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4.4 Regression coefficients for ln(ĒAft, j(t)) and the standard deviations of errors in

the cases of levels j =−10 (solid line) and j =−1 (dotted line) . . . . . . . . 51

4.5 Minimum and maximum values of regression coefficients for ln(ĒAft, j(t)) as in
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ABSTRACT

The importance of aftershocks in seismic safety assessment is now widely acknowledged

by the scientific community after witnessing several incidents where buildings collapsed during

aftershocks after surviving the main shock events. Because of that the recent practice demands

a shift from the conventional single-event-based (i.e., the most critical event-based) design

to multiple-event-based design, where the adequacy should essentially be checked against a

main shock aftershock sequence (MAS). Since an aftershock hits an already degraded struc-

ture, it is imperative to carry out nonlinear time-history analysis (THA) to characterize the

aftershock-induced additional damage. Such characterization should be statistically significant

and should also be specific for the seismological scenarios for the anticipated main shock and

its aftershocks. However, it is not possible to have a recorded ensemble of MASs for any

given set of seismic scenarios for the main shock and its aftershocks. Further, it is important

to develop some simple design solutions for improving the seismic safety of structures against

MASs. These issues are addressed in a step-by-step manner in the present study by carry-

ing out extensive analytical and experimental work. An attempt is made first to simulate an

ensemble of motions that are specific for a given seismic scenario. The proposed stochastic

simulation technique is based on Priestley oscillatory process where the time-frequency char-

acteristics can be controlled via frequency-dependent deterministic amplitude modulations. In

order to have the temporal features of the simulated motions be realistic vis-à-vis the ground

motion process, a new method is proposed to extract the frequency-dependent modulations

from the observed frequency-dependent energy arrival curves of a recorded motion. An empir-

ical scaling model is then proposed for the frequency-dependent energy arrivals with respect

to seismological scenarios to finally get a scenario-specific ensemble of motions with realistic

variations of time-frequency characteristics among the samples. It is found that the simulated

ensembles show expected variations of different ground motion parameters visà-vis seismolog-

ical scenarios. An attempt is also made to simulate aftershock motions when the main shock

event has already taken place and hence known. For this purpose, a new method is proposed

for stochastic simulation of aftershock ensemble from the known preceding main shock from

the knowledge of the seismic scenario of the anticipated aftershock. This is accomplished via

a newly proposed conditional scaling model of frequency-dependent energy arrival and the

Priestley process-based simulation of random samples. An approximate version of the condi-

tional scaling model is also proposed for conditional simulation of aftershock ensemble when
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sufficient aftershock records are not available to carry out regression analysis. It is found that

the simulated ground motion ensemble shows better agreement with the recorded aftershock

process, especially for larger aftershocks, when the aftershock’s dependency on its main shock

(via the conditional scaling model) is considered than what it shows when the dependency is

not considered. The ground motion simulation is performed using the database of 1999 Chi-

Chi earthquake and its aftershocks. With the help of proposed simulation techniques, MASs

are simulated to perform a detailed statistical study on the damage during MASs for RC struc-

tures. Three reinforced concrete bare frames of different fundamental periods are modelled

in OpenSees software with realistic material properties to carry out the numerical study. The

damage in the frames is quantified by means of an overall damage index. It is found that for

scenarios where the largest aftershock (magnitude-wise) is smaller than the main shock by 0.5

or more, all the three frames are mostly safe against MASs. Design modification in structures

for the safety against collapse during any MAS is proposed by applying additional (fictitious)

material safety factor. A 10–15% additional material safety factor is found to be able to address

the safety against a large class of MASs. Experimental testing of quarter-scale RC bare frames,

with different axial load ratios, are also carried out to investigate the additional damaging effect

of the aftershocks on already damaged frames. The damage due to main shocks is inflicted in

the frames by slow-cyclic test and the damaged frames are tested against aftershocks on the

shake table. An exponential trend is observed between the degraded natural frequencies of

the frames and the cumulative hysteresis energy dissipated. An empirical predictive model is

proposed for degraded natural frequency as a function of cumulative energy dissipation, axial

load ratio and size of loading cycle. Finally, based on experimental results, material properties

are calibrated in OpenSees to replicate the observed behaviour of RC frames. The calibrated

material properties are used to validate the proposed design approach for safety against MAS.

It is found that the proposed concept of additional material safety factor can be a viable solution

to ensure safety against main shock aftershock sequences, without making a structure too over

safe against the conventional single design event.

xxivTH-2473_136104011



Chapter 1

INTRODUCTION

1.1 General Introduction

Large earthquakes are in general resulted from plate tectonic activity. The movement of

tectonic plates causes stress to build up in the earth’s crust and eventually, when a sudden

release of stress takes place along a fault, an earthquake occurs. Earthquakes generally happen

in clusters (in terms of both time and space) and the largest event among them is called the main

shock and the tremors before and after the main shock are called foreshocks and aftershocks,

respectively. Structures in seismically active area are subjected to frequent earthquakes during

their lifetime. Hence these structures are designed as per design codes to withstand strong

earthquakes without collapse. Usually, buildings are designed for a single design earthquake

scenario (equivalent to the most critical anticipated main shock) without considering the effects

of aftershocks. Past experiences suggest that structures designed for single design earthquakes

may collapse during aftershocks while they may all survive the main shocks. Some examples of

the fatal effects of the aftershocks on buildings damaged by main shock are mentioned below.

• The Luanhe river bridge collapsed in the aftershock of 7.1 magnitude which took place

15 hours later following the 7.8 magnitude earthquake at Tangshan, China, on July 28,

1976 (Huang et al., 2012).

• The 1997 Umbria-Marche earthquake killed 11 people, of which four were in the Basilica

of St. Francis in Assisi at the time of the first aftershock to inspect the damage due to the

main shock (Spence and D’Ayala, 1999).

• An aftershock of the 1999 Turkey Kocaeli earthquake killed seven people, injured at

least 239 people, and caused several buildings to collapse in three cities near its epicenter

(Holzer, 2000).

• Many buildings were severely damaged and collapsed during the aftershock following

the main shock of magnitude 8.0 at Wenchuan, China, on May 12, 2008 (Zhao et al.,

2009).
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• The 2010 Darfield earthquake was followed by two strong aftershocks, which resulted in

185 fatalities and damaged approximately 100,000 buildings in the city of Christchurch

(Atzori et al., 2012).

• The five aftershocks with magnitudes over 7.0 that followed the 2011 Tohoku earthquake

caused additional damage to infrastructure, liquefaction and loss of lives (Kazama and

Noda, 2012).

• The 2011 Sikkim earthquake was followed by several aftershocks of magnitudes greater

than 4.0. Several buildings damaged during the main shock later collapsed during the

aftershocks on 20th September and 23rd September (Kaushik and Dasgupta, 2013).

1.2 Organization

This work is presented in six chapters following this chapter.

In Chapter 2, a review of past works related to scenario-specific simulation of aftershocks

and damage-based analysis of structures subjected to main shock-aftershock sequences are

studied.

In Chapter 3, a technique for the simulation of scenario-specific ensemble of ground mo-

tions from a newly proposed scaling model of energy arrival curves is developed. A technique

is also developed wherein the simulated scenario-specific motions are made fully compatible

to any target GMPE(s).

In Chapter 4, a method for the simulation of fully nonstationary aftershock ground mo-

tions is developed from known recorded main shock motion and a newly proposed conditional

scaling model of energy arrival curves. Also, an approximate conditional scaling model is de-

veloped for situations where development of the actual conditional scaling model is not possible

due to insufficient or nonavailability of main shock-aftershock data.

In Chapter 5, damage due to aftershocks in structures already damaged by the preceding

main shock is investigated. Different main shock ground motions and aftershocks for different

scenarios which are simulated by the methods proposed in Chapters 3 and 4 are used for the

analytical study by considering three reinforced concrete bare frames. A design modification

through additional material safety factor is also attempted in order to make a structure safe

against collapse during a MAS.

In Chapter 6, an experimental study of damage during aftershocks in an already damaged

RC bare frames is studied. Different levels of main shock damages and gravity loads on the

frames are considered in the experiments. A predictive model is also developed for the natural

frequency of the degraded frame at the end of each event in a sequence. Further, an analytical

model has been developed, with material properties calibrated with the experimental findings,

which can be used for various numerical exercises beyond experiments.
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A brief summary and conclusions along with the limitations and the future scope of the

present study are presented in Chapter 7.
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Chapter 2

LITERATURE REVIEW AND OBJECTIVES

2.1 Review of Literature

During large earthquakes, single event-based designed buildings sometimes undergo very

high damage where their residual strength and stiffness diminish significantly. Because of

this, the main shock-induced damaged buildings are mostly unable to resist even moderate

aftershocks that follow the main shock. Hence, consideration of the effects of aftershocks

in the seismic design of structures is very important (Zhai et al., 2014; Nazari et al., 2015b;

Abdollahzadeh et al., 2019), especially because it is not possible to retrofit a structure (after the

main earthquake event) before the next aftershock comes. For both economy and safety, the

ideal situation would be where a structure will incur high damage during the design event (i.e.

the main shock) but should have enough residual strength to withstand the future aftershocks

without collapse.

Aftershocks being smaller events in comparison to their main shock cause additional dam-

age mostly through the additional energy dissipation than through the additional drift (Zhai

et al., 2014) and for that the response spectrum-based approaches are not suitable to assess

aftershock-induced additional damage (Li and Ellingwood, 2007; Hatzigeorgiou and Beskos,

2009; Goda and Taylor, 2012; Song et al., 2014; Raghunandan et al., 2015; Shokrabadi et al.,

2018). Therefore, time-history analysis (THA) is required for the proper assessment of addi-

tional damages in damaged buildings (during a main shock) due to aftershocks. The THA can

be performed using recorded or simulated aftershock ground motion time-histories. Sufficient

number of recorded accelerograms may not be available for a specific seismic scenario in order

to perform any statistical analysis for the nonlinear responses of the structures, for which sim-

ulated accelerograms can be used (Atkinson and Goda, 2010; Rezaeian and Der Kiureghian,

2012; Galasso et al., 2012). Since the aftershocks are triggered by the parent main shock and

usually occur near the same causative fault zone of the main shock, the time-frequency char-

acteristics of the aftershock ground motions depend on those of the parent main shock motion

(Das and Gupta, 2010; Hainzl et al., 2016; Papadopoulos et al., 2019). Consideration of this

time-frequency dependence, while using main shock-aftershock sequence (MAS) type ground
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motions for nonlinear THA, is important for correct estimation of damage in the structures (Li

and Ellingwood, 2007). Nonlinear responses of the buildings can be quantified by its maximum

roof displacement (Lin and Miranda, 2010; Alarcon et al., 2015), maximum inter-storey drift

(Neam and Taghikhany, 2016; Yamane et al., 2016), hysteretic energy dissipated (Tso et al.,

1993; Miramontes et al., 1996), frequency drop (Zembaty et al., 2006; Di Sarno and Amiri,

2019), damage indices (Williams and Sexsmith, 1995; Stone and Taylor, 1993) etc. Situations

may arise where the deformation due to aftershocks may not be significant compared to that

due to the main shock, yet the aftershocks induce significant additional damage. For such cases,

a displacement-based response parameter alone will not be sufficient for the determination of

the damage due to the MAS. The Park & Ang damage index (Williams and Sexsmith, 1995;

Stone and Taylor, 1993) that takes both the deformation and hysteretic energy into account is

more appropriate for the damage estimation due to MASs (Huang et al., 2012; Zhai et al., 2013,

2014; Wen et al., 2017, 2018).

2.1.1 Ground Motion Simulation

In order to carry out a statistical estimate of aftershock-induced damage, it is necessary to

have a suite of MASs for a given seismic scenario for main shock and the aftershocks. Fur-

ther, the main shock motion (i.e. the design motion) should be consistent with the seismic

hazard posed at a site because the site-specific hazard is usually stipulated by some standard

via design spectrum or ground motion prediction equation (GMPE) (Atkinson and Boore, 2006;

Abrahamson and Silva, 2008; Boore and Atkinson, 2008; Campbell and Bozorgnia, 2010). The

GMPEs generally predict spectral quantities, e.g., spectral acceleration (SA), pseudo spectral

velocity (PSV) (Campbell and Yousef Bozorgnia, 2008; Abrahamson and Silva, 2008; Atkin-

son et al., 2014), or sometimes provide other intensity measures like strong motion duration

(SMD) (Trifunac and Brady, 1975). Hence, it is imperative that the main shock ground motion

ensemble emulates the statistics of the parameter(s) as envisaged by the GMPE(s) (i.e. it should

be GMPE compatible) while the aftershock samples should exhibit appropriate dependency on

the main shock ground motion characteristics.

Physics-based models for earthquake ground motion simulation are available (Hartzell,

1978; Kamae et al., 1998; Joyner and Boore, 1986; Ordaz et al., 1995), however, these meth-

ods of simulation require a thorough knowledge of the seismic parameters, which may be not

available in many regions (Rezaeian and Sun, 2014). On the other hand, stochastic simulation

methods (Priestley, 1965; Der Kiureghian and Crempien, 1989; Conte and Peng, 1997; Liang,

2005a,b; Liang et al., 2007) have evolved in order to address the amplitude and frequency non-

stationarities of a recording process and to generate samples of the process without knowing

several seismological parameters. Stochastic method of ground motion simulation provides a

way for the generation of ensemble of ground motions for performing any statistical analysis.

Der Kiureghian and Crempien (1989) proposed a simple and versatile evolutionary random pro-
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cess model for describing the earthquake ground motion is proposed The model is composed

of individually modulated component stationary processes, each component representing the

energy in the process in a narrow band of frequencies. Conte and Peng (1997) proposed a ver-

satile, fully nonstationary, analytical stochastic earthquake ground-motion model based on the

theory of sigma-oscillatory processes, which can capture very well the temporal variation of

both the intensity and the frequency content of real earthquake ground motions. Although,

simulation of a scenario-specific ground motion ensemble has not been tried in this work.

Iyama and Kuwamura (1999) proposed a method of simulation of earthquake accelerograms

by means of wavelet inverse transform, in which the accelerations were simulated according

to a given history of instantaneous energy input specified for each frequency component. But

the simulated motion is not visually similar to the recorded motion, although its some of its

time-frequency parameters match with that of the recorded motion. Liang (2005a,b) proposed

a method for simulation of non-stationary ground motion processes having the identical statis-

tical feature, time-dependent power spectrum, with a given ground motion record. Rezaeian

and Der Kiureghian (2010) proposed a method for generating a suite of synthetic ground mo-

tion time-histories for a specified earthquake as well as for a specified scenario that employs

a parameterized stochastic model that is based on a modulated, filtered white-noise process.

Yamamoto and Baker (2013) have recently proposed a stochastic simulation method to gen-

erate an ensemble of ground motions for a specific scenario that is also comparable with a

GMPE developed using the same database. However, their methodology does not guarantee

that the underlying earthquake recording process is strictly Gaussian, which is widely accepted

(Caughey and Stumpf, 1961; Amin and Ang, 1968; Der Kiureghian and Crempien, 1989; Conte

and Peng, 1997; Rezaeian and Der Kiureghian, 2008; Papadrakakis et al., 2011; Takewaki et al.,

2012; Deodatis et al., 2014), and the method may not be favourable for modification of the for-

mulation so that the simulated motions become compatible to any stipulated (or target) GMPE.

It is most critical to properly maintain the realistic nature of the amplitude and frequency

nonstationarities (i.e. the time-frequency characteristics) of a simulated motion because the

nonlinear response is quite sensitive to them. Because of that it has become increasingly pop-

ular to get design (or response) spectrum compatible accelerograms that preserve the time-

frequency characteristics of an as-recorded motion (usually referred to as seed motion) (Abra-

hamson, 1992; Karabalis et al., 2000; Mukherjee and Gupta, 2002a,b; Das and Gupta, 2008;

Cecini and Palmeri, 2015). Usually, these methods are used when all motions are intended to

exhibit a specified nonstationarity, often described by the seed motions, and thus, are not suit-

able when a realistic variability of nonstationarities is sought after within a scenario-specific

ensemble. Priestley process-based simulation techniques are efficient for characterizing the

time-frequency properties of a recording process, which can preserve the nonstationarity of

the recorded motion by a frequency-dependent deterministic slow varying envelope function

(Priestley, 1965; Der Kiureghian and Crempien, 1989; Conte and Peng, 1997). The class of
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sigma oscillatory process (summation of several elementary Priestley processes) is more re-

alistic than the ordinary Priestley process when a multivariate random process is sought after

(Conte and Peng, 1997; Peng et al., 2018). However, for univariate process simulation, Priest-

ley process assumption may be deemed sufficient. Also, Priestley process-based simulation

can ensure that the samples strictly obey nonstationary Gaussian process assumption. Such a

simulation technique will be very useful for scenario-specific ensemble if the slow varying en-

velopes can be conveniently estimated for a given seismic scenario along with their variability.

It is therefore important that the envelopes should be extracted from a physically meaningful

quantity that can be estimated confidently from known seismological parameters. It is further

expected that by suitable modification of the frequency-dependent envelopes, GMPE compati-

ble ensembles can be simulated.

Simulation of aftershock ground motions should be done considering the time-frequency

dependence of the aftershock motions on that of main shock motions as the nonlinear response

of the structures is very sensitive to the time-frequency characteristics of the ground motions.

The nonlinear THA for MAS is one step more intricate than that for an individual event sce-

nario. This is because, despite aftershocks being separate earthquake events, aftershock ground

motion characteristics are believed to be dependent on those of the preceding main shock (Das

and Gupta, 2010; Hainzl et al., 2016; Papadopoulos et al., 2019). In fact, such a dependence can

be addressed at the response spectrum and the strong motion duration (SMD) levels with dispar-

ities of the seismic scenarios for main shock and aftershock (Das and Gupta, 2010). However,

several researchers consider randomized (simulated) main shock-aftershock ground motion se-

quences where little effort is put in to address such dependence. Das and Gupta (2008) have

shown that one sample of aftershock can be simulated conditionally from the recorded motion

of the preceding main shock for a given pair of SMD and pseudo spectral acceleration for the

aftershock, wherein the frequency-dependent envelopes of the main shock sample are repli-

cated (with uniform shrinking along time) into the aftershock sample. So, this method is not

favourable for stochastic simulation of aftershock motions with desired variability of their tem-

poral features. Goda and Taylor (2012) and Goda (2015) have shown that the time-frequency

characteristics of the recorded aftershocks are very much critical for proper response statistics

(and aftershock-induced vulnerability evaluation therefrom) and a randomized sequence strat-

egy may be faulty. Hu et al. (2018) has also proposed a method for stochastic simulation of

aftershock ground motions, but this simulation method does not explicitly use the ground mo-

tion properties of the preceding main shock. Papadopoulos et al. (2019) has shown that there

exists a significant correlation between spectral acceleration residuals (i.e., probability level

of error term in a scaling model) of main shocks and their aftershocks. So it is important to

develop a method for stochastic simulation of aftershock motions, given the preceding main

shock motion at a site and the seismic scenario of the anticipated aftershock.

7TH-2473_136104011



2.1.2 Analysis of RC Frames using MAS

The performance of structures against a MAS has become a subject of interest in recent

years (Amadio et al., 2003; Lee and Foutch, 2004; Li and Ellingwood, 2007; Hatzigeorgiou

and Beskos, 2009; Ryu et al., 2011; Goda, 2012; Zhai et al., 2014). Amadio et al. (2003)

investigated the dependence of damage accumulation against repeated earthquake ground mo-

tions using a series of SDOF systems and an MDOF system. Oyarzo-Vera and Chouw (2008)

analyzed an unreinforced masonry wall as an SDOF system with a sequence of main shock

and aftershock ground motions from the 1999 Chi-Chi earthquake. Das (2009) studied the

effect of aftershocks (generated conditionally from the preceding main shock ground motion)

on additional damage under various situations depending on seismological disparities between

main shock and aftershocks, damage state at the end of main shock, main shock ground motion

characteristics and structural natural periods, where only one aftershock for each seismic sce-

nario was used. Ryu et al. (2011) developed fragility curves for main shock-damaged structures

through incremental dynamic analysis using a nonlinear SDOF system with a sequence of main

shock-aftershock ground motions generated from a suite of 30 ground motion records. Goda

and Taylor (2012) performed nonlinear dynamic analyses of inelastic SDOF systems using real

and artificially generated aftershock sequences to assess the nonlinear damage potential due to

aftershocks. Huang et al. (2012) studied the effects of MASs on the cumulative damage of RC

frames, using simulated main shock-aftershocks with aftershock as the varying scaled versions

of main shock. Ruiz-Garcia (2012) showed that the frequency content of the aftershock has

a strong influence on the dynamic post-main shock response (measured by peak and perma-

nent displacement demand) from the dynamic analysis of steel frames using MAS. Zhai et al.

(2014) investigated the effect of the relative intensity of aftershock to main shock on inelastic

SDOF systems considering four hysteretic models for which the aftershock ground motion in

the recorded motion sequence is scaled to have different intensity levels relative to the main

shock ground motion. Raghunandan et al. (2015) performed fragility analysis of ductile RC

frame buildings against MAS ground motions, wherein main shock ground motions were used

as the aftershock ground motions. Shokrabadi et al. (2018) investigated the practice of using

repeated MASs versus MASs in the nonlinear response assessment of structures and recom-

mends the practice of using MAS to be discontinued. Di Sarno and Amiri (2019) investigated

the lengthening of fundamental periods of nonlinear SDOF systems with deteriorating prop-

erties subjected to as-recorded MASs and proposed analytical equations for the estimation of

elongated fundamental period from the undamaged time period and structural properties. In

some of these studies, the importance of considering aftershock ground motions for the design

of structures is felt. However, there is no consensus on how to make a structure safe against the

MAS.

Gupta et al. (2001) showed that the design yield force based on conventional seismic de-

sign needs to be raised in order to make a structure safe against aftershocks. Nazari et al.
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(2015a) performed a study on main shock’s and aftershock’s effects on a woodframe building

and found that 10% increase in stiffness and restoring force is needed to account for the effect

of aftershock for a scenario of main shock (of magnitude 8) and aftershock (of magnitude 7).

In both the cases, the aftershock ground motions were taken as scaled versions of main shock

ground motions without considering the time-frequency dependence of MASs. A detailed sta-

tistical analyses of damage of structures using the main shock-aftershock ground motion se-

quences (with the aftershocks simulated conditional to the main shock motion) considering

different seismic scenarios and different buildings are essentially required for the development

and proposition of a design strategy considering aftershocks. However, till date no such studies

are available in the literature.

2.1.3 Experimental Testing of RC Frames using MAS

From the available literature on dynamic tests of buildings, it is found that most of them

are carried out considering single ground motion (Gülkan et al., 1990; Nader and Astaneh-Asl,

1996; Stavridis et al., 2012; Li et al., 2016). The evolution of additional damage, in an al-

ready damaged building, due to aftershocks should be investigated by testing building models

subjected to main shock-aftershock ground motion sequence. The damage accumulation in

a structure due to each aftershock in a sequence depends on the ground motion properties of

the aftershock and the damage state of the structure before the application of the aftershock.

Žarnić et al. (2001) performed a series of shake table tests on reduced scale models of masonry

infilled reinforced concrete frame buildings using horizontal two sine dwell motions with grad-

ually increasing amplitude and at each test stage, the frequency of the input was approximately

10% lower than the model’s current first resonant frequency. This was done to simulate the

situation when an earthquake is followed by strong aftershocks. Twigden et al. (2010) per-

formed dynamic tests on coir fibre and rope reinforced concrete (CFRRC) columns using a

sequence of main and secondary excitations representing main shock and aftershocks, how-

ever, each excitation used were harmonic excitations with frequency changing from 10 Hz to

20 Hz in a period of 60 seconds and not ground motion time-histories. Twigden et al. (2011)

applied recorded main shock-aftershock ground motion sequence on the CFRRC columns and

reinforced columns and studied the damages from the change in fundamental frequency and

dissipated energy and fitted a logarithmic curve between the hysteretic energy and normal-

ized frequency (fundamental frequency at each damaged state normalized by the specimen’s

fundamental frequency at undamaged state). Qin and Chouw (2017) investigated the effects

of structure-footing-soil interaction (SFSI) via shake table tests using a model consisting of a

laminar box filled with sand and an SDOF-like frame model placed on the sand surface against

main shock aftershock sequence motion. The main shock ground motion was simulated based

on the Japanese Design Spectrum for a hard soil condition and the aftershock excitations were

taken to be same as the main shock excitation. Not much information regarding the experimen-
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tal tests on RC frames employing aftershock ground motions for the investigation of additional

damages are available. However, a few experimental studies are carried out where the speci-

mens are damaged during the main shock motion only and the calibrated structural models are

further used for analytical investigation of aftershock-induced additional damage (Jeon et al.,

2012; Li et al., 2012; Ruiz-Garcı́a and Aguilar, 2015; Nazari et al., 2015b). It can be argued

that a calibrated model that accounts for the event-by-event degradation observed during an

experiment is a better alternative to a single event-based calibrated model, for the purpose of

analytical prediction of response during sequence type motions.

2.2 Objectives of the Present Study Based on Identified Gap

Areas

Based on the above discussions it is clear that there is a genuine need to have a methodol-

ogy for stochastic ground motion simulations that is capable of generating earthquake scenario-

specific ensembles. Such a simulation technique should also be favourable to generate samples

of ground motion consistent with any target GMPE. Further, it is beneficial if, with certain

modifications but following the same philosophy, this simulation method can also produce

conditional aftershock motions that are time-frequency characteristics-wise dependent on the

given (parent) main shock motion, because it will pave the ways to carry out a more realistic

statistical assessment of structural damage under MAS. For wider acceptability of analytical

results (in a quantitative sense) the analytical model needs to be calibrated by means of experi-

mental findings. Hence, an experimental study on degrading behaviour of RC frames subjected

to realistic MASs is also very much required.

In the present study, a method to simulate scenario-specific ensemble of ground motions

with realistic variability of time-frequency characteristics is proposed. Also, this method is

flexible in the sense that it can be tuned such that the simulated motions become any target

GMPE compatible. This is achieved by three new propositions, viz., (1) proposing a Priestley

process-based simulation of ground motion samples from the instantaneous energy arrivals of

wavelet coefficients of a recorded motion, (2) proposing an empirical scaling model to pre-

dict the instantaneous energy arrivals along with their variability for a given seismic scenario,

and (3) proposing an effective method to tune the instantaneous energy arrivals such that the

scenario-specific simulated ensemble is compatible to any target GMPE. From the knowledge

of the developed simulation method for scenario-specific ground motions, an attempt is further

made to develop a Priestley process-based methodology for aftershock simulation where the

temporal features of the anticipated aftershock motion are characterized (along with its pos-

sible variation) from that of the recorded main shock at the same site. For this purpose, a

conditional scaling model for the frequency-dependent energy arrival curves for the aftershock

is proposed for the first time. A frequency-wise decomposed time-history domain is used here
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instead of the wavelet domain, as proposed previously, for direct and faster ground motion sim-

ulation. For the development of various scaling models of energy arrival curves, the database

of main shock and aftershock ground motions recorded during the 1999 Chi-Chi earthquake

have been used.

From the proposed methods of ground motions simulation, aftershock motions for different

scenarios are simulated corresponding to some simulated main shock motions with different

time-frequency characteristics. The simulated MASs corresponding to various hypothetical

seismic scenarios are used in the analysis of RC frames (modelled in OpenSees (Mazzoni et al.,

2005)) for the investigation of damage due to sequence type motions. Based on the findings a

simple design modification is also proposed to enhance structural safety against MASs.

The fundamental frequency of the structure is an excellent indicator of the health of the

structure. An estimation of the frequency of the structure when damaged by MASs is needed

while designing the structures to control the frequency or the structural properties from de-

grading beyond some limit so as to avoid the collapse of the structure. In the present study,

experimental tests are performed to study the degradation in the structural properties due to

aftershocks on an already damaged structure. For this purpose, quarter-scale RC bare frames

damaged up to the desired level (vis-à-vis the anticipated main shock) are considered for per-

forming the experimental investigation. Damage due to main shocks are inflicted in the frames

by slow-cyclic test using a servo-controlled hydraulic actuator and then the additional damage

due to aftershocks are induced by base-excitation on a shake table. The event-by-event degra-

dation of the frames, quantified as a reduction of the natural frequency, is investigated and an

empirical prediction law is proposed to predict the reduced natural frequency, as a function of

hysteresis energy dissipation, an equivalent deformation, axial load ratio of columns and the

natural frequency of the undamaged structure, at the end of each event in a sequence. Analytical

models with calibrated material properties (in OpenSees (Mazzoni et al., 2005) platform) are

finally developed for the RC frames, which exhibit comparable energy dissipation as observed

during experiments under similar conditions.
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Chapter 3

WAVELET-BASED SIMULATION OF SCENARIO-

SPECIFIC NONSTATIONARY ACCELEROGRAMS AND

THEIR GMPE COMPATIBILITY

3.1 Background

In seismic hazard analysis, ground motion prediction equation (GMPE) plays a pivotal role

because it provides the statistical distribution of hazard parameter for a chosen seismic scenario.

However, GMPEs, in general, do not provide nonlinear response statistics, and the latter should

be ideally obtained by time-history analyses of a scenario-specific suite of motions. In the

present study, a new wavelet-based method is proposed to simulate scenario-specific ensemble

of accelerograms with realistic variability of time-frequency characteristics. Firstly, a method-

ology is proposed to stochastically characterize the nonstationarity of a recording process from

the energy arrival curve of the wavelet coefficients of the recorded ground motion. Then a new

empirical scaling model is developed to estimate the instantaneous energy arrival, with model

uncertainty. Further, a reconstruction method is formulated to simulate the scenario-specific

ensemble of accelerograms from the estimated scenario-specific energy arrival curves. It is

found that the simulated ensemble exhibits realistic variation of time-frequency characteristics

and hence, it naturally becomes comparable with GMPEs (in terms of median estimates for

response spectrum and strong motion duration) developed using the same database. Finally, an

algorithm is proposed to tune the estimated energy arrival such that the ensemble of simulated

motions can be made compatible with the target GMPEs, both in terms of median estimates and

standard deviations. It is found that the GMPE-compatible ensemble, obtained for 5% damping

PSV spectra, shows good agreement with respect to PSV scaling models developed for a wide

range of damping ratio.
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3.2 Priestley Process-Based Characterization of Ground Mo-

tion

Wavelet analysis is very useful for the characterization of fully nonstationary ground accel-

eration process because wavelet coefficients capture adequate information about both time and

frequency description of a motion. In the present study, the modified Littlewood-Paley (L-P)

wavelet basis as proposed by Basu and Gupta (1998) has been used because these level-wise

wavelet basis functions are strictly narrowband-limited in frequency domain – a property that is

essential for Priestley process-based simulation. A brief review of the wavelet transform with

essential details is provided next for the sake of completeness.

