
Correlation analysis of structural response 

and ground motion intensity measures 

 

 

Thesis by 

Tariq Anwar Aquib 

 

 

 

In Partial Fulfillment of the Requirements 

        For the Degree of 

Master of Science 

 

 

 

 

King Abdullah University of Science and Technology 

Thuwal, Kingdom of Saudi Arabia 

 

 

 

 

 

April 2021 



2 
 

EXAMINATION COMMITTEE PAGE 

 

The thesis of Tariq Anwar Aquib is approved by the examination committee. 
 
 
 
 
Committee Chairperson: Paul Martin Mai 
Committee Members: Gerard Schuster, Daniel Peter, Aamir Farooq 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



3 
 

COPYRIGHT 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

© April 2021 

Tariq Anwar Aquib 

All Rights Reserved 



4 
 

ABSTRACT 

 

Correlation analysis of structural response 

and ground motion intensity measures 

Tariq Anwar Aquib 

 

Estimation of losses due to earthquake-shaking induced building damage is an 

important step in Performance Based Earthquake Engineering (PBEE). The 

implementation of PBEE depends on the ability to predict Engineering Demand 

Parameters (EDPs) from ground motion Intensity Measures (IMs). The response of a 

building during an earthquake is governed by the complexities in the ground motion 

that is governed by the seismic source, the Earth structure, and local site conditions. 

This thesis aims at evaluating the correlation between building response and intensity 

measures. 

In the first part of my study, I compute building responses from large sets of recorded 

ground motions (up to 2500) by considering Reinforced Concrete (RC) frames with 

different natural periods (0.1-1.6s). I then calculate several IMs from recorded ground 

motions in the near field region of moderate-to-large earthquakes (𝑀𝑤 ≥ 5). For the 

ground-motion waveforms, I perform time-history analysis to evaluate building 

response and extract the engineering demand parameters in terms of interstory drift. 

From the response of buildings subjected to ground motion records, I infer that 

interstory drift ratio strongly correlates with spectral measures of ground motion 

intensity (correlation of 0.85). The results presented in this study help to identify 

optimal IMs in the context of PBEE. 
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Recorded ground motions may often be insufficient to study the effects of near field 

ground motion complexity on building response because of limited data. Therefore, 

earthquake engineers increasingly rely on simulated ground motions based on 

numerical modeling approaches that include realistic earthquake sources and 

medium. The complexities of these models contribute to the ground motions and will 

have potential impacts on the building responses.  

Correspondingly, in the second part of my thesis I simulate broadband ground motions 

(frequency range 0 – 10 Hz) for (𝑀𝑤 = 6.7) Tottori Earthquake (2000) for 30 different 

source realizations. I perform building response analysis for a RC frame (natural period 

T = 0.96s) subjected to simulated ground motions. From the analysis, I observe and 

quantify the dominant source complexities on the interstory drift. 
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Chapter 1 

Introduction 

Earthquake-related damage to buildings concerns the engineering community in 

seismic risk assessment due to future earthquakes. The damage is quantified in terms 

of annual losses in a building, and these losses are associated with uncertainties in the 

seismological data and structural characteristics. Among all types of natural disasters, 

perhaps earthquakes have the most adverse effect on the built environment due to 

its unpredictable nature, scale of impact and ability to trigger other events like 

tsunami, liquefaction, fire, and landslides. The Federal Emergency Management 

Agency (FEMA) reports that US suffers around $5.0 billion a year because of losses 

incurred due to earthquakes [1]. The Centre for Research on the Epidemiology of 

Disasters (CRED) reports 27,000 casualties each year since 1990s because of 

Earthquakes [2]. The aftermath of damaging earthquakes in the past (e.g., Mw 7.9 San 

Francisco Earthquake 1906), prompted several efforts to reduce fatalities, injuries and 

property losses caused by earthquakes (NEHRP, FEMA, NIST, NSF). All these leading 

programs have led to the design and development of building guidelines and seismic 

design provisions to achieve different safety levels.  

With the development of performance-based earthquake engineering (PBEE) 

framework, the engineering decisions on rehabilitation are made based on 

probabilistic estimates of seismic performance of structures in terms of repair cost, 

casualties, and loss of functionality. To facilitate informed decision-making, PBEE 

allows the definition of certain “performance metrics”.  One of the earliest methods 
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was to achieve the performance through pushover curve [3]. The Pushover curve 

relates structural response (interstory drifts, member forces and deformations) to the 

performance metrics (Immediate Occupancy IO, Life Safety LS and Collapse prevention 

CP). The structural response is a result of subjecting building to seismically induced 

lateral forces. Figure 1.1 summarizes this initial concept of PBEE.  

Because the relation between structural response and performance metric is more 

subjective, it was necessary to improve and calibrate the calculated demands and the 

performance demands [4]. Owing to multi-disciplinary nature of the problem, the 

Pacific Earthquake Engineering Research Centre (PEER) undertook extensive research 

and formulated a more robust methodology and framework for PBEE. This framework 

consists of four generalized components namely, seismic hazard, building response, 

probability of damage and the costs incurred in losses and repair works, each of which 

can be studied in a consistent manner. 

 
Figure 1.1 Initial version of PBEE - Idealized Load vs displacement (Pushover) curve 

(Jack,2004). Vertical axis represents the base shear induced by earthquakes and 

horizontal represents the displacements. Performance Levels (IO, LS and CP) and 

corresponding cost of repair and casualty rate is also shown. 
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In the first stage, seismic hazard is estimated by identifying earthquake sources, 

magnitudes, and distances to predict ground motion intensities and develop hazard 

maps for the given site of engineering interest. The ground motion intensity measures 

(IMs) in terms of peak ground acceleration (PGA) or spectral acceleration (Sa) are 

commonly used to represent seismic hazard. However, these estimates of IMs largely 

depend on the seismological uncertainties involved in each stage of hazard analysis. A 

major component originates from the empirical Ground Motion Models (GMM) to 

predict the expected IM for a particular earthquake magnitude at a given distance 

from the source [5]–[7]. The complexities of seismic source, Earth medium and site 

conditions are often too simplified in such models, thus resulting in variabilities in the 

predicted IMs. Buildings that are subject to earthquake ground motions with varied 

range of peak amplitudes, frequency and durations may respond differently 

depending on the frequency characteristics of the building itself. Hence, building 

responses are sensitive to the observed variabilities in IMs. To address this concern, 

several contemporary IMs have been proposed [8]–[10], that considers the 

variabilities in ground motion characteristics and the structural properties. 

In the second stage, building responses are computed in terms of “Engineering 

Demand Parameters” (EDPs) by performing structural analysis using methods such as 

“Non-Linear Time History Analysis” or (NLTHA). EDPs represent deformations, drifts, 

and floor accelerations as the response measures of buildings to seismic excitation [4, 

8].  

In the third stage, building damage is calculated in terms of “Damage Measures or 

DMs” by describing the physical damage to structural and non-structural components 

of the building. Established relationships between EDPs and DMs based on post-
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earthquake response of structural and non-structural components of buildings, 

facilitate to quantify damage for rehabilitation work [12].   

In the fourth stage, annual losses are determined in terms of “Decision Variables” or 

DVs to assist stakeholders in terms of risk management. Decision variables are 

expressed in terms of direct monetary losses, restoration time and casualties resulting 

from Damage measures. Figure 1.2 shows the overall framework of PEER’s 

performance assessment. 

 
Figure 1.2 Elements of PEER’s performance-based assessment methodology [5]. PBEE 
defines different measures at various stages of analysis. Intensity measures (IMs) are 
defined to represent the features of ground motions at a site. Engineering Demand 

Parameters (EDPs) describes the response of structure subjected to input ground 
motion. Damage measures (DMs) describes the damage to different structural and 

non-structural components and the associated repair works. And finally, for risk 
management decisions decision variables (DVs) are used. 

 
 

Although the strategies in a PBEE framework facilitate decision making in seismic risk 

mitigation, each stage of analysis require more careful investigation due to the large 

number of uncertainties involved. Many of these uncertainties play a significant role 

in the first two stages of PBEE framework, i.e., estimation of seismic hazard and 

building response, and are propagated further in the final stages of damage 
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assessment and loss estimation. Hence, a reliable implementation of PBEE would be 

still years away in professional practice [4]. Here, I address some of the key challenges 

involved in the PBEE framework and explain why this needs to be addressed in building 

damage assessment. 

