95 of subduction ground motion 
to crustal ground motion for bilinear model with   3% and without P-Delta effects 

and R factor from 1.1 to 3.5: (a) damping energy; and (b) yielding energy. 
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Figure 4-92 shows the linear correlation coefficient for the ratio of responses of 

subduction ground motion to crustal ground motion and ratio of Arias Intensity 

subduction ground motion to crustal ground motion for bilinear model with   0% 

and without P-Delta effects and R factor from 1.1 to 3.5. The responses analyzed are 

number of inelastic excursions which are shown in Figure 4-92(a); and normalized 

cumulative absolute inelastic displacement which are shown in Figure 4-92(b). The 

results show that both correlation coefficients increase to medium values of correlation 

as R factor increases.  

Figure 4-92 Linear correlation coefficient between the ratio of responses of subduction 
ground motion to crustal ground motion and the ratio of Arias Intensity of subduction 
ground motion to crustal ground motion for bilinear model with   0% and without 

P-Delta effects and R factor from 1.1 to 3.5: (a) number of inelastic excursions; and (b) 
cumulative absolute inelastic displacement. 

Figure 4-93 shows the linear correlation coefficient between the ratio of number of 

inelastic excursions of subduction ground motion to crustal ground motion and the 

ratio of Arias Intensity subduction ground motion to crustal ground motion for bilinear 

model with   3% and R factor from 1.1 to 3.5 for two cases: (a) without P-Delta, (b) 

with P-Delta. The results show that the correlation coefficient increases as R factor 

increases. Conclusions that can be drawn from this figure are idealized to the   0% 

results shown in Figure 4-92. 
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Figure 4-93 Linear correlation coefficient between the ratio of inelastic excursions of 
subduction ground motion to crustal ground motion and the ratio of Arias Intensity of 
subduction ground motion to crustal ground motion for bilinear model with   3% 

and R factor from 1.1 to 3.5: (a) without P-Delta; (b) P-Delta. 

Figure 4-94 shows that linear correlation coefficient between the ratio of normalized 

cumulative absolute inelastic displacement  u / uy  of subduction ground motion p 

to crustal ground motion and the ratio of Arias Intensity subduction ground motion to 

crustal ground motion for bilinear model with   3% and R factor from 1.1 to 3.5 for 

two cases: (a) without P-Delta, (b) with P-Delta. The results show that the correlation 

coefficient increases as R factor increases. Through comparison of Figure 4-94(a) and 

Figure 4-94(b),  / uy for the without P-Delta case is at same level of correlation to up 

the D5-95 with the P-Delta case. 

Figure 4-95 shows that linear correlation coefficient between the ratio of responses of 

subduction ground motion to crustal ground motion and the ratio of Arias Intensity 

subduction ground motion to crustal ground motion for bilinear model with   3% 

and without P-Delta effects and R factor from 1.1 to 3.5. The responses analyzed are 

ratio of damping energy in Figure 4-95(a); and yielding energy in Figure 4-95(b). The 

results show that the correlation coefficient increases as R factor increases. Through 

comparison of Figure 4-95(a) and Figure 4-95(b), the damping energy is at same level 

of correlation to the Arias Intensity with yielding energy. 
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Figure 4-94 Linear correlation coefficient between the ratio of normalized cumulative 
absolute inelastic displacement of subduction ground motion to crustal ground motion 
and the ratio of Arias Intensity of subduction ground motion to crustal ground motion 

for bilinear model with   3% and R factor from 1.1 to 3.5: (a) without P-Delta; (b) P-
Delta. 

Figure 4-95 Linear correlation coefficient between the ratio of responses of subduction 
ground motion to crustal ground motion and the ratio of Arias Intensity of subduction 
ground motion to crustal ground motion for bilinear model with   3% and without 

P-Delta effects and R factor from 1.1 to 3.5: (a) damping energy; and (b) yielding 
energy. 
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5 CONCLUSIONS 

The main goal of this research is to investigate the effect of subduction zone 

earthquake ground motions on bridge structures. This goal is achieved by providing 

insight on the expected seismic demand parameters (including their uncertainty) as a 

function of various ground motion characteristics of subduction zone ground motions. 

This research can be seen as a first step towards providing basic information for 

adapting current codes and performance-based design guidelines that have been 

developed for crustal ground motions only.  

Typically, subduction zone ground motions are characterized by having a longer 

duration of strong shaking than the crustal motions. Thus, these are often also referred 

to as “long-duration” ground motions. The effects of duration are investigated by 

performing a large parametric study on three simple nonlinear single-degree of 

freedom (SDOF) models which are subjected to the 160 (80 x 2) ground motions and 

their seismic demands are estimated. Effects of P-Delta are also investigated. The 

simplified nonlinear SDOF models correspond to cantilever single-column bridge bents 

representative of new bridges in California and the Pacific Northwest. It is worth 

noting that the single degree of freedom is associated with a single dynamic degree of 

freedom, since only one mass (in one direction) is defined in each model. 

The three SDOF models analyzed are a bilinear model (elasto-plastic) with hardening, 

a “thin” Takeda model, and an isolated bridge model. For the elastoplastic and Takeda 

type models, the input parameters of this parametric analysis include: (i) R-factor (26 

levels); (ii) hardening ratio (4 levels); (iii) two earthquake types (80 Crustal 

earthquakes records, 80 Subduction zone earthquakes records); (iv) structural periods 

(3 levels); (v) P-Delta effect (2 levels). For the SDOF system with the isolation 

bearing, the input parameters are: (i) period of the bearing (3 levels); (ii) friction 
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coefficient (24 levels); (iii) two earthquake types (80 Crustal earthquakes records, 80 

Subduction zone earthquakes records); and (iv) P-Delta effect (2 levels). 

Comparative statistics of nonlinear response quantities of SDOF systems subjected to 

crustal earthquakes and subduction zone earthquakes are presented in terms of seismic 

capacity (normalized strength), and seismic demands (ductility factor, cumulative 

absolute inelastic displacement, number of inelastic excursions, ratio of damping 

energy and yielding energy). In addition, for the system with isolation bearings, the 

effect of the friction coefficient on the isolation bearing displacement, pier base shear, 

and deck accelerations are studied under these two earthquake types. Lastly, the linear 

correlation coefficient between the seismic demands and the ground motion intensity 

measures is presented. This large number of runs was only possible thourgh the use of 

the Open System for Earthquake Engineering Simulation (OpenSees) software in 

combination with a batch-queue system (HTCondor, Thain 2005).  

The main conclusions drawn from this study are summarized by SDOF model as 

follows.  

A. From analysis of the median and variability of the engineering demand 

parameters: 

1.	 For the bilinear model: 

a.	 In general, subduction ground motions cause larger ductility factors than 

crustal ground motions, especially for the case when P-Delta effects are 

considered. 

b.	 The higher the hardening ratio the steeper the median normalized 

strength and ductility factor curve, indicating that the ductility demands 

decrease as the hardening ratio increases. 
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c.	 Varying hardening ratios does not have a significant effect on the 

displacement demands for the crustal ground motions, while for 

subduction zone motions, even though the effect is still small, it is 

noticeable. 

d.	 The M-R binning performed for the subduction zone ground motions, 

showed that even for subduction zone ground motions, records obtained 

from sites that had a shorter source-to-site rupture distance produced 

larger ductility demands, which were enhanced for the case in which P-

Delta effects are considered. 

e.	 When global response includes softening (modeled herein by 

consideration of P-Delta effects), peak displacement ductilities have to 

be defined as a function of an allowable maximum displacement. In this 

study, the maximum displacement considered was the one for which the 

system would become unstable (i.e. when zero load condition was 

reached). 

f.	 The ratio of the number of inelastic excursions of the subduction to 

crustal ground motions is on average (for the range of R-factors 

analyzed) 1.60, for   0% without P-Delta effects, while the ratio for 

normalized cumulative absolute inelastic displacement is 1.26. 

g.	 If the P-Delta effect does not cause the system to soften, the ratio of 

responses of subduction ground motion to crustal ground motion 

normalized cumulative absolute inelastic displacement is not affected by 

the P-Delta effect. 

h.	 Hardening ratio and P-Delta effect have negligible effect on the median 

normalized cumulative absolute displacement. The normalized 

cumulative absolute inelastic displacement caused by subduction 
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earthquake is 1.55 (mean value) times the related crustal earthquake for 

the period of 0.25 second and approximately 1.3 times for 0.5 second. 

i.	 The hardening ratio has negligible effect on the relationship between 

ratio E / ( E  E )  of the subduction to crustal ground motions. Y Y D 

j.	 The ratio E / ( E  E ) of the subduction to crustal ground motions Y Y D 

increases with R-factor, but the uncertainty in its prediction reduces 

considerably. 

k.	 The effect of P-Delta on the ductily demands is very important and its 

effect varies with the increase in period. As expected, for bilinear model 

without P-Delta effect larger ductility demands for periods shorter than 

one second. For example, larger ductily demands are observed for the 

period of 0.25 seconds than for the period of 0.5 seconds. However, 

when the effects of P-Delta are accounted for this tendency inverts and 

the largest ductility demands are observed for the period of 0.5s for 

ductility factors greater than 2.5 to 3 (increases with hardening ratio). 

2.	 For the Takeda model: 

a.	 Different hardening ratios produce similar results (when compared to 

the bilinear model) on the relationship between normalized strength and 

ductility factor. 

b.	 P-Delta effects show negligible variation on the relationship between 

normalized strength and displacement demands. 

c.	 The median of ratio of E / ( E  E ) of subduction ground motions toY D Y 

crustal ground motions is 0.92 for period of 0.5 second, and for period 

of 0.25 second, the ratio is 1. 
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d.	 Subduction ground motions cause larger ductility factors than crustal 

ground motions, especially for the case when P-Delta effects are 

considered. 

3.	 For the model with isolation bearings 

a.	 The long-duration subduction zone ground motions tend to produce 

larger bearing displacements than the crustal motions. 

b.	 P-Delta effect has a negligible effect on the relationship between 

bearing displacement and friction coefficient.  

c.	 Optimum friction coefficient of the FPS for subduction and crustal 

ground motions is identical, i.e. this value is in the range of 0.05s to 

0.15s based on the criterion of minimization of bearing displacement. 

B. From the correlation study: 

1.	 The results with P-Delta effect show a lower correlation coefficient than the 

results without P-Delta between all response parameters and all ground motion 

intensity parameters considered, i.e. ratios of CAV, D5-95, and IA. 

2.	 For the bilinear model, 0% and 3% hardening ratio have same similar statistical 

correlation coefficient between all engineering response parameters and the 

ground motion intensity measures.  

3.	 On the plots for R = 3.5, the statistical correlation coefficient between the ratio 

of number of inelastic excursions and ratio of CAV is high (r >0.7) for cases 

with and without P-Delta. 

4.	 On the plots for R = 3.5, the statistical correlation coefficient between the ratio 

of CAV and ratio of  u / uy is medium (0.5< r <0.7) and it is not sensitive to p 

the P-Delta effects. 
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5.	 The ratio of damping energy is highly correlated with the ratio of CAV for the 

case 3% hardening ratio, but for the case with 0% hardening ratio, ED  has not 

strongly correlated. 

6.	 The ratio of yielding energy is not strongly correlated with the ratio of CAV for 

all cases except the 0% hardening ratio without P-Delta effect case, which is 

strongly correlated. 

7.	 On the plots for R = 3.5, the statistical correlation coefficient, r, between the 

ratio of number of inelastic excursions and ratio of D5-95 is high (r > 0.7) for the 

cases without P-Delta effect and it is low (r <0.5) for cases in which the P-Delta 

effect are considered.  

8.	 Statistical correlation coefficient between the ratio of  u / uy and ratio of D5p 

95 is low (r <0.5) for the cases with and without P-Delta effect. 

9.	 The ratio of damping energy is highly correlated with the ratio of D5-95 and 

similar correlation structure is observed for both cases with and without P-Delta 

effects. 

10. Statistical correlation coefficient between ratio of yielding energy and ratio of 

D5-95 is low (r <0.5) for the cases with and without P-Delta effect. 

11. On the plots for R = 3.5, the statistical correlation coefficient for ratio of 

number of inelastic excursions and ratio of Arias Intensity (IA) is medium (0.5< 

r <0.7) for the cases with and without P-Delta effect. 