3.2.1 Review of Wavelet Transform

Any finite energy signal, f (t), can be transformed into wavelet domain and reconstructed

back from there by using the wavelet transformation and the inverse wavelet transformation,

respectively. The continuous wavelet transformation of f (t) is defined with respect to a real

wavelet basis, ψa,b(t), as

Wψ f (a,b) = 〈 f ,ψa,b〉=
∫ ∞

−∞
f (t)ψa,b(t)dt (3.1)

where

ψa,b(t) =
1

a1/2
ψ
( t −b

a

)
(3.2)

and ψ(t) is called the mother wavelet. Here, a > 0, the scale parameter, controls the frequency

content of the dilated wavelet basis, and b ∈ ℜ, the shift parameter, localizes the basis at t = b.

The function f (t) can be reconstructed back from the wavelet coefficients, Wψ f (a,b), as

f (t) =
1

2πCψ

∫ ∞

−∞

∫ ∞

0

1

a2
Wψ f (a,b)ψa,b(t)dadb (3.3)

with

Cψ =
∫ ∞

0

|ψ̂(ω)|2
ω

dω < ∞ (3.4)

In Eq. (3.4), ψ̂(ω) is the Fourier transform of the basis function, ψ(t), defined as

ψ̂(ω) =
1√
2π

∫ ∞

−∞
ψ(t)e−iωtdt (3.5)

In the present study, the modified L-P wavelet basis is used, for which the mother wavelet is

defined as

ψ(t) =
1

π
√

σ −1

sin(σπt)− sin(πt)

t
(3.6)
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with σ taken as 21/4 (Basu and Gupta, 1998). On discretizing and taking a j = σ j , where j is

the index of (dilation) level, the wavelet coefficient corresponding to jth level is expressed by

Wψ f (a j,b) = 〈 f ,ψa j,b〉=
∫ ∞

−∞
f (t)ψa j,b(t)dt (3.7)

Further, Wψ f (a j,b) has energy in the period band (2a j/σ ,2a j)s and it can be considered as

a narrowband signal in b. Typically Wψ f (a j,b) looks like an amplitude modulated signal of

pseudo period Tj (= 0.5(2a j/σ + 2a j)). A total number of 32 levels are considered with j

= −21 to 10, so that Wψ f (a,b) (= ∑10
j=−21Wψ f (a j,b)) spans over the period band (0.044–

11.32)s which is deemed sufficient for any earthquake signal. Further, for practical purpose of

reconstruction, it is sufficient to consider a range for b which will start 12s before the beginning

of a signal and end 12s beyond the endpoint of the signal. It may be noted that, any level-

specific reconstructed motion, f j(t) (obtained by inverse transform of Wψ f (a j,b) only without

summation over j), from any Gaussian white-noise signal becomes a band-limited Gaussian

white-noise within the narrow period range (2a j/σ ,2a j)s.

A fully nonstationary process is usually characterized by the evolutionary power spectral

density function (EPSDF). The EPSDF, ΦF(t,ω), for a recorded ground motion process, F(t),

can be conveniently modelled using the wavelet functional as (Basu and Gupta, 2000)

ΦF(t,ω) = ∑
j

K

2πa j
E
[
W 2

ψ f (a j,b = t)
]∣∣Ψ̂a j,b=t(ω)

∣∣2 (3.8)

where,

K =
1

2Cψ

(
σ − 1

σ

)
(3.9)

and

Ψ̂a j,b(ω) =





√
a j/(σ −1)e−bω ∀π/a j < |ω|< σπ/a j

0 Otherwise
(3.10)

and E [· ] indicates the statistical expectation.

3.2.2 Modelling of Time-Frequency Characteristics

A random nonstationary process, F(t), like earthquake ground motion process can be mod-

elled as Priestley process (Priestley, 1965):

F(t) =
∫ ∞

−∞
A(t,ω)eiωt dZ(ω) (3.11)

where, A(t,ω) is a frequency-dependent deterministic slow varying amplitude modulation or

envelope and dZ(ω) is a stationary orthogonal incremental process. Hence, it can be inferred

that a nonstationary signal, f (t), for the F(t) process can be simulated by several narrowband-
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limited white-noise signals and different deterministic slow varying amplitude modulations,

specific for the corresponding frequency bands as (Der Kiureghian and Crempien, 1989; Conte

and Peng, 1997)

f (t) = ∑
j

A j(t)z j(t) (3.12)

where, A j(t) is the deterministic amplitude modulation specific to the jth frequency band and

z j(t) is the corresponding band-limited white-noise signal. It should be mentioned that all

piece-wise frequency bands are disjoint and exhaustive over the entire frequency range of f (t).

Since the Priestley process assumption equally holds good in wavelet domain (Spanos and

Failla, 2004), Eq. (3.12) is also applicable for the wavelet coefficients. Hence, different samples

for the observed Wψ f (a j,b) process can be generated as

Ŵψ f (a j,b) =Vj(b)z j(b) ;∀ j (3.13)

where, Vj(b) is the hidden deterministic amplitude modulation of the Wψ f (a j,b) process and

z j(b) is a random sample of a narrowband-limited Gaussian white-noise with period range

(2a j/σ ,2a j)s. In the present study, a simple method of estimating Vj(b) from the energy arrival

curve of wavelet coefficients is proposed and is illustrated next.

The energy arrival curve of the recorded wavelet coefficients can be defined as

E j(b) =

∫ b

−∞
[Wψ f (a j,ξ )]

2dξ ;∀ j (3.14)

Further, Wψ f (a j,b) can be idealized as (Basu and Gupta, 1998)

Wψ f (a j,b) =Vj(b)sin(ω1, j(b)−φ1, j)sin(ω2, j(b)−φ2, j) ;∀ j (3.15)

where, ω1, j = 0.5 (π/a j+σπ/a j) and ω2, j = 0.5 (σπ/a j−π/a j) are respectively a fast varying

and a slow varying frequency and φ1, j, φ2, j are the phase angles for the jth level. Hence, the

energy arrival curve of the wavelet coefficients can be modelled as

E j(b) =
∫ b

−∞
V 2

j (ξ )sin2(ω1, j(ξ )−φ1, j)sin2(ω2, j(ξ )−φ2, j)dξ ;∀ j (3.16)

which can be further split into

E j(b) =
1

4

∫ b

−∞
V 2

j (ξ )dξ − 1

4

∫ b

−∞
V 2

j (ξ )(cos(2ω1, j(ξ )−φ1, j)+ cos(2ω2, j(ξ )−φ2, j)

− cos(2ω1, j(ξ )−φ1, j)cos(2ω2, j(ξ )−φ2, j))dξ ;∀ j

(3.17)

Since ω2, j is slow varying with respect to ω1, j and Vj(b) is slow varying with respect to 2ω2, j,

the second integration term in Eq. (3.17) is fast oscillatory with respect to the steadily increas-
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ing first integration term. This suggests that if E j(b) is smoothened, denoted by Ē j(b), it will

converge to the first integration term of Eq. (3.17). Hence, it is expected that the hidden modu-

lation, Vj(b), can be extracted from Ē j(b) as

Vj(b) = 2

[
dĒ j(b)

db

] 1
2

(3.18)

Since Eq. (3.15) is an idealization for the observed (irregular) beat phenomenon of modified

L-P wavelet coefficient, the constant 2 in Eq. (3.18) may not strictly hold good. It is found in

the present study that Vj(b) can be reasonably expressed as

Vj(b) = γ j

[
dĒ j(b)

db

] 1
2

(3.19)

where γ j is a level-dependent constant. Since only the shape of Vj(b) is extracted from the

energy arrival curve, it is assumed that the total energy arrival (corresponding to the maximum

value of b) of any simulated wavelet coefficient, Ŵψ f (a j,b), will match that of the observed

one. Hence, there is no need to calculate γ j explicitly once Ŵψ f (a j,b) (from Eq. (3.13)) is

appropriately scaled.

Eq. (3.19) still does not generally produce good results for j = 7 to 10. This is because

in this range the time period corresponding to the slow varying frequency, ω2 j, becomes large

enough not to let capture the hidden modulation properly within the total duration of mo-

tion (Das and Gupta, 2011). Hence, for the practical purpose Vj(b)s for the last four levels are

assumed to be constant along b. This is not a serious limitation as the energy associated with

each of these levels is usually very small and hence, they will not affect the nonstationarity of

the reconstructed motion.

In the present study, z j(b) in Eq. (3.13) is considered as narrowband-limited Gaussian

white-noise signal, which usually exhibits beat-like phenomenon by forming many prominent

slow varying loops of varying amplitude (beat-like phenomenon is also exhibited by wavelet

coefficients of a recorded motion). For that reason z j(b) needs to be correctly localized, before

using in Eq. (3.13), otherwise, most of the samples will not emulate the observed modulation.

By localization, it is meant here that there is a tolerance on either side of the largest peak of

Vj(b) where a peak of a slow-varying loop of z j(b), lying above 2× root-mean-square (r.m.s.)

threshold, can randomly lie. In the present study, the tolerance is made equal to Tj arbitrarily to

add some desired variability among the random samples. Further, the threshold of 2× r.m.s. is

chosen, arbitrarily, to avoid relatively small amplitude loops getting aligned with the peak of the

modulation, otherwise, many samples may not capture the observed modulation. A schematic

diagram is shown in Figure 3.1 to illustrate the method of sample generation of wavelet coef-

ficients. Figure 3.2 shows the wavelet coefficient of a recorded motion (recorded during the

main event at station C087 along north-south direction (Center for Engineering Strong Mo-
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tion Data) for j =−7 (chosen arbitrarily), a simulated sample of wavelet coefficient using the

proposed localization and a simulated sample of wavelet coefficient without any localization

constraint for the same level. The figure also shows the extracted modulation (suitably scaled)

of the wavelet coefficient of the recorded motion by using Eq. (3.19). It is clear from the figure

that the proposed methodology of extracting the hidden modulation is quite satisfactory and

the simulated sample using the proposed localization fairly preserves the hidden modulation

whereas the one without localization restriction fails to capture the amplitude modulation of

the recorded wavelet coefficients. Figure 3.3 shows the wavelet coefficients of recorded mo-

tions for different earthquakes (motion recorded at Baigao station for the 1988 India-Myanmar

Border earthquake along S28W direction (Center for Engineering Strong Motion Data) and at

Barstow station for the 1992 Landers earthquake along a horizontal direction (PEER Ground

Motion Database) and their extracted modulation, corresponding to j = −7. The proposed

modulation extraction technique is found to work well for other j’s, and for ground motions

from different parts of the world. Now a random sample for the recorded motion process can

be generated by taking wavelet inverse transform of Ŵψ f (a,b) (= ∑10
j=−21Ŵψ f (a j,b)) using

Eq. (3.3). Any simulated ground motion, thus obtained, needs the usual high-pass filter and

baseline correction before computing derived quantities from them.

2 r.m.s.

2 Tj

Peak of modulation

Narrowband-limited Gaussian 
white-noise sample

Randomly chosen peak of a loop

Figure 3.1 Schematic diagram for the proposed localization technique

The proposed process simulation may be considered as a limited Priestley process because

(i) the peak of z j(b) is localized around that of Vj(b) within a tolerance and (ii) no variation of
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Figure 3.2 The recorded wavelet coefficient (with modulation shown in dotted line) at station
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Figure 3.3 The recorded wavelet coefficient along with modulation (shown in dotted line) for

j =−7 for a motion at (a) Baigao station for the India-Myanmar Border earthquake

and (b) Barstow station for the Landers earthquake

total energy of a simulated wavelet coefficient is allowed.

3.2.3 Recording Process-Specific Sample Simulation

The proposed methodology of sample generation is independent of any region of interest

and hence to see the performance of the proposed methodologies for the extraction of amplitude
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modulation and for samples generation, various recorded motions are chosen from different

parts of the world. First, the normalized Vj(b)s are obtained from Eq. (3.19) and then 500 dif-

ferent samples of ground motions are for each of the considered recorded cases. The EPSDF of

the simulated samples is obtained using Eq. (3.8) from the wavelet functionals. But no ground

truth for EPSDF is available for the recorded process, however, the normalized shape of EPSDF

for the recorded process can be at least idealized using Eq. (3.8) by replacing E
[
W 2

ψ f (a j,b)
]

with the smooth trend of the W 2
ψ f (a j,b) of the recorded motion. This approximation is done

only to get the shape for EPSDF that is independent of the simulated samples and hence it will

provide a basis for qualitative comparison. Figure 3.4 shows the normalized EPSDFs obtained

from the recorded motion and from the random samples for the India-Myanmar Border earth-

quake and the Landers earthquake which have very different time-frequency characteristics as

seen from the figure. A reasonably good agreement in terms of distribution of power over

time and frequency suggests that the nonstationary characteristics of the simulated samples are

satisfactory in statistical sense with respect to the recorded motion. Similar agreements are

observed for other recording processes also.
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Figure 3.4 Normalized EPSDFs for the recorded (through smoothened wavelet functionals)

and simulated ensemble using Eq. (3.8)

It is also necessary to know if the variability at the linear response spectrum level is adequate

to have any statistical significance. For that purpose, the 5, 50 and 95 percentiles and minimum

and maximum pseudo spectral acceleration spectra, are computed for 5% damping ratio using
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the 500 simulated samples for recorded motions at C087 station for the Chi-Chi earthquake

and at Baigao station for the India-Myanmar Border earthquake and are shown in Figure 3.5.

The recorded spectrum is also shown in the same plot for the purpose of comparison. It can be

observed that the minimum and maximum levels of response are able to capture the recorded

trend quite satisfactorily except in the long period region (beyond 9 seconds) due to inaccurate

modulation extraction explained before. However, this has little practical significance because

the acceleration response is less by orders beyond this period. More importantly, the varia-

tions of spectral response among simulated samples (measured by the separation of confidence

bands) along period are very much comparable with what can be expected had the samples

been generated using other Priestley process-based simulation (see Conte and Peng (1997)).

This indicates that by imposing localization of narrowband-limited white-noise and equality of

level-wise total energy arrival the inter-sample variability is not actually compromised at the

response level.

In order to see the performance in terms of individual samples, Figure 3.6 shows the same

recorded motions as considered for Figure 3.5 along with a simulated sample of the same

process. It is apparent from the figure that the temporal features of random samples have

adequate variability such that neither they look identical nor they look completely different

from the recorded signal. Further, it is also found in the study that the Fourier amplitude

spectrum of any random sample conforms with that of the recorded motion because the level-

wise total energy is preserved.

The proposed simulation technique follows the Priestley process wherein a nonstationary

process is obtained by summation of several zero-mean Gaussian stationary processes each

modulated by different envelope functions, which ensures that the simulated ground motion

ensembles will also follow zero-mean Gaussian distribution. The goodness of fit can be com-

prehensively demonstrated by the use of normal probability plots (Tang and Ang, 2007) where

a straight line is fitted between the sorted simulated random variables and the corresponding

percentile-wise theoretical z-values. The higher the value of R2 (0<R2<1), the coefficient of

determination, better will be the fit. Table 3.1 shows the time instant-wise R2 values for simu-

lated ensembles for arbitrarily selected five different recorded motions. Newly considered cases

are the motions recorded for the 2016 Norcia earthquake at Forca Canapine station along east-

west direction (Center for Engineering Strong Motion Data) and for the 1995 Kobe earthquake

at TOT station along one of the horizontal directions (PEER Ground Motion Database). Very

high R2 values (all greater than 0.99) indicates that the simulated ensembles follow Gaussian

distribution at every time instant. Figure 3.7 shows recorded motions at station C087 for the

Chi-Chi earthquake and at Baigao station for the India-Myanmar Border earthquake and the

respective ensemble means of their simulated samples. It is clear that the ensemble mean val-

ues are negligible compared to the strength of the corresponding records, and for all practical

purpose the simulated ensembles are zero-mean.
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Figure 3.5 Recorded PSA spectrum along with PSA spectra for different levels of confidence

from simulation for motion at (a) C087 station for the Chi-Chi earthquake and (b)

Baigao station for the India-Myanmar Border earthquake

In order to see various ground motion related statistics Table 3.2 shows peak ground accel-

eration (PGA), peak ground velocity (PGV), peak ground displacement (PGD), ratio of PGV to

PGA (PGV/PGA), ratio of PGD to PGA (PGD/PGA), temporal RMS of acceleration (RMSA),

temporal RMS of velocity (RMSV) and temporal RMS of displacement (RMSD) of recorded

motions of five earthquakes. Mean, coefficient of variation (CoV), maximum and minimum
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Figure 3.6 Comparison of the recorded motion and a simulated sample at C087 station for the

Chi-Chi earthquake and at Baigao station for the India-Myanmar Border earthquake
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Figure 3.7 Recorded motions along with the ensemble mean of simulated samples at C087

station for the Chi-Chi earthquake and Baigao station for the India-Myanmar Border

earthquake

values of the same parameters for simulated ensembles are also shown. The mean of these

parameters of the simulated ensemble are close to those of the corresponding recorded motion.

The variation of different parameters observed in the present study is of similar order that has

been found in previous study (Conte and Peng, 1997).

3.3 Scaling Model of Energy Arrival

It is found in the previous section that the smooth energy arrival of the wavelet coefficients,

Ē j(b), can adequately characterize the time-frequency characteristics of a recorded ground mo-

tion process. However, it is not possible practically to define a recording process by specifying

several seismological parameters, because neither such parameters are all known nor they are

all measurable accurately or quantifiable. On the contrary, it is possible to define a scenario by
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Table 3.1 Time instant-wise R2 values from normal probability plot for simulated ensembles

for different recorded motions

Time (s)
Record Details

Chi-Chi (C087) India-Myanmar Norcia Landers Kobe

5 0.996 0.997 0.998 0.998 0.998

10 0.996 0.997 0.995 0.998 0.998

15 0.998 0.997 0.998 0.997 0.996

20 0.997 0.998 0.994 0.997 0.998

25 0.997 0.999 - 0.996 0.996

30 0.998 0.995 - 0.999 0.999

35 0.996 0.997 - 0.997 0.998

40 0.999 0.997 - 0.998 0.991

45 0.995 0.996 - - 0.997

50 0.998 0.999 - - 0.996

55 0.996 - - - 0.995

60 0.998 - - - 0.996

65 0.994 - - - 0.996

70 0.998 - - - 0.999

75 0.998 - - - -

specifying some easily available seismological parameters, within acceptable tolerance, e.g.,

magnitude of earthquake event, representative source-to-site distance and local site condition

of recording station.

A scenario-specific ensemble of motions can be simulated by estimating Ē j(b), for the

given seismological parameters, along with its aleatory uncertainty. The uncertainty will arise

because which particular recording process a scenario might represent is inherently random. A

scenario-specific ensemble of motions will, therefore, exhibit varied frequency-dependent am-

plitude modulations resulting from different underlying recording processes. Hence, an empiri-

cal scaling model for Ē j(b), with model uncertainty, is proposed in terms of some conveniently

available seismological parameters.

The PSV scaling models and the Fourier amplitude scaling models consider the logarithm of

the corresponding regressed quantity (Trifunac and Lee, 1990). Further, it is a known fact that

the energy arrival of a signal and the Fourier amplitudes are directly related through Parseval’s

identity. So, the scaling relationship for Ē j(b) is considered as

ln(Ē j(b)) = a1, j(b)M+a2, j(b) ln∆+a3, j(b)S+a4, j(b) ;∀ j (3.20)

where, M is the local magnitude, ∆ is the representative source-to-site distance due to Trifunac

and Lee (1990, 1989), S is the indicator parameter for local site conditions (S = 0, 1 and 2 for

soft soil, stiff soil and rock, respectively). The representative distance ∆ takes the finite source

dimension into account and in general, depends on M, epicentral distance (R), focal depth (h),
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Table 3.2 Ground motion parameters for recorded ground motions and their corresponding

statistics from the simulated samples

Event Parameter PGA PGV PGD PGV
PGA

PGD
PGA

RMSA RMSV RMSD

(m/s2) (m/s) (m) (s) (s2) (m/s2) (m/s) (m)

Chi-Chi

(C087)

Recorded 1.254 0.138 0.075 0.110 0.060 0.142 0.018 0.013

Mean 1.275 0.106 0.037 0.084 0.029 0.140 0.017 0.010

COV (%) 11.480 11.691 14.783 16.033 18.213 0.265 1.092 3.430

Max. 1.709 0.152 0.057 0.126 0.051 0.141 0.018 0.012

Min. 0.953 0.075 0.025 0.054 0.017 0.138 0.016 0.009

India -

Myanmar

Recorded 2.170 0.066 0.010 0.030 0.005 0.365 0.011 0.003

Mean 2.477 0.065 0.013 0.026 0.005 0.363 0.010 0.004

COV (%) 11.721 12.154 14.286 12.500 19.231 0.250 0.932 9.237

Max. 3.543 0.105 0.019 0.039 0.009 0.364 0.011 0.005

Min. 1.885 0.047 0.008 0.019 0.003 0.359 0.010 0.003

Norcia

Recorded 8.953 0.767 0.097 0.086 0.011 1.342 0.091 0.026

Mean 7.548 0.516 0.095 0.069 0.013 1.287 0.111 0.031

COV (%) 13.004 14.233 24.233 16.498 28.346 0.860 5.888 28.979

Max. 11.056 0.817 0.181 0.112 0.031 1.317 0.149 0.072

Min. 5.560 0.355 0.052 0.044 0.006 1.253 0.102 0.020

Landers

Recorded 1.329 0.250 0.175 0.188 0.131 0.185 0.055 0.056

Mean 0.962 0.141 0.090 0.149 0.095 0.174 0.044 0.035

COV (%) 13.218 13.759 14.412 18.456 19.182 0.684 4.351 8.198

Max. 1.473 0.230 0.135 0.277 0.171 0.177 0.053 0.043

Min. 0.718 0.102 0.058 0.086 0.050 0.170 0.037 0.026

Kobe

Recorded 0.742 0.106 0.043 0.143 0.058 0.114 0.010 0.006

Mean 0.743 0.080 0.019 0.108 0.025 0.114 0.013 0.005

COV (%) 12.322 12.422 14.516 13.653 19.291 0.699 1.172 4.620

Max. 1.055 0.111 0.028 0.155 0.042 0.116 0.014 0.006

Min. 0.536 0.056 0.013 0.069 0.014 0.109 0.013 0.005
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Table 3.3 Details of the events considered for the scaling model

Events
Origin Time

Depth (km) Magnitude
Date Day Hr:Min:Sec

Main Shock 09 20 17:47:16.00 23.8603 120.7995 10.33 7.3 93

Aft-1757 09 20 17:57:15.31 23.9255 121.0275 11 6.44 31

Aft-1803 09 20 18:03:41.16 23.8123 120.8590 8.2 6.6 47

Aft-1821 09 20 18:21:28.60 23.9564 121.0630 9.7 5.22 22

Aft-1832 09 20 18:32:55.07 23.8290 120.9912 16.8 5.07 10

Aft-1940 09 20 19:40:32.57 23.5509 120.8759 7.4 5.28 24

Aft-1957 09 20 19:57:52.63 24.0278 120.8134 12 5.19 43

Aft-2002 09 20 20:02:15.90 23.9823 120.7406 12.1 5.35 51

Aft-2021 09 20 20:21:59.67 24.1077 120.9795 11.1 5.22 29

Aft-2127 09 20 21:27:56.71 24.0851 121.0346 11.9 4.99 3

Aft-2146 09 20 21:46:37.49 23.6121 120.8110 1 6.59 28

Aft-2154 09 20 21:54:47.08 23.6230 120.7741 4.3 5.33 30

Aft-2222 09 20 22:22:46.00 23.5510 120.8342 5 5.15 22

Aft-2318 09 20 23:18:13.21 23.4490 120.9052 9.6 5.1 21

Aft-0014 09 22 00:14:40.77 23.8260 121.0470 15.6 6.8 11

Aft-2352 09 25 23:52:49.63 23.8540 121.0020 9.9 6.8 22

Latitude (oN) Longitude (oE)
Number of

Records

time period of seismic wave and shear wave velocity of local site (180 m/s, 270 m/s, 850 m/s

for S = 0, 1 and 2, respectively).

The database for the regression analysis comprises north-south component of main shock

(93 number of recordings) and aftershocks of magnitude 5 and above (394 number of record-

ings) during the 1999 Chi-Chi earthquake (Lee et al., 2001a,b). The focus of current work is

in a methodological development of a new GMPE through a new functional called frequency-

dependent energy arrival, so that scenario-specific nonstationary motions can be simulated.

Hence, the NS components were selected arbitrarily in the development of energy arrival scal-

ing model to prove the conceptual utility of the proposed approach. Coincidentally, the fault

rupture that took place during 1999 Chi-Chi earthquake and its aftershocks was oriented in

the NS direction. These aftershock records are chosen such that all recordings are within 50

km of the corresponding epicentral distance (with acceptable signal to noise ratio). The main

shock recording at a station is considered only if at least one aftershock recording is chosen

for the station, otherwise, the majority of epicentral distances of main shock from the respec-

tive recording stations would be higher than 50 km and the distant motion prediction may get

biased towards the main shock. Location, time-of-occurrence, seismological details and the

number of considered records of the events are given in the Table 3.3. The location details of

the recording stations are given in Table 3.4. A map depicting the location of recording stations

and epicentres of main shock and aftershocks is shown in Figure 3.8. A table showing the

details of the ground motions (event and station) selected for the study is shown in Table 3.5.

Different motions are having different length of records and hence to maintain uniformity the

maximum value of b is considered as 100 s, which is quite conservative, whereas the minimum

value is −12 s. It is understood that smaller records will reach their 100% energy arrival for a

smaller value of b than a lengthy record. Further, for estimation of regression coefficients, b is

discretized every 0.02 s of interval.
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Table 3.4 Details of the stations considered for the scaling model

C002 23.7192 120.4125 C094 23.7935 120.3205 T051 24.1603 120.6518 T089 23.9037 120.8565

C006 23.5815 120.5520 C101 23.6862 120.5622 T052 24.1980 120.7393 T100 24.1858 120.6153

C010 23.4653 120.5440 C104 23.6695 120.4648 T053 24.1935 120.6688 T102 24.2493 120.7208

C014 23.2963 120.5828 H005 23.6608 121.4140 T054 24.1612 120.6750 T103 24.3098 120.7072

C015 23.3550 120.4052 H006 23.6732 121.4173 T056 24.1588 120.6238 T104 24.2455 120.6018

C024 23.7570 120.6062 H020 23.8137 121.4328 T057 24.1732 120.6107 T105 24.2390 120.5590

C025 23.7795 120.5137 H031 23.7653 121.4922 T059 24.2687 120.5637 T106 24.0833 120.5518

C026 23.7987 120.4113 H032 23.7108 121.4120 T060 24.2247 120.6440 T107 24.0727 120.5402

C028 23.6320 120.6052 H033 23.6867 121.4747 T061 24.1355 120.5490 T109 24.0848 120.5713

C029 23.6135 120.5282 H034 23.5905 121.3772 T063 24.1083 120.6158 T111 24.1137 120.4872

C032 23.5799 120.2944 H035 23.7320 121.4362 T065 24.0588 120.6912 T116 23.8568 120.5803

C034 23.5212 120.5443 H037 23.4542 121.3840 T067 24.0912 120.7200 T117 24.1335 120.4598

C035 23.5200 120.5840 H038 23.4615 121.3445 T068 24.2772 120.7658 T118 24.0027 120.4235

C036 23.6073 120.4788 H039 23.3845 121.3523 T070 24.1960 120.5403 T120 23.9803 120.6130

C039 23.5207 120.3440 H056 24.1795 121.5077 T071 23.9855 120.7883 T122 23.8128 120.6097

C041 23.4388 120.5957 K001 23.1618 120.6355 T072 24.0407 120.8488 T129 23.8783 120.6843

C046 23.4765 120.4632 N041 23.1342 121.1177 T074 23.9622 120.9618 T136 24.2603 120.6518

C047 23.4938 120.4468 T036 24.4488 120.6963 T075 23.9827 120.6778 T138 23.9223 120.5955

C052 23.2878 120.5010 T039 24.4917 120.7837 T076 23.9077 120.6757 T140 23.9578 120.3593

C074 23.5103 120.8052 T040 24.4497 120.6455 T078 23.8120 120.8455 T141 23.8338 120.4640

C079 23.1848 120.5280 T046 24.4683 120.8543 T079 23.8395 120.8942 T145 23.9800 120.3368

C081 23.2703 120.4965 T048 24.1800 120.5888 T082 24.1475 120.6760

C087 23.3845 120.5190 T049 24.1790 120.6902 T087 24.3482 120.7733

C088 23.3462 120.4293 T050 24.1815 120.6338 T088 24.2533 121.1758
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Figure 3.8 Epicentres of main shock and aftershocks and the locations of recording stations

considered in the study

The regression analysis is carried out using the maximum likelihood method (Joyner and

26TH-2473_136104011



Table 3.5 Events and stations of the motions considered in the study (grey box represents con-

sidered motion)
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Boore, 1993) and the error, ε j(b), in the scaling model is defined as

ε j(b) = ln(Ē j(b))− ln(Ê j(b)) ;∀ j (3.21)

where, Ê j(b) is the estimated (smooth) energy arrival using Eq. (3.20) via estimated smoothened

regression coefficients. Further, ε j(b) is a normal variate with mean zero and standard deviation

σ j(b). ε j(b) is equal to the sum of inter-event and intra-event residuals. The inter-event and

intra-event residuals are lumped together and cannot be separated in this regression method.

The coefficients are determined via maximization of likelihood of the errors in following a

normal distribution with zero mean and some standard deviation.

It is important to investigate the soundness of the estimated regression coefficients before

using them. It is found that a1, j(b) is positive for all values of j and b, similarly, a2, j(b) and

a3, j(b) are found to be negative throughout. These findings are meaningful because energy

arrival at any time should increase with increasing earthquake magnitude and decrease with

increasing source-to-site distance and also the energy arrival should increase in presence of

soft soil due to local site amplification. All regression coefficients and standard deviation of

errors for j = −10 and j = −1 are shown in Figure 3.9 as an example. Apart from only the

0 20 40 60 80 100
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3.75
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0 20 40 60 80 100
-5.2

-3.2
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0 20 40 60 80 100
-1
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0
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1.2

1.65

2.1

Figure 3.9 Regression coefficients for ln(Ē j(b)) and the standard deviations of errors in the

cases of levels j =−10 (solid line) and j =−1 (dotted line)

nature of coefficients, it is also important to investigate if the observed trend of any coefficient

along b is acceptable. However, there is no theory available that can directly explain the trend,

hence, an indirect way is adopted for the purpose of justification. The change of shape of the
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energy arrival pattern is fully governed by the variation of regression coefficients along b and

the former affects the level-wise SMD, defined as the duration corresponding to the central

90% energy arrival (Trifunac and Brady, 1975). So, it can be inferred that if the parametric

variation of the level-wise SMD obtained from Ê j(b) is found to be meaningful, the trends of

regression coefficients are acceptable.