In a probabilistic framework, each stage of the analysis is associated with many 

uncertainties (seismological and structural) that influence these EDPs and loss 

estimates [13]. The seismological uncertainties emerge from the earthquake ground 

motion characteristics due to the limited knowledge of Seismic source, Earth medium 

and local geological site conditions at any site of engineering interest. With the 

advancement of networks of strong ground motion data, it has been possible to 

understand the uncertainties in ground motion prediction models (NGA West2 

database, IRIS etc).   

The uncertainties due to structure arise from uncertainty in measurement of physical 

quantities, randomness in stiffness, strength, and ductility characteristics of the 

building. Apart from these, uncertainties in numerical modelling of seismic response 

arises from uncertainty in constitutive models that represent steel and concrete in 

structures. It should also be realized that contribution of these uncertainties towards 

total uncertainty is also not constant. Both seismological and structural uncertainties 

would yield correlations with IMs that do not characterize the EDP. While the 

seismological uncertainties can be addressed by a rigorous selection of ground 

motions, structural uncertainties must be captured by comparing numerical responses 

with seismic observations.  

For efficient functioning of PBEE, rigorous selection of ground motion recordings is 

imperative and with advancements of instrumental networks, recordings of strong 
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motions have risen significantly over the years. However, in zones of sparse 

instrumental networks or long return periods of earthquakes, ground motion data is 

not sufficient. Recordings can also lack some specific combinations of magnitudes, 

site-distance, azimuths, mechanisms, and soil characteristics. To make up for 

insufficient data and to perform non-linear time history analysis, building codes 

recommend scaling of ground motion records. According to ASCE [14] at least 7 

ground motions should be scaled such that the average of 5% damped response 

spectra of scaled records is greater than the design/target response spectrum for a 

period range of 0.2T1 to 1.5T1 (where T1 is the natural period of structure). The average 

EDP from all scaled records is then used for analysis and design. 

However, ground motion scaling is ineffective if the past records are insufficient to 

represent the variabilities in seismic source, faulting mechanism, epicentral distance, 

site characteristics etc. With advances in computing capabilities, modern codes 

recommend the use of simulated ground motions [15], [16]. However, simulated 

ground motions are yet to be investigated extensively for their use in PBEE.  

The objective of this thesis is to improve the understanding of the relationship 

between ground motion intensity measures IMs and engineering demand parameters 

EDPs (interstory drift). To achieve this goal, I first use a database of near field ground 

motions from past earthquakes (Mw > 5.0) to perform non-linear time history analysis 

on a selected set of building frames of varying natural periods (0.1 <  T < 1.6).  I 

select this ground motion dataset to consider all possible variabilities in magnitude, 

focal mechanism, distance, azimuth, and site Vs30. I compute a range of IM values 

from the recorded ground motion to quantify its amplitude, spectral and energy 

characteristics. For each IM value, I compute correlation of interstory drift and its 
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dependence on magnitude, epicentral distance and site class for different natural 

periods. 

In the second part of my study, I simulate broadband ground motions (frequency 

range 0 – 10 Hz) for the (𝑀𝑤 = 6.7). Tottori Earthquake (2000) for 30 different source 

realizations. I perform response analysis for a building frame (natural period T = 0.96s) 

for the simulated ground motions. Here, I focus to address the role of finite fault 

source complexities on the interstory drift and the correlations with ground motion 

IMs. 

The thesis is organized in five chapters. Chapter 2 presents a review of literature on 

the existing ground motion intensity measures and ground motion simulations. 

Chapter 3 explains the analysis of correlations between structural response and the 

intensity measures. Chapter 4 presents a discussion of our findings from the analysis 

and some of the implications in PBEE framework. In chapter 5, I summarize and 

highlight the key conclusions from the study, also indicating directions for future work. 
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Chapter 2 

Literature Review 

In this chapter, I first review some of the proposed ground motion IMs that are widely 

adopted in the current practice of PBEE, their features and relationship with EDPs. I 

then explain the importance of modeling ground motion complexity using numerical 

methods. I summarize some of the current simulation-based techniques of ground 

motion prediction that incorporates the physics of source, Earth medium and site 

conditions.  

 

2.1 Ground motion intensity measures (IMs) 

Intensity measures are the most significant part in framework of PBEE because they 

describe the overall characteristics of earthquake ground motions for practicing 

engineers. Identifying a reliable IM is a necessary step in PBEE framework to establish 

a meaningful relationship between building response and damage measure. Because 

of the complex nature of earthquake ground motion, an IM can be defined to 

represent the amplitude, frequency and energy characteristics of the ground motion. 

Because of the numerous possibilities to characterize the earthquake ground motion, 

the list of IMs is continuously evolving, and thereby an active area of research.  

There are several features of an IM that makes it suitable to be used in PBEE. The most 

important feature is “efficiency” that is based on the variation of EDP for a given IM 

(Shome [17]). An efficient IM produces smaller variability or dispersion in EDP (Figure 

2.1). A smaller confidence interval of EDP for a specific IM value makes IM more 
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reliable. Correlation analysis between EDP and IM is the most straight forward and 

diligent approach to ascertain IM’s efficiency [18]. With advanced computational 

capabilities, it is now possible to perform sophisticated simulations to establish these 

correlations. Correlation analysis involves the computation of Pearson’s correlation 

coefficient (equation 1.1), defined as the following [19]. 

 

 𝜌 =
∑ (𝑥𝑖 − �̅�)(𝑦𝑖 − �̅�)𝑛

𝑖=1

√∑ (𝑥𝑖 − �̅�)2(𝑦𝑖 − �̅�)2𝑛
𝑖=1

 (1.1) 

A steeper distribution in EDP and IM distribution (intercept approaching zero) will 

result in a direct relation between EDP and IM (Figure 2.1). Padgett et al [20], , 

described a new feature of IM, “practicality”  using the concept of direct correlation 

between EDP and IM. Regression variable ‘b’ is termed as the index of practicality. 

Similarly, Padgett et al [20] also put forward “proficiency” combining efficiency and 

practicality. A modified dispersion measure is suggested as ratio of dispersion and 

regression parameter ‘b’ for assessing proficiency.  

 
Figure 2.1 Distribution of Engineering Demand Parameter and intensity measure 

plotted in log-log scale. The solid line is the least square fit and dashed lines 
represents the variabilities. Variability is used to assess the efficiency of Intensity 

Measures in predicting the response of structures. 
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Furthermore, an ideal IM must be capable of providing EDPs that are invariant over 

seismic source, path and site characteristics such as  event magnitude, faulting style, 

epicentral distance and soil class [21].  Luca and Cornell [22], proposed this feature of 

IM as “sufficiency”, and for a sufficient IM, EDPs can be obtained from empirical 

regression fits between EDP and IMs. 

In addition to the invariance across seismological characteristics, Marafi et al., [9] 

proposed that IMs must also be structurally independent, versatile and transparent. 

“Structurally independent” IMs can reduce routine calculations as they can be applied 

on a wide range of structures, without the need of separately evaluating the IMs 

suitable for each building type. They observed that a structure-independent IM 

represents the duration and spectral shape of ground motion.  

One challenging aspect in applying these new IMs is the availability of existing seismic 

hazard maps which are currently in terms of PGA and Sa. Giovenale et al [23] proposed 

that “hazard computability” of IM is another factor that must be taken into 

consideration, considering the complexities involved in generation of new seismic 

hazard maps in PSHA. Taking this feature into consideration, several IMs have been 

proposed and I review some important IMs in the following paragraphs. 

Elenas and Meskouris [24] classified the IMs into three categories based on what they 

represent in the ground motion record – amplitude, spectral and energy parameters. 

They expressed the EDPs as inter story drift ratio (ISD) and overall structural damage 

index (OSDI), computed after Park and Ang [25] damage model. Based on the structure 

specific correlation analysis between IM and EDP, they find that the spectral 

parameters are more efficient in predicting OSDI than the amplitude parameters. 
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Among the available IMs, many studies focus on the efficiency of the use of Sa as a 

good indicator of IM. One such study investigates an optimal combination of spectral 

values over a range of periods ([8], [26]). In another work, the integration of spectra 

between a period of interest is investigated as a measure of IM ([27], [28]). Yahyaabadi 

[8] proposed an IM based on spectral displacements (Sd) that incorporates period-

dependent elongation and higher mode effects to predict structural response. 