12. The ratio of  / uy is not strongly correlated with the ratio of IA for the up 

cases with and without P-Delta effect. 

13. The ratio of damping energy is highly correlated with ratio of IA for the case 

without P-Delta, but for 0% hardening ratio, this is not the case. 
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14. The ratio of yielding energy is not strongly correlated with the ratio of CAV. 

This is observed for case with and withour P-Delta effect and varying 

hardening ratios. 

This study, like any other study has limitations. It must be emphasized that this 

study focuses only on three short periods, so further work is needed in a follow-up 

study that considered longer periods. Different structural behaviors can also be 

investigated using other hysteretic models subjected to the long-duration ground 

motions. The methodology used herein to study the relationship between other 

seismic demand parameters and other ground motion intensity measures can be 

though. At last, based on extensions of the work presented in this thesis, code and 

Performance-based Earthquake Engineering guidelines can be improved based 

these preliminary results.  

Page 121 of 156 



 

        

  

 

 

Page 122 of 156 




 

        

 

 

 

 

BIBLIOGRAPHY 

Akkar, S., and Bommer, J. J. (2006). “Influence of long-period filter cut-off on elastic 

spectral displacements.” Earthquake Engineering & Structural Dynamics, 
35(9), 1145–1165. 

Akkar, S., Kale, O., Yenier, E., and Bommer, J. J. (2011). “The high-frequency limit of 
usable response spectral ordinates from filtered analogue and digital strong-
motion accelerograms.” 40(12), 1387–1401. 

Arias, A. (1970). “A measure of earthquake intensity.” Seismic design for nuclear 
power plants, R.J.Hansen, Cambridge, MA: MIT Press, 438–483. 

Atkinson, G. M., and Boore, D. M. (2003). “Empirical ground-motion relations for 
subduction-zone earthquakes and their application to Cascadia and other 
regions.” Bulletin of the Seismological Society of America, 93(4), 1703–1729. 

Atwater, B. F. (2005). The orphan tsunami of 1700: Japanese clues to a parent 
earthquake in North America. US Geological Survey. 

Baez, J. I., and Miranda, E. (2000). “Amplification factors to estimate inelastic 
displacement demands for the design of structures in the near field.” 
Proceedings of the 12th World Conference on Earthquake Engineering. 

Baker, J. W. (2011). “Conditional mean spectrum: Tool for ground-motion selection.” 
Journal of Structural Engineering, 137(3), 322–331. 

Blandon, C. A. (2004). “Equivalent viscous damping equations for direct displacement 
based design.” MSc thesis, ROSE School, Pavia Italy. 

Blandon, C. A., and Priestley, M. J. N. (2005). “Equivalent viscous damping equations 
for direct displacement based design.” Journal of Earthquake Engineering, 
9(sup2), 257–278. 

Bommer, J. J., and Acevedo, A. B. (2004). “The use of real earthquake accelerograms 
as input to dynamic analysis.” Journal of Earthquake Engineering, 8(sup001), 
43–91. 

Bommer, J. J., and Martinez-Pereira, A. (2000). “Strong-motion parameters: definition, 
usefulness and predictability.” 12th World Conference on Earthquake 
Engineering, Auckland, 127–172. 

Boore, D. (2005). “Long-period ground motions from digital acceleration recordings: 
A new era in engineering seismology.” Directions in Strong Motion 
Instrumentation, 41–54. 

Boore, D. M., and Bommer, J. J. (2005). “Processing of strong-motion accelerograms: 
needs, options and consequences.” Soil Dynamics and Earthquake Engineering, 
25(2), 93–115. 

Boroschek, R., Contreras, V., Kwak, D. Y., and Stewart,  jonathan. (2012). “Strong 
ground motion attributes of the 2010 Mw8.8 Maule, Chile Earthquake.” 
Earthquake Spectra, 28(S1), 19–38. 

Boroschek, R., Soto, P., and Leon, R. (2012). “Center for engineering strong motion 
data (CESMD).” Center for Engineering Strong Motion Data, 
<http://www.strongmotioncenter.org/> (Mar. 3, 2013). 

Page 123 of 156 

http:http://www.strongmotioncenter.org


 

        

 

 

 

 

 

 

Castellanos, F., and Ordaz, M. (2013). “Damage severity estimation of an elastoplastic 
single-degree-of-freedom oscillator from its ground and response 
accelerations.” Structural Control and Health Monitoring, n/a–n/a. 

Chopra, A. K. (2012). Dynamics of sructures: Theory and applications to earthquakes 
engineering. Pearson Education, INc., Prentice Hall, Englewood Cliffs, N.J. 

Chopra, A. K., and Chintanapakdee, C. (2004). “Inelastic deformation ratios for design 
and evaluation of structures: Single-degree-of-freedom bilinear systems.” 
Journal of structural engineering, 130(9), 1309–1319. 

Cortez-Flores, A. M. (2004). “Site response of the 2001 Southern Peru earthquake.” 
Washington State University. 

Cosenza, E., and Manfredi, G. (2000). “Damage indices and damage measures.” 
Progress in Structural Engineering and Materials, 2(1), 50–59. 

COSMOS Strong-Motion Virtual Data Center. (2012). “COSMOS strong-motion 
virtual data center.” Consortium of Organizations for Strong Motion 
Obsevation Systems, <http://www.cosmos-eq.org/VDC/index.html> (Mar. 3, 
2013). 

Dusseau, R. A., and Dubaisi, H. N. (1993). “Natural frequencies of concrete bridges in 
the Pacific Northwest.” Transportation Research Record, (1393). 

Foschaar, J. C., Baker, J. W., and Deierlein, G. G. (2012). “Preliminary assessment of 
ground motion duration effects on structural collapse.” Proceedings of 15th 
World Conference on Earthquake Engineering, Lisbon, Portugal, 10p. 

Furukawa, T., Ito, M., Izawa, K., and Noori, M. N. (2005). “System identification of 
base-isolated building using seismic response data.” Journal of engineering 
mechanics, 131(3), 268–275. 

Goldfinger, C., Hans Nelson, C., Morey, A. E., Johnson, J. E., Patton, J. R., 
Karabanov, E., Gutierrez-Pastor, J., Eriksson, A. T., Gracia, E., Dunhill, G., 
Enkin, R. J., Dallimore, A., and Vallier, T. (2012). Turbidite event history— 
Methods and implications for Holocene paleoseismicity of the Cascadia 
subduction zone: U.S. Geological Survey Professional Paper 1661–F. 170 p. 

Gomase, O., and Bakre, S. (2011). “Performance of non-linear elastomeric base-
isolated building structure.” International Journal of Civil and Structural 
Engineering, 2(1), 280–291. 

Gulkan, P., and Sozen, M. A. (1977). “Inelastic responses of reinforced concrete 
structures to earthquake motions.” ACI Journal, 53, 109–116. 

Hanks, T. C. (1975). “Strong ground motion of the San Fernando, California, 
earthquake: Ground displacements.” Bulletin of the Seismological Society of 
America, 65(1), 193–225. 

Haque, M. N., Bhuiyan, A. R., and Alam, M. J. (2010). “Seismic response analysis of 
base isolated highway bridge: Effectiveness of using laminated rubber 
bearings.” IABSE-JSCE Joint Conference on Advances in Bridge Engineering-
II, 336. 

Hatzigeorgiou, G. D., and Beskos, D. E. (2009). “Inelastic displacement ratios for 
SDOF structures subjected to repeated earthquakes.” Engineering Structures, 
31(11), 2744–2755. 

Page 124 of 156 

http://www.cosmos-eq.org/VDC/index.html


 

        

  

 

 

 

 
 

Heaton, T. H., and Kanamori, H. (1984). “Seismic potential associated with subduction 
in the northwestern United States.” Bulletin of the Seismological Society of 
America, 74(3), 933–941. 

Husid, L. R. (1969). Caracteristicas de Terremotos. Analisis Gneral, Revista del 
IDIEM 8, Santiago de Chile, 21–42. 

Iervolino, I., Manfredi, G., and Cosenza, E. (2006). “Ground motion duration effects 
on nonlinear seismic response.” Earthquake Engineering & Structural 
Dynamics, 35(1), 21–38. 

Iwata, S., Iemura, H., Aoki, T., Sugiyama, K., and Uno, Y. (2000). “Hybrid earthquake 
loading test (pseudo-dynamic test) of bi-directional base isolation bearing for a 
large pedestrian bridge.” Proc. of 12 th World Conference on Earthquake 
Engineering. 

Jangid, R. S. (2005). “Optimum friction pendulum system for near-fault motions.” 
Engineering Structures, 27(3), 349–359. 

Kowalsky, M. J. (1994). “Displacement-based design - A methodology for seismic 
design applied to RC bridge columns.” MSc thesis, University of California at 
San Diego, La Jolla, California. 

Kunde, M. C., and Jangid, R. S. (2003). “Seismic behavior of isolated bridges: a-state
of-the-art review.” Electronic Journal of Structural Engineering, 3(2), 140– 
169. 

Lee, J. (2009). “Engineering characterization of earthquake ground motions.” 
University of Michigan. 

Luca, F. D., Chioccarelli, E., and Iervolino, I. (2011). Preliminary study of the 2011 
Japan earthquake ground motion record. Dipartimento di Ingegneria 
Strutturale, Università di Napoli Federico II., Italy, p.12. 

Manfredi, G. (2001). “Evaluation of seismic energy demand.” 30(4), 485–499. 
MATLAB. (2012). MATLAB and Statistics Toolbox Release 2012b. The MathWorks, 

Natick, Massachusetts, United States. 
Miranda, E. (1993). “Evaluation of site-dependent inelastic seismic design spectra.” 

Journal of Structural Engineering, 119(5), 1319–1338. 
Miranda, E. (2000). “Inelastic displacement ratios for structures on firm sites.” Journal 

of Structural Engineering, 126(10), 1150–1159. 
Moaveni, B., Barbosa, A. R., Panagiotou, M., Conte, J. P., and Restrepo, J. I. (2009). 

“Uncertainty analysis of identified damping ratios in nonlinear dynamic 
systems.” 

Nassar, A., and Krawinkler, H. (1991). “Seismic demands for SDOF and MDOF 
Systems.” Stanford Universtiy, California. 

Newmark, N. M., and Hall, W. J. (1982). Earthquake spectra and design. Earthquake 
Engineering Research Center, University of California, Berkeley, California. 

OpenSees. (2012). Open Systems for Eathquake Engineering Simulation. Pacific 
Earthquake Engineering Research Center, University of California, Berkeley, 
California. 

Otani, S. (1980). “Nonlinear dynamic analysis of reinforced concrete building 
structures.” Canadian Journal of Civil Engineering, 7, 333–344. 

Page 125 of 156 



 

        

 

 

 
 

 

PEER. (2010). Technical report for the PEER ground motion database web 
application. 16. 

PEER. (2011). Users manual for the PEER ground motion database web application. 
Pacific earthquake engineering research center. 

Peruvian Institute of Geophysics. (2008). “Peruvian Institute of Geophysics.” 
<ftp://ftp.ecn.purdue.edu/spujol/Mason/Records/Peru/2001/> (Mar. 3, 2013). 

Reed, J. W., and Kassawara, R. P. (1990). “A criterion for determining exceedance of 
the operating basis earthquake.” 123(2-3), 387–396. 

Reinoso, E., Ordaz, M., and Guerrero, R. (2000). “Influence of strong ground-motion 
duration in seismic design of structures.” 12th World Conference on 
Earthquake Engineering. 

De Risi, R., Di Sarno, L., Della Corte, G., Paolacci, F., Marioni, A., and Taucer, F. 
(2012). “Seismic analysis and retrofitting of an existing RC highway bridge 
Part II: Analysis of the isolated bridge.” XIV Convegno ANIDIS, Bari, Italy, 18– 
22. 

Roy, N., Paultre, P., and Proulx, J. (2010). “Performance-based seismic retrofit of a 
bridge bent: Design and experimental validation.” Canadian Journal of Civil 
Engineering, 37(3), 367–379. 

Ruiz-García, J., and Miranda, E. (2003). “Inelastic displacement ratios for evaluation 
of existing structures.” Earthquake engineering & structural dynamics, 32(8), 
1237–1258. 