Figures 3.10(a) to 3.10(c) show the parametric variations of SMD with respect to M, ∆ and

S , respectively, and for two different levels, j = −16,−7, arbitrarily. For Figures 3.10(a) to

3.10(c) the fixed parameters are ∆ = 50 km, S = 1; M = 6, S = 1; M = 6, ∆ = 50 km, respec-

tively. The variation of SMDs for both levels and for all the cases are in general agreement with

the facts that SMD is likely to increase with increasing magnitude and distance, and decrease

if local site changes from soft soil to rock type. Similar qualitative trends are also observed

for other levels. Hence, the regression coefficients are found to be physically sound and so, a

scaling model for Ê j(b) can be considered as a viable proposition to be applied for other region.

However, separate regression analysis needs to be carried out for database of other region. For

ready reference, the regression coefficients are listed in Table 3.6 for some selected bs and the

coefficients can be linearly interpolated for intermediate values of b.
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Figure 3.10 Parametric variation of level-wise SMDs with (a) M (b) ∆ and (c) S for different

levels

3.4 Scenario-Specific Ensemble Generation

It is mentioned earlier that for a given scenario, defined by seismological parameters, the

predicted energy arrival pattern for any level j will have some inherent uncertainty. The pre-

diction error has only one parameter, σ j(b), the level-wise standard deviation of ε j(b). Hence,

the ith sample for the level-wise energy arrival for a given seismic scenario can be modelled as

ln(Êi, j(b)) = ln(Ê j(b))+ ki σ j(b) ;∀ j (3.22)

where, ki is the sample-specific realization of a standard normal variate. ki is made level inde-

pendent so that the time-frequency characteristics of a simulated motion from Êi, j(b)s remain
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Table 3.6 Smoothed coefficients and standard deviations of errors of the scaling model for different levels and some instants of b

a 1, j
d

a 2, j a 3, j a 4, j ✂  j a 1, j
d

a 2, j a 3, j a 4, j ✂  j a 1, j
d

a 2, j a 3, j a 4, j ✂  j a 1, j
d

a 2, j a 3, j a 4, j ✂  j a 1, j
d

a 2, j a 3, j a 4, j ✂  j a 1, j
d

a 2, j a 3, j a 4, j ✂  j a 1, j
d

a 2, j a 3, j a 4, j ✂  j a 1, j
d

a 2, j a 3, j a 4, j ✂  j

�✁✁✄☎✆ 1.65 �✁✄✝✆ �✞✄✟✠ �✁✠✄✝✞ 1.65 1.84 ✡☛☞✌✍ ✡✎☞✏✏ ✡☛✑☞✒✏ 1.58 2.09 ✡✒☞✏✏ ✡✎☞✒✓ ✡☛✏☞✍✍ 1.53 2.22 ✡✒☞✍✓ ✡✎☞☛✌ ✡☛✒☞✍✍ 1.49 2.41 ✡✏☞✎✔ ✡✎☞☛✔ ✡☛☛☞✌✓ 1.49 2.54 ✡✏☞☛✒ ✡✎☞☛✍ ✡☛☛☞✌✕ 1.51 2.69 ✡✏☞✔✏ ✡✎☞☛✕ ✡☛✎☞✍✕ 1.48 2.68 ✡✏☞✑✑ ✡✎☞☛☛ ✡☛✎☞✍✒ 1.53

�✆✄✞✞ 1.68 �✁✄✠✠ �✞✄✠✁ �✁✖✄✞✞ 1.56 1.94 ✡☛☞✍✏ ✡✎☞✏✕ ✡☛✒☞✑✔ 1.49 2.14 ✡✒☞✎✒ ✡✎☞✒✕ ✡☛☛☞✕✏ 1.48 2.31 ✡✒☞✑✔ ✡✎☞☛✕ ✡☛✎☞✕✓ 1.45 2.46 ✡✒☞✍✍ ✡✎☞☛✔ ✡☛✎☞✔✑ 1.44 2.58 ✡✒☞✕✍ ✡✎☞☛✓ ✡✕☞✓✎ 1.49 2.72 ✡✏☞✑☛ ✡✎☞✒☛ ✡✌☞✏✒ 1.47 2.72 ✡✏☞✏✏ ✡✎☞☛✎ ✡✌☞✏✎ 1.52

�✠✄✞✞ 1.96 �✁✄✗✝ �✞✄✘✁ �✁✞✄☎✆ 1.40 2.23 ✡☛☞✓✌ ✡✎☞✔✕ ✡☛✒☞✎✕ 1.42 2.44 ✡✒☞☛☛ ✡✎☞✔✒ ✡☛☛☞✓✓ 1.40 2.58 ✡✒☞✔☛ ✡✎☞✑✎ ✡☛✎☞✓✓ 1.40 2.67 ✡✒☞✓ ✡✎☞✏✑ ✡☛✎☞☛✔ 1.42 2.77 ✡✒☞✕✕ ✡✎☞✒✕ ✡✕☞✏✌ 1.45 2.85 ✡✏☞✏✎ ✡✎☞✒✓ ✡✌☞✒✔ 1.45 2.84 ✡✏☞✒✕ ✡✎☞✒☛ ✡✓☞✕✎ 1.48

0.00 2.40 �✟✄✝✞ �✞✄✘✝ �✠✄✗✠ 1.44 2.56 ✡✏☞✑☛ ✡✎☞✍☛ ✡✔☞✔☛ 1.48 2.67 ✡✏☞✑✒ ✡✎☞✔✕ ✡✔☞✍✕ 1.51 2.86 ✡✏☞✌✑ ✡✎☞✑✑ ✡✔☞✎✒ 1.45 2.91 ✡✏☞✔✓ ✡✎☞✑✒ ✡✔☞✕✍ 1.44 3.06 ✡✏☞✍✓ ✡✎☞✏✕ ✡✍☞✏✍ 1.44 2.94 ✡✏☞✍✕ ✡✎☞✏✓ ✡✔☞✏✌ 1.45 3.04 ✡✏☞✌✏ ✡✎☞✒✕ ✡✔☞✒✏ 1.48

5.00 2.69 �✠✄✁✟ �✞✄✠✠ �✖✄☎☎ 1.58 2.82 ✡✑☞☛☛ ✡✎☞✏✓ ✡✏☞✒ 1.62 2.87 ✡✑☞☛✓ ✡✎☞✏✌ ✡✒☞✍✎ 1.67 2.95 ✡✑☞✔✒ ✡✎☞✏☛ ✡☛☞✏✌ 1.61 2.99 ✡✑☞✍✒ ✡✎☞✏✔ ✡✎☞✍✒ 1.62 3.13 ✡✔☞✎✔ ✡✎☞✏✒ 0.51 1.65 3.13 ✡✔☞✎✑ ✡✎☞✑☛ 0.93 1.70 3.18 ✡✔☞☛✒ ✡✎☞✏✍ 1.16 1.77

10.00 2.77 �✟✄✆✘ �✞✄✟✆ �✠✄✞✗ 1.59 2.85 ✡✏☞✓✍ ✡✎☞✏☛ ✡✑☞✒✒ 1.60 2.82 ✡✏☞✓☛ ✡✎☞✏☛ ✡✏☞✔✑ 1.65 2.88 ✡✏☞✕✎ ✡✎☞✒✍ ✡✒☞✍✎ 1.63 2.87 ✡✏☞✕✍ ✡✎☞✒✌ ✡☛☞✍☛ 1.64 3.00 ✡✑☞✒✎ ✡✎☞✒✔ ✡✎☞✕✔ 1.70 3.00 ✡✑☞✒☛ ✡✎☞✏☛ ✡✎☞✏✑ 1.72 3.11 ✡✑☞✒✔ ✡✎☞✏✎ ✡✎☞✑✒ 1.78

15.00 2.74 �✟✄✘✆ �✞✄✟✘ �✠✄✠✟ 1.57 2.79 ✡✏☞✔✓ ✡✎☞✒✕ ✡✑☞✑✍ 1.58 2.77 ✡✏☞✑✌ ✡✎☞✒✓ ✡✏☞✕✎ 1.61 2.82 ✡✏☞✍✎ ✡✎☞✒☛ ✡✏☞☛✔ 1.55 2.79 ✡✏☞✍✏ ✡✎☞✒✔ ✡✒☞✎✔ 1.55 2.92 ✡✏☞✌☛ ✡✎☞✒✎ ✡☛☞✍✌ 1.57 2.91 ✡✏☞✓✍ ✡✎☞✒✓ ✡☛☞☛✓ 1.55 2.98 ✡✏☞✓✍ ✡✎☞✒✔ ✡☛☞☛✍ 1.59

20.00 2.72 �✟✄✘✝ �✞✄✟✠ �✠✄✖☎ 1.54 2.76 ✡✏☞✔✔ ✡✎☞✒✓ ✡✑☞✒✑ 1.55 2.72 ✡✏☞✑✍ ✡✎☞✒✑ ✡✏☞✍✑ 1.58 2.77 ✡✏☞✔✍ ✡✎☞☛✌ ✡✒☞✕☛ 1.51 2.72 ✡✏☞✔✔ ✡✎☞✒✎ ✡☛☞✌✍ 1.49 2.84 ✡✏☞✍✌ ✡✎☞☛✔ ✡☛☞✔✌ 1.48 2.83 ✡✏☞✍✍ ✡✎☞✒✎ ✡✎☞✕✓ 1.43 2.88 ✡✏☞✍✍ ✡✎☞✒✎ ✡✎☞✌✔ 1.44

30.00 2.69 �✟✄✝✆ �✞✄✟✖ �✠✄✟✞ 1.52 2.74 ✡✏☞✔☛ ✡✎☞✒✔ ✡✑☞✒✎ 1.54 2.70 ✡✏☞✑☛ ✡✎☞✒✏ ✡✏☞✍✒ 1.57 2.75 ✡✏☞✔☛ ✡✎☞☛✓ ✡✒☞✌✌ 1.49 2.71 ✡✏☞✔☛ ✡✎☞☛✕ ✡☛☞✌✍ 1.47 2.81 ✡✏☞✍✏ ✡✎☞☛✏ ✡☛☞✔✏ 1.45 2.80 ✡✏☞✍✏ ✡✎☞☛✓ ✡✎☞✌✕ 1.38 2.83 ✡✏☞✍☛ ✡✎☞☛✌ ✡✎☞✍✏ 1.39

40.00 2.68 �✟✄✝✠ �✞✄✟✖ �✠✄✟✝ 1.52 2.73 ✡✏☞✑✌ ✡✎☞✒✔ ✡✑☞✒✑ 1.53 2.70 ✡✏☞✏✌ ✡✎☞✒✏ ✡✏☞✍✌ 1.56 2.74 ✡✏☞✑✕ ✡✎☞☛✓ ✡✒☞✕✔ 1.49 2.71 ✡✏☞✑✕ ✡✎☞☛✕ ✡☛☞✕✑ 1.46 2.82 ✡✏☞✍☛ ✡✎☞☛✏ ✡☛☞✍✎ 1.44 2.80 ✡✏☞✍☛ ✡✎☞☛✌ ✡✎☞✕✍ 1.38 2.83 ✡✏☞✔✕ ✡✎☞☛✌ ✡✎☞✓✎ 1.39
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�✠✄✞✞ 2.88 ✡✏☞✏✏ ✡✎☞✒✏ ✡✓☞✑✌ 1.56 2.96 ✡✏☞✏✕ ✡✎☞✒✔ ✡✓☞✏✎ 1.63 3.06 ✡✏☞✑✎ ✡✎☞✏✓ ✡✓☞✔☛ 1.60 3.24 ✡✏☞☛✌ ✡✎☞✏☛ ✡✕☞☛✔ 1.55 3.30 ✡✏☞✒☛ ✡✎☞✒✓ ✡✕☞☛✔ 1.62 3.34 ✡✏☞☛✏ ✡✎☞✏✎ ✡✕☞✑✑ 1.70 3.51 ✡✏☞✎✕ ✡✎☞✑☛ ✡☛✎☞✒✍ 1.78 3.71 ✡✏☞✏✒ ✡✎☞✍✔ ✡☛✎☞✒☛ 1.85

0.00 3.07 ✡✏☞✌✕ ✡✎☞✏✑ ✡✑☞✌✏ 1.63 3.12 ✡✏☞✕✔ ✡✎☞✒✓ ✡✑☞✓✏ 1.63 3.23 ✡✑☞☛✏ ✡✎☞✏✒ ✡✑☞✏✔ 1.66 3.43 ✡✏☞✕✏ ✡✎☞✏☛ ✡✍☞☛✒ 1.66 3.44 ✡✑☞✎✔ ✡✎☞✒✔ ✡✔☞✔✕ 1.74 3.53 ✡✏☞✕✎ ✡✎☞✏☛ ✡✍☞✏✔ 1.79 3.63 ✡✏☞✍✓ ✡✎☞✑✔ ✡✓☞✍✎ 1.90 3.85 ✡✑☞✎✓ ✡✎☞✍✌ ✡✓☞✎✔ 1.95

5.00 3.22 ✡✔☞✒✔ ✡✎☞✏✌ 1.75 1.88 3.29 ✡✑☞✕☛ ✡✎☞✑✏ 0.30 1.92 3.36 ✡✑☞✌✔ ✡✎☞✏✌ ✡✎☞☛✎ 1.90 3.61 ✡✑☞✌✎ ✡✎☞✑✕ ✡☛☞✔✔ 1.94 3.59 ✡✑☞✓✏ ✡✎☞✏✏ ✡☛☞✓✓ 1.97 3.65 ✡✑☞✑✎ ✡✎☞✑✎ ✡✏☞☛✒ 2.05 3.79 ✡✑☞☛✏ ✡✎☞✔✍ ✡✑☞✌✌ 2.16 3.93 ✡✑☞☛✔ ✡✎☞✓✎ ✡✔☞✑✔ 2.08

10.00 3.11 ✡✑☞✒✔ ✡✎☞✏✔ ✡✎☞✎☛ 1.88 3.19 ✡✏☞✍✕ ✡✎☞✑✎ ✡✒☞✒✓ 1.90 3.30 ✡✏☞✌☛ ✡✎☞✏✔ ✡✒☞✏✒ 1.88 3.57 ✡✏☞✍✌ ✡✎☞✑✎ ✡✑☞✒✔ 1.88 3.58 ✡✏☞✓✑ ✡✎☞✒✓ ✡✑☞☛✕ 1.92 3.60 ✡✏☞✏✑ ✡✎☞✏✏ ✡✔☞✍☛ 2.00 3.84 ✡✏☞✑✒ ✡✎☞✔✎ ✡✍☞✍✍ 2.07 3.88 ✡✏☞✑✎ ✡✎☞✍✎ ✡✍☞✕✏ 2.02

15.00 3.00 ✡✏☞✍✔ ✡✎☞✒✕ ✡☛☞✏✒ 1.66 3.05 ✡✏☞☛✑ ✡✎☞✏✓ ✡✏☞✎✏ 1.64 3.15 ✡✏☞✒☛ ✡✎☞✏✔ ✡✏☞✒✑ 1.62 3.37 ✡✏☞✎✒ ✡✎☞✏✓ ✡✔☞✎✑ 1.59 3.40 ✡✏☞✎✍ ✡✎☞✒✌ ✡✔☞☛✔ 1.70 3.46 ✡✒☞✓✕ ✡✎☞✏✏ ✡✍☞✒✕ 1.77 3.63 ✡✒☞✌✓ ✡✎☞✔✑ ✡✍☞✌✌ 1.84 3.72 ✡✒☞✌✎ ✡✎☞✍☛ ✡✓☞✍✌ 1.84

20.00 2.89 ✡✏☞✑✏ ✡✎☞☛✕ ✡☛☞✏✍ 1.45 2.93 ✡✒☞✌✓ ✡✎☞✒✌ ✡✏☞✒✏ 1.42 3.03 ✡✒☞✕✍ ✡✎☞✒✕ ✡✏☞✏☛ 1.41 3.22 ✡✒☞✓✑ ✡✎☞✏✏ ✡✔☞✎✍ 1.40 3.31 ✡✒☞✌✒ ✡✎☞✒✓ ✡✔☞✒✌ 1.53 3.33 ✡✒☞✍☛ ✡✎☞✏☛ ✡✔☞✕✓ 1.60 3.48 ✡✒☞✔✌ ✡✎☞✔✏ ✡✍☞✓✌ 1.66 3.62 ✡✒☞✔✒ ✡✎☞✍✒ ✡✓☞✌✑ 1.70

30.00 2.83 ✡✏☞✑✎ ✡✎☞☛✌ ✡☛☞✎✒ 1.38 2.88 ✡✒☞✌✏ ✡✎☞✒✑ ✡✏☞✎✑ 1.32 2.96 ✡✒☞✌✏ ✡✎☞✒✔ ✡✏☞✒✌ 1.31 3.14 ✡✒☞✍✏ ✡✎☞✏✎ ✡✑☞✌✍ 1.28 3.20 ✡✒☞✍✌ ✡✎☞✒✑ ✡✔☞✎✎ 1.40 3.24 ✡✒☞✑✌ ✡✎☞✏☛ ✡✔☞✓✍ 1.48 3.38 ✡✒☞✑✔ ✡✎☞✔✒ ✡✍☞✑✕ 1.56 3.50 ✡✒☞✏✍ ✡✎☞✍✒ ✡✓☞✔✔ 1.59

40.00 2.84 ✡✏☞✏✕ ✡✎☞☛✕ ✡☛☞✎✕ 1.37 2.89 ✡✒☞✌✒ ✡✎☞✒✑ ✡✏☞☛✒ 1.32 2.97 ✡✒☞✌☛ ✡✎☞✒✔ ✡✏☞✏✓ 1.31 3.14 ✡✒☞✍☛ ✡✎☞✏✎ ✡✑☞✕☛ 1.28 3.20 ✡✒☞✍✍ ✡✎☞✒✑ ✡✔☞✎✓ 1.39 3.24 ✡✒☞✑✍ ✡✎☞✏✒ ✡✔☞✌✒ 1.47 3.37 ✡✒☞✑✏ ✡✎☞✔✏ ✡✍☞✔✔ 1.55 3.50 ✡✒☞✏☛ ✡✎☞✍✒ ✡✓☞✍✑ 1.58

55.00 2.84 ✡✏☞✏✌ ✡✎☞☛✕ ✡☛☞☛✏ 1.37 2.90 ✡✒☞✌☛ ✡✎☞✒✑ ✡✏☞☛✔ 1.32 2.97 ✡✒☞✌✎ ✡✎☞✒✔ ✡✏☞✑✎ 1.31 3.14 ✡✒☞✍☛ ✡✎☞✏✎ ✡✑☞✕✔ 1.28 3.20 ✡✒☞✍✍ ✡✎☞✒✑ ✡✔☞☛✎ 1.39 3.24 ✡✒☞✑✔ ✡✎☞✏✒ ✡✔☞✌✍ 1.47 3.38 ✡✒☞✑✒ ✡✎☞✔✏ ✡✍☞✔✕ 1.54 3.50 ✡✒☞✏☛ ✡✎☞✍✒ ✡✓☞✓ 1.58

75.00 2.86 ✡✏☞✏✍ ✡✎☞☛✕ ✡☛☞✒✔ 1.37 2.91 ✡✒☞✓✕ ✡✎☞✒✔ ✡✏☞✒✌ 1.31 2.98 ✡✒☞✓✓ ✡✎☞✒✔ ✡✏☞✔✌ 1.29 3.15 ✡✒☞✔✕ ✡✎☞✏✎ ✡✔☞✎✔ 1.27 3.21 ✡✒☞✍✑ ✡✎☞✒✑ ✡✔☞✒☛ 1.38 3.25 ✡✒☞✑✑ ✡✎☞✏☛ ✡✔☞✕✌ 1.47 3.38 ✡✒☞✑☛ ✡✎☞✔✏ ✡✍☞✍✍ 1.54 3.51 ✡✒☞✏✎ ✡✎☞✍✒ ✡✓☞✓✑ 1.58

100.00 2.86 ✡✏☞✏✍ ✡✎☞✒✎ ✡☛☞✒✍ 1.37 2.91 ✡✒☞✓✕ ✡✎☞✒✔ ✡✏☞✒✕ 1.31 2.98 ✡✒☞✓✓ ✡✎☞✒✔ ✡✏☞✍✎ 1.29 3.15 ✡✒☞✔✕ ✡✎☞✏✎ ✡✔☞✎✍ 1.27 3.21 ✡✒☞✍✑ ✡✎☞✒✑ ✡✔☞✒✒ 1.38 3.25 ✡✒☞✑✏ ✡✎☞✏✒ ✡✔☞✕✕ 1.47 3.39 ✡✒☞✑☛ ✡✎☞✔✏ ✡✍☞✍✓ 1.54 3.51 ✡✒☞✏✎ ✡✎☞✍✒ ✡✓☞✓✔ 1.58

a 1, j
d

a 2, j a 3, j a 4, j ✂  j a 1, j
d

a 2, j a 3, j a 4, j ✂  j a 1, j
d

a 2, j a 3, j a 4, j ✂  j a 1, j
d

a 2, j a 3, j a 4, j ✂  j a 1, j
d

a 2, j a 3, j a 4, j ✂  j a 1, j
d

a 2, j a 3, j a 4, j ✂  j a 1, j
d

a 2, j a 3, j a 4, j ✂  j a 1, j
d

a 2, j a 3, j a 4, j ✂  j

�✁✁✄☎✆ 3.75 ✡✒☞✕✎ ✡✎☞✓ ✡☛✔☞✕☛ 1.90 3.82 ✡✒☞✍✓ ✡✎☞✍✔ ✡☛✓☞☛✌ 1.81 3.93 ✡✒☞✓✕ ✡✎☞✓☛ ✡☛✓☞✏✏ 1.84 4.08 ✡✒☞✔✎ ✡✎☞✓✓ ✡☛✕☞✒✔ 1.83 4.09 ✡✏☞✎✎ ✡✎☞✓✓ ✡☛✓☞✔✌ 1.92 4.24 ✡✒☞✌☛ ✡✎☞✌✌ ✡☛✕☞☛☛ 2.07 4.49 ✡✒☞✒✑ ✡✎☞✌✌ ✡✒✒☞✌✎ 2.02 4.50 ✡☛☞✕✏ ✡✎☞✌☛ ✡✒✑☞✒✍ 1.99

�✆✄✞✞ 3.76 ✡✒☞✕✓ ✡✎☞✓☛ ✡☛✒☞✓✓ 1.87 3.84 ✡✒☞✍✌ ✡✎☞✍✑ ✡☛✑☞✏☛ 1.80 3.94 ✡✒☞✌☛ ✡✎☞✓☛ ✡☛✑☞✏✔ 1.83 4.08 ✡✒☞✔✌ ✡✎☞✓✍ ✡☛✍☞✎✏ 1.80 4.10 ✡✒☞✌✍ ✡✎☞✓✌ ✡☛✔☞✒☛ 1.89 4.25 ✡✒☞✍✓ ✡✎☞✌✔ ✡☛✍☞✓✌ 2.01 4.50 ✡✒☞✏✑ ✡✎☞✌✑ ✡☛✕☞✍✎ 1.98 4.52 ✡✒☞☛✍ ✡✎☞✓✕ ✡✒✎☞✍✑ 1.95

�✠✄✞✞ 3.79 ✡✏☞☛✍ ✡✎☞✓☛ ✡☛☛☞☛✏ 1.88 3.87 ✡✒☞✌✓ ✡✎☞✍✏ ✡☛✒☞✓☛ 1.84 3.94 ✡✒☞✕✌ ✡✎☞✓✎ ✡☛✒☞✍✕ 1.85 4.08 ✡✒☞✌✎ ✡✎☞✓✏ ✡☛✑☞✒✎ 1.81 4.13 ✡✒☞✕☛ ✡✎☞✓✍ ✡☛✑☞☛✒ 1.89 4.28 ✡✒☞✌✔ ✡✎☞✓✕ ✡☛✔☞✏✑ 1.98 4.50 ✡✒☞✍✔ ✡✎☞✓✕ ✡☛✓☞✑✏ 1.98 4.56 ✡✒☞✑✕ ✡✎☞✓✍ ✡☛✌☞✔✕ 1.94

0.00 3.89 ✡✏☞✌☛ ✡✎☞✓✍ ✡✌☞✎✌ 1.99 3.97 ✡✏☞✔✒ ✡✎☞✍✔ ✡✕☞✓✔ 1.94 4.02 ✡✏☞✔✑ ✡✎☞✍✓ ✡☛✎☞✎✏ 1.95 4.13 ✡✏☞✒✕ ✡✎☞✍✔ ✡☛☛☞✓✍ 1.90 4.15 ✡✏☞✑✎ ✡✎☞✓✒ ✡☛☛☞✑✌ 1.95 4.30 ✡✏☞✏✒ ✡✎☞✓✔ ✡☛✒☞✌☛ 2.02 4.54 ✡✒☞✕✔ ✡✎☞✓✓ ✡☛✔☞✍✕ 2.04 4.63 ✡✒☞✍✌ ✡✎☞✓✏ ✡☛✓☞✑✓ 2.00

5.00 3.96 ✡✏☞✕☛ ✡✎☞✓✕ ✡✍☞✑✑ 2.08 4.09 ✡✏☞✓✒ ✡✎☞✓✎ ✡✌☞☛✎ 2.07 4.16 ✡✏☞✓✌ ✡✎☞✍✔ ✡✌☞✔✌ 2.05 4.20 ✡✏☞✔✒ ✡✎☞✔✔ ✡☛✎☞☛☛ 1.97 4.24 ✡✏☞✑✎ ✡✎☞✍✌ ✡☛✎☞✌✏ 2.04 4.27 ✡✏☞✏✔ ✡✎☞✓✒ ✡☛☛☞✑☛ 2.08 4.61 ✡✒☞✕✔ ✡✎☞✓✓ ✡☛✔☞✎✒ 2.11 4.69 ✡✒☞✍✎ ✡✎☞✓✏ ✡☛✓☞☛✑ 2.05

10.00 3.94 ✡✏☞✏✏ ✡✎☞✓✕ ✡✓☞✔✎ 2.02 4.12 ✡✏☞✒☛ ✡✎☞✓✓ ✡✕☞☛✎ 2.05 4.16 ✡✏☞✒✑ ✡✎☞✍✌ ✡✕☞✔✒ 1.97 4.23 ✡✏☞✎✕ ✡✎☞✔✕ ✡☛✎☞✌✔ 1.93 4.28 ✡✒☞✕☛ ✡✎☞✍✕ ✡☛✒☞✎☛ 2.04 4.23 ✡✒☞✕✓ ✡✎☞✓✒ ✡☛☛☞✓✓ 2.09 4.59 ✡✒☞✓✎ ✡✎☞✌✏ ✡☛✑☞✕✌ 2.11 4.69 ✡✒☞✏☛ ✡✎☞✓✍ ✡☛✓☞✑✍ 2.06

15.00 3.81 ✡✒☞✓✕ ✡✎☞✌✒ ✡✌☞☛✍ 1.88 3.99 ✡✒☞✍✌ ✡✎☞✌☛ ✡✕☞✓✎ 1.90 4.02 ✡✒☞✍✓ ✡✎☞✓✒ ✡☛✎☞☛✌ 1.82 4.13 ✡✒☞✔✕ ✡✎☞✓✎ ✡☛☛☞✑✏ 1.84 4.19 ✡✒☞✑✔ ✡✎☞✓✏ ✡☛✒☞✔✕ 1.97 4.20 ✡✒☞✔✕ ✡✎☞✓✍ ✡☛✒☞✑✔ 2.05 4.53 ✡✒☞✑✒ ✡✎☞✕✎ ✡☛✔☞☛✎ 2.07 4.66 ✡✒☞✎✒ ✡✎☞✓✓ ✡☛✓☞✌✑ 2.07

20.00 3.68 ✡✒☞✑✕ ✡✎☞✌✎ ✡✌☞✒✏ 1.76 3.86 ✡✒☞✑☛ ✡✎☞✌✒ ✡✕☞✍☛ 1.76 3.92 ✡✒☞✏✌ ✡✎☞✓✏ ✡☛✎☞✏✑ 1.73 4.02 ✡✒☞✏✎ ✡✎☞✓✓ ✡☛☛☞✑✑ 1.77 4.12 ✡✒☞☛✑ ✡✎☞✓✌ ✡☛✒☞✌✕ 1.89 4.15 ✡✒☞✒✕ ✡✎☞✌✒ ✡☛✒☞✌✌ 1.97 4.49 ✡✒☞☛✌ ✡✎☞✕✔ ✡☛✔☞✑✎ 2.02 4.63 ✡☛☞✓✓ ✡✎☞✓✌ ✡☛✌☞✒✓ 2.07

30.00 3.54 ✡✒☞✒✏ ✡✎☞✓✕ ✡✌☞☛✑ 1.65 3.74 ✡✒☞☛✒ ✡✎☞✌✏ ✡✕☞✓✔ 1.66 3.81 ✡✒☞☛✏ ✡✎☞✓✑ ✡☛✎☞✏✔ 1.65 3.91 ✡☛☞✕✌ ✡✎☞✌✒ ✡☛☛☞✍✒ 1.70 4.05 ✡☛☞✌✔ ✡✎☞✌✑ ✡☛✏☞☛✕ 1.82 4.09 ✡☛☞✕✕ ✡✎☞✌✓ ✡☛✏☞✒✑ 1.91 4.45 ✡☛☞✌✍ ✡☛☞✎✒ ✡☛✔☞✕☛ 1.96 4.62 ✡☛☞✑✌ ✡✎☞✌✒ ✡☛✌☞✌✓ 2.06

40.00 3.54 ✡✒☞☛✓ ✡✎☞✓✕ ✡✌☞✏✎ 1.63 3.73 ✡✒☞✎✏ ✡✎☞✌✑ ✡✕☞✕✒ 1.64 3.81 ✡✒☞✎✑ ✡✎☞✓✔ ✡☛✎☞✍✎ 1.64 3.91 ✡☛☞✌✍ ✡✎☞✌✏ ✡☛☛☞✕✕ 1.70 4.06 ✡☛☞✓✌ ✡✎☞✌✔ ✡☛✏☞✑✒ 1.80 4.13 ✡☛☞✕✎ ✡✎☞✕✎ ✡☛✏☞✍✑ 1.90 4.47 ✡☛☞✓✑ ✡☛☞✎✔ ✡☛✍☞✏✎ 1.93 4.64 ✡☛☞✏✌ ✡✎☞✌✍ ✡☛✕☞✒✏ 2.06

55.00 3.54 ✡✒☞☛✍ ✡✎☞✌✎ ✡✌☞✏✍ 1.62 3.74 ✡✒☞✎✒ ✡✎☞✌✔ ✡☛✎☞✎✒ 1.65 3.82 ✡✒☞✎✒ ✡✎☞✓✍ ✡☛✎☞✓✑ 1.64 3.92 ✡☛☞✌✒ ✡✎☞✌✑ ✡☛✒☞☛✕ 1.70 4.08 ✡☛☞✓✍ ✡✎☞✌✍ ✡☛✏☞✍✎ 1.81 4.17 ✡☛☞✌✔ ✡✎☞✕✒ ✡☛✏☞✕✌ 1.88 4.50 ✡☛☞✍✓ ✡☛☞✎✔ ✡☛✍☞✓☛ 1.94 4.67 ✡☛☞✏✒ ✡✎☞✌✕ ✡☛✕☞✔✓ 2.06