Yahyaabadi’s [8] approach found that a combination of Sd values at natural period 

(T1) and an elongated period (1.2T1) or T1 and second-mode period (T2) is observed 

to yield better results than the use of conventional spectral measures (Sa and Sv). 

Kostinakis [29] investigated the relation between EDPs and Sa for 3D reinforced 

structures and observed that the correlations are stronger for medium rise buildings 

(5 stories). 

Another key ground motion parameter that can assess structural damage is the 

“duration” [30]. One of the widely utilized definitions for ground motion duration is 

the “significant duration”, proposed by Trifunac and Brady [31], encompassing 5-75% 

or 5-95% energy within a ground motion record. Bommer et al. [32] demonstrated 

that longer duration of ground motion records can reduce the strength and stiffness 

of the structure due to the cyclic fatigue effects under dynamic loading.  

Marafi et al., [9] proposed an IM to incorporate the effect of spectral shape and 

duration of ground motion on the response of multi-storeyed RC structure. They found 

that the spectral shape affects the ductility of the structure and duration affects its 

cyclic deterioration. A later study by Hancock et al., [33] indicated that the duration 

does not have much impact on the peak damage measurements, but correlates with 

cumulative damage measures such as absorbed hysteretic energy. 
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In addition to the aforementioned IMs, other IMs that are more structure-specific are 

also proposed in various studies, such as “Improved Effective Peak Velocity (IEPV)”, 

“Improved Effective Peak Acceleration (IEPA)” ([8], [34]). Among the proposed 

parameters, IEPA is found to be more suitable for high frequency structures (5 to 

10Hz) and IEPV for low to medium frequency structures (0.8-1.25Hz) in the near field 

region. IEPA is computed as the average value of pseudo spectral acceleration in the 

vicinity of predominant peak of the pseudo acceleration spectrum, and IEPV is 

computed as the average value of spectral velocities in the vicinity of predominant 

peak of the velocity spectrum [34]. Since the frequency range adopted for 

computation of IEPA and IEPV varies with records, it fails to consider the modal 

frequency properties of structure and hence exhibit large record to record variability 

[8]. 

With the availability of open access databases such as the California Strong Motion 

Instrumentation Program (CSMIP), several studies attempt to calibrate EDPs from IMs 

computed from recorded data. Perrault and Guéguen [35] use Californian ground 

motion earthquake records and proposed relationships between EDP (in terms of 

normalized relative roof displacement) and IMs (PGA and PGV, Cumulative Absolute 

Velocity CAV, Sv and Sd), by including the dependence of material of construction and 

height of the structure. Perrault and Guéguen’s [35] approach observed reduction in 

variability between EDP and IM when structures are grouped based on material 

properties or height. 

Recently, Astorga et al., [36], presented a flat-file consisting of structural responses of 

instrumented buildings in US and Japan regions and confirmed the reduction in 

variability of EDP-IM predictive models by considering PGV and spectral values. 
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However, the lack of instrumented buildings amounts to bulk of data from a very few 

sets of buildings and hence limits the capability to calibrate EDP models from these 

recorded structural response data.  

 

2.2. Ground motion simulation 

Ground motion simulation techniques are classified into 3 categories: deterministic, 

stochastic and hybrid based on the frequency content required by the simulation 

technique. Deterministic methods solve the equation of seismic waves propagated 

from a deep seismic source embedded in 1D or 3D heterogeneous Earth structure by 

using numerical methods ([37], [38]). Although these methods are capable of 

considering the physics of source and the medium in simulating ground motions, they 

demand high computational costs to consider source processes at short scale lengths 

and inhomogeneity of medium, thus restricting the frequency band of simulation. 

Some of these  methods include boundary element method [39], [40], finite difference 

method [38], [41], finite element method [42] and spectral element method [43]. 

For engineering purpose, the frequency of ground motions to be used in simulations 

must be at least 10 Hz to incorporate the high frequency effects and empirical 

stochastic methods are more suitable for it. Housner [44] incorporated the stochastic 

nature of strong ground motion records by characterizing the source as a random 

series of short impulses. Hanks and McGuire [45] after examining close to 300 

horizontal ground motion records concluded that Gaussian noise can be used to 

characterize high frequency content of records. Aki [46] proposed a w-2 model for 

amplitude decay by fitting an exponentially decaying function to the autocorrelation 

function of dislocation velocity.  
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Boore [47] combined the observations of [45] and source spectrum of [46] to propose 

a new procedure to generate simulated ground motion from point sources. To 

incorporate finite fault effects, Beresnev and Atkinson [48] proposed a stochastic 

finite fault model by dividing the fault into smaller sub-faults. Each sub-fault is 

considered as a point source and the contributions of all segments is summed up in 

time domain. Stochastic methods are computationally less demanding and the 

resulting acceleration time histories have a high frequency range (up to 10Hz).  

Mai et al [49] use isotropic scattering theory of Zeng et al [50], [51] to generate high 

frequency contributions in a random media. Theory by Zeng [50] computes the time 

evolution of scattering energy by summing up contributions from all heterogeneities. 

According to Zeng [51], the entire scattered wave-field can be approximated by S-to-

S-scattering wavefield.  

The simulated waveforms generated using stochastic methods are more applied due 

to low computational costs but the low frequency content of these waveforms is not 

accurate due to simplified Earth structure and source. For the representation of 

accurate frequency band up to a range of engineering interest (0-10 Hz), hybrid 

techniques have been developed to merge ground motions from deterministic and 

stochastic methods. 

For accurately representing the full frequency band, hybrid methods are used which 

combine the deterministic low frequency and stochastic high frequency components 

of waveforms [52]–[55]. This can be done either in time domain [52], [54] by scaling 

the amplitudes of records or in frequency domain [53], [55]. For merging LF and HF 

components in frequency domain, amplitude spectra of two records are examined and 

merged at a matching frequency. However, Bazzurro [56] noticed the response of 
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Single degree of freedom (SDOF) systems to such hybrid seismograms was 

inconsistent with response of recorded seismograms at matching frequency. One of 

the reasons for this is the lack of phase matching of spectra of two records. Mai et al 

[55] approach overcomes this problem by optimizing the amplitude and phase at the 

same time and hence, is used in this study to merge LF and HF components. 

With the development of broadband ground motion simulation techniques, it is now 

possible to apply simulated ground motions to estimate seismic hazard especially in 

regions with sparse instrumental networks. Although efforts are taken to continuously 

improve simulation techniques, a realistic simulated ground motion is preferred over 

Ground motion models (GMMs) due to its compatibility with local seismo-tectonics of 

the region. GMMs also lack the capability to include the complex effects from source-

directivity, medium heterogeneity and other geological effects due to the presence of 

sedimentary basins and topography. 

 

2.3. Application of simulation ground motions in earthquake engineering 

Simulation-based ground motion studies are common in regions of sparse 

instrumentation. It is also essential in seismic hazard analysis to predict ground 

motions for future earthquakes. For example, the southern part of San Andreas Fault 

has not generated a big event since 1690 and the accumulated strain can generate a 

Magnitude (Mw) 7.7 earthquake event [57]. In such regions, simulated ground motions 

can be used to estimate seismic hazard due to the possible large events and alleviate 

their effects on structures. 

Heaton et al [58] generated ground motion simulations for a hypothetical thrust 

earthquake (Mw=7.0) without a surface rupture in Los Angeles Basin and estimated 
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the response of a 20-story steel frame and 3-story base isolated buildings.  Perhaps, 

the best way to determine the efficacy of simulated ground motions in earthquake 

engineering is by comparing the responses of both simulated and recorded ground 

motions. Employing this criteria, Bazzurro et al. [56] compared the response from 

observed and simulated ground motions of 1994 Northridge Earthquake for a post 

elastic Single Degree of Freedom Oscillator.  

Atkinson and Goda [59] computed the response of single degree of freedom systems 

subjected to stochastically simulated records for Tokachi-Oki earthquake (2003) and 

compared with the corresponding responses of modified and scaled original records. 

Atkinson et al. [60] generated simulated waveforms for a hypothetical Mw 7.5 

earthquake by stochastic finite fault and hybrid broadband approaches and compared 

the responses of a inelastic single degree of freedom systems. The study finds that if 

the statistics (median and variability of elastic response spectra) of both set of records 

are same, then the statistics of response in terms of peak ductility demand of both 

methods is also similar. Goda et al [61] compared the response of nonlinear SDOF 

structures subjected to real ground motion records of 2011 Tohuku earthquake and 

simulated records developed by empirical Green’s function and stochastic finite fault 

methods. The average trends of demand curves are found to be similar for three set 

of records. 