Sharma, A., and Jangid, R. S. (2009). “Behaviour of base-isolated structures with high 
initial isolator stiffness.” Int. J. Appl. Sci. Eng. Technol, 5(3), 199–204. 

Strong-motion Seismograph Networks (K-NET,KiK-net). (2012). “Strong-motion 
seismograph networks (K-NET,KiK-net).” National Research Institute for 
Earth Science and Disaster Prevention, <http://www.k-net.bosai.go.jp/> (Mar. 
3, 2013). 

Taflampas, I. M., Spyrakos, C. C., and maniatakis, C. A. (2008). “A new definition of 
strong motion duration and related parameters affecting the response of 
medium-long period structures.” The 14th World Conference on Earthquake 
Engineering, Beijing, China. 

Takeda, T., Sozen, M. A., and Nielsen, N. N. (1970). “Reinforced concrete response to 
simulated earthquakes.” Journal of Structural Division, 96(12), 2557–2573. 

Thain, D., Tannenbaum, T., and Livny, M. (2005). “Distributed computing in practice: 
the condor experience.” Concurrency Practice and Experience, 17(2-4), 323– 
356. 

USGS. (2010). “Global Vs30 Map Server.” Predefined Vs30 Mapping, Online Seismic 
Analysis Tools (Apr. 13, 2013). 

Wang, Y., Chung, L., and Wei, H. (1998). “Seismic response analysis of bridges 
isolated with friction pendulum bearings.” Earthquake Engineering & 
Structural Dynamics, (27), 1069–1093. 

Wataru, G., MOTOHI, T., SUGIMURA, Y., NAGASHIMA, S., TOYOTA, K., 
SUZUKI, M., and SAITO, K. (2012). Evaluation of earthquake response of 
high-rise building with dampers in Sendai during the 2011 off the Pacific Coast 

Page 126 of 156 

http:http://www.k-net.bosai.go.jp
ftp://ftp.ecn.purdue.edu/spujol/Mason/Records/Peru/2001


 

        

 

of Tohoku Earthquake. the International Symposium on Engineering Lessons 
from the 2011 Great East japan Earthquake, Kenchiku-kaikan, Japan, 1077– 
1086. 

Xie, K. Z., Lin, H. Y., and Yang, S. S. (2010). “Collapse-mechanism of concrete Filled 
Steel tube arch bridge during strong earthquake.” Mechanic Automation and 
Control Engineering (MACE), 2010 International Conference on, IEEE, 
Wuhan, China, 977–981. 

Zhang, J., and Huo, Y. (2008). “Optimum isolation design for highway bridges using 
fragility function method.” Proceedings of 14th World Conference on 
Earthquake Engineering. 

Page 127 of 156 



 

        

    

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

APPENDIX 

EARTHQUAKE GROUND MOTION RECORDS 

Several sets of subduction and crustal earthquake ground motions were used for 

various purposes in this thesis. The record properties are given in the tables below. 
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Table A-1 “HMLR” Subduction earthquake ground motion records information  

# 
Earthquake 

Name Date Record Site location Latitude. Longitude. 
Angle 

clockwise 

1 
Tohuku 

Earthquake 3/11/2011 
MYG004 

Ewp TSUKIDATE 38.7324 141.0271 0 

2 
Tohuku 

Earthquake 3/11/2011 
CHB007 

EWp SAKURA 35.7234 140.2267 0 

3 
Tohuku 

Earthquake 3/11/2011 
TKY007 

NSp SHINJUKU 35.7107 139.6859 0 

4 
Tohuku 

Earthquake 3/11/2011 
MYG013 

_NSp SENDAI 38.2663 140.9293 0 

5 
Tohuku 

Earthquake 3/11/2011 
FKSH10 

EWp NISHIGOU 37.1616 140.093 0 

6 
Tohuku 

Earthquake 3/11/2011 
IWT010 

NSp ICHINOSEKI 38.9346 141.1263 0 

7 
Tohuku 

Earthquake 3/11/2011 
TCGH16 

EW1p HAGA 36.548 140.0751 0 

8 
Tohuku 

Earthquake 3/11/2011 
CHB009_ 

EWp CHIBA 35.6082 140.1022 0 

9 
Tohuku 

Earthquake 3/11/2011 
FKSH12_ 

EW HIRATA 37.2169 140.5703 0 

10 
Tohuku 

Earthquake 3/11/2011 
FKSH12_ 

NS HIRATA 37.2169 140.5703 0 

11 
Tohuku 

Earthquake 3/11/2011 
TCGH13 

_NS BATOU 36.7342 140.1781 0 

12 
Tohuku 

Earthquake 3/11/2011 
TCGH13 

_EW BATOU 36.7342 140.1781 0 

13 
Maule 

Earthquake 2/27/2010 PapudoL PAPUDO -32.5069 -71.4483 0 

14 
Southern Peru 

Earthquake 6/23/2010 
Moquegu 

a_EW MOQUEGUA 17.1957 
-

70.9363 0 

15 
Southern Peru 

Earthquake 6/23/2010 
Moquegu 

a_NS MOQUEGUA 
-

17.1957 
-

70.9363 0 

16 
Southern Peru 

Earthquake 6/23/2010 ACA_NS 
ARICA 
CASA -18.4816 -70.3085 0 

17 
Southern Peru 

Earthquake 6/23/2010 
ACO_E 

W 
ARICA 

COSTANEA -18.4738 -70.3134 0 

18 
Southern Peru 

Earthquake 6/23/2010 ACO_NS 
ARICA 

COSTANEA -18.4738 -70.3134 0 

19 
Southern Peru 

Earthquake 6/23/2010 POC_EW 
POCONCHIL 

E -18.4562 -70.0669 0 

20 
Southern Peru 

Earthquake 6/23/2010 POC_NS 
POCONCHIL 

E -18.4562 -70.0669 0 
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Table A-2 “HMSR” Subduction earthquake ground motion records information  

# 
Earthquake 

Name Date Record 
Site 

location Latitude. Longitude. 
Angle 

clockwise 

1 
Maule 

Earthquake 2/27/2010 AngolEW ANGOL -37.7945 -72.7056 0 

2 
Maule 

Earthquake 2/27/2010 AngolNS ANGOL -37.7945 -72.7056 0 

3 
Maule 

Earthquake 2/27/2010 
Concepci 

onL 
CONCEPCI 

ON -36.8281 -73.0483 0 

4 
Maule 

Earthquake 2/27/2010 
Concepci 

onT 
CONCEPCI 

ON -36.8189 -73.0503 0 

5 
Maule 

Earthquake 2/27/2010 
Constituc 

ionL 
CONSTITU 

CION -35.3401 -72.4057 0 

6 
Maule 

Earthquake 2/27/2010 
Constituc 

ionT 
CONSTITU 

CION -35.3401 -72.4057 0 

7 
Maule 

Earthquake 2/27/2010 
CuricoE 

W CURICO -34.9897 -71.2361 0 

8 
Maule 

Earthquake 2/27/2010 CuricoNS CURICO -34.9897 -71.2361 0 

9 
Maule 

Earthquake 2/27/2010 HualaneL HUALANE -34.9765 -71.8053 0 

10 
Maule 

Earthquake 2/27/2010 
Stgocentr 

oL 
SANTIAG 

O CENTRO -33.5358 -70.5617 0 

11 
Maule 

Earthquake 2/27/2010 
Stgocentr 

oT 
SANTIAG 

O CENTRO -33.5358 -70.5617 0 

12 
Maule 

Earthquake 2/27/2010 
Valparais 

oL 
VALPARA 

ISOl -33.0346 -71.5956 0 

13 
Maule 

Earthquake 2/27/2010 
Vinaelsalt 

oEW 
VINA DEL 

MAR -33.0253 -71.5529 0 

14 
Maule 

Earthquake 2/27/2010 
Vinaelsalt 

oNS 
VINA DEL 

MAR -33.0253 -71.5529 0 

15 
Maule 

Earthquake 2/27/2010 LlolleoL LLOLLEO -33.6164 -71.6111 0 

16 
Maule 

Earthquake 2/27/2010 TalcaT TALCA -35.4299 -71.6649 0 

17 
Tohuku 

Earthquake 3/11/2011 
FKSH19 

EWp MIYAKOJI 37.4703 140.7227 0 

18 
Tohuku 

Earthquake 3/11/2011 
MYGH10 

NSp 
YAMAMO 

TO 37.9411 140.8924 0 

19 
Tohuku 

Earthquake 3/11/2011 
MYG012 

_EW 
SHIOGAM 

A 38.3175 141.0193 0 

20 
Tohuku 

Earthquake 3/11/2011 
MYG012 

_NS 
SHIOGAM 

A 38.3175 141.0193 0 
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Table A-3 “LMSR” Subduction earthquake ground motion records information  

# 
Earthquake 

Name Date Record Site location Latitude. Longitude. 

Angle 
clock 
wise 

1 
Japan 

Earthquake 6/02/1996 
KGS034 

EW CHINA 27.5 128.5 0 

2 
Japan 

Earthquake 6/02/1996 
KGS034 

NS CHINA 27.5 128.5 0 

3 
Japan 

Earthquake 6/02/1996 
KGS033 

EW ISEN 27.5 128.5 0 

4 
Japan 

Earthquake 6/02/1996 
KGS033 

NS ISEN 27.5 128.5 0 

5 
Japan 

Earthquake 6/02/1996 
KGS035 

EW YORON 27.5 128.5 0 

6 
Japan 

Earthquake 6/02/1996 
KGS035 

NS YORON 27.5 128.5 0 

7 
Japan 

Earthquake 1/18/1997 
KGS030 

EW KASARI 28.9 129.9 0 

8 
Japan 

Earthquake 1/18/1997 
KGS030 

NS KASARI 28.9 129.9 0 

9 
Japan 

Earthquake 2/20/1997 
HKD111 

EW ERIMO 41.8 142.9 0 

10 
Japan 

Earthquake 2/20/1997 
HKD111 

NS ERIMO 41.8 142.9 0 

11 
St Elias, Alaska 

Earthquake 2/28/1972 
Icy 

Bay_EW ICY BAY 59.9680 -141.6430 0 

12 
St Elias, Alaska 

Earthquake 2/28/1972 
Icy 

Bay_NS ICY BAY 59.9680 -141.6430 0 

13 

Chi-Chi, 
Taiwan 

Earthquake 9/20/1999 
chichi_E 

W CWB ALS 23.5103 120.8052 0 

14 

Chi-Chi, 
Taiwan 

Earthquake 9/20/1999 
chichi_N 

S CWB ALS 23.5103 120.8052 0 

15 
Chile 

Earthquake 3/03/1985 
CC06_20 

0 LALIGUA -33.11 -71.62 0 

16 
Chile 

Earthquake 3/03/1985 
CC06_29 

0 LALIGUA -33.11 -71.62 0 

17 
Chile 

Earthquake 3/03/1985 CC09_70 
VALPARAI 
SO, U.F.S.M -33.0346 -71.5956 0 

18 
Chile 

Earthquake 3/03/1985 
CC09_16 

0 
VALPARAI 
SO, U.F.S.M -33.0346 -71.5956 0 

19 
Chile 

Earthquake 3/03/1985 CC12_80 
SAN 

FELIPE 32.75 70.73 0 

20 
Chile 

Earthquake 3/03/1985 
CC12_17 

0 
SAN 

FELIPE 32.75 70.73 0 
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Table A-4 “LMLR” Subduction earthquake ground motion records information for  

# 
Earthquake 

Name Date Record 
Site 

location Latitude. Longitude. 
Angle 

clockwise 

1 
Japan 

Earthquake 1/18/1997 
KGS031 

EW YAMATO 28.9 129.9 0 

2 
Japan 

Earthquake 1/18/1997 
KGS031 

NS YAMATO 28.9 129.9 0 

3 
Japan 

Earthquake 1/18/1997 
KGS032 

EW SETOUCHI 28.9 129.9 0 

4 
Japan 

Earthquake 1/18/1997 
KGS032 

NS SETOUCHI 28.9 129.9 0 

5 
Japan 

Earthquake 2/20/1997 
HKD100 

EW HIROO 41.8 142.9 0 

6 
Japan 

Earthquake 2/20/1997 
HKD100 

NS HIROO 41.8 142.9 0 

7 
Japan 

Earthquake 2/20/1997 
HKD106 

EW SHIZUNAI 41.8 142.9 0 

8 
Japan 

Earthquake 2/20/1997 
HKD106 

NS SHIZUNAI 41.8 142.9 0 

9 
Japan 

Earthquake 2/20/1997 
HKD098 

NS TAIKI 41.8 142.9 0 

10 
Japan 

Earthquake 2/20/1997 
HKD098 

EW TAIKI 41.8 142.9 0 

11 
St Elias, Alaska 

Earthquake 2/28/1972 
Yakutat_ 

09 Yakutat 59.5430 -139.7260 0 

12 
St Elias, Alaska 

Earthquake 2/28/1972 
Yakutat_ 

279 Yakutat 59.5430 -139.7260 0 

13 
Chile 

Earthquake 4/09/1985 
CC01_N 

S 
SANTIAG 

O -34.13 -71.62 0 

14 
Chile 

Earthquake 4/09/1985 
CC01_E 

W 
SANTIAG 

O -34.13 -71.62 0 

15 
Chile 

Earthquake 4/09/1985 
CC10_N 

S 
VENTANA 

S -34.13 -71.62 0 

16 
Chile 

Earthquake 4/09/1985 
CC10_E 

W 
VENTANA 

S -34.13 -71.62 0 

17 
Chile 

Earthquake 4/09/1985 
CC25_E 

W 

SAN 
FERNAND 

O 34.6 71 0 

18 
Chile 

Earthquake 4/09/1985 
CC25_N 

S 

SAN 
FERNAND 

O 34.6 71 0 

19 
Chile 

Earthquake 4/09/1985 
CC26_E 

W ILOCA -34.13 -71.62 0 

20 
Chile 

Earthquake 4/09/1985 
CC26_N 

S ILOCA -34.13 -71.62 0 
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Table A-5 “HMLR” Crustal earthquake ground motion records information  

# 
Earthquake 

Event Date Record Site location Latitude. Longitude. 