75.00 3.55 ✡✒☞☛✍ ✡✎☞✌✎ ✡✌☞✏✕ 1.62 3.74 ✡✒☞✎☛ ✡✎☞✌✔ ✡☛✎☞✎✍ 1.65 3.83 ✡✒☞✎☛ ✡✎☞✓✍ ✡☛✎☞✓✕ 1.63 3.93 ✡☛☞✌☛ ✡✎☞✌✑ ✡☛✒☞✒✍ 1.69 4.09 ✡☛☞✓✔ ✡✎☞✌✍ ✡☛✏☞✍✍ 1.80 4.18 ✡☛☞✌✑ ✡✎☞✕✒ ✡☛✑☞☛✎ 1.89 4.51 ✡☛☞✍✔ ✡☛☞✎✔ ✡☛✍☞✌✔ 1.93 4.69 ✡☛☞✏☛ ✡✎☞✌✕ ✡☛✕☞✓☛ 2.05

100.00 3.55 ✡✒☞☛✍ ✡✎☞✌✎ ✡✌☞✑☛ 1.62 3.74 ✡✒☞✎☛ ✡✎☞✌✔ ✡☛✎☞✎✓ 1.65 3.83 ✡✒☞✎☛ ✡✎☞✓✍ ✡☛✎☞✌✎ 1.63 3.93 ✡☛☞✌☛ ✡✎☞✌✔ ✡☛✒☞✒✌ 1.69 4.09 ✡☛☞✓✔ ✡✎☞✌✓ ✡☛✏☞✍✌ 1.80 4.18 ✡☛☞✌✏ ✡✎☞✕✏ ✡☛✑☞☛✏ 1.89 4.52 ✡☛☞✍✔ ✡☛☞✎✔ ✡☛✍☞✌✌ 1.93 4.70 ✡☛☞✏✎ ✡✎☞✕✎ ✡☛✕☞✓✍ 2.07
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0.00 4.80 ✡✒☞✌✑ ✡✎☞✍✑ ✡☛✌☞✏✕ 2.11 4.90 ✡✒☞✔✒ ✡✎☞✔✒ ✡✒✎☞✑☛ 2.07 5.01 ✡✒☞✔✑ ✡✎☞✔✎ ✡✒☛☞✎✍ 2.21 4.98 ✡✒☞✔✎ ✡✎☞✑✓ ✡✒☛☞✎✍ 2.44
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20.00 4.82 ✡☛☞✌✍ ✡✎☞✓✏ ✡☛✕☞✍✓ 2.23 4.95 ✡☛☞✍✎ ✡✎☞✔✓ ✡✒☛☞✕✏ 2.11 5.04 ✡☛☞✔✎ ✡✎☞✔✕ ✡✒✏☞✎✕ 2.30 5.02 ✡☛☞✍✒ ✡✎☞✔✔ ✡✒✒☞✓✍ 2.46

30.00 4.80 ✡☛☞✏✕ ✡✎☞✓✌ ✡✒✎☞✌✌ 2.24 4.92 ✡☛☞✒✒ ✡✎☞✍✑ ✡✒✒☞✓☛ 2.14 5.03 ✡☛☞☛✌ ✡✎☞✍✌ ✡✒✏☞✓✔ 2.29 5.02 ✡☛☞✏✑ ✡✎☞✍✔ ✡✒✏☞✏✒ 2.46

40.00 4.80 ✡☛☞✒✎ ✡✎☞✌✒ ✡✒☛☞✑✒ 2.21 4.92 ✡☛☞✎✍ ✡✎☞✓☛ ✡✒✏☞☛✎ 2.15 5.04 ✡☛☞✎✍ ✡✎☞✓✔ ✡✒✑☞✎✑ 2.30 5.02 ✡☛☞✒✏ ✡✎☞✓✏ ✡✒✏☞✔✔ 2.46

55.00 4.84 ✡☛☞☛✏ ✡✎☞✌✍ ✡✒☛☞✓✍ 2.20 4.95 ✡✎☞✕✌ ✡✎☞✓✍ ✡✒✏☞✔✎ 2.14 5.07 ✡☛☞✎☛ ✡✎☞✌☛ ✡✒✑☞✒✕ 2.29 5.05 ✡☛☞✒✎ ✡✎☞✓✕ ✡✒✏☞✓✍ 2.45

75.00 4.86 ✡☛☞☛✎ ✡✎☞✌✌ ✡✒☛☞✕✌ 2.18 4.98 ✡✎☞✕✔ ✡✎☞✓✌ ✡✒✏☞✍✕ 2.13 5.10 ✡☛☞✎✎ ✡✎☞✌✑ ✡✒✑☞✑✑ 2.28 5.08 ✡☛☞☛✕ ✡✎☞✌☛ ✡✒✏☞✌✕ 2.44

100.00 4.86 ✡☛☞✎✕ ✡✎☞✌✌ ✡✒✒☞✎✏ 2.17 4.98 ✡✎☞✕✑ ✡✎☞✓✕ ✡✒✏☞✓✍ 2.12 5.11 ✡✎☞✕✕ ✡✎☞✌✔ ✡✒✑☞✔☛ 2.28 5.09 ✡☛☞☛✍ ✡✎☞✌✒ ✡✒✑☞✎☛ 2.43 5.29 ✡☛☞☛✒ ✡✎☞✌✍ ✡✒✔☞✍✒ 2.46 5.22 ✡✎☞✌✔ ✡✎☞✍✒ ✡✒✍☞✕✑ 2.36 5.36 ✡✎☞✑✍ ✡✎☞✔✒ ✡✒✕☞✌✕ 2.13 5.09 ✡✎☞✑✓ ✡✎☞✍✑ ✡✒✌☞✍✕ 2.05
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realistic, otherwise only one or a few narrowband waves can dominate the simulated motion

– a phenomenon that has never been observed in the recorded data set. Further, the standard

deviation of ε j(b) is smoothened along b before applying in Eq. (3.22) so that the estimated

energy arrival remains smooth and the extracted Vj(b) remains slow varying. It is further un-

derstood that Êi, j(b) for all j actually define the hidden level-wise amplitude modulations for

the ith recording process included in the scenario. It should be noted that, in principle, Êi, j(b)

is a non-decreasing function of b, however, some local anomaly may arise occasionally where

the energy arrival curve is expected to be quite flat. To rectify this local anomaly, Êi, j(b) is

forcefully made non-decreasing by replacing any local depression by horizontal trend (see Fig-

ure 3.11). From Êi, j(b)s the corresponding sample of motion is computed in similar manner as

a sample is computed from Ē j(b) in Section 3.2.2. Hence, a sample of a given scenario will

have inherent uncertainties arising from (i) which process the scenario may represent and (ii)

which random realization it takes for that process.

Ej(b)

b

Local depression

Horizontal Trend

Figure 3.11 Schematic diagram for the proposed correction to ensure non-decreasing energy

arrival curve

It is interesting to see if the samples generated by the above method can represent the ex-

pected trend. For this purpose, the median trend of response spectra, obtained from different

scenario-specific ensembles, have been compared with those obtained directly from a GMPE

developed using the same database. The regression coefficients of a PSV scaling model is ob-

tained using the maximum likelihood method (Joyner and Boore, 1993), and the mathematical
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form of the scaling model is chosen as

ln(PSV(T )) = b1(T )M+b2(T ) ln∆+b3(T )S+b4(T ) (3.23)

through the same independent parameters as considered for modelling Ē j(b). The error in the

estimation of the scaling model is defined as

εPSV(T ) = ln(PSV (T ))− ln(P̂SV (T )) (3.24)

where, ln(P̂SV (T )) is the estimated PSV using Eq (3.23) through estimated smooth regres-

sion coefficients. Further, εPSV(T ) is normal variate with mean zero and standard deviation

σPSV(T ).

For the numerical comparison, two hypothetical seismic scenarios are considered for gen-

erating 500 samples for each of them. In the first case M = 5.0, R = 40 km, h = 8 km, S = 1

(Scenario 1) and for the second case M = 7.0, R = 50 km, h = 10 km, S = 0 (Scenario 2) are

considered. In either case the values for ∆ are computed accordingly (Trifunac and Lee, 1990,

1989). Figures 3.12 shows the median estimates of the derived spectra from samples for the two

scenarios. The same figure also shows the median estimates, ln(P̂SV (T ))s, obtained from the

PSV scaling model for the two scenarios. It is clear that the median estimates of the PSV spec-

tra from simulated ensemble are in reasonable agreement with those obtained directly from the

PSV scaling model. This finding carries significance because the frequency-dependent smooth

energy arrival curve is very low level information, which speaks for the hidden normalized

amplitude modulation.

Now to see the variability of temporal features, two random samples are arbitrarily selected

for Scenario 1 and Scenario 2 and are shown in Figures 3.13 and 3.14. Apart from the varied

visual characteristics, the strengths of different records are also varying as any scenario may

represent different recording processes with different sample uncertainties. Moreover, it is

found that the median SMD of 500 samples for Scenario 1 is 22.3 s and that for Scenario 2 is

36.77 s. This also suggests that the median SMD of an ensemble is following the expected trend

with respect to seismic scenario, because SMD for a smaller and nearer event (like Scenario 1)

is likely to be smaller than that for a larger and farther event (like Scenario 2). An SMD model

is developed using the same database with the same mathematical form as proposed by Trifunac

and Brady (1975), which is given as

SMD = c1S+ c2M+ c3R (3.25)

The error in the estimation of the scaling model is defined as

εSMD = SMD− ŜMD (3.26)
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Figure 3.12 Comparison of median spectra obtained from the simulated ensembles and from

the PSV scaling model for two different scenarios

where, ŜMD is the estimated SMD using Eq (3.25) through estimated regression coefficients

(obtained via least-square method). The median SMDs calculated from the scaling model for

Scenario 1 and Scenario 2 are 18.0 s and 34.16 s, respectively, which are close to the corre-

sponding values obtained from the scenario-specific ensembles.
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Figure 3.13 Two arbitrarily selected random samples for Scenario 1
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Figure 3.14 Two arbitrarily selected random samples for Scenario 2

The uncertainties of PSV spectra separately obtained from a PSV scaling model and from
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a scenario-specific ensemble are not compatible with each other. The PSV model is regressed

using one data per seismic scenario, and hence, the inherent uncertainty is computed consider-

ing all scenarios. For the same reason, the aleatory uncertainty of such a GMPE is essentially

scenario independent. On the other hand, for the scenario-specific ensemble, there are two

types of uncertainty; (i) recording process represented by the scenario is uncertain, (ii) level-

wise sample of a given recording process is uncertain. Apart from them, there is additional

variability in the composite ground motion due to positive or negative interference of differ-

ent decomposed waves (corresponding to different levels, j). These all make the variability of

PSV spectra among an ensemble not only scenario-dependent but also higher than that obtained

directly from the PSV model.

The standard deviation of lnPSV (T ) for the simulated ensemble is obtained (from 500

samples for each scenario) so that it can be compared with σPSV(T ) of PSV scaling model.

This comparison is shown in Figure 3.15. It is clear that the trends of standard deviations along

the period are quite similar in all the cases, though their values corresponding to the ensembles

are different for different scenarios and they are also individually higher than that for the PSV

scaling model.
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Figure 3.15 Comparison of standard deviations of PSV spectra from different simulated en-

sembles and the PSV scaling model

The standard deviation of the SMD obtained from the SMD scaling model (Eq. (3.25)) is

found to be 11.29 s. But the standard deviations of SMD from both the ensembles are less

than 3 s, which indicates that unlike higher variability in spectral estimates the variability in

SMD is significantly less. This is due to the fact that by applying different levels of σ j(b) in

Eq. (3.22), sufficient variation in the total energy arrival is achieved but sufficient variation is

34TH-2473_136104011



not achieved in the level-wise SMD that governs the SMD of the composite motion (Das and

Gupta, 2010). The nonlinear response is affected both by spectral and temporal characteristics,

where SMD is only one of the aspects of temporal features. Moreover, spectral variability

is in exponential scale and hence, its variability will primarily control the response statistics.

Therefore, it can be argued that the scenario-dependent ensemble, thus obtained, can be used

to study the region-specific nonlinear response statistics for any structure.

3.5 GMPE-Compatible Ensemble Generation

The scenario-specific nonlinear response statistics will further become a stipulated hazard

consistent if the simulated ensemble becomes compatible to one or more GMPEs. Hence, a

new algorithm is needed to further modify the estimated energy arrival Ê j(b) and the model

uncertainty σ j(b) ∀ j so that a scenario-specific ensemble becomes compatible to any target

GMPE, both in terms of median estimate and variability.

In the present study, an algorithm is developed next such that the simulated ensemble be-

comes compatible to both the PSV scaling model and the SMD scaling model. The energy ar-

rival curve of Eq. (3.22) is modified as follows to facilitate the generation of GMPE-compatible

ground motions:

ln(Êi, j(bi)) = ln(Ê j(b))+ ln(α1, j)+α2, jki σ j(b) ;∀ j (3.27)

where,

bi = p1,i b+ p2,i , (3.28)

p1,i =
βi −bmin

bmax −bmin
, (3.29)

and

p2,i = βi −bmax
βi −bmin

bmax −bmin
. (3.30)

Here, α1, j is a level-wise factor used to scale up/down the energy arrival such that the median

PSV of the simulated motions matches with that of the target PSV model (see Figure 3.16) and

α2, j is another level-wise factor (similar to α1, j) used to scale up/down σ j(b) such that standard

deviation of the PSV from the simulated motions matches that of the target one. Duration

of a ground motion can be changed by stretching/shrinking the energy arrival curve along b.

Hence, βi, the sample-wise stretched/shrunk maximum value of b for all levels, is introduced

to transform b into bi, using Eqs. (3.28) to (3.30) (see Figure 3.17), in order to control the

mean and variance of SMD. bmax and bmin are the maximum and minimum values of b of

the energy arrival obtained from Eq. (3.22), which are as mentioned before 100 s and −12 s,

respectively. It may be observed that for βi = bmax, α1, j = 1.0 and for α2, j = 1.0 Eq. (3.27)
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reduces to Eq. (3.22). It is now possible to generate an ensemble of energy arrival patterns

for simulating GMPE-compatible ground motions by iteratively estimating βi, α1, j and α2, j

by achieving some reasonable tolerance in the quality of match. In the present study, for the

purpose of GMPE-compatibility, 200 motions are simulated using Eq. (3.22) and the same

PSV and SMD scaling models as in Eqs. (3.23) and (3.25) are used as the target ones. It should

be mentioned here that the tuning algorithm will work for any target PSV and SMD models

other than the ones developed using the same database. Further, the compatible ensemble, thus

obtained, will reflect the scenario-dependent temporal features corresponding to the database

using which the energy arrival pattern is regressed and not those corresponding to the database

using which any target GMPE is developed.

Ej(b)

b

Modified with α1, j > 1

Original (α1, j = 1)

Modified with α1, j < 1

bmax

Figure 3.16 Schematic diagram for uniform scaling of energy arrival curve by α1, j

Figures 3.18 and 3.19 show the results for the same quantities as shown in Figures 3.12

and 3.15, respectively, with the only exception that the GMPE-compatible case is added to

them. It is obvious from the figures that the ensembles are compatible with the target PSV in

terms of median and standard deviation. Also, it is found that the median and standard devi-

ation of SMD from the GMPE compatible motions are 34.38 s (ŜMD = 34.16 s) and 10.90 s

(σSMD = 11.29 s), respectively. Further, Figure 3.20 shows the PSV values corresponding to

different confidence levels from the ensembles for Scenario 2 along with the theoretical esti-

mates from the PSV scaling model (from P̂SV (T ) and σPSV(T )). It can be inferred that, via the

proposed simulation technique, the distribution of PSV from GMPE-compatible ensemble is
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Figure 3.17 Schematic diagram for uniform stretching or shrinking of energy arrival curve by

βi

naturally matching with that of the target PSV model when only median and standard deviation

are targeted. This is because both the regression models for PSV and energy arrival curves fol-

low Gaussian distribution (in logarithmic scale) for aleatory uncertainties. Such an acceptable

match of distribution (which is more stringent than only median and standard deviation match-

ing) is also achieved, from the same ensemble, when PSV models are developed for damping

ratios ranging from 2% to 10%.

3.6 Summary

In the present chapter, a new methodology has been proposed to simulate seismic scenario-

specific ensemble of fully nonstationary ground motions. Additionally, the proposed formula-

tion is flexible towards tuning with any target GMPE such that the simulated motions become

fully compatible to the GMPE. The current study has been accomplished by the following

major steps:

• For any recording process the instantaneous energy arrival of the wavelet coefficients of

the recorded motion has been obtained. A new method has been proposed to obtain

the frequency-dependent process-specific amplitude modulations from the frequency-
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Figure 3.19 Comparison of standard deviations obtained from scenario-specific and GMPE-

compatible ensembles for Scenario 2

dependent instantaneous energy arrivals and to simulate several samples of motion from

them using the Priestley process assumption. The proposed method is validated by con-

sidering various recorded motions from different regions.

38TH-2473_136104011



 0.001

 0.01

 0.1

 1

 0.01  0.1  1  10

p=10%

p=90%

P
S

V
 (

m
/s

)

Period (s)

Simulated
PSV model

Figure 3.20 Comparison of different percentile PSV spectra obtained from GMPE-compatible

ensemble and PSV scaling model for Scenario 2

• An empirical scaling model has been developed for the frequency-dependent instanta-

neous energy arrival in terms of different seismological parameters so that the energy

arrival can be estimated (along with its variation) for a given seismic scenario. The scal-

ing model is developed using the database of the 1999 Chi-Chi earthquake and its major

aftershocks.

• A new technique has been developed for simulating scenario-specific ensemble of ground

motions from the estimated (scenario-specific) instantaneous energy arrival by combin-

ing the currently proposed recording process-based simulation.

• A procedure has been further devised to modify the frequency-dependent estimated en-

ergy arrival, using the proposed scaling model, so that the simulated ensembles become

fully compatible, in terms of both median and standard deviation, to any target GMPE.

In the present study, a PSV and SMD scaling models have been considered in order to

demonstrate the effectiveness of the proposed GMPE compatibility. The GMPEs have

been developed using the data of the 1999 Chi-Chi earthquake and its major aftershocks.

It has been found that the process-specific simulated ensembles of ground motions capture

the time-frequency characteristics of the corresponding recorded motions for different earth-

quakes from various parts of the world. Also, the simulated samples exhibit nonstationary

Gaussian process. The scenario-specific ensembles have been found to exhibit expected trends
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of the median PSV and median SMD with respect to different seismological parameters. Fur-

ther, the median quantities obtained from the simulated ensembles have been found to be quite

close to those obtained directly from the respective GMPEs (when developed using the same

database). The proposed GMPE compatibility algorithm has successfully produced ensembles

of ground motions that are fully compatible with both PSV and SMD scaling models simulta-

neously. Moreover, the GMPE compatibility algorithm has been found to be capable of produc-

ing lognormal distribution of derived PSV spectra, which is desirable when the GMPE for PSV

yields lognormal distribution. When GMPE compatible ensemble is simulated for 5% damping

PSV spectrum, it is found to be compatible with PSV spectra for damping ratios ranging from

2% to 10%.
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Chapter 4

STOCHASTIC SIMULATION OF FULLY

NONSTATIONARY AFTERSHOCK GROUND MOTIONS

FROM KNOWN PRECEDING MAIN SHOCK

4.1 Background

In this chapter, a modification of the process-specific simulation (as proposed in Chap-

ter 3) is proposed where the wavelet-domain is replaced by decomposed time-history domain.

Also, an improvement in the extraction of amplitude modulation is attempted where both the

normalized shape and the amplitude are characterized. This is done because the amplitude

modulations of decomposed time-histories are similar to those of the corresponding wavelet

coefficients within the total duration of the motion, decomposed time-histories can be com-

puted much faster than wavelet-coefficients, and the decomposed time-histories provide the

ground motion by direct summation. A conditional scaling model for the frequency-dependent

energy arrival curve for aftershocks are also proposed that is conditional to the preceding main

shock characteristics depending on the seismological parameters for aftershocks and the main

shock. Together this conditional scaling model and the proposed process-specific ground mo-

tion simulation will enable one to simulate nonstationary aftershock ground motion ensemble

from known main shock motion.

4.2 Stochastic Process-Specific Ground Motion Simulation

4.2.1 Proposed Methodology for Process-Specific Simulation

In the present study, any recorded sample, f (t), of a ground motion process, F(t), is de-

composed into 32 different disjoint frequency bands (as in Table 4.1) in accordance with the

32 levels of wavelet coefficients discussed above. Each decomposed time-history, denoted by

f j(t), has very similar nonstationary behaviour as exhibited by the corresponding Wψ f (a j,b).

E.g., Figure 4.1 shows the decomposed time-histories and the wavelet coefficients for j = −16
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Table 4.1 Level-wise lower and upper limits of angular frequency, ω j, and time period, Tj (the
superscripts l and u indicate the lower and upper limits, respectively)

Level, j ω l
j (rad/s) ωu

j (rad/s) T l
j (s) T u

j (s)

−21 119.552 142.172 0.044 0.053

−20 100.531 119.552 0.053 0.063

−19 84.536 100.531 0.063 0.074

−18 71.086 84.536 0.074 0.088

−17 59.776 71.086 0.088 0.105

−16 50.265 59.776 0.105 0.125

−15 42.268 50.265 0.125 0.149

−14 35.543 42.268 0.149 0.177

−13 29.888 35.543 0.177 0.210

−12 25.133 29.888 0.210 0.250

−11 21.134 25.133 0.250 0.297

−10 17.772 21.134 0.297 0.354

−9 14.944 17.772 0.354 0.420

−8 12.566 14.944 0.420 0.500

−7 10.567 12.566 0.500 0.595

−6 8.886 10.567 0.595 0.707

−5 7.472 8.886 0.707 0.841

−4 6.283 7.472 0.841 1.000

−3 5.284 6.283 1.000 1.189

−2 4.443 5.284 1.189 1.414

−1 3.736 4.443 1.414 1.682

0 3.142 3.736 1.682 2.000

1 2.642 3.142 2.000 2.378

2 2.221 2.642 2.378 2.828

3 1.868 2.221 2.828 3.364

4 1.571 1.868 3.364 4.000

5 1.321 1.571 4.000 4.757

6 1.111 1.321 4.757 5.657

7 0.934 1.111 5.657 6.727

8 0.785 0.934 6.727 8.000

9 0.660 0.785 8.000 9.514

10 0.555 0.660 9.514 11.314
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and −6 for Barstow station record (090 direction during the 1992 Landers Earthquake). It is ev-

ident from the figure that the nature of the amplitude modulation of a decomposed time-history

is same as that of the corresponding wavelet coefficients within the total duration of the motion.

Further, the decomposed motions can be fast obtained by Fourier analysis as (Das and Hazra,

2018)

f j(t) =
1

2π

∫ −π/a j

−σπ/a j

F(ω)eiωtdω +
1

2π

∫ σπ/a j

π/a j

F(ω)eiωtdω (4.1)

where, F(ω) =
∫ ∞
−∞ f (t)e−iωtdt is the Fourier transform of the recorded signal f (t). In the

present work, the process-specific simulation method as in Chapter 3 is shifted verbatim to the

decomposed time-history (i.e. f j(t)) from the wavelet coefficients (i.e. Wψ f (a j,b)). Hence,

the deterministic frequency-dependent slow varying modulation is obtained from the smoothed

frequency-dependent energy arrival curves for f (t) as

Vj(t) = γ j

[(
dĒ j(t)

dt

)

N

] 1
2

(4.2)

where,

E j(t) =
∫ t

0
[ f j(ξ )]

2dξ ∀ j (4.3)

is the frequency-dependent instantaneous cumulative energy arrival, Ē j(t) is the smooth trend

of E j(t). For the levels j = 7,8,9,10, Vj(t) is assumed to be

Vj(t) = γ j (4.4)

This is because at these levels the dominant periods are large enough not to allow proper ex-

traction of the modulations within the recorded duration of the motion (Das and Gupta, 2011),

so it is assumed to be constant. The contribution of the combined energy from these levels

to the total energy of the ground motion is usually very less and hence, this assumption will

not affect the nonstationarity of the reconstructed motion. Vj(t)s are used to modulate samples

of a random Gaussian bandlimited process of specific stationary PSDF in order to get random

samples of F(t). In the method in Chapter 3, the values of γ js are not required because every

generated random sample of F(t) is scaled such that its total energy is same as that of f (t).

The proposed simulation technique has been modified such that a single set of 32 γ js are used

for the simulation of all ground motions for a process, which is in general agreement with the

Priestley process philosophy. So, the present simulation technique consists of two steps, in

which γ js are determined in the first step and all samples are simulated using this single set of

γ j in the second step.

In the first step, adequate number of trial samples are simulated by matching the energy of

each sample (frequency band-wise) with that of f j(t). These samples are called trial samples

because they are not the final ones and are simulated for calculating γ js only. The value of γ j
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Figure 4.1 Decomposed time-histories f j(t) and wavelet coefficients Wψ f (a j,b) in the case of

Barstow station record during the 1992 Landers earthquake for different levels, j

of the ith sample, γ j,i, is obtained as

γ j,i =

√
E j(T )

E j,i(T )
(4.5)

where,

E j,i(t) =

∫ t

0
[y j,i(ξ )]

2dξ , (4.6)

y j,i(t) = V̄j(t)z j,i(t) , (4.7)

V̄j(t) =





[(
dĒ j(t)

dt

)
N

] 1
2
, ∀ −21 ≤ j ≤ 6

1.0, ∀7 ≤ j ≤ 10

(4.8)

T is the total duration of the ground motion, z j,i(t) is a sample of narrow bandlimited white-

noise with frequency range corresponding to the level j. Narrow bandlimited white-noise sam-

ples were obtained by fourier decomposition (using Eq.( 4.1)) of zero-mean Gaussian ban-

dlimited white-noise samples conforming to a stationary PSDF of any specified value, S0. A

narrowband white-noise sample corresponding to jth level is then modulated by V̄j(t) satisfy-

ing the localization criterion as in Chapter 3 to generate y j,i(t). Finally the average value of γ j,i

is calculated as

γ̄ j =
∑30

i=1 γ j,i

30
∀ j (4.9)

Here, the number of trial samples has been taken as 30, since it has been found that γ̄ j from

30 trial samples lies within ±2.5% bound with respect to γ̄ j from 500 of them. In the second

step of simulation, γ̄ j is used along with V̄j(t) for the simulation of as many ground motion

samples as intended. Any particular sample generated is specific to the random sample of the
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bandlimited white-noise of magnitude S0, thus, the ith sample for F(t) is obtained as

xi(t) =
10

∑
j=−21

γ̄ jV̄j(t)z j,i(t) ∀ j (4.10)

It should be mentioned that the product of γ̄ j and z j,i(t) is independent of S0. Any ground

motion simulated this way is finally filtered through high-pass Butterworth filter with a cutoff

frequency of 0.10 Hz for further use.

The efficacy of the ground motion process-specific simulation technique using wavelet coef-

ficients has been demonstrated in Chapter 3 and as expected, for the present case also the same

method works satisfactorily with the decomposed time-histories. Since the time-frequency

characteristics are the most important aspects of any (nonstationary) simulated motion, two

figures are shown to assess the performance of the proposed process-specific simulation. Fig-

ure 4.2 shows three random ground motion samples for the Barstow record along with the

recorded motion. It is clear that the temporal features of all the samples are by and large sim-
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Figure 4.2 Barstow record during the 1992 Landers earthquake along with three random sam-

ples of simulated ground motions

ilar to the recorded one though the waveforms are not identical due to randomness. To check

whether the time-frequency characteristics of the simulated samples are similar to that of the

recorded motion in stochastic sense, evolutionary power spectral density functions (EPSDFs)

are calculated for the simulated samples and for the recorded motion in the case of the Barstow

recording process. The idealized EPSDF ΦF(t,ω) given a ground motion record can be ob-

tained using the identified (frequency-dependent) deterministic modulation and the theoretical

stationary white-noise S0 as

ΦF(t,ω) =
10

∑
j=−21

V 2
j (t)S0 ∀ω l

10 < ω < ωu
−21 (4.11)
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where, Vj(t)= γ̄ jV̄j(t) is the identified deterministic amplitude modulation for the jth frequency

band (the product γ̄2
j S0 is independent of S0). For the EPSDF of the simulated motions, 500

samples (obtained from Eq. (4.10)) are considered. First the level-(or frequency-)dependent

energy arrival curves from each sample is computed and normalized with respect to the max-

imum value and then the statistical average is taken level-wise. Since these average energy

arrival curves are not smooth enough (because of only 500 samples are considered) for its

time-derivative to be slow varying, they are further smoothed before taking time-derivative to

find the normalized amplitude modulations (see Eq. (4.8)). Let us denote these normalized am-

plitude modulations by Ṽj(t). Now the EPSDF of the simulated ensemble X(t) can be expressed

being consistent with Eq. (4.11) by

ΦX(t,ω) =
10

∑
j=−21

γ̄2
j Ṽ

2
j (t)

1

2π

∫ ∞

−∞
RZ, j(τ)e

−iωτdτ (4.12)

where, RZ, j(τ) is the autocorrelation function of the narrow bandlimited Gaussian white-noise

samples corresponding to level j. Since the white-noise process is ergodic, RZ, j is obtained

from the temporal autocorrelation of any ith sample z j,i(t) as in Eq. (4.10). Figure 4.3 shows

the idealized EPSDF calculated from Eq. (4.11) and the simulated EPSDF from Eq. (4.12),

for the Barstow record. It is clear that the simulated EPSDF is quite similar to the idealized

EPSDF, which indicates that the deterministic frequency-dependent amplitude modulations,

Vj(t)s, extracted from the recorded motion are maintained within the samples statistically and

the time-frequency characteristics of the recorded motion is replicated into the ensemble. Sim-

ilar exercise has been carried out with various other recorded motions and the results are found

satisfactory. It should be noted that the proposed methodology is based on Priestley process as-

sumption wherein a nonstationary process is obtained by frequency-dependent amplitude mod-

ulation of a zero-mean Gaussian stationary process, which ensures that any simulated ground

motion ensemble will obey zero-mean Gaussian distribution quite well (see in Chapter 3). The

Priestley process-based simulation technique developed here is applicable for any univariate

ground motion process, in general.