Galasso et al [62] compared the elastic and post elastic response of structures 

subjected to actual and simulated recordings of four famous events (Imperial valley, 

Loma Prieta, Landers and Northridge earthquakes) and attributed the discrepancies in 

peak response to variations in spectral shape. Later, [63] extended the study to a 20-

story and 6-story buildings. Karimzadeh et al. [64] generated simulations of 1999 
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Duzce Earthquake using stochastic finite fault methodology and imposed them upon 

frame models of typical residential structures in Turkey. The study also defined misfits 

for ground motion parameters and structural response parameters to determine the 

accuracy of simulated responses. In a later study, these misfits were found to be 

smaller for broadband ground motion simulations than stochastic-only simulations 

[65]. So far, in all these studies, the investigations are limited to SDOF structures or 

MDOF structures for a few sets of ground motions.  

In future PBEE framework, there will be increasing demands to model structures as 

dynamic, non-linear MDOF systems and the investigation of building response will 

require an entire ground motion record as input. In regions of sparse seismicity and 

instrumentation, it is necessary to rely on simulation-based ground motions where 

the effects of complex seismic sources and the Earth structure are modelled. The 

investigation of variability of building responses to near field ground motion 

complexity is an area of research that needs much attention. Therefore, in the next 

chapter, I analyze the correlation of building response with ground motion IMs from 

recorded dataset and investigate the complexities associated with building response 

of simulated ground motions.  
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Chapter 3 

Correlation Analysis 

Here I first illustrate the non-linear time history analysis procedure adopted in the 

present study in the context of building response analysis. Next, I explain our choice 

of 2D reinforced concrete frames with different natural periods and engineering 

demand parameter (EDP). I then describe the ground motion dataset selected to 

compute the IMs. In the last part of the methodology, I select one large event from 

the database and explain the simulation of ground motions for different source 

complexities.  

 

3.1 Introduction 

One of the important steps in PBEE framework prior to the estimation of building 

damage, is the evaluation of correlation between IM and EDP. The uncertainties in 

seismological data (such as earthquake magnitude, faulting style, heterogeneities in 

the medium, local geological site conditions etc) and structural characteristics 

(material properties, choice of structural analysis, etc) contribute to the stochastic 

nature of these relationships. In this study, I consider a variety of IMs that are suitable 

over a wide range of structures. For the estimation of EDPs in terms of storey drifts or 

floor accelerations, it is necessary to perform dynamic response analysis of structures 

subject to input ground motions. Under seismic excitation, structural and non-

structural components may undergo inelastic deformation, due to load reversal 

effects in the earthquake ground motion. “Non-linear time history analysis” (NLTHA) 
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is one of the efficient methods to incorporate the non-linear response of the structure 

and its various attributes like failure modes and contribution of multiple modes of 

vibration. 

 

3.2 Building Response Analysis 

Non-linear time history analysis is a step-by-step procedure to evaluate the dynamic 

response of a structure under a forcing function that varies with time [66]. In my study, 

the forcing function is the acceleration time history of an earthquake ground motion. 

NLTHA incorporates various types of inelastic materials, damping models and different 

types of non-linearities such as geometric and material non-linearities, and hence is 

one of the most robust methodologies that is suitable for investigating building 

response in the near field region. NLTHA solves the dynamic equation of motion for 

both single and multi-degree of freedom systems (Equation 3.1). 

 Mü(t) + Cu̇(t) + Ku(t) = f(t) (3.1) 

Here, M, C and K are mass, damping and stiffness matrices. f(t) is the forcing term 

from the input ground motion. 

To compute full structural response from non-linear time history analysis of 2D 

concrete frames, I use Open System for Earthquake Engineering Simulation 

(OpenSees) [67]. OpenSees is an open-source object-oriented platform developed by 

University of California Berkeley with support from PEER [11]. Primarily written in C++, 

OpenSees employs Finite element method to simulate structural response due to 

different kind of loads including gravity, seismic, wind etc. The ability to include a wide 

range of material models (both linear and non-linear) and analysis techniques makes 

the software versatile for any type of structures (elastic and inelastic). Furthermore, 
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the sequential and distributed memory interfaces of OpenSees have been tested for 

implementation in high performance computing environments [68].  

 

3.3 Modelling of 2D Reinforced concrete frames. 

I use 2D reinforced concrete symmetric frames to analyze the correlations between 

IMs and EDPs. I model 18 different symmetric and unsymmetric frames with different 

natural periods to investigate frequency dependence of the correlations. Table 3.1 

lists the selected building configurations in this study. Some of the frames are taken 

from previous studies and are modified here by varying the stiffness characteristics to 

suit fundamental frequencies within the range of frequencies in earthquake ground 

motions. The building configurations used in this study represent typical RC frames 

that are typically adopted in standard engineering practice. For example, a frame with 

the shortest natural period (T=0.14s) is a 2-storyed building with 2 bays and a frame 

with the longest period (T =1.55s) is a 12-storeyed building with 5 bays.  I describe 

below some of the standard configurations adopted in this study: 

• Frame-3 is a 3-storyed 3-bay structure that was first used by Bracci [69] for 

experimental study and is representative of structures designed only for 

gravity loads.  

• Frame-5  is a 4-storyed 3-bay structure adopted from [70], designed according 

to the guidelines of Greek seismic code for a mid-rise structure [71], while 

Frame-9 is a high story (9 storeys and 3 bays) structure designed according to 

1959 Greek code with low level of seismic design. 
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• Frame-6 is a symmetrical 7-storyed 5-bay model constructed in early 1950s in 

Christchurch, New Zealand before modern earthquake guidelines for 

structures developed [72].  

• Frame-13 is a 10-storyed 5-bay structure taken from Ismaeil et al. [73], 

designed according to Egyptian code provisions for Earthquake resistant 

designing in Egypt. 

• Frame-17 is taken from [74], a 12 story and 3-bay frame designed according to 

Chinese code provisions. 

• Other structures are designed either based on Indian code provisions and are 

modified to suit the frequency range of earthquake ground motions. 

 

Table 3.1 Details of all the 2-dimensional frames considered in this study. Number of 

stories vary from 2 to 12 and bays from 2 to 5. Fundamental period is in between 0.1 

to 1.6 seconds. 
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For modelling structural elements, nonlinear fiber-based beam–column elements 

adopted from [75] are used to efficiently model cyclic behavior under seismic 

excitation. Non-linear force-deformation relationship of the structural element is 

implicitly defined during the simulations by summing up the stress-strain relationship 

of fibers.  

The response of structural elements that are not adequately reinforced is governed 

by damage to concrete due to tension. To include deterioration of concrete from 

compressive and tensile forces, concrete02 model in OpenSees is adopted for both 

confined and unconfined concrete.  

The model uses Kent-Park [76] curves to represent compressive behavior (positive 

branches of stress-strain curve in Figure 3.1) and linear tension softening to model 

tensile behavior and reflect tensile damage (negative branches of stress-strain curve 

in Figure 3.1)  [77]. Figure 3.1 shows the behavior of the concrete (deformation data) 

under generalized monotonic loading (monotonic load curve). Compressive strengths 

and strains at 28 days and at crushing stage is needed as input for this monotonic load 

curve. 

For steel, steel02 material model in OpenSees is used, which possesses isotropic strain 

hardening [78]. Strain hardening ratio is selected as 0.005 in this study at all stages. 

Figure 3.2 shows the monotonic envelope of the material model. 
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Figure 3.1 Material model for concrete where fpc stands for concrete compressive 

strength at 28 days and fpcu for concrete crushing strength. Eo and Ets stands for 

initial elastic tangent and tension softening stiffness respectively. Ɛpsco and Ɛpscu are 

concrete strain at maximum and ultimate strengths respectively. λ represents ratio 

between unloading slope at ultimate strain and initial slope. ft is the tensile strength 

of concrete. 

 

Figure 3.2 Material model for steel where fy stands for yield stress in tension and fu 

for ultimate stress in tension. Es and Esh stands for initial elastic tangent and for 

tangent at initial strain hardening respectively. Ɛsh and Ɛsu are strain corresponding 

to initial strain hardening and peak stress respectively. 
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To include damping in the structure, the widely used Rayleigh damping model is 

adopted as shown in Equation (3.2) [79].  