Angle 
clock 
wise 

1 
Imperial 

Valley-06 10/15/1979 
SHP189p/F 

P 
SAHOP Casa 

Flores 32.6180 -115.4360 53 

2 
Duzce, 
Turkey 11/12/1999 

DUZCE37 
5p/FP Lamont 375 40.7430 30.8760 262.7 

3 
Chi-Chi, 

Taiwan-04 9/20/1999 
CHY028p/ 

FN 
Coyote Lake 

Dam (SW Abut) 37.1180 -121.5500 -47 

4 Morgan Hill 8/6/1984 
MORGAN 

451p/FP 
Sitka 

Observatory 57.0600 -135.3200 257 

5 
Sitka, 
Alaska 7/30/1972 

SITKA162 
6p/FP Cerro Prieto 32.4210 -115.3010 3 

6 
Victoria, 
Mexico 6/9/1980 

VICT265p/ 
FP Benton 37.8180 -118.4750 -122 

7 
Chalfant 

Valley-02 7/21/1986 
Chalfantp/ 

FP CHY046 23.4765 120.4632 330 

8 
Chi-Chi, 

Taiwan-04 9/20/1999 
CHY046p/ 

FP Nishi-Akashi 34.6640 134.9640 230 
9 Kobe, Japan 1/06/1995 Kobe_FN Gilroy Array #6 37.0260 -121.4840 106 

10 Coyote Lake 8/06/1979 
COYOTEL 

K_FP 
Coyote Lake 

Dam (SW Abut) 37.1180 -121.5500 -47 

11 
Denali, 
Alaska 11/03/2002 

DENALI_ 
FN Carlo (temp) 63.5514 -148.8093 268 

12 
Denali, 
Alaska 11/03/2002 

DENALI21 
11_FN R109 (temp) 63.3953 -148.6468 268 

13 Coyote Lake 8/06/1979 
COYOTEL 
K145_FP 

Coyote Lake 
Dam(SWAbut) 37.1180 121.5500 176 

14 
Chi-Chi, 

Taiwan-04 9/20/1999 
CHY074_F 

N CHY074 23.5103 120.8052 330 

15 
San 

Salvador 10/10/1986 SALV_FP 
Geotech Investig 

Center 13.7000 -89.1750 -58 

16 
Mammoth 
Lakes-06 05/27/1980 

Mammoth_ 
FN 

Long Valley 
Dam (Upr L 

Abut) 37.5880 -118.7050 22 

17 Morgan Hill 04/24/1984 
Morgan_F 

P 
Anderson Dam 
(Downstream) 37.1660 -121.6280 -102 

18 Landers 6/28/1992 Joshua_FP Joshua Tree 34.1300 116.3140 357.5 

19 
Chi-Chi, 

Taiwan-04 9/20/1999 
CHY035_F 

N CHY035 23.5200 120.5840 330 

20 Parkfield 6/28/1966 PARK_FP 
Temblor pre

1969 35.7100 120.1700- -64 
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Table A-6 “HMSR” Crustal earthquake ground motion records information  

# 
Earthquake 

Name Date Record Site location Latitude. Longitude. 

Angle 
clock 
wise 

1 Duzce, Turkey 11/12/1999 
DUZCE1 
059p/FN Lamont  1059 40.7450 30.8720 262.7 

2 
Kocaeli, 
Turkey 8/17/1999 

KOCAEL 
I1162p/F 

N Goynuk 40.3960 30.7830 283.7 

3 
Baja 

California 2/02/1987 CPE_FP Cerro Prieto 32.4210 -115.3010 -49 
4 Hector Mine 10/16/1999 HEC_FN Hector 34.8294 -116.3350 346 

5 
Imperial 

Valley-06 10/15/1979 BCR_FN Bonds Corner 32.6932 -115.3380 183 

6 Big Bear-01 6/28/1992 BLC_FN 
Big Bear Lake 
- Civic Center 34.2380 -116.9350 -215 

7 
Erzican, 
Turkey 3/13/1992 ERZ_FN Erzincan 39.7500 39.5000 122 

8 
Superstition 

Hills-02 11/24/1987 ICC_FP 
El Centro 

Imp. Co. Cent 32.7930 -115.5620 127 

9 
Superstition 

Hills-02 11/24/1987 SUP_FP 
Superstition 
Mtn Camera 32.9550 -115.8250 82 

10 Kobe, Japan 1/06/1995 KJM_FP KJMA 34.6833 135.1800 230 

11 
Kocaeli, 
Turkey() 8/17/1999 ARC_FP Arcelik 40.8236 29.3607 273.8 

12 Duzce, Turkey 11/12/1999 
DUZCE1 
061_FN Lamont 1061 40.7200 30.7920 262.7 

13 
Chi-Chi, 

Taiwan-04 9/20/1999 
TCU116_ 

FN TCU116 23.8568 120.5803 330 

14 Coyote Lake 8/06/1979 

COYOTE 
LK_G02_ 

FP 
Gilroy Array 

#2 36.9820 -121.5560 286 

15 Parkfield 6/28/1966 
PARK_C 

05_FP 

Cholame - 
Shandon 
Array #5 35.6970 -120.3280 146.1 

16 Morgan Hill 8/6/1984 

MORGA 
N_G01_F 

P 
Gilroy Array 

#1 36.9730 -121.5720 -82 

17 Westmorland 3/11/1981 WSM_FP 
Westmorland 

Fire Sta 33.0370 -115.6230 -26 

18 
Chalfant 

Valley-02 7/21/1986 ZAK_FP 
Zack Brothers 

Ranch 37.6620 -118.3980 -122 
19 Morgan Hill 8/6/1984 HVR_FN Halls Valley 37.3380 -121.7140 -2 

20 Morgan Hill 8/6/1984 

MORGA 
N_G06_F 

N 
Gilroy Array 

#6 37.0260 -121.4840 148 

Page 134 of 156 



 

        

 

 

  

 

 
 

  

   

  
 

 

  

 

   

   

 

   

      

 

  

  

  

 
 

Table A-7 “LMSR” Crustal earthquake ground motion records information  

# 
Earthquake 

Name Date Record Site location Latitude. 
Longitude 

. 

Angle 
clock 
wise 

1 
 Big Bear-01 6/28/1992 

BigBear_RC 
D_FP 

Rancho 
Cucamonga - 

Deer Can 34.1690 -117.5790 -35 

2 Morgan Hill 8/6/1984 
MORGAN_L 

OB_FN 
UCSC Lick 
Observatory 37.0010 -122.0600 188 

3 Big Bear-01 6/28/1992 
BigBear_SAF 

_FP 
Sage - Fire 

Station 33.5800 -116.9310 -35 

4 
Chi-Chi, 

Taiwan-04 9/20/1999 CHY062_FN CHY062 23.1213 120.4500 330 

5 Big Bear-01 6/28/1992 
BigBear_SVP 

_FN 
Silent Valley 
- Poppet Flat 33.8510 -116.8520 55 

6 Big Bear-01 6/28/1992 
BigBear_PPC 

_FP 
Pear Blossom 
- Pallet Creek 34.4580 -117.9090 -35 

7 
Chi-Chi, 

Taiwan-04 9/20/1999 TTN041_FP TTN041 23.1342 121.1177 60 

8 

Nenana 
Mountain, 

Alaska 
10/23/200 

2 
NENANA05 

93_FN 

Fairbanks - 
Geophysic. 
Obs, CIGO 64.8730 -147.8620 263 

9 
Chi-Chi, 

Taiwan-04 9/20/1999 HWA032_FN HWA032 23.7108 121.4120 330 

10 
Chi-Chi, 

Taiwan-04 9/20/1999 HWA024_FP HWA024 23.3522 121.2970 330 

11 Westmorland 3/11/1981 
WESTMORL 

_SUP_FP 
Superstition 
Mtn Camera 32.9550 -115.8250 19 

12 Coyote Lake 8/06/1979 
COYOTELK 

_SJ3_FP 

SJB 
Overpass, 
Bent 3 g.l. 36.8620 -121.5780 359 

13 
Chi-Chi, 

Taiwan-04 9/20/1999 KAU054_FP KAU054 23.2777 120.7128 330 

14 Livermore-01 1/24/1980 A3E_FP 

APEEL 3E 
Hayward 
CSUH 37.6570 -122.0610 21 

15 Duzce, Turkey 
11/12/199 

9 
DUZCE531_ 

FP Lamont 531 -33.11 -71.62 262.7 

16 
Chi-Chi, 

Taiwan-04 3/03/1985 TCU089_FP TCU089 -33.11 -71.62 330 

17 Coyote Lake 8/06/1979 
COYOTELK 

_G01_FN 
Gilroy Array 

#1 -33.0346 -71.5956 106 

18 Coyote Lake 8/06/1979 
COYOTELK 

_G01_FP 
Gilroy Array 

#1 -33.0346 -71.5956 106 

19 Duzce, Turkey 
11/12/199 

9 
DUZCE105_ 

FN Lamont 1058 40.7550 31.0150 262.7 

20 
Chi-Chi, 

Taiwan-04 9/20/1999 CHY087_FN CHY087 23.3845 120.5190 330 
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Table A-8 “LMLR” Crustal earthquake ground motion records information  

# 
Earthquake 

Name Date Record Site location Latitude. Longitude. 