4.3 Scenario-Specific Aftershock Ground Motion Ensemble

4.3.1 Overview

In Chapter 3 it is shown that from the basic theory of process-specific simulation via

frequency-dependent energy arrival curves an earthquake scenario-specific ensemble of ground

motions can be simulated through a scaling model of the energy arrival curves with respect to

different seismological parameters that define the scenario. In an earlier study, Das and Gupta

(2010) showed that the scaling models for response spectrum and strong motion duration can
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Figure 4.3 Idealized and simulated EPSDFs for Barstow record during the 1992 Landers earth-

quake

be modified to develop conditional scaling models for the respective quantities exclusively for

the aftershocks. Such scaling models use the actual information of the preceding main shock to

predict target quantities for the future aftershocks for an anticipated aftershock scenario. Since

frequency-dependent energy arrival curves carry the whole information (temporal and spectral)

of the ground motion, it is highly opportune to develop a conditional scaling model from the

unconditional scaling model of the energy arrival curves. This will enable an analyst to simu-

late realistic samples of aftershock ground motions with desired variability from the knowledge
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of the preceding main shock motion for an assumed seismic scenario for the aftershock.

4.3.2 Scaling Model for Aftershocks

It is possible to finally arrive at a conditional scaling model for a quantity from an accept-

able form of unconditional scaling model for that quantity (Das and Gupta, 2010). From the

knowledge of the basic form of a scaling model for the energy arrival curves (as in Chapter 3),

a conditional scaling model for the smoothed instantaneous cumulative energy arrival of after-

shocks, ĒAft, j(t), in terms of α j(t) (ratio of cumulative energy of aftershock to that of main

shock up to time t for level j) is considered as

ln(α j(t)) = ln

(
ĒAft, j(t)

ĒMain, j(t)

)
= a1, j(t)∆M+a2, j(t)∆M2

+a3, j(t) ln

(
∆Main

∆Aft

)
+a4, j(t)

(
∆Main −∆Aft

)

+a5, j(t)∆h+a6, j(t)∆MS ;∀ j

(4.13)

where, ĒMain, j(t) is the smoothed energy arrival of decomposed motions of main shock, ∆M

(= MMain−MAft) is the difference between main shock and aftershock magnitudes, , ∆Main and

∆Aft are representative source-to-site distances (due to Trifunac and Lee (1990, 1989)) of main

shock and aftershock, respectively, ∆h (= hMain − hAft) is the difference between main shock

and aftershock focal depths and S is the indicator parameter for the local site conditions (S =

0, 1 and 2 for soft soil, stiff soil and rock, respectively). The representative distance ∆ takes

the finite source dimension into account and in general, depends on M, epicentral distance (R),

focal depth (h), time period of seismic wave and shear wave velocity of local site (180 m/s,

270 m/s, 850 m/s for S = 0, 1 and 2, respectively). a1, j(t) and a2, j(t) together account for the

change in energy arrival due to the magnitude difference while a2, j(t) reflects the saturation

of energy arrival for large magnitudes. a3, j(t) and a4, j(t) reflect the change in energy arrival

because of different geometrical spreading and inelastic attenuation, respectively, of seismic

waves due to difference in representative distances of main shock and aftershock. a5, j(t) and

a6, j(t) account for the change in energy arrival due to difference in focal depths and nonlinear

site response (with stronger motion having less amplification), respectively.

Same database of ground motions used in Chapter 3 is considered here. Since different

motions are having different lengths of record, in order to maintain uniformity the maximum

value of t for evaluation of energy arrival is considered as 70 s. It is understood that any shorter

record will reach its 100% energy arrival for a smaller value of t than a longer record. Further,

for estimation of regression coefficients t is discretized every 0.02 s of interval.

Maximum likehood method (Joyner and Boore, 1993) is used to carry out the regression
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Table 4.2 Smoothed coefficients and standard deviations of errors of the conditonal scaling model for different levels and some time-instants

a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j

0.02 � 1.79 4.93 � 0.06 � 0.29 1.85 � 1.88 5.08 � 0.01 � 0.36 1.90 � 2.10 4.93 0.00 � 0.35 1.86 � 2.19 4.44 0.07 � 0.39 1.77 � 2.34 4.07 0.02 � 0.27 1.86 � 2.59 3.94 0.04 � 0.35 2.04 � 2.49 3.09 0.03 � 0.33 2.13 � 3.02 3.35 0.00 � 0.16 2.08

1.26 � 1.90 4.79 � 0.07 � 0.26 1.80 � 1.96 4.81 � 0.01 � 0.33 1.81 � 2.17 4.67 0.01 � 0.28 1.82 � 2.19 4.56 0.05 � 0.43 1.68 � 2.4 4.22 0.01 � 0.25 1.80 � 2.64 4.07 0.04 � 0.30 1.96 � 2.51 3.44 0.03 � 0.34 2.08 � 3.00 3.53 0.00 � 0.19 1.97

2.50 � 2.05 4.39 � 0.07 � 0.22 1.76 � 2.09 4.56 � 0.03 � 0.30 1.73 � 2.25 4.38 0.01 � 0.23 1.75 � 2.19 4.48 0.04 � 0.43 1.62 � 2.51 4.41 0.01 � 0.21 1.72 � 2.70 4.21 0.04 � 0.24 1.87 � 2.54 3.79 0.03 � 0.33 1.99 � 2.95 3.77 0.00 � 0.20 1.93

3.76 � 2.16 4.04 � 0.08 � 0.19 1.71 � 2.19 4.33 � 0.04 � 0.26 1.67 � 2.30 4.16 0.01 � 0.22 1.69 � 2.18 4.25 0.03 � 0.43 1.62 � 2.55 4.37 0.01 � 0.19 1.66 � 2.66 4.23 0.04 � 0.24 1.81 � 2.49 3.78 0.03 � 0.35 1.93 � 2.87 3.86 0.01 � 0.20 1.96

5.00 � 2.24 3.72 � 0.09 � 0.17 1.69 � 2.24 4.02 � 0.05 � 0.24 1.64 � 2.31 3.81 0.00 � 0.23 1.67 � 2.16 4.02 0.02 � 0.43 1.63 � 2.46 4.05 0.00 � 0.22 1.65 � 2.53 4.01 0.02 � 0.28 1.80 � 2.37 3.52 0.01 � 0.41 1.92 � 2.72 3.57 0.01 � 0.25 1.99

7.50 � 2.39 3.16 � 0.10 � 0.13 1.72 � 2.36 3.42 � 0.07 � 0.23 1.68 � 2.33 3.11 � 0.04 � 0.24 1.71 � 2.17 3.50 � 0.03 � 0.43 1.63 � 2.33 3.23 � 0.05 � 0.28 1.67 � 2.36 3.10 � 0.03 � 0.33 1.87 � 2.23 2.75 � 0.07 � 0.47 2.00 � 2.51 2.67 � 0.08 � 0.30 2.13

10.00 � 2.54 2.94 � 0.11 � 0.10 1.75 � 2.44 3.04 � 0.08 � 0.22 1.74 � 2.38 2.75 � 0.06 � 0.24 1.71 � 2.21 3.07 � 0.06 � 0.42 1.62 � 2.32 2.78 � 0.08 � 0.28 1.60 � 2.30 2.68 � 0.06 � 0.37 1.75 � 2.21 2.19 � 0.08 � 0.44 1.84 � 2.45 2.25 � 0.12 � 0.32 2.04

15.00 � 2.61 2.84 � 0.11 � 0.08 1.67 � 2.50 2.93 � 0.09 � 0.21 1.65 � 2.42 2.71 � 0.08 � 0.25 1.61 � 2.3 2.91 � 0.07 � 0.37 1.45 � 2.36 2.55 � 0.08 � 0.26 1.40 � 2.33 2.49 � 0.05 � 0.37 1.51 � 2.26 2.07 � 0.06 � 0.40 1.50 � 2.45 2.13 � 0.09 � 0.31 1.64

20.00 � 2.64 3.01 � 0.12 � 0.09 1.66 � 2.53 3.03 � 0.11 � 0.20 1.62 � 2.46 2.85 � 0.09 � 0.23 1.53 � 2.32 3.15 � 0.08 � 0.37 1.36 � 2.38 2.70 � 0.08 � 0.24 1.28 � 2.36 2.63 � 0.05 � 0.34 1.38 � 2.28 2.31 � 0.06 � 0.40 1.33 � 2.42 2.33 � 0.08 � 0.33 1.42

25.00 � 2.69 3.00 � 0.13 � 0.05 1.66 � 2.59 3.03 � 0.11 � 0.16 1.62 � 2.50 2.80 � 0.10 � 0.20 1.52 � 2.37 3.07 � 0.09 � 0.34 1.34 � 2.42 2.63 � 0.09 � 0.22 1.25 � 2.39 2.58 � 0.06 � 0.32 1.34 � 2.32 2.36 � 0.07 � 0.39 1.29 � 2.44 2.36 � 0.09 � 0.34 1.38

35.00 � 2.68 2.99 � 0.13 � 0.04 1.63 � 2.6 3.01 � 0.12 � 0.15 1.59 � 2.52 2.78 � 0.10 � 0.19 1.49 � 2.4 3.05 � 0.09 � 0.32 1.31 � 2.45 2.60 � 0.10 � 0.21 1.24 � 2.43 2.56 � 0.07 � 0.31 1.33 � 2.37 2.35 � 0.08 � 0.38 1.27 � 2.49 2.35 � 0.10 � 0.32 1.36

50.00 � 2.67 3.00 � 0.13 � 0.05 1.62 � 2.6 3.02 � 0.11 � 0.15 1.59 � 2.52 2.79 � 0.10 � 0.19 1.49 � 2.41 3.05 � 0.10 � 0.32 1.31 � 2.46 2.60 � 0.10 � 0.21 1.24 � 2.45 2.56 � 0.07 � 0.30 1.32 � 2.38 2.35 � 0.08 � 0.38 1.26 � 2.50 2.35 � 0.11 � 0.32 1.35

70.00 � 2.67 2.99 � 0.12 � 0.06 1.59 � 2.59 3.01 � 0.11 � 0.15 1.58 � 2.52 2.79 � 0.10 � 0.19 1.48 � 2.42 3.05 � 0.09 � 0.32 1.30 � 2.46 2.60 � 0.10 � 0.21 1.23 � 2.45 2.56 � 0.07 � 0.30 1.32 � 2.39 2.35 � 0.08 � 0.38 1.26 � 2.51 2.34 � 0.10 � 0.32 1.34

a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j

0.02 � 3.03 3.95 � 0.02 � 0.31 2.10 � 3.34 4.10 � 0.01 � 0.11 2.18 � 3.36 3.01 0.06 � 0.06 2.22 � 3.54 2.90 0.02 � 0.15 2.27 � 3.39 2.87 0.07 � 0.15 2.24 � 3.56 3.35 0.07 � 0.17 2.40 � 3.20 2.33 0.10 � 0.44 2.37 � 3.34 2.83 0.09 � 0.51 2.43

1.26 � 3.06 3.96 � 0.01 � 0.29 2.10 � 3.28 4.01 � 0.01 � 0.16 2.13 � 3.32 3.16 0.06 � 0.09 2.17 � 3.50 2.98 0.02 � 0.16 2.24 � 3.39 2.95 0.07 � 0.15 2.20 � 3.53 3.29 0.07 � 0.17 2.36 � 3.18 2.37 0.10 � 0.44 2.33 � 3.32 2.78 0.09 � 0.51 2.40

2.50 � 3.02 3.96 0.01 � 0.28 2.10 � 3.18 3.84 0.01 � 0.20 2.09 � 3.22 3.46 0.06 � 0.17 2.08 � 3.41 3.11 0.03 � 0.17 2.21 � 3.36 3.10 0.07 � 0.15 2.16 � 3.46 3.21 0.08 � 0.19 2.32 � 3.13 2.42 0.10 � 0.45 2.31 � 3.26 2.73 0.08 � 0.54 2.38

3.76 � 2.85 3.87 0.03 � 0.30 2.09 � 3.01 3.68 0.02 � 0.26 2.07 � 3.08 3.57 0.06 � 0.25 2.01 � 3.30 3.16 0.03 � 0.18 2.16 � 3.29 3.17 0.07 � 0.18 2.14 � 3.35 3.06 0.08 � 0.22 2.29 � 3.07 2.42 0.11 � 0.47 2.29 � 3.19 2.61 0.08 � 0.57 2.35

5.00 � 2.66 3.51 0.04 � 0.36 2.07 � 2.78 3.54 0.02 � 0.37 2.07 � 2.92 3.41 0.06 � 0.31 2.00 � 3.15 3.02 0.03 � 0.21 2.13 � 3.20 3.08 0.06 � 0.23 2.13 � 3.25 2.82 0.08 � 0.23 2.27 � 3.03 2.33 0.11 � 0.49 2.26 � 3.15 2.43 0.07 � 0.57 2.33

7.50 � 2.42 2.69 0.00 � 0.44 2.05 � 2.44 2.84 0.00 � 0.49 2.09 � 2.75 2.62 0.04 � 0.36 2.01 � 2.91 2.42 0.00 � 0.31 2.10 � 3.07 2.56 0.03 � 0.31 2.09 � 3.13 2.19 0.07 � 0.25 2.24 � 3.03 2.04 0.10 � 0.52 2.23 � 3.16 1.95 0.05 � 0.52 2.30

10.00 � 2.32 2.10 � 0.04 � 0.46 1.95 � 2.43 2.26 � 0.03 � 0.48 2.00 � 2.74 2.09 0.03 � 0.33 1.92 � 2.86 1.81 � 0.01 � 0.35 2.01 � 3.01 2.11 0.02 � 0.35 1.98 � 3.10 1.71 0.06 � 0.25 2.15 � 3.09 1.74 0.07 � 0.51 2.15 � 3.20 1.45 0.04 � 0.46 2.23

15.00 � 2.37 1.89 � 0.04 � 0.43 1.67 � 2.52 1.97 � 0.03 � 0.39 1.64 � 2.73 1.92 0.01 � 0.32 1.61 � 2.78 1.61 0.00 � 0.36 1.62 � 2.97 1.84 0.01 � 0.34 1.71 � 3.11 1.21 0.03 � 0.22 1.87 � 3.08 1.39 0.05 � 0.48 1.87 � 3.18 0.93 0.04 � 0.42 1.96

20.00 � 2.44 1.99 � 0.05 � 0.35 1.42 � 2.56 2.08 � 0.03 � 0.34 1.37 � 2.77 2.01 0.01 � 0.28 1.39 � 2.77 1.68 0.01 � 0.34 1.39 � 3.03 1.81 0.01 � 0.30 1.52 � 3.09 1.27 0.02 � 0.22 1.69 � 3.07 1.27 0.03 � 0.46 1.68 � 3.17 0.86 0.03 � 0.43 1.78

25.00 � 2.48 2.00 � 0.06 � 0.33 1.38 � 2.58 2.21 � 0.04 � 0.36 1.32 � 2.81 1.98 0.00 � 0.26 1.33 � 2.78 1.74 0.01 � 0.35 1.32 � 3.05 1.80 0.00 � 0.29 1.44 � 3.11 1.33 0.01 � 0.23 1.61 � 3.09 1.27 0.02 � 0.45 1.62 � 3.15 0.89 0.01 � 0.46 1.71

35.00 � 2.55 2.04 � 0.07 � 0.31 1.35 � 2.66 2.27 � 0.05 � 0.34 1.30 � 2.86 1.96 � 0.01 � 0.25 1.31 � 2.84 1.76 0.00 � 0.33 1.31 � 3.11 1.84 � 0.01 � 0.28 1.41 � 3.15 1.37 0.00 � 0.23 1.57 � 3.12 1.32 0.02 � 0.45 1.56 � 3.16 1.01 0.01 � 0.48 1.65

50.00 � 2.57 2.03 � 0.07 � 0.31 1.35 � 2.67 2.26 � 0.05 � 0.34 1.30 � 2.88 1.95 � 0.01 � 0.25 1.30 � 2.86 1.77 0.00 � 0.32 1.30 � 3.13 1.85 � 0.01 � 0.27 1.40 � 3.18 1.37 � 0.01 � 0.22 1.55 � 3.14 1.33 0.01 � 0.45 1.55 � 3.18 1.02 0.01 � 0.47 1.64

70.00 � 2.57 2.03 � 0.07 � 0.31 1.34 � 2.67 2.26 � 0.05 � 0.34 1.29 � 2.88 1.94 � 0.01 � 0.24 1.29 � 2.87 1.76 0.00 � 0.32 1.30 � 3.14 1.84 � 0.01 � 0.27 1.39 � 3.18 1.37 � 0.01 � 0.22 1.54 � 3.15 1.33 0.01 � 0.45 1.55 � 3.19 1.01 0.00 � 0.47 1.64

a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j

0.02 � 3.50 2.89 0.13 � 0.48 2.42 � 3.85 2.80 0.20 � 0.23 2.47 � 3.55 3.31 0.20 � 0.45 2.49 � 3.75 2.16 0.21 � 0.32 2.40 � 4.02 2.59 0.21 � 0.39 2.44 � 4.18 3.90 0.20 � 0.30 2.21 � 4.40 3.30 0.21 � 0.26 2.36 � 4.27 2.20 0.26 � 0.27 2.37

1.26 � 3.47 2.83 0.13 � 0.48 2.39 � 3.85 2.75 0.20 � 0.22 2.46 � 3.58 3.25 0.20 � 0.44 2.47 � 3.75 2.14 0.21 � 0.31 2.38 � 4.01 2.58 0.21 � 0.39 2.42 � 4.17 3.88 0.20 � 0.31 2.19 � 4.41 3.26 0.21 � 0.25 2.35 � 4.28 2.17 0.26 � 0.26 2.34

2.50 � 3.42 2.78 0.13 � 0.50 2.37 � 3.83 2.69 0.19 � 0.21 2.43 � 3.60 3.25 0.19 � 0.43 2.44 � 3.76 2.06 0.20 � 0.30 2.36 � 4.00 2.46 0.21 � 0.39 2.40 � 4.18 3.81 0.19 � 0.30 2.16 � 4.40 3.21 0.21 � 0.26 2.33 � 4.26 2.17 0.26 � 0.28 2.30

3.76 � 3.35 2.70 0.12 � 0.53 2.35 � 3.82 2.58 0.18 � 0.21 2.39 � 3.62 3.23 0.18 � 0.42 2.38 � 3.76 1.95 0.19 � 0.29 2.34 � 3.99 2.29 0.21 � 0.40 2.38 � 4.20 3.69 0.19 � 0.28 2.13 � 4.40 3.15 0.21 � 0.26 2.31 � 4.24 2.15 0.25 � 0.30 2.26

5.00 � 3.28 2.61 0.12 � 0.56 2.33 � 3.81 2.43 0.18 � 0.20 2.34 � 3.64 3.14 0.17 � 0.41 2.33 � 3.77 1.82 0.18 � 0.28 2.31 � 3.98 2.10 0.21 � 0.40 2.36 � 4.21 3.57 0.19 � 0.26 2.12 � 4.40 3.08 0.22 � 0.27 2.30 � 4.23 2.13 0.25 � 0.32 2.21

7.50 � 3.21 2.40 0.11 � 0.59 2.29 � 3.80 2.08 0.16 � 0.21 2.25 � 3.67 2.81 0.15 � 0.39 2.22 � 3.78 1.55 0.16 � 0.28 2.26 � 3.93 1.70 0.21 � 0.40 2.31 � 4.24 3.34 0.19 � 0.23 2.08 � 4.42 2.94 0.22 � 0.26 2.26 � 4.24 2.06 0.25 � 0.32 2.13

10.00 � 3.27 2.14 0.11 � 0.53 2.19 � 3.78 1.70 0.15 � 0.23 2.17 � 3.65 2.40 0.14 � 0.38 2.12 � 3.76 1.27 0.16 � 0.28 2.18 � 3.90 1.35 0.20 � 0.38 2.24 � 4.27 3.14 0.19 � 0.22 2.04 � 4.44 2.77 0.22 � 0.26 2.20 � 4.25 1.99 0.24 � 0.31 2.08

15.00 � 3.38 1.62 0.10 � 0.41 2.00 � 3.68 1.17 0.11 � 0.25 1.99 � 3.56 1.81 0.11 � 0.41 1.92 � 3.67 0.92 0.15 � 0.32 2.03 � 3.88 0.96 0.18 � 0.34 2.12 � 4.26 2.78 0.21 � 0.23 1.92 � 4.46 2.36 0.20 � 0.24 2.09 � 4.31 1.92 0.24 � 0.27 2.00

20.00 � 3.34 1.41 0.09 � 0.41 1.88 � 3.59 1.01 0.09 � 0.27 1.86 � 3.55 1.55 0.10 � 0.39 1.82 � 3.58 0.82 0.14 � 0.36 1.94 � 3.90 0.82 0.16 � 0.31 2.00 � 4.21 2.49 0.20 � 0.26 1.82 � 4.46 2.08 0.19 � 0.23 1.98 � 4.37 1.87 0.25 � 0.22 1.94

25.00 � 3.32 1.40 0.09 � 0.43 1.83 � 3.56 0.99 0.08 � 0.29 1.81 � 3.59 1.49 0.09 � 0.37 1.80 � 3.53 0.77 0.14 � 0.39 1.90 � 3.94 0.86 0.16 � 0.29 1.89 � 4.16 2.33 0.19 � 0.30 1.80 � 4.44 2.02 0.18 � 0.25 1.90 � 4.44 1.87 0.25 � 0.19 1.89

35.00 � 3.34 1.39 0.07 � 0.43 1.77 � 3.57 0.95 0.08 � 0.30 1.75 � 3.64 1.46 0.08 � 0.35 1.73 � 3.57 0.71 0.13 � 0.39 1.84 � 4.01 0.97 0.14 � 0.28 1.80 � 4.23 2.20 0.19 � 0.27 1.73 � 4.45 2.06 0.18 � 0.27 1.80 � 4.51 2.06 0.24 � 0.22 1.79

50.00 � 3.37 1.39 0.07 � 0.41 1.75 � 3.60 0.93 0.07 � 0.29 1.74 � 3.69 1.43 0.08 � 0.33 1.70 � 3.62 0.66 0.12 � 0.38 1.81 � 4.04 1.02 0.13 � 0.29 1.76 � 4.33 2.07 0.19 � 0.22 1.67 � 4.50 1.94 0.17 � 0.27 1.76 � 4.54 2.09 0.23 � 0.27 1.74

70.00 � 3.38 1.39 0.07 � 0.41 1.74 � 3.60 0.92 0.07 � 0.29 1.74 � 3.70 1.41 0.08 � 0.32 1.70 � 3.64 0.66 0.12 � 0.37 1.78 � 4.06 1.01 0.13 � 0.28 1.75 � 4.35 2.02 0.19 � 0.22 1.65 � 4.52 1.91 0.16 � 0.27 1.75 � 4.56 2.05 0.23 � 0.27 1.73

a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j a 1, j a 3, j a 5, j a 6, j σ j

0.02 � 4.51 3.69 0.19 � 0.49 2.38 � 5.13 2.72 0.24 � 0.10 2.43 � 4.73 2.12 0.33 � 0.42 2.39 � 5.26 2.42 0.32 � 0.28 2.57

1.26 � 4.53 3.67 0.19 � 0.47 2.36 � 5.14 2.71 0.23 � 0.09 2.43 � 4.75 2.18 0.34 � 0.42 2.38 � 5.24 2.43 0.32 � 0.30 2.58

2.50 � 4.55 3.63 0.19 � 0.47 2.33 � 5.15 2.67 0.23 � 0.09 2.43 � 4.76 2.13 0.34 � 0.42 2.37 � 5.23 2.41 0.32 � 0.31 2.58

3.76 � 4.56 3.57 0.19 � 0.47 2.30 � 5.17 2.61 0.23 � 0.08 2.43 � 4.77 2.06 0.34 � 0.41 2.36 � 5.22 2.38 0.32 � 0.33 2.57

5.00 � 4.57 3.52 0.19 � 0.47 2.28 � 5.20 2.53 0.23 � 0.06 2.44 � 4.79 1.98 0.34 � 0.41 2.36 � 5.21 2.34 0.32 � 0.34 2.57

7.50 � 4.59 3.39 0.19 � 0.48 2.24 � 5.26 2.37 0.23 � 0.03 2.45 � 4.82 1.84 0.35 � 0.40 2.34 � 5.19 2.24 0.33 � 0.37 2.57

10.00 � 4.61 3.23 0.20 � 0.48 2.21 � 5.30 2.22 0.24 � 0.02 2.47 � 4.85 1.76 0.35 � 0.41 2.32 � 5.18 2.12 0.33 � 0.40 2.56

15.00 � 4.64 2.86 0.22 � 0.49 2.16 � 5.31 2.04 0.24 � 0.04 2.47 � 4.90 1.72 0.35 � 0.42 2.26 � 5.17 1.90 0.34 � 0.43 2.51

20.00 � 4.68 2.57 0.23 � 0.49 2.11 � 5.29 1.90 0.25 � 0.08 2.40 � 4.96 1.68 0.34 � 0.41 2.22 � 5.18 1.73 0.35 � 0.44 2.48

25.00 � 4.69 2.36 0.23 � 0.48 2.06 � 5.26 1.74 0.24 � 0.12 2.33 � 5.01 1.66 0.34 � 0.40 2.18 � 5.20 1.63 0.35 � 0.43 2.44

35.00 � 4.73 2.12 0.23 � 0.47 1.99 � 5.24 1.52 0.23 � 0.14 2.23 � 5.11 1.67 0.33 � 0.37 2.12 � 5.29 1.64 0.36 � 0.40 2.39

50.00 � 4.82 2.00 0.22 � 0.42 1.93 � 5.28 1.42 0.23 � 0.13 2.18 � 5.23 1.74 0.31 � 0.31 2.09 � 5.40 1.87 0.34 � 0.36 2.35

70.00 � 4.87 1.93 0.22 � 0.39 1.90 � 5.34 1.42 0.23 � 0.10 2.13 � 5.32 1.73 0.30 � 0.27 2.06 � 5.49 1.95 0.33 � 0.32 2.31 � 6.09 2.12 0.38 0.04 2.36 � 5.97 1.30 0.42 � 0.04 2.33 � 5.95 0.56 0.30 0.13 2.18 � 5.67 1.19 0.38 � 0.10 2.74

j=� 6

t (s)
j=� 21 j=� 20 j=� 19 j=� 18 j=� 17 j=� 16 j=� 15 j=� 14

t (s)
j=� 13 j=� 12 j=� 11 j=� 10

j=7 j=8 j=9

j=� 9 j=� 8 j=� 7

Regression analyses not performed for this range of t and j

j=10

t (s)
j=� 5 j=� 4 j=� 3 j=� 2 j=� 1 j=0 j=1 j=2

t (s)
j=3 j=4 j=5 j=6

4
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analysis and the error, ε j(t), in the scaling model is defined as

ε j(t) = ln(ᾱ j(t))− ln(α̂ j(t)) ;∀ j (4.14)

where, α̂ j(t) is the estimated ratio of energy arrival of aftershock to that of main shock using

Eq. (4.15) via estimated smoothened regression coefficients. Further, ε j(t) is a normal variate

with mean zero and standard deviation σ j(t). ε j(t) is equal to the sum of inter-event and

intra-event residuals. The inter-event and intra-event residuals are lumped together and cannot

be separated in this regression method. The coefficients are determined via maximization of

likelihood of the errors in following a normal distribution with zero mean and some standard

deviation. It should be mentioned here that for j = 7 to 10 the regression analysis has been

performed only for t = 70 s, i.e. only for the 100% energy arrival because the normalized

shape for those levels are constant (see Eq. (4.8)). After performing the regression analysis

the coefficients a2, j(t) and a4, j(t) are not found to be physically meaningful to properly reflect

the saturation and inelastic attenuation. So, the two corresponding terms were dropped and the

proposed conditional scaling model becomes

ln(α j(t)) = ln

(
ĒAft, j(t)

ĒMain, j(t)

)
= a1, j(t)∆M+a3, j(t) ln

(
∆Main

∆A f t

)

+a5, j(t)∆h+a6, j(t)∆MS ;∀ j

(4.15)

All regression coefficients and standard deviation of errors for j =−10 and j =−1 are shown

in Figure 4.4 as an example. To understand the variation of the coefficients with respect to

different levels, the maximum and minimum values of all the coefficients along time are shown

in Figure 4.5 for different levels, j. It can be seen from the figure that a1, j(t) is negative for all

values of j and t. Negative values of a1, j(t) indicate that smaller aftershocks will have smaller

energy arrival as compared to larger aftershocks, which is meaningful. The magnitude of a1, j(t)

is higher at longer periods (higher js) as larger earthquake event has relatively stronger long

period waves compared to smaller event. a3, j(t) is found to be positive throughout since nearer

aftershocks will be stronger than farther aftershocks. Also, magnitude of a3, j(t) increases to-

wards shorter periods (smaller js) as high-frequency waves attenuate faster with distance than

the low-frequency waves. a5, j(t) is found to be positive for most of the levels since shallower

events appear to be stronger. But, a5, j(t) follows a decreasing trend from higher to lower levels

because deeper events are expected to have a relatively higher proportion of higher frequency

waves. Since the Chi-Chi earthquake was a crustal event, the effect of focal depth was not so

prominent but still the coefficient a5, j(t) is retained as it reflects the proper trend. a6, j(t) is

negative for all j except at j = 7 to j = 9. Negative values of a6, j(t) indicate that a higher site

response due to soft soil subsides during larger aftershocks due to nonlinear site response. It is

not a serious limitation if the coefficients do not sound meaningful in the last few large values of
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j, not only because the contribution of energy of signal from these bands to the total energy is

very less but also because these long-period waves may have higher noise-to-signal ratio (Das

and Gupta, 2008, 2011) and for that, the subtle nonlinear site response is not captured properly.

For ready reference, the regression coefficients are listed in Table 4.2 for some selected ts and

the coefficients can be linearly interpolated for intermediate values of t.
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Figure 4.4 Regression coefficients for ln(ĒAft, j(t)) and the standard deviations of errors in the

cases of levels j =−10 (solid line) and j =−1 (dotted line)
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Eq. (4.15) for different levels, j
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4.3.3 Ensemble Generation of Aftershocks

The proposed conditional scaling model gives the conditional estimate for the frequency-

dependent energy arrival curves for the aftershock, using which samples of aftershock can be

simulated. The statistical description of error in the energy arrival estimation is characterized

by a single parameter, σ j(t), the level-wise standard deviation of ε j(t). The p th sample for the

level-wise energy arrival for a given recorded main shock and scenario of the aftershock can be

modelled as (as in Chapter 3)

ln(ÊAft,p, j(t)) = ln(ÊAft, j(t))+ kp σ j(t) ;∀ j (4.16)

where ÊAft, j(t) is the estimated (median) energy arrival curve for aftershock corresponding to

α̂ j(t) and kp is a standard normal variate to account for the aleatory uncertainty. For the pur-

pose of scenario-specific ensemble, only one aftershock ground motion is generated randomly

from the pth estimated energy arrival curves (ÊAft,p, j(t)) using the process-specific simulation

technique as in Section 4.2.1. It may be noted that for the purpose of computing γ̄ j, E j(T ) in

Eq.( 4.5) will be the estimated 100% energy from the conditional scaling model (Eq.( 4.15)).