 C = a0M + a1K (3.2) 

where M and K are mass and stiffness matrices. C is the damping matrix. 

The coefficients a0 and a1 are evaluated using the damping ratio (ξ) and frequencies 

pertaining to any two selected modes of structure. In this study, the frequencies 

corresponding to first and the mode for which mass participation exceeds 98% are 

selected to evaluate damping coefficients. Damping factor is set to 5% for all modes 

of the structure. Since the mass contribution can significantly affect the fundamental 

period of structure, dead (DL) and live load (LL) combination is kept constant for all 

the frames. Natural periods are extracted by using a 100% DL and 25% LL contribution 

(Table 3.1).  

All 18 unsymmetrical frames are subject to a set of unscaled ground motion records 

for the response analysis in terms of EDP that are discussed in the following section. 

 

3.3.1 Choice of Engineering Demand Parameter (EDP) 

A number of EDPs are available in terms of inter-story drifts, floor accelerations, 

member forces, etc that are adopted in PBEE methodology. In this study, I select the 

“Maximum inter story drift ratio or ISD” as the quantity of interest. ISD is defined as 

the ratio of relative displacement between the top and bottom ends of stories that 

are separated by an inter-story distance. Total drift ratio, the ratio between the top 

and bottom ends of structure and height of structure, is representative of response 

for a single degree of freedom system. Hence, interstory drifts are required to be 
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calculated at each story level to consider the effect of higher modes in total response 

of the structure [80]. Drift ratio is a highly regarded parameter for quantifying both 

structural and non-structural damage to the structure. FEMA [81] defined thresholds 

for drift ratio associated with specific damage states depending on the typology of the 

building (material, height, or construction type), performance level and seismic design 

level. The damage states for reinforced concrete frames given by [81] are slight, 

moderate, extensive, and complete. Table 3.2 summarizes the damage corresponding 

to these states. The inter story drift ratio at threshold of damage states for different 

structures according to various seismic design code levels is given in Table 3.3 [81]. 

The thresholds are defined by examining the correlation of interstory drift ratio and 

damage to the structural members using analytical and experimental studies on walls 

and frames. [82]. 

 

Table 3.2 Description of various damage stages. 
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Table 3.3 Threshold value for different damage states corresponding to various 

seismic design levels. 

 
 

 

3.4 Ground motion dataset and Intensity Measures (IMs). 

To compute ground motion IMs, I first select a set of ground motion records in the 

near field region of large earthquakes. Here, I explain the ground motion database and 

the computed IMs that are further investigated. 

 

3.4.1 Ground motion database 

I select ground motion records from the NGA-West2 database in the near-field region 

(epicentral distance ≤ 80 km) of moderate to large earthquakes (Magnitude (Mw) ≥ 

5). The magnitude-distance distribution of selected records is shown in Figure 3.3. In 

this dataset, I have considered magnitude ranges of engineering interest and this 

includes 810 records for the range 5 ≤ Mw < 6, 1124 records for 6 ≤ Mw < 7 and 658 

records for Mw ≥ 7. 
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The histogram of records in different magnitude bins are indicated in Figure 3.4. Figure 

3.5 shows the location of these events in the globe. A total of 2592 records (only 

horizontal components) are considered from 95 events, of which 49% are reverse slip, 

24% are strike slip and oblique slip and the remaining events are normal faulting 

events. All the events are recorded at sites with soil conditions that are classified into 

different classes A, B, C, D and E based on Vs30 (NEHRP classification) [83]. Table 3.4 

lists the classification of sites based on Vs30. 

Table 3.4 Site specific shear wave velocity according to International Code 
Council,2009 [94] 

 

 
Figure 3.3 Magnitude versus epicentral distance for considered dataset. Grey dots 

indicate NGA west 2 database and red points show the dataset used in the study. 

Since the study is focused in near fault region, the selected records have a maximum 

epicentral distance of 80km. A total of 2592 records from 95 events are used. 
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Figure 3.4 Histogram of records used sorted with respect to magnitude. The highest 

number of records fall in 6.0 to 7.0 magnitude category, followed by 7.0 to 8.0 range. 

 

 
Figure 3.5 Geographical distribution of events considered in the study. Most of the 

events are focused in regions of Japan, California and Europe. 
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3.4.2 Ground motion Intensity Measures 

In this study, I compute 10 different intensity measures described in various studies 

[31], [84], [85] after classifying them into peak ground motion parameters, spectral 

parameters, and energy parameters. 

 

Peak ground motion parameters: 

The peak parameters include peak ground acceleration (PGA), peak ground velocity 

(PGV) and peak ground displacement (PGD), as a measure of maximum amplitude 

from a ground motion record. While PGA is a useful measure of damage for buildings 

in the range of frequencies of engineering interest, some studies have shown that PGV 

might be a better indicator of damage [86], [87]. I summarize the PGA, PGV and PGD 

computed from our ground motion dataset by showing the distance dependence in 

Figure 3.6. The black line indicates the moving average of IMs and it is observed that 

the distance-dependent attenuation is stronger for PGA when compared to that of 

PGV, and almost invariant for PGD over the distance 80km. A maximum PGA of 1.74g 

is observed for Mw 6.63 Niigata Earthquake and a minimum PGA of 0.0047g is 

observed for Mw 5.19 Coalinga Earthquake. Similarly, maximum PGV and PGD noticed 

in the dataset are 133.3cm/sec and 113.3cm for Mw 7.30 Landers Earthquake.  

 

Spectral Parameters: 

To account for the frequency-dependent structural response, engineers devised 

spectral intensity measures computed from recorded ground motions, for given 

damping characteristics (5% damping is assumed in our study). Acceleration spectrum 

Intensity (ASI) proposed by [84] and velocity spectrum intensity (VSI) proposed by [85], 
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given by equations (3.3) and (3.4) are used to represent spectral characteristics. 

Spectral acceleration at fundamental period of frames is also used in this study. ASI 

and VSI computed for our dataset are summarized in Figure 3.6. It is observed that ASI 

attenuates stronger with distance compared to VSI. 

 ASI(ξ) =  ∫ PSA(ξ = 0.05, T)
0.5

0.1

dT (3.3) 

 VSI(ξ) =  ∫ PSV(ξ = 0.05, T)
2.5

0.1

dT (3.4) 

Here, PSA and PSV are Pseudo Spectral Acceleration and Velocity curves and ξ is the 

damping ratio. 

 

Energy parameters: 

Aforementioned parameters uphold the amplitude characteristics of ground motion, 

either from the entire ground motion record or from the response spectra. Hence, 

new parameters are proposed to consider the duration and energy content of the 

ground motion record. The recorded time histories have durations varying from 3.66s 

to 300s. Trifunac and Brady [31] introduced a temporal measure for earthquakes 

named as significant duration (Tsig), which is considered as the time elapsed between 

certain thresholds of energy under acceleration time histories. Since seismic records 

of some of the recent earthquakes have more than one phase, threshold boundaries 

for energy are set to 5% and 95%.  These boundaries are set to avoid loss of data from 

less dominant phases found at the end of recordings. Figure 3.6 implies that Tsig 

increases with distance. 

Root mean square acceleration (Arms) given in equation (3.5) proposed by Housner 

[84] and is considered as the effective acceleration of the seismic record in the course 
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of significant duration proposed above. Since this parameter is dependent on both the 

amplitude and duration characteristics of a record it is used in engineering purposes 

to quantify strong motion records. 

 Arms =  √
1

Tsig
∫ [a(t)]2dt

t2

t1

 (3.5) 

Here, Tsig is the significant duration computed above and a(t) is acceleration time 

series. 

I also compute the Arias Intensity (Ia), that indicates the energy dissipated during the 

entire duration of a ground motion record as shown in equation (3.6). 

 Ia =
π

2g
∫ [a(t)]2 dt

t

0

 (3.6) 

 
Figure 3.6 Variation of Peak, Spectral, Temporal and Energy intensity measures with 

epicentral distance. The mean (black solid line) is obtained from a moving window 

average of 200 data points with an overlap of 100 points. 
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Finally, I use Cumulative Absolute Velocity (CAV), as a measure of the onset of 

structural damage. I compute CAV, as shown in equation (3.7), as the area under 

absolute accelerogram. 