Angle 
clock 
wise 

1 
Chi-Chi, 

Taiwan-04 9/20/1999 
TTN046_ 

FP TTN046 22.9658 121.2320 60 

2 
Chi-Chi, 

Taiwan-04 9/20/1999 
KAU078 

_FP KAU078 22.7112 120.6412 330 

3 
Chi-Chi, 

Taiwan-04 9/20/1999 
KAU077 

_FP KAU077 22.7470 120.7233 330 

4 
Chi-Chi, 

Taiwan-04 9/20/1999 
HWA058 

_FN HWA058 23.9672 121.4840 330 

5 
Chi-Chi, 

Taiwan-04 9/20/1999 
KUA069 

_FN KAU069 22.8873 120.6567 330 

6 
Chi-Chi, 

Taiwan-04 9/20/1999 
HWA006 

_FP HWA006 23.6732 121.4173 60 

7 
Chi-Chi, 

Taiwan-04 9/20/1999 
HWA044 

_FP HWA044 23.6538 121.5268 330 

8 
Chi-Chi, 

Taiwan-04 9/20/1999 
TTN032_ 

FP TTN032 23.2462 121.4055 330 

9 
Chi-Chi, 

Taiwan-04 9/20/1999 
KAU001 

_FP KAU001 23.1618 120.6355 60 

10 
Chi-Chi, 

Taiwan-04 9/20/1999 
HWA038 

_FP HWA038 23.4615 121.3445 330 

11 Big Bear-01 6/28/1992 
BigBear_ 
HSS_FP 

Hemet Fire 
Station 33.7290 -116.9790 55 

12 Big Bear-01 6/28/1992 
BigBear_ 
PSA_FN 

Palm Springs 
Airport 33.8290 -116.5120 55 

13 Big Bear-01 6/28/1992 
BigBear_ 
RCL_FN 

Rancho 
Cucamonga - 

FF 34.1040 -117.5740 55 

14 Big Bear-01 6/28/1992 
BigBear_ 
FPP_FP 

Featherly 
Park - Maint 33.8690 -117.7090 55 

15 Hector Mine 10/16/1999 
Hector12 
331_FN 

Hemet Fire 
Station 33.7290 -116.9790 322 

16 Big Bear-01 6/28/1992 
BigBear_ 
MCY_FN 

Mecca -
CVWD Yard 33.5640 -115.9870 -35 

17 
Chi-Chi, 

Taiwan-04 9/20/1999 
TCU122_ 

FP TCU122 23.8128 120.6097 330 

18 
Chi-Chi, 

Taiwan-04 9/20/1999 
CHY029 

_FN CHY029 23.6135 120.5282 330 

19 Morgan Hill 8/6/1984 

MORGA 
N_CLS_ 

FN Corralitos 37.0500 -121.8030 -72 

20 Morgan Hill 8/6/1984 

MORGA 
N_SJL_F 

P 

San Justo 
Dam (L 
Abut) 36.8270 -121.4450 -122 
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Table A-9 “HMLR” Subduction earthquake ground motion filters information and 
other records information of magnitude, rupture distance  

# Record f1(Hz) f1(Hz) N Fs (Hz) Mw 

Rupture 
Distance 

(km) 
Vs30 
(m/s) 

1 MYG004Ewp 0.1 25 5 1/0.01 9 75.1 420.667 
2 CHB007EWp 0.1 25 5 1/0.01 9 122.3 421.333 
3 TKY007NSp 0.1 25 5 1/0.01 9 168.8 458 
4 MYG013_NSp 0.1 25 5 1/0.01 9 71.8 529 
5 FKSH10EWp 0.1 25 5 1/0.01 9 106.3 676.667 
6 IWT010NSp 0.1 25 5 1/0.01 9 73.2 578.333 
7 TCGH16EW1p 0.1 25 5 1/0.01 9 95.1 285.333 
8 CHB009_EWp 0.1 25 5 1/0.01 9 138.4 358 
9 FKSH12_EW 0.24 25 5 1/0.01 9 73.7 636 

10 FKSH12_NS 0.21 25 5 1/0.01 9 73.7 636 
11 TCGH13_NS 0.16 25 5 1/0.01 9 90.2 926 
12 TCGH13_EW 0.15 25 5 1/0.01 9 90.2 926 
13 PapudoL 0.412 25 5 1/0.005 8.8 116.2 517 
14 Moquegua_EW 0.12 25 5 1/0.01 8.4 76.7 542 
15 Moquegua_NS 0.1 25 5 1/0.01 8.4 76.7 542 
16 ACA_NS 0.51 25 5 1/0.005 8.4 142.8 406 
17 ACO_EW 0.29 25 5 1/0.005 8.4 141.9 389 
18 ACO_NS 0.25 25 5 1/0.005 8.4 141.9 389 
19 POC_EW 0.42 25 5 1/0.005 8.4 160.6 511 
20 POC_NS 0.4 25 5 1/0.005 8.4 160.6 511 
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Table A-10 “HMSR” Subduction earthquake ground motion filters information and 
other records information of magnitude, rupture distance and Vs30  

# Record f1(Hz) f1(Hz) N Fs (Hz) Mw 

Rupture 
Distance 

(km) Vs30 (m/s) 
1 AngolEW 0.23 25 5 1/0.01 8.8 65.6 315 
2 AngolNS 0.23 25 5 1/0.01 8.8 65.6 315 
3 ConcepcionL 0.33 25 5 1/0.005 8.8 36.2 230 
4 ConcepcionT 0.38 25 5 1/0.005 8.8 36.2 230 
5 ConstitucionL 0.455 25 5 1/0.005 8.8 38.6 343 
6 ConstitucionT 0.44955 25 5 1/0.005 8.8 38.6 343 
7 CuricoEW 0.28 25 5 1/0.01 8.8 65.1 540 
8 CuricoNS 0.28 25 5 1/0.01 8.8 65.1 540 
9 HualaneL 0.225 30 3 1/0.005 8.8 50 527 

10 StgocentroL 0.43 30 5 1/0.005 8.8 68.9 358.233 
11 StgocentroT 0.33 25 5 1/0.005 8.8 68.9 358.233 
12 ValparaisoL 0.47 30 5 1/0.005 8.8 63.8 1421 
13 VinaelsaltoEW 0.25 30 5 1/0.005 8.8 66.4 273 
14 VinaelsaltoNS 0.35 30 5 1/0.005 8.8 66.4 273 
15 LlolleoL 0.47 25 5 1/0.005 8.8 41.8 305 
16 TalcaT 0.5 30 5 1/0.005 9 59.1 598 
17 FKSH19EWp 0.1 25 5 1/0.01 9 69.1 496.667 
18 MYGH10NSp 0.1 25 5 1/0.01 9 67.9 376 
19 MYG012_EW 0.125 25 5 1/0.01 9 67.4 695 
20 MYG012_NS 0.125 25 5 1/0.01 9 67.4 695 
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Table A-11 “LMSR” Subduction earthquake ground motion filters information and 
other records information of magnitude, rupture distance and Vs30  

# Record f1(Hz) f1(Hz) N Fs (Hz) Mw 

Rupture 
Distance 

(km) 
Vs30 
(m/s) 

1 KGS034EW 0.13 25 5 1/0.01 5.7 51 758.333 
2 KGS034NS 0.13 25 5 1/0.01 5.7 51 758.333 
3 KGS033EW 0.2 25 5 1/0.01 5.7 67 548.667 
4 KGS033NS 0.12 25 5 1/0.01 5.7 67 548.667 
5 KGS035EW 0.13 25 5 1/0.01 5.7 68 620 
6 KGS035NS 0.18 25 5 1/0.01 5.7 68 620 
7 KGS030EW 0.12 25 5 1/0.01 6 56 486.667 
8 KGS030NS 0.115 25 5 1/0.01 6 56 486.667 
9 HKD111EW 0.13 25 5 1/0.01 5.6 55 613 

10 HKD111NS 0.115 25 5 1/0.01 5.6 55 613 
11 Icy Bay_EW 0.04 23 5 1/0.005 7.54 26.46 274.5 
12 Icy Bay_NS 0.04 23 5 1/0.005 7.54 26.46 274.5 
13 chichi_EW 0.1 30 5 1/0.005 7.62 10.8 553.4 
14 chichi_NS 0.14 40 5 1/0.005 7.62 10.8 553.4 
15 CC06_200 0.17 23 4 1/0.005 7.80 44 620 
16 CC06_290 0.17 23 4 1/0.005 7.80 44 620 
17 CC09_70 0.17 23 4 1/0.005 7.80 27 1421 
18 CC09_160 0.17 23 2 1/0.005 7.80 27 1421 
19 CC12_80 0.17 NA 4 1/0.005 7.80 67 502 
20 CC12_170 0.17 NA 2 1/0.005 7.80 67 502 
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Table A-12 “LMLR” Subduction earthquake ground motion filters information and 
other records information of magnitude, rupture distance and Vs30  

# Record f1(Hz) f1(Hz) N Fs (Hz) Mw 

Rupture 
Distance 

(km) 
Vs30 
(m/s) 

1 KGS031EW 0.125 25 5 1/0.01 6 78 524.333 
2 KGS031NS 0.11 25 5 1/0.01 6 78 524.333 
3 KGS032EW 0.165 25 5 1/0.01 6 100 659.333 
4 KGS032NS 0.115 25 5 1/0.01 6 100 659.333 
5 HKD100EW 0.13 25 5 1/0.01 5.6 76 545.1 
6 HKD100NS 0.11 25 5 1/0.01 5.6 76 545.1 
7 HKD106EW 0.15 25 5 1/0.01 5.6 84 405.333 
8 HKD106NS 0.13 25 5 1/0.01 5.6 84 405.333 
9 HKD098NS 0.07 25 5 1/0.01 5.6 92 640 

10 HKD098EW 0.12 25 5 1/0.01 5.6 92 640 
11 Yakutat_09 0.04 23 5 1/0.005 7.54 80.00 274.5 
12 Yakutat_279 0.04 23 5 1/0.005 7.54 80.00 274.5 
13 CC01_NS 0.37 NA 2 1/0.005 7.2 123 358.233 
14 CC01_EW 0.37 NA 4 1/0.005 7.2 123 358.233 
15 CC10_NS 0.32 NA 2 1/0.005 7.2 160 331 
16 CC10_EW 0.5 NA 4 1/0.005 7.2 160 331 
17 CC25_EW 0.25 NA 2 1/0.005 7.8 75 543 
18 CC25_NS 0.2 NA 2 1/0.005 7.8 75 543 
19 CC26_EW 0.25 NA 2 1/0.005 7.2 112 555 

20 CC26_NS 0.3 NA 2 1/0.005 7.2 112 555 
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Table A-13 “HMLR” Crustal earthquake ground motion records of magnitude, rupture 
distance and Vs30  

# Record Mw Rupture Distance (km) Vs30 (m/s) 
1 SHP189p/FP 6.53 9.6 338.6 
2 DUZCE375p/FP 7.14 3.9 424.8 
3 CHY028p/FN 6.2 17.6 542.6 
4 MORGAN451p/FP 6.19 0.2 597.1 
5 SITKA1626p/FP 7.68 34.6 659.6 
6 VICT265p/FP 6.33 13.8 659.6 
7 Chalfantp/FP 6.19 21.6 271.4 
8 CHY046p/FP 6.2 38.1 442.15 
9 Kobe_FN 6.9 7.1 609 

10 COYOTELK_FP 5.74 3.1 663.3 
11 DENALI_FN 7.9 50.9 963.9 
12 DENALI2111_FN 7.9 43 963.9 
13 COYOTELK145_FP 5.74 6.1 597.1 
14 CHY074_FN 6.2 6.2 553.4 
15 SALV_FP 5.8 6.3 545 
16 Mammoth_FN 5.94 16.2 345.4 
17 Morgan_FP 6.19 3.3 488.8 
18 Joshua_FP 7.28 11 379.3 
19 CHY035_FN 6.2 25.1 555.2 
20 PARK_FP 6.19 16 527.9 
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Table A-14 “HMSR” Crustal earthquake ground motion records information of 
magnitude, rupture distance and Vs30  

# Record Mw Rupture Distance (km) Vs30 (m/s) 
1 DUZCE1059p/FN 7.14 4.2 424.8 
2 KOCAELI1162p/FN 7.51 31.7 424.8 
3 CPE_FP 5.5 4.5 659.6 
4 HEC_FN 7.13 11.7 684.9 
5 BCR_FN 6.53 2.7 223 
6 BLC_FN 6.46 9.4 338.5 
7 ERZ_FN 6.69 4.4 274.5 
8 ICC_FP 6.54 18.2 192.1 
9 SUP_FP 6.54 5.6 362.4 

10 KJM_FP 6.9 1 312 
11 ARC_FP 7.51 13.5 523 
12 DUZCE1061_FN 7.14 11.5 481 
13 TCU116_FN 5.74 28.8 493.1 
14 COYOTELK_G02_FP 6.19 9 270.8 
15 PARK_C05_FP 6.19 9.6 289.6 
16 MORGAN_G01_FP 5.9 14.9 1428 
17 WSM_FP 5.94 6.5 193.7 
18 ZAK_FP 6.19 7.6 271.4 
19 HVR_FN 6.19 3.5 281.6 
20 MORGAN_G06_FN 6.19 9.9 663.3 
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Table A-15 “LMSR” Crustal earthquake ground motion records information of 
magnitude, rupture distance and Vs30  