This is done because the variation of ground motion samples resulting from different kps is

much more than the variation of samples within a process (specific to p). It will be interesting

to see if the samples generated by the above method can represent the expected trend with varia-

tion in the seismological parameters in terms of pseudo spectral velocity (PSV) spectra obtained

from the simulated motions. For this purpose, a main shock recording of the ChiChi earth-

quake at C087 station is considered arbitrarily and aftershock ensembles (500 motions for each

scenario) are generated for different hypothetical scenarios - Scenario-1 (M = 5.5, R = 30.0

km, h = 5.0 km, S = 0), Scenario-2 (M = 6.0, R = 30.0 km, h = 5.0 km, S = 0), Scenario-3

(M = 6.5, R = 30.0 km, h = 5.0 km, S = 0), Scenario-4 (M = 6.0, R = 15.0 km, h = 5.0 km,

S = 0), Scenario-5 (M = 6.0, R = 50.0 km, h = 5.0 km, S = 0), Scenario-6 (M = 6.0, R = 30.0

km, h = 10.0 km, S = 0), Scenario-7 (M = 6.0, R = 30.0 km, h = 15.0 km, S = 0), Scenario-8

(M = 6.0, R = 30.0 km, h = 5.0 km, S = 1) and Scenario-9 (M = 6.0, R= 30.0 km, h= 5.0 km,

S = 2). The values of seismological parameters considered for the different seismic scenarios

are within the range of values of the seismological parameters of recorded data used for regres-

sion analysis. From the simulated ensemble of aftershocks, median PSV spectra are calculated

for the different scenarios. Figure 4.6 shows a comparative plot of the median PSV spectra

with a single seismological parameter varying while keeping others constant. Figure 4.6(a)

shows the median PSV spectra for varying magnitudes (Scenario-1, 2 and 3). The spectral

ordinates of larger aftershocks are greater than that of smaller aftershocks, which is observed

in Figure 4.6(a). The difference between spectral ordinates of larger aftershock and smaller

aftershock is more in the longer period since a larger aftershock (or any event) has stronger

long period waves compared with a smaller aftershock. Figure 4.6(b) shows the median PSV
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spectra for varying epicentral distances (Scenario-4, 2 and 5). The strength of ground motions

decreases with an increase in source to site distance which is observed in Figure 4.6(b). Fig-

ure 4.6(c) shows the median PSV spectra for varying focal depths (Scenario-2, 6 and 7). It is

clear from the figure that deeper events generate weaker long period waves as the source to

site distance increases, however, this effect is neutralized at the high frequency side because

relatively deeper events likely to produce stronger high frequency waves than shallower events.

Figure 4.6(d) shows the median PSV spectra for varying soil types (Scenario-2, 8 and 9). It

can be seen that the strength of aftershock increases from rock to soft soil due to nonlinear site

amplification - a phenomenon due to which the main shock has less amplification on soft soil

than a smaller aftershock at the same site.
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Figure 4.6 Median PSV spectra of simulated aftershocks for different values of (a) magnitude,

(b) distance, (c) depth and (d) local soil conditions when the the main shock time-

history is same as the recorded Chi-Chi main event at C087 station

To see the performance of aftershocks simulation with respect to recorded aftershocks,

ground motions are generated for some recorded scenarios and the median PSV spectrum is

compared with that of the recorded aftershock PSV spectrum. Two recorded aftershock sce-

narios are arbitrarily considered for this purpose. Figure 4.7 shows Aft-1757 (aftershock of

ML = 6.44 that occurred at 17:57 hours on September 20) recorded at station H032 and Aft-

1832 (aftershock of ML = 5.07 that occurred at 18:32 hours on September 20) recorded at

station T116 for the ChiChi earthquake. In each of these figures, PSV spectrum of the main

shock ground motion whose energy arrival curves have been used to simulate the aftershocks

is also shown. The median PSV spectrum of the simulated aftershock ensemble is closer to
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the recorded aftershock PSV spectrum. It will also be interesting to see whether a conditional

PSV scaling model obtained from the same database will yield similar results as envisaged by

the conditional energy arrival scaling model because the latter is a very different quantity from

the PSV. The regression coefficients of the PSV scaling model is obtained using the maximum
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Figure 4.7 Comparison of the observed (from the recorded motion) and the median aftershock

spectra obtained from both simulated ensemble and the conditional PSV scaling

model in the cases of (a) Aft-1757 recorded at station H032 (ML = 6.44, R = 45.81

km, h = 11.04 km, S = 1), (b) Aft-1832 recorded at station T116 (ML = 5.07, R =
41.93 km, h = 16.83 km, S = 0)

likelihood method (Joyner and Boore, 1993), and the mathematical form of the scaling model
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is chosen as

ln(β (T )) = ln

(
PSVAft(T )

PSVMain(T )

)
= c1(T )∆M+ c2(T ) ln

(
∆Main

∆Aft

)

+ c3(T )∆h+ c4(T )∆MS

(4.17)

through the same independent parameters as considered for modelling ᾱ j(t). The error in

estimation of the scaling model is defined as

εβ (T ) = ln(β (T ))− ln(β̂ (T )) (4.18)

where, ln(β̂ (T )) is the estimated ratio of PSV using Eq (4.17) through estimated smooth re-

gression coefficients. Further, εβ (T ) is normal variate with mean zero and standard deviation

σβ (T ). In Figure 4.7, the median PSV spectrum of the PSV scaling model is found to be

similar to that of the median PSV spectrum of the simulated aftershock ensemble for two dif-

ferent recorded scenarios. The variation in the temporal features of simulated ground motions

is shown by three arbitrarily selected random samples for Aft-2146 (aftershock of ML = 6.59

that occurred at 21:46 hours on September 20) recorded at station C010 in Figure 4.8. The vari-

ations of the time-frequency characteristics among samples are coming from two facts, viz., a

sample represents any random process from the entire pool of random processes the scenario

might represent and there is sample to sample variation within a process. The recorded ground

motion is also shown in order to show that the recorded motion might very well be a member of

the sample space. The scaling model of energy arrival curves developed in Chapter 3 (hereafter,

0 10 20 30 40 50 60 70
-80

0

80

A
cc

el
er

at
io

n
 (

cm
/s

2
)

Recorded

0 10 20 30 40 50 60 70
-80

0

80

Simulated Sample-1

0 10 20 30 40 50 60 70

Time (s)

-130

0

130

A
cc

el
er

at
io

n
 (

cm
/s

2
)

Simulated Sample-2

0 10 20 30 40 50 60 70

Time (s)

-40

0

40

Simulated Sample-3

Figure 4.8 Recorded ground motion and some arbitrarily selected random simulated ground

motion samples for Aft-2146 at station C010 (ML = 6.59, R = 31.73 km, h = 1.05

km, S = 1)

referred as unconditional scaling model) can be used for the simulation of ground motions for

any aftershock scenario but it cannot adequately address the main shock aftershock dependence
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once the main shock is given. A comparative study of conditional and unconditional simulation

is done to clearly demonstrate the necessity for a conditional scaling model for aftershocks. To

make the comparison between conditional and unconditional scaling models fair enough a new

form for unconditional scaling model is developed. For this purpose, we consider a form with

all the seismological parameters considered while developing the conditional scaling model.

Hence, the unconditional model considered is

ln(Ē j(t)) =b1, j(t)M+b2, j(t) ln∆+b3, j(t)h+b4, j(t)S+b5, j(t)MS+

b6, j(t) ;∀ j
(4.19)

Using the currently developed unconditional and conditional scaling models, ground motions

are simulated for some arbitrarily selected scenarios of recorded aftershocks – Aft-1757 recorded

at station T065, Aft-2352 (aftershock of ML = 6.80 that occurred at 23:52 hours on September

25) recorded at station H020 and Aft-0014 (aftershock of ML = 6.80 that occurred at 00:14

hours on September 22) recorded at station H031. 500 numbers of ground motions for each

case are simulated for the comparative study. Figure 4.9 shows 10 percentile and 90 percentile

PSV spectra of ground motions simulated using conditional and unconditional scaling models

and the recorded PSV spectrum. The 10 percentile and 90 percentile spectra of the ground mo-

tions simulated by the conditional scaling model are able to capture the recorded PSV spectrum

and follow the trend of the recorded PSV spectrum very well along different time-periods. But

the unconditional scaling model are not able to capture the trend of the recorded PSV spec-

trum along different time-periods and the recorded PSV spectrum lies outside the bound of 10

percentile and 90 percentile for some time-periods, this observation is for other various scenar-

ios especially for larger aftershocks. Figure 4.10 shows the percentage of records for which the

recorded PSV spectral ordinates lie within 10 and 90 percentile PSV spectra (from 500 samples

every case) of motions simulated by conditional and unconditional scaling models separately

for larger and smaller aftershocks. For ML >= 6.0, the performance of conditional model is

similar to that of the unconditional model till time-period of 1.0s and afterwards, conditional

model performs much better than the unconditional model. Since time-period of a damaged

structure (during main shock) increases, better estimation towards longer period improves ac-

curacy in larger aftershock-induced additional vulnerability. For ML < 6.0, the improvement of

conditional scaling model is relatively less as compared to the improvement seen for the larger

aftershocks at longer periods, but the same level of improvement is seen along all periods. The

improvement even in the shorter period range for smaller aftershocks (not seen in the case of

larger aftershocks) may arise from the fact that smaller aftershocks are relatively rich in high

frequency content so the conditional model helps to improve upon in that range, on the other

hand for the same reason the improvement in the longer period range is somewhat offset.

Other than the response spectrum the SMD also plays important role in cumulative damage

during any aftershock event. For that purpose, the statistics of SMD obtained from simulated
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Figure 4.9 Observed PSV spectrum from the recorded motion and 10 and 90 percentile PSV

spectra of ground motions simulated using conditional and unconditional scaling

models in the cases of (a) Aft-1757 at station T065 (ML = 6.44, R = 37.24 km,

h = 11.04 km, S = 1), (b) Aft-2352 at station H020 (ML = 6.80, R = 44.07 km,

h = 9.89 km, S = 1), (c) Aft-0014 at station H031 (ML = 6.80, R = 45.82 km,

h = 15.59 km, S = 1)

ground motions from both conditional and unconditional scaling models are presented for two

records arbitrarily chosen. Table 4.3 shows the comparison in the cases of Aft-2146 recorded at

station C028 and Aft-2002 (aftershock of ML = 5.35 that occurred at 20:02 hours on Septem-
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ber 20) recorded at station T140. It is clear that the conditional scaling model can predict the

SMD better than the unconditional one. The results in Figures 4.7 to 4.9 and Table 4.3 collec-

tively demonstrate the effectiveness of the conditional scaling model in capturing the trends of

recording scenarios.

Table 4.3 Comparison of the observed SMD with statistical estimates of SMD from the simu-
lated samples generated using the conditional and unconditional scaling models

Event

Name

Station

Name
Observed

Confidence Probability Levels

Conditional Unconditional

Median 10% 90% Median 10% 90%

Aft-2146 C028 12.47 10.60 8.04 14.40 17.19 12.84 22.62

Aft-2002 T140 32.21 29.60 27.70 30.59 19.82 15.03 21.56

4.3.4 Approximate Conditional Scaling Model

From the discussions in the previous section, it is clear that it is important to have a con-

ditional scaling model for aftershocks for their prediction given the preceding main shock mo-

tion. However, sometimes it is not possible to develop a conditional scaling model for a region

if sufficient aftershock sequences are not available for carrying out regression analysis despite

sufficient earthquake recordings are available to obtain an unconditional scaling model. In such

a case, it can be inferred from the study carried out by Das and Gupta (2010) that an approx-

imate conditional scaling model may be obtained from the unconditional scaling model with

the assumption that the energy arrival curves for both main shock and aftershock at a given site

will show similar dependence on different seismological parameters. Thus, the approximate

conditional scaling model is formed from the unconditional scaling model of energy arrival as

ln(α j(t)) = ln

(
ĒAft, j(t)

ĒMain, j(t)

)
=−b1, j(t)∆M−b2, j(t) ln

(
∆Main

∆Aft

)

−b3, j(t)∆h−b5, j(t)∆MS ;∀ j

(4.20)

where no further regression analysis is needed because the coefficients for various seismo-

logical disparities are negatives of the corresponding coefficients of the unconditional model.

Hence, for the development of approximate conditional model, it is necessary to have an un-

conditional scaling model. Using this approximate conditional scaling model along with condi-

tional and unconditional ones, aftershock ground motions are simulated in the case of Aft-1757

recorded at station H032 and Aft-2352 recorded at station H034, arbitrarily. Figure 4.11 shows

the comparison of recorded spectrum and median spectrum for ground motions simulated sep-

arately using conditional, approximate conditional and unconditional scaling models. The me-

dian spectra from both conditional and approximate conditional simulations are able to capture

the trend of the recorded spectrum and hence just the form of approximate conditional model
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Figure 4.10 Spectra of percentage of cases wherein the recorded PSV spectral ordinates lie

within the 10 and 90 percentile PSV spectra obtained from the simulated motions

in the cases of recorded scenarios (a) with ML >= 6.0, (b) with ML < 6.0

can improve the prediction by unconditional scaling model. It must be mentioned that the stan-

dard deviation of error for approximate conditional model is always higher than that for the

conditional model and so whenever data is available a conditional model should be developed

for better accuracy in prediction. The approximate conditional model gives satisfactory results

from SMD as well. The median SMDs for the two cases considered before (as in Table 4.3) are

found to be 9.07 s and 29.87 s, respectively for Aft-2146 and Aft-2002.
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Figure 4.11 Observed PSV spectrum (from the recorded motion) and median PSV spectra of

ground motions simulated using conditional, approximate conditional and uncon-

ditional scaling models in the cases of (a) Aft-1757 at station H032 (ML = 6.44,

R = 45.81 km, h = 11.04 km, S = 1), (b) Aft-2352 at station H034 (ML = 6.80,

R = 48.12 km, h = 9.89 km, S = 1)

4.4 Summary

In the present study, an improved method has been proposed for generating process-specific

random samples of fully nonstationary earthquake ground motions from a known recorded ac-

celerogram. The ground motion simulation is based on the Priestley process assumption where
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the amplitude and frequency nonstationarities are characterized through slow-varying deter-

ministic frequency-dependent amplitude modulations that are extracted from the instantaneous

frequency-dependent cumulative energy arrival of a recorded motion. A conditional scaling

model for aftershocks has been proposed where the energy arrival curves of an aftershock are

predicted conditionally from those of the preceding main shock motion with known seismic

scenarios for both main shock and the aftershock. Finally the scenario-specific and conditional

ground motion samples of the aftershock have been simulated from the frequency-dependent

modulations (obtained from the predicted energy arrival curves), which are fully nonstationary

by nature. The major contributions and conclusions of the current study are listed below.

• An earthquake recording process-specific simulation technique proposed in Chapter 3 has

been improved and the characterization of the deterministic frequency-dependent ampli-

tude modulations is shifted from the wavelet domain to the decomposed time-history

domain for more efficient reconstruction. The proposed technique for process-specific

simulation is found to yield similar simulated motions as obtained from the previous

wavelet-based approach.

• A conditional scaling model for aftershock has been proposed to predict the instantaneous

cumulative energy arrival from that of the preceding main shock in terms of the disparities

of various seismological parameters while taking into account the possible nonlinear site

response in presence of soil. The simulated ground motions using the conditional scaling

model show expected trend vis-à-vis the seismological scenarios in terms of the PSV

spectra obtained from them.

• The conditional scaling model has been found to perform better than the unconditional

scaling model in capturing the recorded response spectra through the 10 and 90 percentile

PSV spectra and SMD of simulated motions.

• An approximate version of conditional scaling model for aftershock has also been pro-

posed when aftershock data are inadequate for carrying out fresh regression analysis

for the conditional scaling model in a particular region. It is found that the approxi-

mate conditional model produces comparable results in regard to the (freshly regressed)

conditional scaling model and it can be used in lieu of the unconditional one for better

prediction.
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Chapter 5

SEISMIC SAFETY OF RC FRAMES AGAINST

MAIN SHOCK-AFTERSHOCK SEQUENCES

5.1 Background

In the previous chapter, a method has been proposed to simulate an aftershock ensemble

that is consistent with the preceding main shock motion. When a structure is designed for the

most critical event (e.g., MCE level of main shock) it is expected that the structure will undergo

into irreparable damage regime. It is imperative to investigate, depending on the seismological

scenario, how much additional damage can be inflicted by aftershocks to an already damaged

structure during the preceding main shock. Further, it is also important to find a favourable

way to modify the existing design so that a structure does not collapse during a MAS. Three

different ductile RC bare frames are considered as the bases for the present study.

5.2 Modelling of RC Frames

Three numbers of 2D RC frames, viz., 1-storey, 2-storey and 5-storey, have been designed

following the provisions of Indian design codes; IS 456 (2000), IS 1893 (2002), IS 13920

(1993), IS 875 (Part I) (1987) and IS 875 (Part II) (1987). IS 875 (Part I) (1987) specifies the

unit weights of materials for dead load calculation and IS 875 (Part II) (1987) specifies the live

load to be used in the design. Provisions of IS 456 were used for the design of the RC members

(beams and columns). IS 1893 (2002) specifies the lateral forces corresponding to earthquake

forces and the load combinations (considering dead load, imposed load and earthquake load)

to be considered in the design. IS 13920 (1993) deals with the ductile detailing of beams

and columns of the structures. The design philosophy ensures that every flexural member will

undergo plastic deformation through flexural plastic hinge only, which is ductile by nature as

opposed to shear hinge, which is brittle by nature. This philosophy is adopted because most of

the existing RC frames in India are built in that fashion. The structure has not been designed

following the strong column-weak beam mechanism as it is not specified in IS 13920:1993,
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whereas it is specified in the recent revision of the code. Concrete grade of M25 (characteristic

cube strength of 25 MPa) and steel grade of Fe500 (yield strength of the steel is 500 MPa) have

been used in the design of these frames. Further, the loading on the 2D frames was reasonably

estimated considering the dead and live loads from the floor slab system of the underlying 3D

structure. The geometric details of the frames along with the section details of the members

are shown in Figures 5.1 to 5.3. The 2D frames are modelled in the software OpenSees
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Figure 5.1 Geometry (not to scale) and sectional details of the 1-storey frame
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Figure 5.2 Geometry (not to scale) and sectional details of the 2-storey frame

(Mazzoni et al., 2005). Concrete07 material and ReinforcingSteel material available in
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Figure 5.3 Geometry (not to scale) and sectional details of the 5-storey frame

OpenSees are used to model concrete and steel, respectively. Cover concrete and core concrete

are modelled separately using Concrete07 with different parameters since their stress-strain

behaviours are different due to the confinement of core concrete. Additional details of the

parameter used in various material models are shown in Tables 5.1 and 5.2. The frame members

are modelled using beamWithHinges element recommended for lateral load analysis (as in the

case of earthquake-induced loads) where the flexural members predominantly exhibit double

curvature profile. The plastic hinge length that needs to be assigned in a hinge location of a

beamWithHinges element is computed in accordance with Paulay and Priestly (2009) as

lp = 0.08L+0.022 fydb (5.1)

where, lp is the plastic-hinge length in metre, L is the shear-span of the member in metre,

fy is the yield strength of reinforcement in MPa and db is the diameter of the longitudinal

reinforcement in metre. The mass converted from the dead load and the factored live load as

recommended by IS 1893 (2002) is considered for the dynamic analysis. Thus, the fundamental

periods of 1-storey, 2-storey and 5-storey frames are found to be 0.329 s, 0.460 s and 0.960 s,

respectively. The linear damping of the frames are modelled as Rayleigh damping where the

proportionality constants are obtained from 5% of the critical damping for the first two modes.
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Table 5.1 Details of parameters used in ReinforcingSteel material

Parameters Values

fy (MPa) 500.0

fu (MPa) 550.0

Es (MPa) 200000.0

Esh (MPa) 10000.0

esh 0.020

eult 0.120

Reinforcing Steel

Table 5.2 Details of parameters used in Concrete07 material

Cover

Concrete

All

Frames

Member

Parameters

20.0 37.2 24.9 35.0 34.6 25.8 25.6 31.9 31.5 35.2 35.0 34.6 26.6 26.3 25.6

0.0020 0.0106 0.0045 0.0095 0.0093 0.0049 0.0048 0.0080 0.0078 0.0096 0.0095 0.0093 0.0053 0.0051 0.0048

25217.4 25217.4 25217.4 25217.4 25217.4 25217.4 25217.4 25217.4 25217.4 25217.4 25217.4 25217.4 25217.4 25217.4 25217.4

2.8 2.8 2.8 2.8 2.8 2.8 2.8 3.5 3.5 3.7 3.7 3.6 3.2 3.2 3.1

0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002

2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0 2.0

2.3 30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.0 30.0

1.95 1.16 1.28 1.17 1.17 1.26 1.27 1.19 1.19 1.17 1.17 1.17 1.25 1.26 1.27

5-Storey

Beam

Core Concrete

5-Storey Frame

1-Storey

Column

2-Storey

Column

3-Storey

Column

4-Storey

Column

5-Storey

Column

1, 2 &

3-Storey

Beam

4-Storey

Beam

1-Storey Frame

Concrete07 Type

2-Storey Frame

xp

xn

r

2-Storey

Beam

fc (MPa)

(Cyl. Str.)

ec

Ec (MPa)

ft (MPa)

et

All Column Beam
1-Storey

Column

2-Storey

Column

1-Storey

Beam

6
5
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The damage at a plastic hinge location is quantified via the modified Park & Ang damage index

(Williams and Sexsmith, 1995; Stone and Taylor, 1993), where the local damage index (DI) as

a function of the sectional demand and capacity is expressed as

DI =
φ ′

m −φy

φu −φy
+βd

EH

Myφu
(5.2)

where,

φ ′
m = max(φm,φy) (5.3)

where φm,φy and φu are the maximum, yield and ultimate curvatures, respectively. EH is the

(dissipated) hysteretic energy of the moment-rotation curves at the plastic hinge location and

βd is a degradation parameter, which accounts for the contribution of EH to the total damage.

In the present study, βd is considered as 0.15, which is generally applicable for ductile RC

sections. The moment-rotation relationships at various plastic hinge locations in the cases of

three different frames are listed in Tables 5.3 to 5.5. The overall damage index (ODI) at the

Table 5.3 Moment-rotation relationships at plastic hinge locations of the 1-storey frame

Location Yield Yield Ultimate Ultimate

Rotation Moment Rotation Moment

(rad) (kN.m) (rad) (kN.m)

Beam 0.0043 46.8 0.1718 53.6

Exterior Column 0.0065 43.4 0.2628 47.6

Interior Column 0.0069 47.5 0.2483 51.4

Table 5.4 Moment-rotation relationships at plastic hinge locations of the 2-storey frame

Location Yield Yield Ultimate Ultimate

Rotation Moment Rotation Moment

(rad) (kN.m) (rad) (kN.m)

1-Storey Beam 0.0048 79.1 0.1796 91.1

2-Storey Beam 0.0041 59.1 0.1608 67.7

1-Storey Exterior Column 0.0050 81.7 0.1225 92.5

1-Storey Interior Column 0.0054 91.1 0.1044 101.7

2-Storey Exterior Column 0.0046 57.6 0.1860 64.1

2-Storey Interior Column 0.0048 63.3 0.2057 69.7

structure level for any frame is calculated as a weighted average of all local damage indices,

expressed as (Kunnath et al., 1992; Williams and Sexsmith, 1995)

ODI =

n

∑
i=1

(DIi)Ei

n

∑
i=1

Ei

(5.4)
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Table 5.5 Moment-rotation relationships at plastic hinge locations of the 5-storey frame

Location Yield Yield Ultimate Ultimate

Rotation Moment Rotation Moment

(rad) (kN.m) (rad) (kN.m)

1, 2 & 3-Storey Beams 0.0065 159.9 0.2130 187.5

4-Storey Beam 0.0062 121.7 0.2126 141.5

5-Storey Beam 0.0057 83.2 0.2120 95.6

1-Storey Exterior Column 0.0044 227.9 0.0735 267.9

1-Storey Interior Column 0.0048 258.2 0.0631 293.5

2-Storey Exterior Column 0.0034 160.7 0.0744 185.3

2-Storey Interior Column 0.0037 187.6 0.0601 208.7

3-Storey Exterior Column 0.0064 98.1 0.1268 109.3

3-Storey Interior Column 0.0070 110.4 0.1138 122.1

4-Storey Exterior Column 0.0057 81.8 0.1388 92.7

4-Storey Interior Column 0.0061 90.9 0.1195 101.5

5-Storey Exterior Column 0.0046 57.7 0.1836 64.2

5-Storey Interior Column 0.0047 63.2 0.2086 69.6

where, DIi and Ei are the local DI and EH , respectively, for the ith hinge and n is the total

number of plastic hinges in the frame.

5.3 Generation of Main Shock-Aftershock Sequences

A total six numbers of main shock motions are considered such that they are characteris-

tically different from each other. For each of such main shock several aftershock motions are

simulated using the proposed conditional scaling relationship for some assumed seismic sce-

narios for the main shock and the aftershocks. Firstly, a single sample of main shock motion

is simulated randomly from an arbitrarily chosen scenario of M = 7.0, R = 20 km, h = 10 km

and S = 0 using the unconditional scaling model and sample generation as described in Chap-

ter 4, (Section 4.3.3). This particular main shock is referred to as MS1 from now onward. The

PGA normalized time-history of MS1 and its PSA spectrum are shown in Figures 5.4 and 5.5,

respectively. Here, MS1 depends on γ̄ j and the normalized frequency-dependent modulations

as described in Section 4.3.3 of Chapter 4.

In order to investigate the effects of the normalized shape of the main shock modulations

(i.e., the time-frequency characteristics) five different recorded main shock motions are consid-

ered to borrow their normalized frequency-dependent amplitude modulations. Each recorded

motion’s modulations are then modified by multiplying the normalized modulations by γ̄ j of

MS1 correspondingly and one random modified sample is obtained for each of them (see

Chapter 4, Section 4.2.1). The considered recorded motions are for (i) the 1940 Imperial

Valley earthquake recorded at El Centro Site Imperial Valley Irrigation District along S00E,
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Figure 5.4 A sample of main shock ground motion simulated for M = 7, R= 20 km, h = 10 km

and S = 0 from the unconditional scaling model
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Figure 5.5 Normalized 5% damping PSA spectra of MS1

(ii) the 1952 Kern County earthquake recorded at Taft Lincoln School Tunnel along N21E,

(iii) the 1966 Parkfield Earthquake recorded at Cholame, Shandon, California Array No. 5

along N05W, (iv) the 1971 San Fernando Earthquake recorded at 215 West Broadway, Utilities

Building, Long Beach, California along N90E and (v) the 1968 Borrego Mountain Earthquake

recorded at Engineering Building, Santa Ana, Orange County, California along S04E. These

motions are considered because they altogether exhibit a varied range of time-frequency char-

acteristics (Mukhopadhyay et al., 2019). The modified samples corresponding to the Imperial

Valley, Kern County, Parkfield, San Fernando and Borrego Mountain events are hereafter re-

ferred to as MS2, MS3, MS4, MS5 and MS6, respectively. The five main shock motions (MS2

to MS6), all PGA normalized, are shown in Figure 5.6 and their PSA spectra are shown in Fig-

ure 5.7. From the figures of time-histories and response spectra for MS1 to MS6 it is clear that
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the main shocks have significant variations of ground motion characteristics (given a choice

of γ̄ j for a closer event from the site) and hence they can form a sound basis for investigating

the aftershock-induced damage when additionally the seismic scenarios of aftershocks will be

varied vis-à-vis the main shock.

For the purpose of generating aftershock sequences, four aftershocks are considered for

each main shock arbitrarily. Further, the magnitude difference between a main shock and the

largest aftershock (∆M1) is varied and three values of ∆M1, viz., 0.3, 0.5 and 0.8 are con-

sidered. In order to get some estimate for the other three aftershocks’ magnitudes, for every

chosen value of ∆M1, an ordered statistics method is applied (Das et al. (2007)) where the b

value for the aftershock sequence is assumed to be 0.85 (Chan and Wu (2013)) and the min-

imum magnitude is taken as 4. The upper bound of the aftershock magnitude is chosen such

that the largest aftershock magnitude comes out to be in accordance with the assumed ∆M1. It

should be mentioned here that the choice of b and the minimum magnitude of the aftershocks

are arbitrary because the main purpose is to get some plausible aftershock sequences with de-

creasing magnitudes to investigate the effects of single (the largest) and multiple aftershocks

on additional damage. Further, it is assumed that the epicentral distances from a site for any

aftershock is same as that for the preceding main shock at that site. In a particular ensemble

of sequences, the first, second, third and fourth aftershock ensembles (of motions) are denoted

by AS1, AS2, AS3 and AS4, respectively. For each ordered aftershock’s (say, of AS1) seismic

scenario and for every main shock 30 numbers of random samples for the aftershock ensem-

ble are generated using the proposed simulation technique described in Chapter 4. Finally, 15

samples of sequences are formed for any particular sequence ensemble by randomly choosing

one motion from each of the aftershock ensembles, AS1 to AS4. The details of various ensem-

bles of sequences and the seismological scenarios for AS1 to AS4 are provided in Table 5.6.