 CAV = ∫ |a(t)| dt
Tsig

0

 (3.7) 

 
Figure 3.6 shows the variation of all energy parameters with distance. It can be 

observed that while Arms and Arias Intensity decrease with distance, CAV remains 

almost invariant with distance.  

 

3.5 Ground motion simulations. 

One important aspect of seismic hazard assessment is the estimation of ground 

shaking levels for future large earthquakes, for which there is very limited 

instrumental records. Therefore, to compute full building response for these large 

events, it is required to capture full 3D response from seismic waves propagated in a 

heterogenous Earth medium. The need to rely on simulation-based ground motions 

led to the use of many sophisticated numerical models of earthquake source and Earth 

structure. In these models, the source complexities are characterized in terms of slip 

distribution, rupture speed variations, duration of slip etc. and these source effects 

can produce records with largely varying IMs and the associated building responses. 

Furthermore, the complexities in Earth structure due to heterogeneities at different 

scale-lengths also influences the radiated seismic energy, thereby influencing the 

building response at different frequencies.   

In this study, I investigate variabilities in building response due to source complexities 

for an assumed 1D Earth structure model. I carry out numerical simulations by 
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selecting a well recorded event, the Mw 6.7 Tottori earthquake (2000), from the 

ground motion database.  

For the low frequency band, simulations based on numerical methods like finite 

element, finite difference or spectral element methods are highly accurate. To 

generate high frequency ground motions, empirical stochastic approaches from 

simplified sources and Earth models are more suitable. However, to simulate realistic 

ground motions for engineering interest, it is necessary to combine the two 

approaches to achieve optimum compatibility of low frequency and high frequency 

waveforms. Here I explain simulation of broadband ground motions for a selected 

event by considering several scenarios of earthquake source complexities. 

 

3.5.1 Event description 

As a case study for broadband ground motion simulation, I consider Mw 6.7 Tottori 

Earthquake (2000). The availability of wide instrumental networks (K-Net, KIK-Net, Hi-

Net) for the event not only provides good amount of data to validate the simulated 

ground motions, but also helps to understand the complex effects of source and path 

from the numerical simulations. There are 176 recording stations within an epicentral 

distance of 200km (Figure 3.7) for which synthetic seismograms are generated. The 

mechanism of the event is pure left lateral strike slip on a vertical fault with a strike of 

1500 (Figure 3.7). The hypocenter is located at a depth of 12km [88].  
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Figure 3.7 Index map of Tottori Prefecture. Thick solid line represents the fault. The 
star shows the epicenter of Tottori earthquake. The triangle represents the stations 

used in the study. Circle shows the city of Tottori. 

 

The 2000 Tottori earthquake event was placed in VIII (Severe) category in the Modified 

Mercalli Intensity scale because of the vulnerability of poorly designed buildings 

subject to heavy damage. Such large earthquakes on buried faults are expected to 

cause heavy damage, however, the epicenter of Tottori Earthquake was in 

mountainous region making it less impactful than other events of similar scale (e.g., 

Mw 6.9 Great Hanshin earthquake). Next, methodology adopted for generating slip 

fields is discussed. 
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3.5.2 Earthquake source models. 

To describe the source, I first compute the dimensions of the causative fault of the 

target event. Here, I adopt a fault length of 32 km and a width of 12 km from the 

magnitude-scaling relations of Mai and Beroza [89]. The fault plane is then divided 

into a number of subfaults (0.5km x 0.5km). The slip heterogeneity is defined on this 

finite fault using the spatial random field model of Mai and Beroza [90]. For the 

statistical distribution of slip, I use a Von-Karman auto-correlation function with 

correlation lengths as 13.84 km x 2.92 km and a Hurst exponent of 0.77. The slip 

duration or the rise time of slip spatially varies on the fault plane and are computed 

for each sub-fault using the relations of Somerville [91]. I use a constant rupture 

velocity (0.8 times shear wave velocity) and apply a random perturbation on the 

propagating rupture to include high frequency effects from the source. Figure 3.8 

shows the slip distribution for a sample realization and the corresponding rise time 

distribution. In a similar manner, I generate 30 source models with different slip 

distributions (Figure 3.9). In each model, the hypocenter location is fixed at the center 

of fault. Table 3.5 lists the source parameters adopted in the simulation.  

Table 3.5 Source parameters of 2000 Tottori Earthquake 
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Figure 3.8 Realization of Tottori Earthquake fault, where slip and rise times are color-

coded. Hypocenter is located at 16km along strike and 6km along dip. Rise times are 

computed from relations of Somerville [91]. 

 
Figure 3.9 Thirty Realizations of Tottori Earthquake, where slips are color-coded. 

Hypocenter is fixed at the center of fault and constant rupture velocity with random 

perturbations is assumed. Von-Karman autocorrelation function is used to generate 

distribution of slip. Source dimensions and correlation lengths are listed in Table 3.5.  
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I assume all rupture models are embedded in a 1D Earth structure, defined by the 

velocity model in Figure 3.10. taken from (RCEP-DPRI) Tottori observatory.  

 
Figure 3.10 Velocity model used for generating synthetic seismograms. 

 
 

3.5.3 Low-Frequency ground motions. 

Ground motions are simulated up to a maximum frequency of 3 Hz in the near field 

region (Rjb < 200km) by using a discrete-wavenumber finite element method of Olson 

et al.,[92]. I use the numerical package COMPSYN to perform the scenario-event 

simulations (Spudich and Xu [93]). The lowest shear wave velocity in the medium is 

3.1 km/s and a grid resolution of dz=1 km is adopted in the simulations. For all the 30 

source models assumed in the 1D Earth structure, synthetic waveforms are computed 

at the recording stations. Figure 3.11 (a) and (b) shows acceleration waveforms at 2 

stations for the first 10 source realizations in Figure 3.9.  
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(a) 

 
(b) 

Figure 3.11 Acceleration time histories at 2 stations (a) and (b) for 10 source 
realizations of Mw = 6.70 Tottori Earthquake. FP and FN indicate fault parallel and 

fault normal components. Waveforms are scaled to their maximum amplitude and 
numbers to the right denotes PGA. 
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3.5.4 Broadband ground motions 

To simulate high frequency ground motion, the hybrid technique of Mai et al [49] is 

adopted to the simulated low frequency seismograms. This method is based on the 

isotropic scattering theory of Zeng et al [50], [51] to compute the time evolution of 

scattering energy by summing up contributions from all multiple-scattering 

components in the medium.  According to Zeng et al [51], the entire scattered wave-

field can be approximated by S-to-S-scattering wavefield.  

To generate high frequency scatterograms, Green’s functions obtained using Zeng et 

al energy equation [51] are convolved with source time function.  

For large magnitude events similar to scenarios like Tottori earthquake, the scattering 

contribution of individual subfaults is required to be computed. This approach is 

similar to the empirical Green’s function method of Irikura and Kamae [94]. Therefore, 

the total ground motion at a particular site of interest is obtained by summing the 

individual scattering Green’s functions from each subfault. The attenuation 

characteristics of the 3D scattered wavefield originates from the high frequency 

scatterograms, and correspondingly, the source complexities and heterogeneous 

effects of the medium are contained in the low frequency waveforms. 

After computing the low frequency (LF) seismograms from discrete 

wavenumber/finite element in COMPSYN and the high frequency (HF) scattering 

waveforms at all recording stations, I use the optimization approach of Mai and Beroza 

[55] to merge the two sets. This approach optimizes the spectral amplitude and phase 

of two LF-HF seismograms at a target matching frequency. Although, the target 

matching frequency varies with site and component of record I adopt a constant 

matching frequency (0.55 Hz) within a bandwidth of 0.15 Hz for all sites. Figure 3.12 
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compares the broadband (LF+HF) records with LF records for two stations in time and 

frequency domains.   

  
(a) 

 

 
(b) 

Figure 3.12 Comparison of Low Frequency (red) and Broadband (blue) seismograms 

and the corresponding amplitude spectra for 2 stations (a) and (b). Broadband 

seismograms are generated by merging LF and HF seismograms at a Matching 

Frequency of 0.55 Hz. 



54 
 

  

Chapter 4 

Results 

Here, I investigate correlations between inter-story drift and the ground motion IMs 

for all the building frames used in the study. I discuss the dependence of the computed 

correlations with both structural properties (e.g., natural period) and seismological 

characteristics (e.g., magnitude, epicentral distance and soil type).  