# Record Mw Rupture Distance (km) Vs30 (m/s) 
1 BigBear_RCD_FP 6.46 59.4 821.7 
2 MORGAN_LOB_FN 6.19 45.5 714 
3 BigBear_SAF_FP 6.46 64.2 622.9 
4 CHY062_FN 6.2 60.9 602.6 
5 BigBear_SVP_FN 6.46 35.2 684.9 
6 BigBear_PPC_FP 6.46 95.6 684.9 
7 TTN041_FP 6.2 47.6 418.2 
8 NENANA0593_FN 6.7 148.8 424.8 
9 HWA032_FN 6.2 59.2 514.8 

10 HWA024_FP 6.2 45.8 630.1 
11 WESTMORL_SUP_FP 5.9 19.4 362.4 
12 COYOTELK_SJ3_FP 5.74 20.7 370.8 
13 KAU054_FP 6.2 30.2 577.4 
14 A3E_FP 5.8 30.5 517.1 
15 DUZCE531_FP 7.14 8 659.6 
16 TCU089_FP 6.2 27.5 680 
17 COYOTELK_G01_FN 5.74 10.7 1428 
18 COYOTELK_G01_FP 5.74 10.7 1428 
19 DUZCE105_FN 7.14 0.2 424.8 
20 CHY087_FN 6.2 38.4 505.2 
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Table A-16 “LMLR” Crustal earthquake ground motion records information of 
magnitude, rupture distance and Vs30  

# Record Mw Rupture Distance (km) Vs30 (m/s) 
1 TTN046_FP 6.2 69.7 542.7 
2 KAU078_FP 6.2 91.2 531.9 
3 KAU077_FP 6.2 85.5 680 
4 HWA058_FN 6.2 79.3 564 
5 KUA069_FN 6.2 72 556.1 
6 HWA006_FP 6.2 58.2 490.8 
7 HWA044_FP 6.2 68.2 419.5 
8 TTN032_FP 6.2 60.9 424.2 
9 KAU001_FP 6.2 45.3 571.5 

10 HWA038_FP 6.2 47.8 642.7 
11 BigBear_HSS_FP 6.46 48 338.5 
12 BigBear_PSA_FN 6.46 52.5 207.5 
13 BigBear_RCL_FN 6.46 59.2 390.2 
14 BigBear_FPP_FP 6.46 78.2 308.6 
15 Hector12331_FN 7.13 104.5 338.5 
16 BigBear_MCY_FN 6.46 104.8 345.4 
17 TCU122_FP 6.2 23.2 475.5 
18 CHY029_FN 6.2 25.8 544.7 
19 MORGAN_CLS_FN 6.19 23.2 462.2 
20 MORGAN_SJL_FP 6.19 31.9 622.9 
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Table A-17 “HMLR” subduction earthquake ground motion characteristics 

# Record CAV(g.sec) Ia(m/s) D5-95(s) 
ACA_NSp.txt 1.47470 0.01433 23.36500 
ACO_EWp.txt 1.44296 0.01305 23.85500 
ACO_NSp.txt 1.46125 0.01440 20.20500 

CHB007EWp.txt 4.21413 0.04774 46.97000 
CHB009EWp.txt 2.78696 0.01279 92.61000 
FKSH10EWp.txt 1.49311 0.00562 53.75000 
FKSH12EWp.txt 7.09799 0.10163 78.74000 
FKSH12NSp.txt 7.99833 0.10767 98.42000 
IWT010NSp.txt 7.11495 0.14942 71.32000 

 Moquegua_EWp.txt 2.76851 0.02954 35.85000 
 Moquegua_NSp.txt 2.60788 0.02566 36.03000 
 MYG004EWp.txt 13.13479 0.39892 84.75000 
 MYG013NSp.txt 7.93126 0.18697 89.74000 
 papudo1002271Lp.txt 2.45999 0.02904 29.04000 
 pOC_EWp.txt 0.86876 0.00802 18.19000 
 pOC_NSp.txt 1.05448 0.01171 17.12500 
 TCGH13EWp.txt 7.27176 0.16832 50.96000 
 TCGH13NSp.txt 6.89655 0.12530 60.63000 
 TCGH16EW1p.txt 2.70215 0.01849 55.84000 
 TKY007NSp.txt 2.59718 0.01295 80.90000 
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Table A-18 “HMSR” subduction earthquake ground motion characteristics 

# Record CAV(g.s 
ec) 

Ia(m/s) D5-95(s) 

1 angol1002271EWp.txt 7.25699 0.18136 49.76000 
2 angol1002271NSp.txt 7.63150 0.20630 50.82000 
3 concepcionLp.txt 5.87825 0.08923 80.71000 
4 concepcionTp.txt 4.82372 0.05814 88.22500 
5 constitucionLp.txt 8.24136 0.20264 59.81500 
6 constitucionTp.txt 9.75103 0.26701 65.24000 
7 curicoEWp.txt 6.22018 0.11421 51.57000 
8 curicoNSp.txt 5.94720 0.11045 50.16000 
9 FKSH19EWp.txt 1.49263 0.00593 80.23000 

10 hualane1002271Lp.txt 5.38066 0.08023 61.66500 
11 llolleo1002271Lp.txt 3.56946 0.05065 36.24000 
12 MYG012EWp.txt 9.98732 0.23175 103.33000 
13 MYG012NSp.txt 7.95552 0.12842 107.83000 
14 MYGH10NSp.txt 3.11800 0.01816 100.86000 
15 stgocentro1002271Lp.txt 2.45963 0.02161 34.94500 
16 stgocentro1002271Tp.txt 2.57689 0.02787 33.90000 
17 talca1002271Tp.txt 6.55243 0.11125 71.93000 
18 valparaisoUTFSM1002271Lp.txt 0.66154 0.00270 24.23000 
19 vinaelsalto1002271EWp.txt 3.63308 0.04897 33.55000 
20 vinaelsalto1002271NSp.txt 3.40061 0.04604 30.44500 

Table A-19 “LMLR” subduction earthquake ground motion characteristics 

# Record CAV(g.sec) Ia(m/s) D5-95(s) 
1 CC01_EWg.txt 0.17149 0.00024 21.01500 
2 CC01_NSg.txt 0.19810 0.00033 20.47500 
3 CC10_EWg.txt 0.41080 0.00159 21.55000 
4 CC10_NSg.txt 0.30174 0.00095 18.82500 
5 CC25_EWg.txt 1.80708 0.02088 26.44000 
6 CC25_NSg.txt 1.74772 0.01924 24.58500 
7 CC26_EWg.txt 0.51559 0.00317 13.76000 
8 CC26_NSg.txt 0.52287 0.00379 11.58500 
9 HKD098EWp.txt 0.08934 0.00005 29.22000 

10 HKD098NSp.txt 0.09388 0.00005 29.65000 
11 HKD100EWp.txt 0.13853 0.00023 11.03000 
12 HKD100NSp.txt 0.13352 0.00019 14.95000 
13 HKD106EWp.txt 0.10763 0.00006 37.44000 
14 HKD106NSp.txt 0.11460 0.00007 32.67000 
15 KGS031EWp.txt 0.24453 0.00045 19.08000 
16 KGS031NSp.txt 0.20803 0.00027 26.06000 
17 KGS032EWp.txt 0.06858 0.00005 13.18000 
18 KGS032NSp.txt 0.06942 0.00005 17.00000 
19 Yakutat_09p.txt 0.92754 0.00329 43.72000 
20 Yakutat_279p.txt 0.88533 0.00302 45.00000 
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Table A-20 “LMSR” subduction earthquake ground motion characteristics 

# Record CAV(g.sec) Ia(m/s) D5-95(s) 
1 CC06_200g.txt 0.84137 0.00488 31.24000 
2 CC06_290g.txt 0.88514 0.00567 28.90000 
3 CC09_70g.txt 1.54567 0.01169 38.97000 
4 CC09_160g.txt 1.28765 0.00737 42.63500 
5 CC12_80g.txt 2.37906 0.03228 33.72500 
6 CC12_170g.txt 2.40781 0.03384 34.46000 
7 Chichi_EWp.txt 1.20683 0.00998 24.91500 
8 Chichi_NSp.txt 1.19968 0.00955 29.47000 
9 HKD111EWp.txt 0.06304 0.00006 9.55000 

10 HKD111NSp.txt 0.05694 0.00004 12.68000 
11 Icy_EWp.txt 0.93197 0.00448 35.55000 
12 Icy_NSp.txt 1.18538 0.00987 26.87000 
13 KGS030EWp.txt 0.31944 0.00090 20.24000 
14 KGS030NSp.txt 0.28947 0.00072 17.24000 
15 KGS033EWp.txt 0.17840 0.00034 13.58000 
16 KGS033NSp.txt 0.21118 0.00053 12.76000 
17 KGS034EWp.txt 0.10532 0.00024 6.52000 
18 KGS034NSp.txt 0.11710 0.00026 9.01000 
19 KGS035EWp.txt 0.17552 0.00056 6.64000 
20 KGS035NSp.txt 0.17478 0.00053 8.68000 

Table A-21 “HMLR” crustal earthquake ground motion characteristics (Tn=0.5s)  

# Record CAV(g.sec) Ia(m/s) D5-95(s) 
1 Mammoth_FN.txt 0.36190 0.00310 7.20500 
2 Morgan_FP.txt 0.33170 0.00260 5.73500 
3 Joshua_FP.txt 1.66290 0.01930 27.22000 
4 DUZCE375p.txt 2.17410 0.06320 13.57000 
5 CHY046p.txt 0.58390 0.00340 12.85000 
6 SITKA1626p.txt 1.44960 0.01640 24.89000 
7 Kobe_FN.txt 0.81580 0.01130 9.55000 
8 COYOTELK_FP.txt 0.65900 0.01770 3.04000 
9 VICT265p.txt 1.22610 0.02950 7.57000 

10 CHY074_FN.txt 0.92520 0.01380 6.00000 
11 SALV_FP.txt 0.59180 0.01450 4.30000 
12 SHP189p.txt 1.83100 0.06620 9.28000 
13 MORGAN451p.txt 1.46470 0.06610 5.39500 
14 COYOTELK145_FP.txt 0.32050 0.00230 8.46500 
15 CHY035_FN.txt 0.92590 0.01210 9.10000 
16 PARK_FP.txt 0.47610 0.00630 5.99000 
17 DENALI_FN.txt 6.49160 0.30620 19.66000 
18 DENALI2111_FN.txt 2.61870 0.06060 18.80000 
19 Chalfantp.txt 0.98790 0.01190 15.52000 
20 CHY028p.txt 0.63180 0.00500 10.66000 
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Table A-22 “HMSR” crustal earthquake ground motion characteristics (Tn=0.5s) 

# Record CAV(g.sec) Ia(m/s) D5-95(s) 
1 BCR_FN.txt 1.55620 0.04630 9.70500 
2 BLC_FN.txt 2.07390 0.06570 10.01000 
3 ERZ_FN.txt 0.85370 0.01960 6.88000 
4 ICC_FP.txt 0.78680 0.00650 17.52000 
5 SUP_FP.txt 3.18890 0.16790 12.26000 
6 KJM_FP.txt 2.58710 0.10830 8.04000 
7 ARC_FP.txt 1.59100 0.04520 10.25500 
8 DUZCE1061_FN.txt 1.98660 0.04720 15.34000 
9 DUZCE1059p.txt 1.01980 0.01290 14.09000 

10 TCU116_FN.txt 1.39700 0.02420 10.21000 
11 HVR_FN.txt 0.92040 0.01550 10.62500 
12 CPE_FP.txt 2.04700 0.18800 3.12500 
13 HEC_FN.txt 0.73490 0.00720 9.74000 
14 KOCAELI1162p.txt 0.96740 0.01360 11.51500 
15 COYOTELK_G02_FP.txt 0.39260 0.00520 3.67500 
16 PARK_C05_FP.txt 0.75320 0.01200 6.83000 
17 MORGAN_G06_FN.txt 0.72200 0.01180 6.88500 
18 MORGAN_G01_FP.txt 0.31030 0.00180 8.88500 
19 WSM_FP.txt 1.04780 0.02220 6.10500 
20 ZAK_FP.txt 1.44430 0.04120 7.42500 

Table A-23 “LMLR” crustal earthquake ground motion characteristics (Tn=0.5s) 