The aftershock ensemble-wise median spectra for each sequence case are shown in Figures 5.8

to 5.12 for ready reference. While forming a sequence, the aftershock events are arranged in

decreasing order of their magnitudes. This is done because at the expectation level aftershocks

are getting weaker with decreasing magnitudes so the first aftershock is expected to cause max-

imum damage and then the second largest aftershock is subjected to the maximum damaged

structure to cause further expected maximum additional damage and so on. A set of random

samples where each sample corresponds to a particular ensemble of sequences are shown in

Figures 5.13 to 5.17. At a sample level, the decreasing trend of aftershock motion intensity

from AS1 to AS4 cannot be maintained because the random selection of aftershock samples

(for AS1 to AS4) should be independent of each other.
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Figure 5.6 Normalized main shock motions in the cases of MS2, MS3, MS4, MS5 and MS6
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Figure 5.7 PGA Normalized 5% damping PSA spectra for the cases of MS2, MS3, MS4, MS5

and MS6
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Figure 5.8 Median 5% damping PSA spectra of aftershocks for the corresponding PGA nor-

malized main shock in the cases of (a) SEQ01, (b) SEQ02, (c) SEQ03, (d) SEQ04,

(e) SEQ05 and (f) SEQ06
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Figure 5.9 Median 5% damping PSA spectra of aftershocks for the corresponding PGA nor-

malized main shock in the cases of (a) SEQ07, (b) SEQ08, (c) SEQ09, (d) SEQ10,

(e) SEQ11 and (f) SEQ12
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Figure 5.10 Median 5% damping PSA spectra of aftershocks for the corresponding PGA nor-

malized main shock in the cases of (a) SEQ13, (b) SEQ14, (c) SEQ15, (d) SEQ16,

(e) SEQ17 and (f) SEQ18
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Figure 5.11 Median 5% damping PSA spectra of aftershocks for the corresponding PGA nor-

malized main shock in the cases of (a) SEQ19, (b) SEQ20, (c) SEQ21, (d) SEQ22,

(e) SEQ23 and (f) SEQ24
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Figure 5.12 Median 5% damping PSA spectra of aftershocks for the corresponding PGA nor-

malized main shock in the cases of (a) SEQ25, (b) SEQ26, (c) SEQ27, (d) SEQ28,

(e) SEQ29 and (f) SEQ30
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Table 5.6 Nomenclature and details of the MAS ensembles

Sequence Ensemble Main shock Seismological Parameters

SEQ01 MS1

SEQ02 MS2 hMain = 10.0 km

SEQ03 MS3 hAS1 = 5.0 km

SEQ04 MS4 MMain = 7.00 hAS2 = 5.0 km

SEQ05 MS5 MAS1 = 6.70 hAS3 = 5.0 km

SEQ06 MS6 MAS2 = 6.51 hAS4 = 5.0 km

SEQ07 MS1 MAS3 = 6.36

SEQ08 MS2 MAS4 = 6.24

SEQ09 MS3

SEQ10 MS4

SEQ11 MS5

SEQ12 MS6

SEQ13 MS1 MMain = 7.00 hMain = 10.0 km

SEQ14 MS2 MAS1 = 6.50 hAS1 = 10.0 km

SEQ15 MS3 MAS2 = 6.30 hAS2 = 10.0 km

SEQ16 MS4 MAS3 = 6.15 hAS3 = 10.0 km

SEQ17 MS5 MAS4 = 6.03 hAS4 = 10.0 km

SEQ18 MS6

SEQ19 MS1

SEQ20 MS2

SEQ21 MS3

SEQ22 MS4 MMain = 7.00

SEQ23 MS5 MAS1 = 6.20

SEQ24 MS6 MAS2 = 6.00

SEQ25 MS1 MAS3 = 5.85 hMain = 10.0 km

SEQ26 MS2 MAS4 = 5.73 hAS1 = 15.0 km

SEQ27 MS3 hAS2 = 15.0 km

SEQ28 MS4 hAS3 = 15.0 km

SEQ29 MS5 hAS4 = 15.0 km

SEQ30 MS6
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Figure 5.13 Normalized random samples, one each from every ensemble, in the cases of

SEQ01, SEQ02, SEQ03, SEQ04, SEQ05 and SEQ06
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Figure 5.14 Normalized random samples, one each from every ensemble, in the cases of

SEQ07, SEQ08, SEQ09, SEQ10, SEQ11 and SEQ12

79TH-2473_136104011



−1

−0.5

 0

 0.5

 1

 0  50  100  150  200  250  300  350  400  450  500  550  600

N
o

rm
al

iz
ed

 A
cc

el
. SEQ13

−1

−0.5

 0

 0.5

 1

 0  50  100  150  200  250  300  350  400  450  500  550  600

N
o

rm
al

iz
ed

 A
cc

el
. SEQ14

−1

−0.5

 0

 0.5

 1

 0  50  100  150  200  250  300  350  400  450  500  550  600

N
o

rm
al

iz
ed

 A
cc

el
. SEQ15

−1

−0.5

 0

 0.5

 1

 0  50  100  150  200  250  300  350  400  450  500  550  600

N
o

rm
al

iz
ed

 A
cc

el
. SEQ16

−1

−0.5

 0

 0.5

 1

 0  50  100  150  200  250  300  350  400  450  500  550  600

N
o

rm
al

iz
ed

 A
cc

el
. SEQ17

−1.5

−1

−0.5

 0

 0.5

 1

 0  50  100  150  200  250  300  350  400  450  500  550  600

N
o
rm

al
iz

ed
 A

cc
el

.

Time (s)

SEQ18

Figure 5.15 Normalized random samples, one each from every ensemble, in the cases of

SEQ13, SEQ14, SEQ15, SEQ16, SEQ17 and SEQ18
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Figure 5.16 Normalized random samples, one each from every ensemble, in the cases of

SEQ19, SEQ20, SEQ21, SEQ22, SEQ23 and SEQ24
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Figure 5.17 Normalized random samples, one each from every ensemble, in the cases of

SEQ25, SEQ26, SEQ27, SEQ28, SEQ29 and SEQ30
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5.4 Analysis of RC Frames and Safety Enhancement

Strategy

As per the existing philosophy, a structure is designed to undergo into irreparable damage

zone when it experiences a rare (large) event and the latter might lead to strong aftershocks

causing additional damage. The modified Park & Ang type damage models quantified by dam-

age index are broadly correlated with the physical extent of structural damage (Ang (1988);

De Guzman and Ishiyama (2004); Kim et al. (2005)), where ODI of 0.4, 0.6 and 0.8 may be

considered as the onset of irreparable damage, severe damage with some reserved strength and

very severe damage with little reserved strength, respectively. On the other hand, ODI ≥ 1

indicates collapse. So it is rational to assume that the physical damage state, a structure is tar-

geted to attain during a major earthquake, would correspond to an ODI of 0.6, and in no case, it

should be less than 0.4 (making it too conservative) or more than 0.8 (too unsafe for imminent

aftershocks).

The main shock motions MS1 to MS6 are intended to be used for designing the structures

(i.e., the frames) separately for any target damage levels defined by ODI. However, instead

of designing the structure every time to achieve a target ODI for a particular main shock by

changing the reinforcement details or section dimensions, the ground motions are scaled uni-

formly to make the structure reach the target ODI. The scaling factor, thus obtained for a

particular combination of main shock, structure and target ODI, is applied to each simulated

aftershock sample (for AS1 to AS4) to maintain the consistency between the main shock and

its aftershocks. The ground motion scaling factor approach is adopted because in that case it

can be made sure that a particular structure will have the same fundamental period (and modal

properties) for different main shocks and for any target ODI. Otherwise, if the fundamental

period changes every time, it will not be possible to identify the sole effects of the ground mo-

tion characteristics and the target ODI on the aftershock-induced additional damage. For the

purpose of nonlinear time-history analysis (NTHA) the three frames as shown in Section 5.2

have been considered to see the effects of various MASs on the additional damage. The NTHA

is carried out in OpenSees (Mazzoni et al., 2005) by Newmark-Beta method with γ = 0.5 and

β = 0.25. The geometric nonlinearity has been accounted for through P-Delta option available

in OpenSees.

The main objective is to propose some simple modification in the existing design philoso-

phy in an attempt to make a structure safe against the MAS when the structure corresponds to

ODI = 0.6 at the end of the main shock. To limit the damage of a structure during a MAS to

ODI = 1 (i.e. collapse) the sectional capacities of the structure are modified by simultaneously

increasing the strength of reinforcing steel and concrete by 10%, 15% and 20%, and the MAS

(uniformly scaled as per the original structure) are applied on the modified structure to assess

the adequacy. This exercise has been performed so that one can find a possible way to ensure

83TH-2473_136104011



structural safety against MASs by applying additional material safety factor (albeit fictitious)

while sticking to the conventional design methodology for single event scenario.

The modified sectional capacities at various plastic hinge locations for the three example

frames and for different levels of material strength enhancement are shown in Tables 5.7 to

5.15. It should be noted that in the present case the fundamental periods of the original and the

modified structures are same, so for all practical purposes, the fundamental period of a structure

designed based on the enhanced material safety factor (i.e. with reduced permissible strength)

should be referred to whenever needed.

Table 5.7 Moment-rotation relationships at plastic hinge locations of the 1-storey frame in the

case of 10% increase in material strength

Location Yield Yield Ultimate Ultimate

Rotation Moment Rotation Moment

(rad) (kN.m) (rad) (kN.m)

Beam 0.0047 51.3 0.1721 58.3

Exterior Column 0.0071 47.1 0.2633 51.5

Interior Column 0.0074 51.3 0.2633 55.1

Table 5.8 Moment-rotation relationships at plastic hinge locations of the 2-storey frame in the

case of 10% increase in material strength

Location Yield Yield Ultimate Ultimate

Rotation Moment Rotation Moment

(rad) (kN.m) (rad) (kN.m)

1-Storey Beam 0.0053 86.9 0.1800 99.2

2-Storey Beam 0.0045 64.8 0.1611 73.7

1-Storey Exterior Column 0.0054 88.4 0.1578 99.2

1-Storey Interior Column 0.0058 98.1 0.1105 108.3

2-Storey Exterior Column 0.0050 62.4 0.1864 69.6

2-Storey Interior Column 0.0052 68.3 0.1935 75.1
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Table 5.9 Moment-rotation relationships at plastic hinge locations of the 5-storey frame in the

case of 10% increase in material strength

Location Yield Yield Ultimate Ultimate

Rotation Moment Rotation Moment

(rad) (kN.m) (rad) (kN.m)

1, 2 & 3-Storey Beams 0.0072 175.8 0.2136 205.0

4-Storey Beam 0.0068 133.7 0.2130 154.3

5-Storey Beam 0.0063 91.3 0.2125 104.0

1-Storey Exterior Column 0.0047 246.2 0.0828 283.4

1-Storey Interior Column 0.0052 276.9 0.0731 312.2

2-Storey Exterior Column 0.0037 172.3 0.0883 195.9

2-Storey Interior Column 0.0040 199.8 0.0581 220.7

3-Storey Exterior Column 0.0069 105.9 0.1359 116.9

3-Storey Interior Column 0.0076 118.3 0.1153 129.1

4-Storey Exterior Column 0.0062 88.6 0.1778 99.4

4-Storey Interior Column 0.0066 97.8 0.1161 108.1

5-Storey Exterior Column 0.0050 62.5 0.1840 69.7

5-Storey Interior Column 0.0051 68.2 0.1908 75.1

Table 5.10 Moment-rotation relationships at plastic hinge locations of the 1-storey frame in the

case of 15% increase in material strength

Location Yield Yield Ultimate Ultimate

Rotation Moment Rotation Moment

(rad) (kN.m) (rad) (kN.m)

Beam 0.0049 53.6 0.1723 60.6

Exterior Column 0.0073 49.0 0.2632 53.3

Interior Column 0.0077 53.2 0.2808 56.8

Table 5.11 Moment-rotation relationships at plastic hinge locations of the 2-storey frame in the

case of 15% increase in material strength

Location Yield Yield Ultimate Ultimate

Rotation Moment Rotation Moment

(rad) (kN.m) (rad) (kN.m)

1-Storey Beam 0.0055 90.9 0.1802 103.1

2-Storey Beam 0.0047 67.7 0.1612 76.6

1-Storey Exterior Column 0.0056 91.9 0.1574 102.6

1-Storey Interior Column 0.0060 101.5 0.1129 111.4

2-Storey Exterior Column 0.0052 64.9 0.1866 72.4

2-Storey Interior Column 0.0054 70.7 0.1934 77.9
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Table 5.12 Moment-rotation relationships at plastic hinge locations of the 5-storey frame in the

case of 15% increase in material strength

Location Yield Yield Ultimate Ultimate

Rotation Moment Rotation Moment

(rad) (kN.m) (rad) (kN.m)

1, 2 & 3-Storey Beams 0.0075 183.7 0.2138 214.3

4-Storey Beam 0.0071 139.8 0.2133 160.9

5-Storey Beam 0.0066 95.6 0.2127 108.0

1-Storey Exterior Column 0.0049 255.1 0.0862 292.3

1-Storey Interior Column 0.0053 285.9 0.0775 321.1

2-Storey Exterior Column 0.0038 178.3 0.0916 200.8

2-Storey Interior Column 0.0041 205.9 0.0595 226.7

3-Storey Exterior Column 0.0071 109.8 0.1368 120.5

3-Storey Interior Column 0.0078 122.2 0.1173 132.3

4-Storey Exterior Column 0.0064 92.1 0.1772 102.8

4-Storey Interior Column 0.0068 101.3 0.1309 111.2

5-Storey Exterior Column 0.0052 64.9 0.1841 72.4

5-Storey Interior Column 0.0053 70.6 0.1908 77.8

Table 5.13 Moment-rotation relationships at plastic hinge locations of the 1-storey frame in the

case of 20% increase in material strength

Location Yield Yield Ultimate Ultimate

Rotation Moment Rotation Moment

(rad) (kN.m) (rad) (kN.m)

Beam 0.0051 55.8 0.1725 62.8

Exterior Column 0.0076 50.9 0.2631 55.2

Interior Column 0.0080 55.1 0.2807 58.6

Table 5.14 Moment-rotation relationships at plastic hinge locations of the 2-storey frame in the

case of 20% increase in material strength

Location Yield Yield Ultimate Ultimate

Rotation Moment Rotation Moment

(rad) (kN.m) (rad) (kN.m)

1-Storey Beam 0.0058 94.8 0.1804 107.0

2-Storey Beam 0.0049 70.7 0.1614 79.4

1-Storey Exterior Column 0.0058 95.3 0.2016 105.9

1-Storey Interior Column 0.0062 105.0 0.1621 114.3

2-Storey Exterior Column 0.0054 67.4 0.1868 75.1

2-Storey Interior Column 0.0056 73.2 0.1934 80.5
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Table 5.15 Moment-rotation relationships at plastic hinge locations of the 5-storey frame in the

case of 20% increase in material strength

Location Yield Yield Ultimate Ultimate

Rotation Moment Rotation Moment

(rad) (kN.m) (rad) (kN.m)

1, 2 & 3-Storey Beams 0.0078 191.6 0.2141 223.5

4-Storey Beam 0.0074 145.9 0.2136 167.9

5-Storey Beam 0.0068 99.7 0.2129 112.2

1-Storey Exterior Column 0.0051 264.1 0.0900 302.9

1-Storey Interior Column 0.0055 295.2 0.0824 329.6

2-Storey Exterior Column 0.0040 184.1 0.1334 205.9

2-Storey Interior Column 0.0043 212.2 0.0911 232.6

3-Storey Exterior Column 0.0074 113.7 0.1959 124.0

3-Storey Interior Column 0.0081 126.1 0.1520 135.2

4-Storey Exterior Column 0.0067 95.5 0.2304 106.1

4-Storey Interior Column 0.0071 104.8 0.1348 114.2

5-Storey Exterior Column 0.0054 67.5 0.1843 75.1

5-Storey Interior Column 0.0055 73.1 0.1907 80.5
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5.5 Results and Discussions

Table 5.16 shows the average and maximum ODIs at the end of different aftershocks in a

sequence for different sequence ensembles for the original 1-storey frame (designed for ODI =

0.6 against the main shock). Tables 5.17 to 5.19 show the same quantities along with the main

shock ODI when the original 1-storey frame is modified, respectively by 10%, 15% and 20%

increase in the material strength (both for steel and concrete). Similar results are shown for 2-

storey frame in Tables 5.20 to 5.23 and for 5-storey frame in Tables 5.24 to 5.27. In any table,

the collapse cases (ODI ≥ 1) are emphasized in italic, whereas the safe cases (ODI < 1) owing

to the latest modification are emphasized in bold. The already safe cases before any further

modification (i.e. increased material strength) are not reported because further modification is

not relevant for those cases. For better clarity, such cases are represented by different shades to

indicate at what levels of modification the unsafe cases in the original structure have become

safe.

It is clear from Table 5.16, 5.20 and 5.24 that when the largest aftershock is smaller than

the main shock by 0.5 or more (magnitude-wise), the 1-storey 2-storey and 5-storey frames

are safe against collapse for almost all the cases when the maximum ODI is considered except

for SEQ13 for 1-storey and 2-storey frames (AS2 onward for 1-storey and AS4 for 2-storey).

On the other hand, for ∆M1 = 0.3 almost all cases indicate collapse when the maximum ODI

is considered, even for a single (largest) aftershock. However, from the average ODI point of

view, all cases are safe against the first (largest) aftershock for ∆M1 = 0.3 in the cases of 1-

storey and 2-storey frames but failure happens onward. 1-storey, 2-storey and 5-storey frames

are safe against collapse for all the aftershocks (AS1 to AS4) from the average ODI point

of view in the cases of SEQ07 to SEQ12, except for SEQ09 (AS3 onward) for 1-storey and

2-storey frames.

For 5-storey frame, the effects of geometrical nonlinearity (i.e. P-Delta effect) are signifi-

cant during the response due to aftershocks and due to this, for some sequences, the 5-storey

frame undergoes excessively large deformation resulting in unrealistically high damage indices.

Since such high values do not have any numerical relevance other than indicating catastrophic

failure, the numerical values for these sequence cases are not reported. Hence for such se-

quences, ODIs are marked by “X” in Tables 5.24 to 5.27. This is observed for larger and

shallower aftershocks (SEQ01 to SEQ06) only, which are very extreme cases for aftershock

severity. It is found that if the P-Delta effect is ignored, the 5-storey frame does not exhibit

the above-mentioned excessive large displacement (though ODI > 1), which indicates that for

response due to aftershocks the consideration of the P-Delta effect is crucial.

Other than identifying the safe and unsafe cases from collapse point of view, it is impor-

tant to identify any trend in the variation of ODI in order to draw any general inference. The

average ODI shows some saturation in increase with the number of aftershocks because af-

tershocks are arranged in descending order of their magnitudes. Also, the difference between
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Table 5.16 Average and maximum ODIs at the end of each aftershock for different sequence

ensembles for 1-storey frame when ODI at the end of main shock is 0.6

AS1 AS2 AS3 AS4 AS1 AS2 AS3 AS4

SEQ01 MS1 0.81 0.98 1.09 1.14 1.42 1.46 1.46 1.59
SEQ02 MS2 0.85 1.13 1.34 1.38 1.89 2.60 2.64 2.71
SEQ03 MS3 0.79 1.10 1.32 1.38 1.55 1.57 1.83 1.99
SEQ04 MS4 0.85 1.01 1.09 1.18 1.45 1.52 1.55 2.55
SEQ05 MS5 0.84 0.98 1.08 1.13 1.56 1.57 1.65 1.70
SEQ06 MS6 0.89 1.07 1.18 1.23 1.88 1.90 1.97 2.02
SEQ07 MS1 0.73 0.79 0.84 0.86 1.18 1.21 1.21 1.24
SEQ08 MS2 0.75 0.81 0.87 0.91 1.08 1.19 1.22 1.25
SEQ09 MS3 0.84 0.96 1.04 1.08 1.31 1.47 1.49 1.54
SEQ10 MS4 0.71 0.77 0.83 0.86 0.97 1.00 1.07 1.07
SEQ11 MS5 0.72 0.81 0.87 0.90 0.97 0.99 1.03 1.09
SEQ12 MS6 0.73 0.83 0.90 0.92 1.08 1.09 1.13 1.16
SEQ13 MS1 0.67 0.72 0.74 0.75 0.89 1.05 1.05 1.08
SEQ14 MS2 0.66 0.69 0.73 0.74 0.84 0.84 0.86 0.88
SEQ15 MS3 0.67 0.72 0.76 0.77 0.87 0.88 0.88 0.90
SEQ16 MS4 0.65 0.68 0.70 0.71 0.76 0.77 0.77 0.78
SEQ17 MS5 0.66 0.70 0.73 0.74 0.79 0.80 0.82 0.84
SEQ18 MS6 0.66 0.69 0.72 0.73 0.80 0.80 0.82 0.83
SEQ19 MS1 0.62 0.63 0.64 0.64 0.67 0.67 0.67 0.68
SEQ20 MS2 0.62 0.64 0.65 0.65 0.70 0.75 0.75 0.76
SEQ21 MS3 0.63 0.65 0.66 0.66 0.72 0.77 0.77 0.78
SEQ22 MS4 0.62 0.62 0.63 0.63 0.66 0.66 0.66 0.66
SEQ23 MS5 0.62 0.64 0.64 0.64 0.70 0.74 0.74 0.74
SEQ24 MS6 0.61 0.62 0.63 0.63 0.65 0.65 0.66 0.66
SEQ25 MS1 0.61 0.62 0.62 0.62 0.64 0.64 0.64 0.64
SEQ26 MS2 0.61 0.62 0.62 0.62 0.65 0.68 0.68 0.68
SEQ27 MS3 0.62 0.62 0.63 0.63 0.67 0.71 0.71 0.71
SEQ28 MS4 0.61 0.61 0.62 0.62 0.64 0.64 0.64 0.64
SEQ29 MS5 0.61 0.62 0.62 0.62 0.65 0.67 0.67 0.68
SEQ30 MS6 0.61 0.62 0.62 0.62 0.65 0.67 0.67 0.67

Italic shows collapse case (ODI �1)

Maximum ODI
Sequence

Ensemble

Main

shock

Name

Average ODI

the average initial ODI (i.e. at the end of main shock) and the average final ODI (i.e. at the

end of AS4) are varied across the different main shock cases for a specific seismological sce-

nario. The variations are to be attributed to both the time-frequency characteristics of the main

shocks and those of the simulated aftershocks. Hence, the time-frequency characteristics of the

preceding main shock may play an important role in the future aftershock-induced damage. It

can be further observed that the motions with longer SMD (like MS6) are likely to have higher

final ODI in comparison with a motion having smaller SMD (like MS4). Observations for the

average ODI are trend-wise true for the maximum ODI as well by and large. However, there

may be some aberrations in the trend of maximum ODI due to the presence of some individual

aftershock motion samples in some sequences that are either associated with a very low prob-

ability of exceedance (for the given seismic scenario) or the motion is very well-tuned with
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Table 5.17 Average and maximum ODIs at the end of each aftershock for different sequence

ensembles for 1-storey frame with 10% increase in material strength

AS1 AS2 AS3 AS4 AS1 AS2 AS3 AS4

SEQ01 MS1 0.52 0.99 1.04 1.23 1.26 1.38 1.50

SEQ02 MS2 0.55 1.04 1.22 1.26 1.79 2.45 2.48 2.55

SEQ03 MS3 0.55 1.00 1.20 1.25 1.44 1.45 1.70 1.84

SEQ04 MS4 0.55 0.91 0.97 1.01 1.29 1.35 1.37 1.58

SEQ05 MS5 0.55 0.97 1.02 1.37 1.38 1.45 1.49

SEQ06 MS6 0.53 0.93 1.03 1.07 1.53 1.54 1.60 1.64

SEQ07 MS1 0.52 1.05 1.07 1.07 1.10

SEQ08 MS2 0.55 0.90 0.98 1.00 1.07

SEQ09 MS3 0.55 0.94 0.97 1.18 1.35 1.37 1.42

SEQ10 MS4 0.55 0.89 0.95 0.95

SEQ11 MS5 0.55 0.94 0.99

SEQ12 MS6 0.53 0.97 0.98 1.02 1.04

SEQ13 MS1 0.52 0.93 0.94 0.96

SEQ14 MS2
SEQ15 MS3
SEQ16 MS4
SEQ17 MS5
SEQ18 MS6
SEQ19 MS1
SEQ20 MS2
SEQ21 MS3
SEQ22 MS4
SEQ23 MS5
SEQ24 MS6
SEQ25 MS1
SEQ26 MS2
SEQ27 MS3
SEQ28 MS4
SEQ29 MS5
SEQ30 MS6

Italic shows collapse case (ODI �1)

Bold shows safe cases (ODI <1) due to 10% increase in material strength

Blank spaces show safe cases (ODI <1) in original structure

Sequence

Ensemble

Main

shock

Name

Main

shock

ODI

Average ODI Maximum ODI

the degraded structure causing large residual displacement. E.g., in the case of AS4 in SEQ04

for 1-storey frame (see Table 5.16) the maximum ODI has increased by unity because in that

case, the residual displacement caused by one of the samples of AS4 is around 0.7 m (at the

roof level) in the direction of previously incurred residual displacement. Such cases are, though

plausible, unlikely to arise.

As mentioned earlier it is highly intriguing to see if the enhanced material safety factor can

commute some failure cases to success, in terms of collapse during MAS. For 10% increase

in strength, in terms of average ODI, 1-storey and 2-storey frames have become safe against

aftershocks of all cases as seen in Tables 5.17 and 5.21, respectively except for SEQ01 to

SEQ06 (Bigger and shallower aftershocks) for 1-storey and SEQ02 to SEQ06 for 2-storey. 5-
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Table 5.18 Average and maximum ODIs at the end of each aftershock for different sequence

ensembles for 1-storey frame with 15% increase in material strength

AS1 AS2 AS3 AS4 AS1 AS2 AS3 AS4

SEQ01 MS1 0.48 0.98 1.18 1.21 1.32 1.41

SEQ02 MS2 0.52 0.99 1.15 1.19 1.71 2.34 2.37 2.43

SEQ03 MS3 0.52 0.94 1.13 1.17 1.37 1.38 1.61 1.74

SEQ04 MS4 0.52 0.93 1.19 1.24 1.26 1.40

SEQ05 MS5 0.52 0.95 1.26 1.27 1.33 1.37

SEQ06 MS6 0.49 0.94 0.98 1.43 1.43 1.49 1.52

SEQ07 MS1 0.48 0.97 0.99 0.99 1.02

SEQ08 MS2 0.52 0.91 1.01

SEQ09 MS3 0.52 1.12 1.28 1.30 1.34

SEQ10 MS4
SEQ11 MS5
SEQ12 MS6 0.49 0.94 0.97

SEQ13 MS1
SEQ14 MS2
SEQ15 MS3
SEQ16 MS4
SEQ17 MS5
SEQ18 MS6
SEQ19 MS1
SEQ20 MS2
SEQ21 MS3
SEQ22 MS4
SEQ23 MS5
SEQ24 MS6
SEQ25 MS1
SEQ26 MS2
SEQ27 MS3
SEQ28 MS4
SEQ29 MS5
SEQ30 MS6

Italic shows collapse case (ODI �1)

Bold shows safe cases (ODI <1) due to 15% increase in material strength

Blank spaces show safe cases (ODI <1) in original structure

Sequence

Ensemble

Main

shock

Name

Main

shock

ODI

Average ODI Maximum ODI

Safe with 10% increase

in material strength

storey frame is already safe for all cases except for SEQ01 to SEQ06 without any increase in

strength in terms of average ODI. For SEQ01 to SEQ06, up to AS2 (second aftershock), 1-

storey and 2-storey have become safe in terms of average ODI, except for SEQ02 and SEQ03

for 1-storey frame. For SEQ01 to SEQ06, 1-storey frame has become safe till AS3 except for

SEQ02, SEQ03 and SEQ06. For SEQ01, 2-storey frame has become safe for all aftershocks

in terms of average ODI. 5-storey frame is not safe against collapse for any aftershocks of

SEQ01 to SEQ06 in terms of average ODI as seen in Table 5.25 except for AS1 for SEQ02

and SEQ03, where for AS1 of SEQ03, the original frame was already safe. Also for 5-storey

frame, large displacements observed for the original frame have been arrested till AS1 for
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Table 5.19 Average and maximum ODIs at the end of each aftershock for different sequence

ensembles for 1-storey frame with 20% increase in material strength

AS1 AS2 AS3 AS4 AS1 AS2 AS3 AS4

SEQ01 MS1 0.45 1.17 1.20 1.30 1.39

SEQ02 MS2 0.51 1.11 1.15 1.68 2.27 2.29 2.35

SEQ03 MS3 0.51 1.10 1.14 1.34 1.35 1.57 1.70

SEQ04 MS4 0.50 1.13 1.18 1.20 1.33

SEQ05 MS5 0.51 1.20 1.21 1.27 1.31

SEQ06 MS6 0.47 1.36 1.37 1.42 1.46

SEQ07 MS1 0.45 0.98

SEQ08 MS2 0.51 0.97

SEQ09 MS3 0.51 1.09 1.25 1.26 1.31

SEQ10 MS4
SEQ11 MS5
SEQ12 MS6
SEQ13 MS1
SEQ14 MS2
SEQ15 MS3
SEQ16 MS4
SEQ17 MS5
SEQ18 MS6
SEQ19 MS1
SEQ20 MS2
SEQ21 MS3
SEQ22 MS4
SEQ23 MS5
SEQ24 MS6
SEQ25 MS1
SEQ26 MS2
SEQ27 MS3
SEQ28 MS4
SEQ29 MS5
SEQ30 MS6

Italic shows collapse case (ODI �1)

Bold shows safe cases (ODI <1) due to 20% increase in material strength

Blank spaces show safe cases (ODI <1) in original structure

Safe with 15% increase

in material strength

Safe with 10% increase

in material strength

Sequence

Ensemble

Main

shock

Name

Main

shock

ODI

Average ODI Maximum ODI

SEQ02, although not safe against collapse. It is more important to see the performance of

10% increase in strength in terms of the maximum ODI for different cases. 1-storey frame has

become safe against all aftershocks of SEQ10, SEQ11 and SEQ13 and 2-storey frame against

all aftershocks of SEQ07, SEQ08, SEQ10, SEQ12 and SEQ13. For SEQ07 to SEQ12, 1-storey

and 2-storey frames have become safe upto AS2 except for SEQ07 and SEQ09 for 1-storey and

SEQ09 for 2-storey.

It is interesting to see how many failure cases for 10% increase in material strength have

been converted in safe when material strength has been increased by 15% for all the frames.

The failure cases for SEQ01, SEQ04, SEQ05 and SEQ06 have now become safe against all
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Table 5.20 Average and maximum ODIs at the end of each aftershock for different sequence

ensembles for 2-storey frame when ODI at the end of main shock is 0.6

AS1 AS2 AS3 AS4 AS1 AS2 AS3 AS4

SEQ01 MS1 0.80 0.93 1.03 1.07 1.33 1.37 1.37 1.44
SEQ02 MS2 0.83 1.08 1.23 1.28 1.77 2.34 2.36 2.42
SEQ03 MS3 0.80 1.12 1.36 1.42 1.56 1.63 2.00 2.09
SEQ04 MS4 0.92 1.11 1.21 1.26 1.52 1.65 1.72 1.78
SEQ05 MS5 0.91 1.08 1.20 1.27 1.97 2.00 2.10 2.16
SEQ06 MS6 0.89 1.08 1.19 1.24 1.72 1.74 1.82 1.86
SEQ07 MS1 0.71 0.76 0.80 0.82 1.05 1.06 1.06 1.09
SEQ08 MS2 0.71 0.76 0.81 0.84 0.89 0.95 0.99 1.08
SEQ09 MS3 0.83 0.95 1.02 1.06 1.29 1.57 1.59 1.64
SEQ10 MS4 0.72 0.80 0.87 0.90 0.99 1.00 1.07 1.11
SEQ11 MS5 0.75 0.84 0.92 0.95 1.06 1.09 1.11 1.19
SEQ12 MS6 0.73 0.82 0.89 0.92 1.07 1.08 1.12 1.14
SEQ13 MS1 0.66 0.70 0.72 0.73 0.83 0.98 0.98 1.00
SEQ14 MS2 0.65 0.68 0.71 0.72 0.85 0.85 0.87 0.88
SEQ15 MS3 0.67 0.71 0.75 0.77 0.86 0.87 0.87 0.90
SEQ16 MS4 0.65 0.69 0.72 0.74 0.78 0.79 0.81 0.82
SEQ17 MS5 0.67 0.72 0.75 0.77 0.83 0.84 0.86 0.88
SEQ18 MS6 0.66 0.70 0.73 0.73 0.83 0.83 0.84 0.85
SEQ19 MS1 0.62 0.63 0.64 0.64 0.67 0.67 0.68 0.68
SEQ20 MS2 0.62 0.63 0.63 0.64 0.68 0.72 0.72 0.73
SEQ21 MS3 0.63 0.65 0.66 0.67 0.71 0.77 0.77 0.78
SEQ22 MS4 0.62 0.63 0.64 0.64 0.67 0.67 0.68 0.68
SEQ23 MS5 0.62 0.64 0.65 0.65 0.72 0.77 0.77 0.78
SEQ24 MS6 0.61 0.62 0.62 0.63 0.65 0.65 0.66 0.66
SEQ25 MS1 0.61 0.61 0.62 0.62 0.64 0.64 0.64 0.65
SEQ26 MS2 0.61 0.61 0.61 0.61 0.64 0.65 0.65 0.66
SEQ27 MS3 0.62 0.62 0.63 0.63 0.67 0.71 0.71 0.72
SEQ28 MS4 0.61 0.61 0.62 0.62 0.65 0.65 0.65 0.65
SEQ29 MS5 0.61 0.62 0.62 0.62 0.66 0.68 0.68 0.68
SEQ30 MS6 0.61 0.61 0.61 0.61 0.64 0.65 0.65 0.66

Italic shows collapse case (ODI �1)

Maximum ODI
Sequence

Ensemble

Main

shock

Name

Average ODI

aftershocks for 1-storey in terms of average ODI as seen from Table 5.18 and failure cases for

SEQ02 and SEQ03 have become safe up to AS2 making 1-storey safe against AS2 for all cases

in terms of average ODI. From Table 5.22 it is clear that 2-storey frame for SEQ01 and SEQ06

have become safe against all aftershocks from average ODI point of view. Further, for 5-storey

frame the large displacements observed for the original frame have been arrested for AS2 for

SEQ03 and has become safe till AS2 for SEQ03 as seen in Table 5.26 in terms of average ODI.