4.1 Correlation Analysis 

From the nonlinear time history analysis performed on all 18 building frames for the 

set of input ground motion records (Figure 3.3), inter-story drifts are estimated. Two 

horizontal components of ground motion records are independently given as an input 

to the analysis platform. Pearson correlation coefficient (equation 2.1) is used to find 

the correlation between EDP and IMs. A linear relationship between EDP and IM on 

logarithmic scale is widely adopted in the prediction of EDP within PBEE framework 

and is given in equation 4.1.  

 log(∆)  = a + b ∗ log(IM) +  ε (4.1) 

Here, a and  b are coefficients obtained through linear regression and ε is the standard 

error, which can be used to determine the accuracy of the functional form 

Figure 4.1 shows the variations of IMs with inter story drift ratio for 18 structural 

frames. Correlations and variabilities are calculated with respect to the log-linear form 

(equation 4.1). Variability is defined as the mean of absolute error. Mean fit (red line) 

and standard deviation (dashed line) are also shown for each IM.  
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The correlations and variabilities are again listed in Table 4.1. Among all the peak 

measures of IMs, PGV exhibits the highest correlation and least variability, followed 

by PGA and PGD. VSI and Ia are good indicators of the spectral and energy measures 

of IMs respectively. The reason for a good correlation with PGV and VSI could be 

attributed to the fact that the natural periods of most of the buildings used in this 

study falls in the intermediate frequency range (~1 Hz). 

Among all the IMs, the correlation of Tsig with interstory drift is observed to be the 

least and this observation is consistent with previous studies [24], [35], [95]. Some 

studies have inferred that longer strong-motion duration imparts larger number of 

cycles of earthquake loading on the structure, thus causing a significant impact on the 

structural response [96]. Here I observe that the interstory drift increases from short 

period to long period structure, maintaining very low correlation with Tsig.  The 

duration of ground motion is an indirect measure of number of cycles in the input 

earthquake loading to the structure. Because the buildings used in this study adopt 

plastic hinge models, phenomena such as fatigue is not considered here, thus resulting 

in least correlation with building response.  

Table 4.1 Correlation and Variability between IMs and EDPs for 18 structural frames. 
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Figure 4.1 Correlation between interstory drift ratio and 9 intensity measures. The 

correlation coefficient is indicated in bold. The mean fit is shown as a solid red line 

and the associated variabilities are shown as dotted lines. 

 

All correlations presented so far indicate overall relationship between interstory drift 

and IMs for a varied range of natural period of structures. Hence, to investigate the 

structural dependent correlations, I classify the building frames according to their 

natural period as discussed in the next section.  

 

4.1.1 Period dependence 

To determine the period dependence of correlation between EDP and IM, I plot the 

variation of correlation of peak parameters, spectral parameters, and energy 

parameters with the natural period of structure (Figure 4.2). It can be observed that, 

correlation with PGA, PGV and PGD shows considerable variation with fundamental 

period of structure. PGA has the highest correlations for short period structures and 
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the correlations decrease for long period structures. Correlation with PGV increases 

from short period to long period structure with a slight decrease beyond 1.2s. PGD has 

moderate correlation and the correlations show an increasing trend with structural 

period. PGA represents a high frequency ground motion parameter and thus shows 

strong correlation with responses of short period structures. In a similar manner, 

intermediate and low frequency parameter PGV strongly correlates with the 

responses of long period structures.  

 
Figure 4.2 Variation of correlation of EDP and Peak IMs with natural period of 

frames. 

 
Figure 4.3 depicts the variation of correlation of spectral parameters with natural 

period of structure. Spectral acceleration computed at the natural time period of 

structure is also included in the investigation of correlations. ASI shows a strong 

correlation for short period structures, and the values decrease with period. VSI also 



58 
 

correlates strongly and the correlations increase with period and remains constant 

beyond a period of T=0.8s.  ASI and VSI dominate the high frequency and intermediate 

frequency range of the pseudo-spectral acceleration response respectively, thus 

yielding stronger correlations at the corresponding natural period of the structure. 

Correlation with Sa(T) is similar to ASI at short periods (T<0.8s) and VSI at long periods 

(T>0.8s). Among all IMs, the correlations are least with Tsig and the values increase 

with structural period. The duration is not influencing response because the building 

models used in this study do not incorporate complex phenomena such as fatigue. 

 
Figure 4.3 Variation of correlation of EDP and spectral IMs with natural period of 

frames. 

 
The period-dependent correlations of Arms, Ia and CAV are shown in Figure 4.4. Arms 

and Ia exhibit good correlations for short period structures, and the values decrease 

with period. Among the three parameters, CAV shows moderate correlation and no 

significant variation with structural period.  
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Figure 4.4 Variation of correlation of EDP and Energy IMs with natural period of 

frames. 

 
 
The variabilities (σ) associated with the correlations between EDP and the different 

IMs illustrated in Figure 4.2, Figure 4.3 and Figure 4.4 are listed in Table 4.2. In the 

table, I indicate the minima for each period. The value of minima quantifies the 

efficiency of the relationship of EDP with each IM.  

Although the amplitude and spectral measures of IMs are characterized as efficient, 

they are not entirely structurally independent as the correlations and their associated 

variabilities vary with natural period of structure. Hence, it is important that IMs are 

selected based on the natural period of structure. For small periods (< 0.3 sec), PGA is 

an efficient indicator and for periods (0.3-0.6 sec), ASI seem to be a better 

representative of response. For moderate (0.6-1.2 sec) and long periods (>1.2 sec), 

PGV and VSI are more efficient indicators. 
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Table 4.2 Variability associated with correlation of EDP and IMs for a range of 

periods. Smallest σ per time period is indicated in red. 

 

 

The analysis performed so far is useful to quantify the efficiency of an IM to predict 

building response. However, for an IM to be a “sufficient” indicator, more 

investigation is required with respect to the seismological characteristics such as 

earthquake magnitude, epicentral distance and soil type. I address these aspects in 

the following section.  

 

4.1.2 Magnitude and distance dependence. 

To analyze the correlations with respect to event magnitude and distance, I group the 

ground motion records into three magnitude classes: 5.0 <=Mw<= 6.0 (I), 6.0 <=Mw<= 

7.0 (II) and 7.0 <=Mw<= 8.0 (III). I then take a moving window average over these 

ranges and compute correlations between EDP and IMs within each class. From all the 

building models considered in this study, I select 3 frames with a range of period to 
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represent a short, an intermediate and a long period structure (Frames-3,9 and 14 of 

Table 3.1).  Hereafter, I refer to these frames as high frequency (HF), intermediate 

frequency (IF) and low frequency frames (LF). Figure 4.5 shows the correlations in PGA 

over epicentral distance for the 3 magnitude classes.  

 
Figure 4.5 Distance-dependent correlations with PGA for different magnitude 

classes. Correlation of PGA is examined for different magnitude ranges (5-6, 6-7, 7-8) 
and Epicentral distance for 3 frames. 

 
For HF structure, the correlations are almost invariant with distance for all magnitude 

classes. Hence, PGA is independent of event magnitude and epicentral distance for 

these structures.  For LF and IF structures, the correlation with PGA decreases very 

near to the source and increases at farther stations. For magnitude range 6.0 < Mw < 

7.0, we observe that the correlations decrease beyond a distance of 30km, compared 

to other magnitude classes. This deviation is due to the bias in the low frequency 

content in the spectra of these ground motion records. 
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Figure 4.6 Distance-dependent correlations with ASI for different magnitude classes. 

 

 
Figure 4.7 Distance-dependent correlations with PGV for different magnitude 

classes. 
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In a similar manner, the distance-dependent correlation of ASI is shown for the 

different magnitude classes in Figure 4.6. Variation of correlation of ASI is very similar 

to PGA, however, the variabilities are observed to be lower, indicating that ASI as a 

better indicator for HF structure. 

Figure 4.7 and Figure 4.8 shows the distance dependence of correlations with PGV and 

VSI for different magnitude classes. Although, PGV and VSI both exhibit significant 

variations for HF structures, they are almost invariant for IF and LF structures. 

Therefore, both PGV and VSI are good candidates to represent a sufficient IM for LF 

structures.  

 

Figure 4.8 Distance-dependent correlations with VSI for different magnitude classes. 
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4.1.2 Dependence on soil type. 

To investigate influence of correlations for soil type, I divide the ground motions into 

different site classes C, D and E, based on the NEHRP soil classification. Classes A and 

B are not considered here due to fewer records. I use the same frames considered 

previously (HF, IF and LF frames) to study the dependence of site class and consider 

PGA, PGV, ASI and VSI as the IMs in further analysis.  