# Record CAV(g.sec) Ia(m/s) D5-95(s) 
1 BigBear_FPP_FP.txt 0.08850 0.00010 15.96000 
2 BigBear_RCL_FN.txt 0.25140 0.00040 27.08000 
3 BigBear_MCY_FN.txt 0.20670 0.00040 20.13000 
4 Hector12331_FN.txt 0.33570 0.00060 29.97000 
5 TCU122_FP.txt 0.89930 0.00960 12.16500 
6 CHY029_FN.txt 1.67650 0.02000 20.21000 
7 MORGAN_CLS_FN.txt 0.14170 0.00030 9.72000 
8 MORGAN_SJL_FP.txt 0.70870 0.00550 17.51500 
9 HWA038_FP.txt 0.07830 0.00005 23.07500 

10 KAU001_FP.txt 0.08170 0.00010 20.93200 
11 KUA069_FN.txt 0.13470 0.00020 21.23000 
12 HWA006_FP.txt 0.10710 0.00010 18.77600 
13 HWA044_FP.txt 0.08550 0.00010 21.76500 
14 TTN032_FP.txt 0.09560 0.00010 18.70500 
15 TTN046_FP.txt 0.13750 0.00020 20.31600 
16 KAU078_FP.txt 0.32290 0.00090 20.19500 
17 KAU077_FP.txt 0.07900 0.00010 23.45500 
18 HWA058_FN.txt 0.02640 0.00001 21.12000 
19 BigBear_HSS_FP.txt 0.67890 0.00340 22.36000 
20 BigBear_PSA_FN.txt 0.76570 0.00420 22.64000 
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Table A-24 “LMSR” crustal earthquake ground motion characteristics (Tn=0.5s) 

# Record CAV(g.sec) Ia(m/s) D5-95(s) 
DUZCE531_FP.txt 0.29990 0.00100 15.10000 

TCU089_FP.txt 0.43180 0.00200 17.04500 
COYOTELK_G01_FN.txt 1.33100 0.04100 7.26000 
COYOTELK_G01_FP.txt 0.51640 0.00750 5.61000 

DUZCE105_FN.txt 1.52740 0.02870 15.19000 
CHY087_FN.txt 1.21950 0.01550 13.25500 
KAU054_FP.txt 2.25830 0.07040 10.80000 

A3E_FP.txt 0.79220 0.01150 9.08000 
HWA032_FN.txt 0.08740 0.00010 20.11500 

 HWA024_FP.txt 0.06380 0.00004 20.02500 
 WESTMORL_SUP_FP.txt 0.34170 0.00220 10.21000 
 COYOTELK_SJ3_FP.txt 0.24390 0.00120 6.91500 
 TTN041_FP.txt 0.74130 0.00770 11.41200 
 NENANA0593_FN.txt 0.64610 0.00210 40.26500
 BigBear_SAF_FP.txt 1.08000 0.00970 17.58000 
 CHY062_FN.txt 0.11150 0.00010 17.44000 
 BigBear_RCD_FP.txt 0.33450 0.00080 22.49000
 MORGAN_LOB_FN.txt 0.17710 0.00080 7.32000
 BigBear_SVP_FN.txt 0.36650 0.00150 14.02000 
 BigBear_PPC_FP.txt 0.25140 0.00040 26.17000 
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Table A-25 Crustal earthquake ground motion scale factors for Tn=1.0s 

# Record SF # Record SF 
 Mammoth_FN.txt 1.43 41 BigBear_FPP_FP.txt 0.76
 Morgan_FP.txt 0.76 42 BigBear_RCL_FN.txt 1.44
 Joshua_FP.txt 0.95 43 BigBear_MCY_FN.txt 1.95 

DUZCE375p.txt 1.80 44 Hector12331_FN.txt 2.46
 CHY046p.txt 1.37 45 TCU122_FP.txt 2.99
 SITKA1626p.txt 1.85 46 CHY029_FN.txt 2.15
 Kobe_FN.txt 1.05 47 MORGAN_CLS_FN.txt 0.54
 COYOTELK_FP.txt 0.57 48 MORGAN_SJL_FP.txt 1.85
 VICT265p.txt 1.89 49 HWA038_FP.txt 1.47
 CHY074_FN.txt 1.42 50 KAU001_FP.txt 1.62
 SALV_FP.txt 0.62 51 KUA069_FN.txt 1.09
 SHP189p.txt 1.55 52 HWA006_FP.txt 1.48
 MORGAN451p.txt 1.75 53 HWA044_FP.txt 1.65
 COYOTELK145_FP.txt 0.78 54 TTN032_FP.txt 1.07
 CHY035_FN.txt 0.77 55 TTN046_FP.txt 1.06
 PARK_FP.txt 2.02 56 KAU078_FP.txt 2.32
 DENALI_FN.txt 1.80 57 KAU077_FP.txt 0.67
 DENALI2111_FN.txt 2.41 58 HWA058_FN.txt 1.06
 Chalfantp.txt 1.06 59 BigBear_HSS_FP.txt 2.94
 CHY028p.txt 3.19 60 BigBear_PSA_FN.txt 1.43
 BCR_FN.txt 1.04 61 DUZCE531_FP.txt 0.54
 BLC_FN.txt 1.27 62 TCU089_FP.txt 3.37
 ERZ_FN.txt 0.41 63 COYOTELK_G01_FN.txt 5.77
 ICC_FP.txt 1.51 64 COYOTELK_G01_FP.txt 0.76
 SUP_FP.txt 0.78 65 DUZCE105_FN.txt 2.00
 KJM_FP.txt 2.56 66 CHY087_FN.txt 5.32
 ARC_FP.txt 3.68 67 KAU054_FP.txt 6.75
 DUZCE1061_FN.txt 3.08 68 A3E_FP.txt 9.82
 DUZCE1059p.txt 2.67 69 HWA032_FN.txt 1.25
 TCU116_FN.txt 2.88 70 HWA024_FP.txt 2.93
 HVR_FN.txt 0.74 71 WESTMORL_SUP_FP.txt 10.61 
 CPE_FP.txt 1.00 72 COYOTELK_SJ3_FP.txt 4.73
 HEC_FN.txt 1.52 73 TTN041_FP.txt 0.78
 KOCAELI1162p.txt 1.54 74 NENANA0593_FN.txt 1.39
 COYOTELK_G02_FP.txt 0.76 75 BigBear_SAF_FP.txt 1.37
 PARK_C05_FP.txt 1.00 76 CHY062_FN.txt 1.26
 MORGAN_G06_FN.txt 0.68 77 BigBear_RCD_FP.txt 1.08
 MORGAN_G01_FP.txt 5.62 78 MORGAN_LOB_FN.txt 2.01
 WSM_FP.txt 1.32 79 BigBear_SVP_FN.txt 1.46
 ZAK_FP.txt 1.05 80 BigBear_PPC_FP.txt 0.60 
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Table A-26 Crustal earthquake ground motion scale factors for Tn=0.25s 

# Record SF # Record SF 
 Mammoth_FN.txt 0.56 41 BigBear_FPP_FP.txt 0.77
 Morgan_FP.txt 1.10 42 BigBear_RCL_FN.txt 0.75
 Joshua_FP.txt 1.15 43 BigBear_MCY_FN.txt 0.93 

DUZCE375p.txt 0.91 44 Hector12331_FN.txt 0.78
 CHY046p.txt 1.08 45 TCU122_FP.txt 2.66
 SITKA1626p.txt 1.21 46 CHY029_FN.txt 4.82
 Kobe_FN.txt 0.74 47 MORGAN_CLS_FN.txt 1.50
 COYOTELK_FP.txt 1.65 48 MORGAN_SJL_FP.txt 1.25
 VICT265p.txt 3.41 49 HWA038_FP.txt 0.85
 CHY074_FN.txt 0.39 50 KAU001_FP.txt 0.82
 SALV_FP.txt 0.54 51 KUA069_FN.txt 2.50
 SHP189p.txt 3.90 52 HWA006_FP.txt 1.40
 MORGAN451p.txt 0.83 53 HWA044_FP.txt 0.68
 COYOTELK145_FP.txt 3.33 54 TTN032_FP.txt 0.81
 CHY035_FN.txt 1.47 55 TTN046_FP.txt 1.46
 PARK_FP.txt 0.70 56 KAU078_FP.txt 1.18
 DENALI_FN.txt 15.02 57 KAU077_FP.txt 1.18
 DENALI2111_FN.txt 13.93 58 HWA058_FN.txt 0.87
 Chalfantp.txt 1.46 59 BigBear_HSS_FP.txt 0.88
 CHY028p.txt 0.86 60 BigBear_PSA_FN.txt 1.06
 BCR_FN.txt 0.77 61 DUZCE531_FP.txt 0.81
 BLC_FN.txt 1.45 62 TCU089_FP.txt 7.61
 ERZ_FN.txt 1.22 63 COYOTELK_G01_FN.txt 3.51
 ICC_FP.txt 1.26 64 COYOTELK_G01_FP.txt 1.43
 SUP_FP.txt 1.65 65 DUZCE105_FN.txt 1.77
 KJM_FP.txt 2.25 66 CHY087_FN.txt 3.59
 ARC_FP.txt 3.87 67 KAU054_FP.txt 1.90
 DUZCE1061_FN.txt 3.69 68 A3E_FP.txt 4.49
 DUZCE1059p.txt 0.63 69 HWA032_FN.txt 1.35
 TCU116_FN.txt 9.22 70 HWA024_FP.txt 1.25
 HVR_FN.txt 1.32 71 WESTMORL_SUP_FP.txt 1.08
 CPE_FP.txt 1.95 72 COYOTELK_SJ3_FP.txt 1.18
 HEC_FN.txt 1.88 73 TTN041_FP.txt 0.39
 KOCAELI1162p.txt 0.81 74 NENANA0593_FN.txt 1.38
 COYOTELK_G02_FP.txt 0.78 75 BigBear_SAF_FP.txt 1.28
 PARK_C05_FP.txt 0.87 76 CHY062_FN.txt 2.14
 MORGAN_G06_FN.txt 2.32 77 BigBear_RCD_FP.txt 0.75
 MORGAN_G01_FP.txt 1.42 78 MORGAN_LOB_FN.txt 0.90
 WSM_FP.txt 0.76 79 BigBear_SVP_FN.txt 1.99
 ZAK_FP.txt 0.73 80 BigBear_PPC_FP.txt 1.27 
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Table A-27 Crustal earthquake ground motion scale factors for Tn=0.5s 

# Record SF # Record SF 
 Mammoth_FN.txt 0.56 41 BigBear_FPP_FP.txt 0.47
 Morgan_FP.txt 0.57 42 BigBear_RCL_FN.txt 0.96
 Joshua_FP.txt 1.07 43 BigBear_MCY_FN.txt 0.56 