Figure 4.9 illustrates the dependence of correlations over site class. It is seen that for 

HF structures the variabilities are not significant, however, the correlations with VSI 

increase from site class C to E. For IF to LF structures, the correlation with PGA 

increases sharply with site class (C to E). Correlation with PGV shows a similar pattern 

as PGA, but with lesser values. ASI and VSI shows significant variation only for soil type 

E. I also show the variation of inter-story drift with the shallow sediment shear wave 

velocity (Vs30) in Figure 4.10. It is observed that the mean trend of ISD is almost 

invariant with Vs30. 

 
Figure 4.9 Dependence of correlation with site class (based on NEHRP 

recommendation). The various site classes C, D and E along with the number of 

records in brackets are shown. 
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Figure 4.10 Variation of Inter story drift ratio with Vs30. Black line indicates a moving 

window average. It is seen that mean response of structures remains invariant with 

soft sediment shear velocity. The jump seen for intermediate and low frequency 

structures explains higher correlations for soil type E. 

 
 

So far, I have used recorded ground motions to extract the response of structure. 

However, in zones of sparse instrumental networks, simulated ground motions serve 

as a good alternative to assess building response. In the next section I estimate the 

response in terms of interstory drift ratio of a selected building for simulated ground 

motions of Mw 6.7 Tottori Earthquake (2000). 
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4.2 Response of simulated ground motions 

In this section, I study the effect of spatially varying slip of source models on building 

response. To investigate this effect, I first compute the PGA values from in the 

scenario-event simulations of Mw 6.7 Tottori earthquake for all 30 source realizations. 

I then compare the simulated ground motions with a few well-known ground motion 

models. Finally, I compute interstory drift by performing non-linear time history 

analysis on a particular building frame (Frame-11 from Table 3.1). 

 

4.2.1 Comparison with Ground motion models (GMMs) 

Ground motion IMs in terms of PGA are extracted from the simulations and are 

compared with GMM models of Boore and Stewart [5]. The lowest shear wave velocity 

used in simulations is 3179 m/sec and hence, site effects are not captured. To include 

them, I apply a “site-correction” using the approach of [97]. Figure 4.11 compares PGA 

from simulations and GMM predictions.  

 

Figure 4.11 Comparison of original and amplified PGA values with Ground motion 

model of Boore and Stewart [5]. For moderate to larger distances simulated pga is in 

the range of median (±σ).  
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The simulated PGA falls in the range of median (±σ) predictions from GMMs for 

moderate to large distances. However, there are stations very close to the epicentre 

for which site effects are not captured efficiently.  

 
 

4.2.2 Variation in response with distance. 

The simulated ground motions from all 30 source realizations are subject as input to 

an 8-story RC Frame (Frame-11 from Table 3.1). Interstory drift ratio is extracted from 

non-linear time history analysis of the structure and geometric mean of ISD of two 

components (fault parallel and fault normal) is computed. Median and standard 

deviation of ISD is plotted against Joyner-Boore distance for each site (Figure 4.12(a) 

and (b)). It can be observed that sites near to the source show larger drifts. The 

attenuation of the median ISD is stronger over distance for sites that are significantly 

influenced by the source-directivity effects. Furthermore, the source-related 

variabilities (such as location of large-slips, slip duration, rupture velocity variations) 

dominate the near field sites compared to the sites farther away (Figure 4.13). More 

scenarios with different magnitudes and source parameterizations would be useful to 

quantify the effects on building response. Thus, I consider this study as a proof-of-

concept, rather than a detailed investigation on the influence of source complexities 

on building responses. 
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(a) 

 
(b) 

Figure 4.12 Variation of median(±σ) ISD with Rjb for 30 slip realizations. Grey dots 
represent the response of structure from 30 source realizations and black error bar 

indicate median and standard deviation. (b). Median response in terms of Inter-story 
drift ratio at each site. The attenuation in median response is higher for sites 

affected by source-directivity effects. 
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Figure 4.13 Standard deviation of ISD for 30 slip realizations at each station. It can be 
seen σ changes rapidly with distance for stations subjected to directivity effects. 

Black solid line indicates the fault plane. 
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Chapter 5 

Summary and Conclusions 

Response of a building during an earthquake is governed both by the complexities of 

source, Earth structure and soil conditions, and by the structural properties. In a PBEE 

framework, the amplitude, frequency and energy characteristics of ground motions 

represented by IMs are used to predict the building response parameters in terms of 

EDPs. This thesis explores the efficiency of the IMs by evaluating the correlations 

between IMs and EDPs (inter-story drift).  

Therefore, in the first part of my study, I use recorded ground motions of past 

earthquakes from NGA-West2 database and compute all IMs from these ground 

motions. I consider a range of building models comprising 18 symmetrical and 

unsymmetrical frames for response analysis. The natural periods of the selected 

building configurations vary between 0.1s -1.5s. I compute the maximum inter-story 

drift for each frame by performing non-linear time history analysis.  Correlation 

coefficients between the IMs and inter-story drifts are established and results are 

presented to investigate the dependence on structural period, earthquake magnitude, 

epicentral distance and site class.  

In regions of sparse instrumental networks, the need to rely on ground motion 

simulations is increasing and hence it is important to investigate the impact of 

simulated ground motion intensities on building response. Therefore, in the second 

part, I conduct a case study of ground motion simulations for Mw 6.7 Tottori 
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earthquake (2000) by considering several realizations of source complexities. The 

variation of inter-story drift is presented for all the models by analysing a building 

frame at different locations with respect to the source. 

 

5.1 Conclusions  

The results from correlation analysis indicate that in the near field region, spectral 

measure ASI is a good indicator of ground motion intensities for high frequency 

structures and VSI for low frequency structures to predict the response (interstory 

drift ratio). The dependence of correlation with ASI and VSI over event magnitude, 

epicentral distance and soil type are almost invariant for high and low frequency 

structures respectively. PGA, a common seismic hazard measure is not promising to 

predict the response for long period structures.  

The ground motion simulations of Mw 6.7 Tottori earthquake (2000) predict PGAs that 

are comparable with standard GMM models. The source models used in my numerical 

simulations represent possible complexities from a finite fault source in terms of slip 

heterogeneity, duration of slip and rupture velocity variations. The building responses 

predicted from simulated ground motions show that these complexities have stronger 

impacts in the near field region. The attenuation of inter-story drift over distance is 

sharper for sites that are impact by the source-directivity effects. The variabilities from 

the source complexities are larger for the closer sites.  

 

5.2 Limitations and future directions 

Uncertainties from both structural characteristics and ground motion complexities 

play a role in the prediction of building responses. Here I address a few limitations in 
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this thesis, which arise due to some assumptions that may simplify these 

uncertainties.  

1. The building types considered in this study are 2D RC frames; and hence, 

complexities that may arise from 3D frames like torsional modes, are not considered.  

2. The assumption of plastic hinge model may not be sufficient to investigate 

phenomena such as fatigue effects. Including fatigue in the model will facilitate better 

predictions with respect to duration parameters of ground motions.  

3. I consider only Interstory drift as an EDP in this study. Other parameters that are 

indicative of structural damage (e.g., member forces, floor accelerations, inelastic 

rotation etc.) needs to be investigated. 

4. To study response from simulate ground motions, more range of scenarios with 

different magnitudes and source parameterizations would provide better 

understanding of source-related effects. 
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APPENDIX A: 

In this appendix, Elevation and cross-sectional details of 3 frames that I denoted as 

high frequency, intermediate frequency and low frequency is given. 

 
Description of high frequency frame: 

Table A.1 Sectional Properties of Frame-3 

 
 

 
Figure A.1 Elevation view of Frame-3 of Table 3.1. All values are indicated in meters 

and T1 is the natural period of the structure. 
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Description of Intermediate frequency frame: 

Table A.2 Sectional Properties of Frame-9 

 
 
 

 
 

Figure A.2 Elevation view of Frame-9 of Table 3.1. All values are indicated in meters 
and T1 is the natural period of the structure. 
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Description of Low frequency frame: 

Table A.14 Sectional Properties of Frame-14 

 
Figure A.14 Frame-14 

 
Figure A.2 Elevation view of Frame-14 of Table 3.1. All values are indicated in meters 

and T1 is the natural period of the structure. 
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