DUZCE375p.txt 1.86 44 Hector12331_FN.txt 0.81
 CHY046p.txt 1.39 45 TCU122_FP.txt 3.01
 SITKA1626p.txt 3.13 46 CHY029_FN.txt 5.02
 Kobe_FN.txt 0.54 47 MORGAN_CLS_FN.txt 0.63
 COYOTELK_FP.txt 1.68 48 MORGAN_SJL_FP.txt 1.90
 VICT265p.txt 1.68 49 HWA038_FP.txt 1.25
 CHY074_FN.txt 0.95 50 KAU001_FP.txt 1.10
 SALV_FP.txt 1.12 51 KUA069_FN.txt 1.56
 SHP189p.txt 1.91 52 HWA006_FP.txt 1.41
 MORGAN451p.txt 1.41 53 HWA044_FP.txt 1.57
 COYOTELK145_FP.txt 1.05 54 TTN032_FP.txt 1.07
 CHY035_FN.txt 1.79 55 TTN046_FP.txt 1.23
 PARK_FP.txt 1.63 56 KAU078_FP.txt 3.47
 DENALI_FN.txt 12.80 57 KAU077_FP.txt 1.59
 DENALI2111_FN.txt 7.21 58 HWA058_FN.txt 0.62
 Chalfantp.txt 1.84 59 BigBear_HSS_FP.txt 1.46
 CHY028p.txt 1.37 60 BigBear_PSA_FN.txt 1.78
 BCR_FN.txt 0.86 61 DUZCE531_FP.txt 0.47
 BLC_FN.txt 1.24 62 TCU089_FP.txt 4.98
 ERZ_FN.txt 0.96 63 COYOTELK_G01_FN.txt 8.13
 ICC_FP.txt 0.92 64 COYOTELK_G01_FP.txt 2.92
 SUP_FP.txt 1.70 65 DUZCE105_FN.txt 3.34
 KJM_FP.txt 1.54 66 CHY087_FN.txt 4.15
 ARC_FP.txt 4.43 67 KAU054_FP.txt 10.21
 DUZCE1061_FN.txt 4.32 68 A3E_FP.txt 7.08
 DUZCE1059p.txt 1.73 69 HWA032_FN.txt 0.87
 TCU116_FN.txt 4.56 70 HWA024_FP.txt 1.36
 HVR_FN.txt 1.30 71 WESTMORL_SUP_FP.txt 2.10
 CPE_FP.txt 2.12 72 COYOTELK_SJ3_FP.txt 0.97
 HEC_FN.txt 0.65 73 TTN041_FP.txt 3.00
 KOCAELI1162p.txt 2.36 74 NENANA0593_FN.txt 3.03
 COYOTELK_G02_FP.txt 0.96 75 BigBear_SAF_FP.txt 1.36
 PARK_C05_FP.txt 1.20 76 CHY062_FN.txt 0.95
 MORGAN_G06_FN.txt 1.16 77 BigBear_RCD_FP.txt 1.17
 MORGAN_G01_FP.txt 1.72 78 MORGAN_LOB_FN.txt 1.71
 WSM_FP.txt 1.09 79 BigBear_SVP_FN.txt 1.65
 ZAK_FP.txt 1.37 80 BigBear_PPC_FP.txt 1.51 
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Table A-28 Crustal earthquake ground motion scale factors for Tn=0.61s 

# Record SF # Record SF 
 Mammoth_FN.txt 0.99 41 BigBear_FPP_FP.txt 0.78
 Morgan_FP.txt 0.66 42 BigBear_RCL_FN.txt 0.99
 Joshua_FP.txt 0.93 43 BigBear_MCY_FN.txt 0.98 

DUZCE375p.txt 2.51 44 Hector12331_FN.txt 0.76
 CHY046p.txt 1.89 45 TCU122_FP.txt 2.73
 SITKA1626p.txt 2.67 46 CHY029_FN.txt 2.93
 Kobe_FN.txt 0.79 47 MORGAN_CLS_FN.txt 1.10
 COYOTELK_FP.txt 1.84 48 MORGAN_SJL_FP.txt 2.11
 VICT265p.txt 1.68 49 HWA038_FP.txt 1.00
 CHY074_FN.txt 1.05 50 KAU001_FP.txt 1.13
 SALV_FP.txt 1.02 51 KUA069_FN.txt 1.14
 SHP189p.txt 1.82 52 HWA006_FP.txt 0.65
 MORGAN451p.txt 2.14 53 HWA044_FP.txt 1.20
 COYOTELK145_FP.txt 0.73 54 TTN032_FP.txt 0.71
 CHY035_FN.txt 1.03 55 TTN046_FP.txt 2.37
 PARK_FP.txt 2.97 56 KAU078_FP.txt 9.47
 DENALI_FN.txt 17.66 57 KAU077_FP.txt 1.65
 DENALI2111_FN.txt 4.81 58 HWA058_FN.txt 0.80
 Chalfantp.txt 1.83 59 BigBear_HSS_FP.txt 2.47
 CHY028p.txt 2.51 60 BigBear_PSA_FN.txt 2.07
 BCR_FN.txt 0.32 61 DUZCE531_FP.txt 0.43
 BLC_FN.txt 1.48 62 TCU089_FP.txt 1.91
 ERZ_FN.txt 0.97 63 COYOTELK_G01_FN.txt 10.13
 ICC_FP.txt 0.89 64 COYOTELK_G01_FP.txt 1.34
 SUP_FP.txt 1.53 65 DUZCE105_FN.txt 2.17
 KJM_FP.txt 1.41 66 CHY087_FN.txt 2.54
 ARC_FP.txt 3.39 67 KAU054_FP.txt 9.14
 DUZCE1061_FN.txt 6.54 68 A3E_FP.txt 6.80
 DUZCE1059p.txt 2.67 69 HWA032_FN.txt 0.68
 TCU116_FN.txt 3.58 70 HWA024_FP.txt 1.52
 HVR_FN.txt 1.04 71 WESTMORL_SUP_FP.txt 1.89
 CPE_FP.txt 0.95 72 COYOTELK_SJ3_FP.txt 1.27
 HEC_FN.txt 1.57 73 TTN041_FP.txt 2.88
 KOCAELI1162p.txt 2.84 74 NENANA0593_FN.txt 1.60
 COYOTELK_G02_FP.txt 1.16 75 BigBear_SAF_FP.txt 1.46
 PARK_C05_FP.txt 1.28 76 CHY062_FN.txt 1.25
 MORGAN_G06_FN.txt 1.53 77 BigBear_RCD_FP.txt 1.39
 MORGAN_G01_FP.txt 3.78 78 MORGAN_LOB_FN.txt 1.70
 WSM_FP.txt 0.66 79 BigBear_SVP_FN.txt 1.99
 ZAK_FP.txt 0.93 80 BigBear_PPC_FP.txt 1.57 
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Table A-29 Crustal earthquake ground motion scale factors for Tn=0.57s 

# Record SF # Record SF 
 Mammoth_FN.txt 1.00 41 BigBear_FPP_FP.txt 0.63
 Morgan_FP.txt 0.84 42 BigBear_RCL_FN.txt 1.04
 Joshua_FP.txt 1.52 43 BigBear_MCY_FN.txt 0.71 

DUZCE375p.txt 2.75 44 Hector12331_FN.txt 0.79
 CHY046p.txt 1.46 45 TCU122_FP.txt 2.51
 SITKA1626p.txt 3.21 46 CHY029_FN.txt 4.46
 Kobe_FN.txt 0.66 47 MORGAN_CLS_FN.txt 1.01
 COYOTELK_FP.txt 2.45 48 MORGAN_SJL_FP.txt 2.03
 VICT265p.txt 1.93 49 HWA038_FP.txt 1.23
 CHY074_FN.txt 1.24 50 KAU001_FP.txt 1.11
 SALV_FP.txt 1.26 51 KUA069_FN.txt 1.10
 SHP189p.txt 1.18 52 HWA006_FP.txt 0.90
 MORGAN451p.txt 2.10 53 HWA044_FP.txt 0.78
 COYOTELK145_FP.txt 0.56 54 TTN032_FP.txt 0.76
 CHY035_FN.txt 1.52 55 TTN046_FP.txt 2.11
 PARK_FP.txt 3.18 56 KAU078_FP.txt 5.30
 DENALI_FN.txt 14.47 57 KAU077_FP.txt 1.60
 DENALI2111_FN.txt 3.85 58 HWA058_FN.txt 0.93
 Chalfantp.txt 1.85 59 BigBear_HSS_FP.txt 1.45
 CHY028p.txt 1.93 60 BigBear_PSA_FN.txt 1.72
 BCR_FN.txt 0.45 61 DUZCE531_FP.txt 0.43
 BLC_FN.txt 1.28 62 TCU089_FP.txt 2.30
 ERZ_FN.txt 1.08 63 COYOTELK_G01_FN.txt 10.46
 ICC_FP.txt 0.71 64 COYOTELK_G01_FP.txt 1.78
 SUP_FP.txt 1.56 65 DUZCE105_FN.txt 2.19
 KJM_FP.txt 1.48 66 CHY087_FN.txt 2.58
 ARC_FP.txt 3.03 67 KAU054_FP.txt 11.73
 DUZCE1061_FN.txt 6.82 68 A3E_FP.txt 7.23
 DUZCE1059p.txt 2.33 69 HWA032_FN.txt 0.87
 TCU116_FN.txt 3.64 70 HWA024_FP.txt 1.26
 HVR_FN.txt 0.88 71 WESTMORL_SUP_FP.txt 1.58
 CPE_FP.txt 1.49 72 COYOTELK_SJ3_FP.txt 1.24
 HEC_FN.txt 1.07 73 TTN041_FP.txt 4.19
 KOCAELI1162p.txt 2.86 74 NENANA0593_FN.txt 2.00
 COYOTELK_G02_FP.txt 1.43 75 BigBear_SAF_FP.txt 1.32
 PARK_C05_FP.txt 1.08 76 CHY062_FN.txt 1.05
 MORGAN_G06_FN.txt 1.06 77 BigBear_RCD_FP.txt 1.40
 MORGAN_G01_FP.txt 3.26 78 MORGAN_LOB_FN.txt 1.46
 WSM_FP.txt 0.94 79 BigBear_SVP_FN.txt 1.89
 ZAK_FP.txt 1.07 80 BigBear_PPC_FP.txt 1.42 
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Table A-30 Crustal earthquake ground motion scale factors for Tn=0.53s 

. Record SF # Record SF 
 Mammoth_FN.txt 0.75 41 BigBear_FPP_FP.txt 0.39
 Morgan_FP.txt 0.70 42 BigBear_RCL_FN.txt 1.00
 Joshua_FP.txt 1.35 43 BigBear_MCY_FN.txt 0.52 

DUZCE375p.txt 2.39 44 Hector12331_FN.txt 0.72
 CHY046p.txt 1.27 45 TCU122_FP.txt 3.33
 SITKA1626p.txt 2.69 46 CHY029_FN.txt 4.81
 Kobe_FN.txt 0.58 47 MORGAN_CLS_FN.txt 0.77
 COYOTELK_FP.txt 2.33 48 MORGAN_SJL_FP.txt 2.20
 VICT265p.txt 1.55 49 HWA038_FP.txt 1.60
 CHY074_FN.txt 1.01 50 KAU001_FP.txt 0.83
 SALV_FP.txt 1.38 51 KUA069_FN.txt 1.17
 SHP189p.txt 1.60 52 HWA006_FP.txt 1.55
 MORGAN451p.txt 1.41 53 HWA044_FP.txt 1.18
 COYOTELK145_FP.txt 0.68 54 TTN032_FP.txt 0.82
 CHY035_FN.txt 1.77 55 TTN046_FP.txt 1.52
 PARK_FP.txt 2.95 56 KAU078_FP.txt 4.24
 DENALI_FN.txt 15.77 57 KAU077_FP.txt 1.43
 DENALI2111_FN.txt 6.01 58 HWA058_FN.txt 0.75
 Chalfantp.txt 2.00 59 BigBear_HSS_FP.txt 1.20
 CHY028p.txt 1.46 60 BigBear_PSA_FN.txt 1.76
 BCR_FN.txt 0.51 61 DUZCE531_FP.txt 0.41
 BLC_FN.txt 1.53 62 TCU089_FP.txt 4.07
 ERZ_FN.txt 1.00 63 COYOTELK_G01_FN.txt 8.03
 ICC_FP.txt 0.78 64 COYOTELK_G01_FP.txt 2.20
 SUP_FP.txt 1.65 65 DUZCE105_FN.txt 3.25
 KJM_FP.txt 1.60 66 CHY087_FN.txt 3.47
 ARC_FP.txt 4.08 67 KAU054_FP.txt 12.12
 DUZCE1061_FN.txt 5.44 68 A3E_FP.txt 6.07
 DUZCE1059p.txt 2.02 69 HWA032_FN.txt 0.96
 TCU116_FN.txt 4.95 70 HWA024_FP.txt 1.42
 HVR_FN.txt 0.97 71 WESTMORL_SUP_FP.txt 1.62
 CPE_FP.txt 2.07 72 COYOTELK_SJ3_FP.txt 1.18
 HEC_FN.txt 0.74 73 TTN041_FP.txt 3.49
 KOCAELI1162p.txt 2.37 74 NENANA0593_FN.txt 2.40
 COYOTELK_G02_FP.txt 1.33 75 BigBear_SAF_FP.txt 1.33
 PARK_C05_FP.txt 0.99 76 CHY062_FN.txt 0.97
 MORGAN_G06_FN.txt 1.20 77 BigBear_RCD_FP.txt 1.28
 MORGAN_G01_FP.txt 2.01 78 MORGAN_LOB_FN.txt 1.50
 WSM_FP.txt 1.19 79 BigBear_SVP_FN.txt 1.44
 ZAK_FP.txt 1.33 80 BigBear_PPC_FP.txt 1.31 
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