However, in none of the cases for SEQ01 to SEQ06, the structures are safe from the maximum

ODI point of view because the aftershocks are bigger (∆M1 = 0.3) and shallower (with respect

to the main shock) for these cases. But even for similarly bigger aftershocks with focal depths

equal to that of the main shock (i.e. SEQ07 to SEQ12), it is found that several cases are safe

based on the maximum ODI not only against a few larger aftershocks but also against the entire
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Table 5.21 Average and maximum ODIs at the end of each aftershock for different sequence

ensembles for 2-storey frame with 10% increase in material strength

AS1 AS2 AS3 AS4 AS1 AS2 AS3 AS4

SEQ01 MS1 0.50 0.89 0.93 1.18 1.20 1.23 1.26

SEQ02 MS2 0.53 0.95 1.08 1.11 1.59 2.08 2.10 2.15

SEQ03 MS3 0.51 0.96 1.16 1.21 1.34 1.43 1.75 1.83

SEQ04 MS4 0.54 0.98 1.06 1.10 1.33 1.44 1.50 1.54

SEQ05 MS5 0.55 0.96 1.07 1.12 1.70 1.72 1.81 1.86

SEQ06 MS6 0.52 0.92 1.01 1.06 1.50 1.52 1.58 1.61

SEQ07 MS1 0.50 0.93 0.94 0.94 0.97

SEQ08 MS2 0.53 0.91

SEQ09 MS3 0.51 0.87 0.90 1.11 1.36 1.37 1.41

SEQ10 MS4 0.54 0.89 0.95 0.98

SEQ11 MS5 0.55 0.95 0.97 1.00 1.06

SEQ12 MS6 0.52 0.78 0.81 0.92 0.97

SEQ13 MS1 0.50 0.86

SEQ14 MS2
SEQ15 MS3
SEQ16 MS4
SEQ17 MS5
SEQ18 MS6
SEQ19 MS1
SEQ20 MS2
SEQ21 MS3
SEQ22 MS4
SEQ23 MS5
SEQ24 MS6
SEQ25 MS1
SEQ26 MS2
SEQ27 MS3
SEQ28 MS4
SEQ29 MS5
SEQ30 MS6

Italic shows collapse case (ODI �1)

Bold shows safe cases (ODI <1) due to 10% increase in material strength

Blank spaces show safe cases (ODI <1) in original structure

Maximum ODI
Sequence

Ensemble

Main

shock

Name

Main

shock

ODI

Average ODI

sequence at the end of 15% increase in material strength. E.g., the modified 1-storey frame for

SEQ10, SEQ11 and SEQ12, the modified 2-storey frame for SEQ07, SEQ08, SEQ10 and the

modified 5-storey frame for SEQ12 are all safe against the entire sequence of aftershocks in

terms of the maximum ODI. On the other hand, the modified 1-storey and 2-storey frames for

SEQ07 to SEQ12 except SEQ09 and the modified 5-storey frame for SEQ08 and SEQ12 are

safe up to AS3. In none of the above cases (with modification up to 15% strength increase) the

ODI at the end of the main shock is less than 0.4, which indicates the damage during the main

shock is still in the irreparable zone – a well-accepted philosophy in seismic design against

critical events.

Since not all structures are safe against the entire sequence at the end of 15% increase of
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Table 5.22 Average and maximum ODIs at the end of each aftershock for different sequence

ensembles for 2-storey frame with 15% increase in material strength

AS1 AS2 AS3 AS4 AS1 AS2 AS3 AS4

SEQ01 MS1 0.47 1.15 1.18 1.21 1.23

SEQ02 MS2 0.51 1.04 1.07 1.56 2.04 2.06 2.11

SEQ03 MS3 0.50 1.12 1.16 1.30 1.40 1.69 1.79

SEQ04 MS4 0.53 1.02 1.06 1.29 1.39 1.44 1.49

SEQ05 MS5 0.55 1.04 1.09 1.63 1.65 1.73 1.78

SEQ06 MS6 0.50 0.96 0.99 1.43 1.45 1.50 1.53

SEQ07 MS1
SEQ08 MS2
SEQ09 MS3 0.50 1.07 1.31 1.33 1.36

SEQ10 MS4
SEQ11 MS5 0.55 0.98 1.03

SEQ12 MS6
SEQ13 MS1
SEQ14 MS2
SEQ15 MS3
SEQ16 MS4
SEQ17 MS5
SEQ18 MS6
SEQ19 MS1
SEQ20 MS2
SEQ21 MS3
SEQ22 MS4
SEQ23 MS5
SEQ24 MS6
SEQ25 MS1
SEQ26 MS2
SEQ27 MS3
SEQ28 MS4
SEQ29 MS5
SEQ30 MS6

Italic shows collapse case (ODI �1)

Bold shows safe cases (ODI <1) due to 15% increase in material strength

Blank spaces show safe cases (ODI <1) in original structure

Safe with 10% increase

in material strength

Sequence

Ensemble

Main

shock

Name

Main

shock

ODI

Average ODI Maximum ODI

material strength and the ODIs at the end of main shocks are all greater than 0.4, 20% increase

in strength is attempted to see further improvement in seismic safety of structures and some

salient observations are discussed next. The 1-storey and 2-storey frames (see Tables 5.19 and

5.23) have now become safe for all cases in terms of average ODI except beyond AS3 in the

cases of SEQ02 and SEQ03 for 1-storey frame. With 20% increase in strength, 5-storey frame

is safe till AS2 for all cases except for SEQ02, SEQ04 and SEQ06 in terms of average ODI.

In terms of the maximum ODI, all sequence cases except SEQ01 to SEQ06 and SEQ09 for

1-storey frame and SEQ02 to SEQ06 and SEQ09 for 2-storey are now safe. For 5-storey frame

(see Table 5.27), all the cases except SEQ01 to SEQ06 are safe when the maximum ODI is

95TH-2473_136104011



Table 5.23 Average and maximum ODIs at the end of each aftershock for different sequence

ensembles for 2-storey frame with 20% increase in material strength

AS1 AS2 AS3 AS4 AS1 AS2 AS3 AS4

SEQ01 MS1 0.35 0.89 0.91 0.95 0.96

SEQ02 MS2 0.38 0.79 0.81 1.21 1.57 1.58 1.62

SEQ03 MS3 0.39 0.87 0.90 1.00 1.08 1.31 1.37

SEQ04 MS4 0.42 0.79 0.82 1.00 1.06 1.10 1.14

SEQ05 MS5 0.44 0.82 0.85 1.25 1.26 1.32 1.35

SEQ06 MS6 0.39 1.12 1.13 1.17 1.19

SEQ07 MS1
SEQ08 MS2
SEQ09 MS3 0.39 0.82 1.00 1.01 1.04

SEQ10 MS4
SEQ11 MS5 0.44 0.81

SEQ12 MS6
SEQ13 MS1
SEQ14 MS2
SEQ15 MS3
SEQ16 MS4
SEQ17 MS5
SEQ18 MS6
SEQ19 MS1
SEQ20 MS2
SEQ21 MS3
SEQ22 MS4
SEQ23 MS5
SEQ24 MS6
SEQ25 MS1
SEQ26 MS2
SEQ27 MS3
SEQ28 MS4
SEQ29 MS5
SEQ30 MS6

Italic shows collapse case (ODI �1)

Bold shows safe cases (ODI <1) due to 20% increase in material strength

Blank spaces show safe cases (ODI <1) in original structure

Safe with 15% increase

in material strength

Sequence

Ensemble

Main

shock

Name

Main

shock

ODI

Average ODI

Safe with 10% increase

in material strength

Maximum ODI

considered and many of the large displacement cases have been arrested though ODI > 1. Also

with 20% increase in strength, 5-storey frame is safe for AS1 of SEQ03 in terms of maximum

ODI. More importantly, in majority of the commuted cases (due to 20% increase in material

strength), the ODI at the end of the main shock is more than 0.4 except for a few cases. This

observation is very significant because this indicates that a solution is available through the

proposed additional material safety where the design against the main shock will not be too

conservative according to the current seismic design philosophy, even for a critical scenario

for aftershocks. Further to mention that for the only failure case observed for ∆M1 ≥ 0.5 in

Tables 5.16 and 5.20 (see SEQ13) is safe against the entire sequence for just 10% increase in
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Table 5.24 Average and maximum ODIs at the end of each aftershock for different sequence

ensembles for 5-storey frame when ODI at the end of main shock is 0.6

AS1 AS2 AS3 AS4 AS1 AS2 AS3 AS4

SEQ01 MS1 X X X X X X X X
SEQ02 MS2 X X X X X X X X
SEQ03 MS3 0��� X X X 1.15 X X X
SEQ04 MS4 X X X X X X X X
SEQ05 MS5 X X X X X X X X
SEQ06 MS6 X X X X X X X X
SEQ0� MS1 0��� 0��� 0.85 0.85 1.20 1.30 1.71 1.71
SEQ08 MS2 0��� 0��� 0.84 0��� 0.93 0.99 1.15 1.16
SEQ09 MS3 0��� 0.80 0.84 0.86 1.05 1.15 1.15 1.16
SEQ10 MS4 0��	 0.80 0��� 0.89 1.15 1.15 1.29 1.44
SEQ11 MS5 0��� 0.82 0��� 0.88 1.30 1.31 1.31 1.32
SEQ12 MS6 0��
 0��� 0.82 0.83 1.13 1.13 1.16 1.17
SEQ13 MS1 0.64 0.66 0��� 0��� 0��� 0.85 0.85 0.85
SEQ14 MS2 0.66 0.68 0��
 0��	 0.91 0.95 0��� 0.98
SEQ15 MS3 0.64 0.66 0��� 0.68 0.80 0.80 0.80 0.80
SEQ16 MS4 0.65 0.68 0��0 0��0 0.88 0.89 0.89 0.89
SEQ
� MS5 0.65 0��� 0.68 0.68 0.83 0.83 0.83 0.83
SEQ18 MS6 0.63 0.65 0.66 0.66 0��� 0��� 0��� 0���

SEQ19 MS1 0.61 0.61 0.61 0.61 0.64 0.64 0.64 0.64
SEQ20 MS2 0.61 0.62 0.62 0.62 0��0 0��� 0��� 0���

SEQ21 MS3 0.61 0.61 0.61 0.61 0.66 0.68 0.68 0.68
SEQ22 MS4 0.61 0.61 0.62 0.62 0.66 0.66 0.66 0.66
SEQ23 MS5 0.61 0.61 0.61 0.61 0��� 0.68 0.68 0.68
SEQ24 MS6 0.60 0.60 0.60 0.60 0.62 0.62 0.62 0.62
SEQ25 MS1 0.60 0.60 0.60 0.60 0.61 0.61 0.61 0.61
SEQ26 MS2 0.60 0.60 0.60 0.60 0.63 0.63 0.63 0.63
SEQ	� MS3 0.60 0.60 0.60 0.60 0.61 0.62 0.62 0.62
SEQ28 MS4 0.60 0.60 0.60 0.60 0.62 0.62 0.62 0.62
SEQ29 MS5 0.60 0.60 0.60 0.60 0.61 0.61 0.61 0.61
SEQ30 MS6 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60

Italic shows collapse case (ODI �1)

X Drift to Large

Displacement

Maximum ODI
Sequence

Ensemble

Main

shock

Name

Average ODI

strength (Table 5.17 and 5.21). Since the past earthquake records suggest that in majority of the

cases the largest aftershocks are at least smaller by 0.5 magnitude scale than the main shock,

the 10% additional material safety factor can address the safety against a large class of MASs.

5.6 Summary

In the current chapter, an investigative study of additional damage caused by aftershocks to

an already damaged structure (by the preceding main shock) has been performed. The main

shock-aftershock ground motions required for the study are simulated using the simulation

methods and scaling models developed in the previous chapters. To consider the effects of
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Table 5.25 Average and maximum ODIs at the end of each aftershock for different sequence

ensembles for 5-storey frame with 10% increase in material strength

AS1 AS2 AS3 AS4 AS1 AS2 AS3 AS4

SEQ01 MS1 0.56 X X X X X X X X
SEQ02 MS2 �
�� 0.86 X X X 1.67 X X X
SEQ03 MS3 0.56 X X X 1.10 X X X
SEQ04 MS4 0.55 X X X X X X X X
SEQ05 MS5 0.54 X X X X X X X X
SEQ06 MS6 0.53 X X X X X X X X
SEQ�� MS1 0.56 1.09 1.09 1.09 1.09

SEQ08 MS2 �
�� 1.05 1.07

SEQ09 MS3 0.56 1.00 1.11 1.11 1.12

SEQ10 MS4 0.55 1.06 1.06 1.11 1.14

SEQ11 MS5 0.54 1.20 1.20 1.20 1.21

SEQ12 MS6 0.53 1.00 1.01 1.03 1.03

SEQ13 MS1
SEQ14 MS2
SEQ15 MS3
SEQ16 MS4
SEQ1� MS5
SEQ18 MS6
SEQ19 MS1
SEQ20 MS2
SEQ21 MS3
SEQ22 MS4
SEQ23 MS5
SEQ24 MS6
SEQ25 MS1
SEQ26 MS2
SEQ2� MS3
SEQ28 MS4
SEQ29 MS5
SEQ30 MS6

�talic shows collapse case (ODI �1)

Bold shows safe cases (ODI <1) due to 10% increase in material strength

Blank spaces show safe cases (ODI <1) in original structure

X

Maximum ODI

�rift to �arge

�isplacement

Sequence

Ensemble

Main

shock

Name

Main

shock

ODI

Average ODI

time-frequency characteristics of the main shock ground motion on the aftershock-induced

damage, several main shock ground motions have been simulated with predefined temporal

features. Apart from this, different hypothetical seismic scenarios have been considered for the

main shock events for the purpose of investigation.

The entire analytical exercise has been performed with the help of three RC bare frames in

OpenSees (Mazzoni et al., 2005) platform. The damage state is quantified by ODI and both

average and maximum ODIs for any aftershock ensemble are considered separately. Moreover,

the additional damage due to aftershocks has been studied against ODI = 0.6 at the end of the

main shock. Based on the thorough investigation performed, a new design strategy has been
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Table 5.26 Average and maximum ODIs at the end of each aftershock for different sequence

ensembles for 5-storey frame with 15% increase in material strength

AS1 AS2 AS3 AS4 AS1 AS2 AS3 AS4

SEQ01 MS1 0.53 X X X X X X X X
SEQ02 MS2 0.54 X X X 1.28 X X X
SEQ03 MS3 0.54 0.96 X X 1.06 1.71 X X
SEQ04 MS4 0.51 X X X X X X X X
SEQ05 MS5 0.50 X X X X X X X X
SEQ06 MS6 0.48 X X X X X X X X
SEQ�� MS1 0.53 1.06 1.06 1.06 1.06

SEQ08 MS2 0.54 0.98 1.01

SEQ09 MS3 0.54 0.96 1.08 1.08 1.08

SEQ10 MS4 0.51 0.98 0.98 1.03 1.05

SEQ11 MS5 0.50 1.11 1.11 1.11 1.12

SEQ12 MS6 0.48 0.92 0.92 0.94 0.94

SEQ13 MS1
SEQ14 MS2
SEQ15 MS3
SEQ16 MS4
SEQ�� MS5
SEQ18 MS6
SEQ19 MS1
SEQ20 MS2
SEQ21 MS3
SEQ22 MS4
SEQ23 MS5
SEQ24 MS6
SEQ25 MS1
SEQ26 MS2
SEQ�� MS3
SEQ28 MS4
SEQ29 MS5
SEQ30 MS6

�talic shows collapse case (ODI �1)

Bold shows safe cases (ODI <1) due to 15% increase in material strength

Blank spaces show safe cases (ODI <1) in original structure

X �rift to �arge

�isplacement

Sequence

Ensemble

Main

shock

Name

Main

shock

ODI

Average ODI Maximum ODI

Safe with 10% increase

in material strength

proposed to make structures safe against collapse during a MAS through additional material

safety factor for both steel and concrete. The modified frames (with enhanced material strength)

are analyzed with the same main shock-aftershock ground motion sequences that were applied

on the original frames, to see the effectiveness of the proposed design modification. Major

conclusions of the present study are summarized as follows.

• The time-frequency characteristics of the main shock play an important role in the aftershock-

induced damage and the longer the SMD of a main shock the higher is the final ODI.

• When largest aftershock in a sequence is smaller than the main shock by 0.5 or more
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Table 5.27 Average and maximum ODIs at the end of each aftershock for different sequence

ensembles for 5-storey frame with 20% increase in material strength

AS1 AS2 AS3 AS4 AS1 AS2 AS3 AS4

SEQ01 MS1 0.41 0.56 0.74 X X 1.11 1.37 X X
SEQ02 MS2 0.43 X X X 1.02 X X X
SEQ03 MS3 0.41 X X 0.81 1.22 X X
SEQ04 MS4 0.39 X X X X X X X X
SEQ05 MS5 0.40 0.72 0.92 1.03 1.04 1.43 1.44 1.51 1.54

SEQ06 MS6 ���� X X X X X X X X
SEQ�� MS1 0.41 0.81 0.81 0.81 0.81

SEQ08 MS2 0.43 0.78

SEQ09 MS3 0.41 0.84 0.84 0.84

SEQ10 MS4 0.39 0.79 0.81

SEQ11 MS5 0.40 0.86 0.86 0.86 0.86

SEQ12 MS6
SEQ13 MS1
SEQ14 MS2
SEQ15 MS3
SEQ16 MS4
SEQ�� MS5
SEQ18 MS6
SEQ19 MS1
SEQ20 MS2
SEQ21 MS3
SEQ22 MS4
SEQ23 MS5
SEQ24 MS6
SEQ25 MS1
SEQ26 MS2
SEQ�� MS3
SEQ28 MS4
SEQ29 MS5
SEQ30 MS6

 talic shows collapse case (ODI �1)

Bold shows safe cases (ODI <1) due to 20% increase in material strength

Blank spaces show safe cases (ODI <1) in original structure

X

Safe with 15% increase

in material strength

Sequence

Ensemble

Main

shock

ODI

Average ODI Maximum ODIMain

shock

Name

!rift to "arge

!isplacement

Safe with 10% increase

in material strength

(magnitude-wise), flexible (taller) frames are likely to be safe against collapse in terms

of the maximum ODI.

• Structures are less likely to survive against a sequence when the first (largest) aftershock

is smaller than the main shock by 0.3, especially if the aftershocks are shallower in com-

parison with the main shock.

• The effect of the geometric nonlinearity in the assessment of additional damage due to

aftershocks is found to be significant for 5-storey frame, hence it should not be ignored
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for tall structures.

• It has been found that 10% to 15% additional material safety factor can arrest the collapse

of all the RC frames against a large proportion of MASs, where the damage states of the

redesigned structures at the end of main shocks are all desirably in the irreparable zone.
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Chapter 6

EXPERIMENTAL STUDY OF DAMAGES IN RC FRAMES

DUE TO MAIN SHOCK-AFTERSHOCK SEQUENCES

6.1 Background

Experimental testing of RC frames under the action of MASs provides an insight on their

realistic behaviour against MASs. The fundamental frequency of the structure is very well

related to its structural properties and decrease in the frequency is a good measure of the dam-

age incurred in the structure. Hence, the degradation of the frequency of the already damaged

structure by the aftershocks can be investigated to study the additional damages due to the af-

tershocks. The knowledge of the decrease in the frequency of the structures due to aftershocks

can be useful in considering the effects of the aftershocks in the design of the structures against

MASs. In this chapter, experimental testing of RC frames is performed to investigate the degra-

dation in the structural properties due to aftershocks. For performing the experimental testing,

quarter scale RC bare frames with ductile detailing are used. Analytical models can be cali-

brated with the experimental results which can be used for extensive analysis for the validation

of design modification proposed in the previous chapter.

6.2 Description of RC Frames

In the current study, quarter-scale models of an exterior ground-storey frame of a two-

storey office building in Assam, which is one of the most seismically active regions in India,

are used. Quarter-scale frames are tested due to limitations of the load capacity of the shake

table. The longitudinal reinforcement steel ratio in the column section of the prototype section

is maintained in that of the scaled frame. The average compressive strength of the concrete

cubes tested at 28 days is found to be about 34 MPa. The yield strength of the longitudinal

reinforcement and shear reinforcement is found to be 570.0 MPa based on tensile testing of steel

samples. Shear reinforcement in the columns of the scaled frame has been designed following

the special confinement reinforcement provisions as per IS 13920 (1993), from which 2-legged
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6 mm diameter bars at 50 mm spacing has been found to be sufficient. The dimensions of the

frame along with its RC detailing are shown in Figure 6.1. The influence of RC slab in the

structural response of the scaled frame is considered by constructing a 65 mm thick RC slab

along with the beam (extending to a width of 250mm on both sides of the beam). The slab

also provided a means to support the gravity loads over the frame. The columns of the frame

are constructed on a bottom RC beam of size 400 mm × 190 mm, which provides a means

of fixing the frame firmly to the strong floor during testing. Quarter-bridge, four-wired, linear

strain gauges (HBM make) are fixed on the longitudinal reinforcement to measure the strains

during testing. The strain gauges are fixed at locations of the columns where the plastic hinging

is most likely to occur. No strain gauges have been fixed on the longitudinal reinforcements of

the beam as no damages are expected to occur in the beam due to the rigid diaphragm action

of the slab. A strain gauge is fixed at each main reinforcement bar in a column section at each

plastic hinge location. The experiments on the RC frames are conducted for 10 kN (1.5% axial

load ratio) and 20 kN (3.0% axial load ratio) gravity loading to understand the influence of

axial load ratio on behavior of the frame under MAS. The gravity loadings of 10 kN and 20 kN

are provided on the top of the RC slab by using steel plates (each of 500 kg).
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Figure 6.1 Detailing of RC frames

6.3 Experimental Setup Details

Two types of tests are carried out on RC frames in the present study: slow-cyclic, pseudo-

static tests using servo-controlled hydraulic actuators (MTS make), and dynamic tests using
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servo-controlled hydraulic shake table (BISS make). The hydraulic actuator has a load capacity

of 250 kN and a stroke length of ±125 mm. The shake table has an acceleration capacity

of ±2.0g and a stroke length of ±500 mm. Experimental setup for slow-cyclic testing and

dynamic testing is shown in Figure 6.2. Frames are fixed rigidly to the strong floor via steel

beams and bolts during slow-cyclic testing. The head of the actuator is tightly locked with the

top of the frame at the slab level by steel plates and bolts to avoid any slippage between the

actuator and the frame. Gravity loadings (steel plates) are placed over concrete cubes placed

on top of the slab to allow the placement of bolts (which pass along the length of the slab)

used to fix the actuator head tightly with top of the frame. For dynamic testing of the frames,

they are fixed on the shake table by means of steel channels and bolts. Four steel channels are

used for fixing the frame on the shake table, out of which two are fixed in between the columns

and other the two outside the bay area. Each channel is fixed on the shake table using three

bolts, wherein one bolt passes through the base beam of the frame. Four holes are provided in

the base beam (which passes through the full depth of the beam) of the RC frame for inserting

bolts through the base beam for fixing on top of the shake table. To prevent out-of-plane

movement of the frame during testing, lateral restraints are provided as shown in Figure 6.3.

L-shaped steel plates are fixed on the side of the slab of the frame to provide contact between

the frame and lateral restraint setup, wherein the contact is established by means of rollers as

seen in Figure 6.3. The lateral displacements of frame are measured by LVDTs (linear varying

displacement transducers) and laser displacement sensors (Micro-Epsilon make). The base

and top accelerations of the frames during dynamic testing are recorded using accelerometers

(Episensor accelerometers of Kinematrics make).

(a)

`

(b)

Figure 6.2 Experimental setup shown for (a) slow-cyclic, pseudo-static tests and (b) dynamic

tests
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Figure 6.3 Lateral restraint setup to prevent out of plane movement of RC frames during testing

6.4 Experimental Procedure

The testing of the RC frames involves the study of the damage of the frames due to the

main shock-aftershock ground motion sequence. Since it is difficult to damage an undamaged

frame by the main shock on the shake table due to the limitation of the shake table, the frame is

given initial damage, due to the main shock, via slow-cyclic testing. The slow-cyclic testing is

performed to impart the main shock damage, since the deformation of the frame for imparting

target damage is well controlled than dynamic testing. Imparting this initial damage via slow-

cyclic testing in place of dynamic testing is not a serious limitation as it is the damage at

the end of the main shock that affects the additional damage due to succeeding aftershocks.

The frames damaged via slow-cyclic test are then subjected to aftershock ground motions by

dynamic testing. The present shake table testing setup is such that it does not provide the input

loading data. Therefore, an alternate method is attempted to obtain the lateral loads imparted

to the frame at different displacements during the dynamic testing. This method of testing

involves considering two frames for testing, wherein the relative displacements recorded on the

top of the first frame during dynamic testing due to aftershocks are applied on the second frame

tested via pseudo-static testing. The loads corresponding to the lateral displacement applied on

the frame are then recorded using the load cell of the actuator. Initially, both the frames are

damaged by the slow-cyclic test by deforming it to the same displacement level to represent a

main shock damage level. One of the frames (named as Frame-1) is then tested dynamically

and the relative displacements recorded at the top of Frame-1 corresponding to each aftershock

are applied on the second frame (named as Frame-2) via pseudo-static test. The fundamental

frequency of the frame at each stage of testing is measured by white-noise testing or by impact

testing, to study the degradation of the structural properties. Figure 6.4 shows a flowchart of

the procedure of the experiment. It can be seen in Figure 6.4, that frequencies of Frame-1 are

measured by white-noise test only and that of Frame-2 are measured by impact testing. Frame-
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1 is fixed on the shake table for all testings except during slow-cyclic testing for imparting

initial damage and Frame-2 is fixed with the actuator for all the testings. For easy testing and

to avoid frequent shifting of the frame, frequencies of Frame-2 have been measured by impact

testing. Also, the frequencies measured from impact testing and white-noise testing are very

close. The cyclic testing to inflict main shock damage is done by applying cyclically increasing

displacements on the frame following the displacement pattern as shown in Figure 6.5. Based

on the target initial damage level to be applied, the cyclic testing is done up to some pre-decided

displacement level.

The aftershock ground motions for dynamic testing are simulated using an approximate

conditional scaling model developed using earthquake data for North East India region for a

main shock scenario of M = 7.2, R = 30.0 km and h = 15 km. The aftershocks are simulated

for M = 6.7, 6.5 & 6.3 with distance and depth same as that of the main shock. The aftershock

ground motions corresponding to M = 6.7, 6.5 & 6.3 will be referred to as Aft1, Aft2 and

Aft3 from here onwards. Figure 6.6 shows Aft1, Aft2 and Aft3 with their PGA normalized.

FRAME-1

Dynamic testing using Aft1

Frequency measured by

whitenoise testing

FRAME-2

Dynamic testing using Aft1

Frequency measured by

whitenoise testing

Aft2

Aft1

Main shock damage

by slow cyclic test

Pseudostatic test using relative

displacement due to Aft1

Frequency measured by

impact testing

Pseudostatic test using relative

displacement due to Aft1

Frequency measured by

whitenoise testing

Main shock damage

by slow cyclic test

Pseudostatic test using relative

displacement due to Aft1

Frequency measured by

impact testing

Frequency measured by

impact testing

Frequency measured by

impact testing

Frequency measured by

whitenoise testing

Frequency measured by

impact testing

Relative Displacement

Relative Displacement

Relative Displacement

Dynamic testing using Aft1

Frequency measured by

whitenoise testing

Aft3

Figure 6.4 Flowchart of the experimental procedure
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Based on some finite element analysis of the frame, the final displacement level corresponding
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Figure 6.6 Normalized aftershock motion for Aft1, Aft2 and Aft3

to a target main shock damage level is calculated. For this purpose, an analytical model of the

quarter-scale RC frame has been modelled in the software OpenSees (Mazzoni et al., 2005).

A schematic diagram of the analytical model is shown in Figure 6.7. The frame has been

modelled using an elasticBeamColumn element for beam and beamWithHinges element

for the column. In beamWithHinges element, nonlinearity is concentrated over some length,

specified as plastic hinge length, at the ends and the middle portion is elastic. The length of

the plastic hinge (Lp) is specified by Equation 5.1 mentioned in Chapter 5. In the plastic hinge
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region, nonlinear behaviour is defined by specifying the section details. The section is divided

into many small fibres in which Pinching4 material model has been assigned. Damages in the

frames during the tests were observed only at the column ends and not anywhere else. Hence,

nonlinearity in the frame has been only modelled in the column using the beamWithHinges

element.

The capacity (load as well as displacement) of the RC frames are determined by mono-

tonic load tests for 10 kN and 20 kN gravity loading. The analytical models are then calibrated

separately with the force-displacement data from monotonic load tests for 10 kN and 20 kN

gravity loading. Figure 6.8 shows the comparison of monotonic pushover curves of the cali-

brated analytical models against the force-displacement curves from monotonic load tests for

10 kN and 20 kN gravity loading. Pinching4 material model contains parameters that define
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Figure 6.7 Analytical model of the quarter-scale RC frame
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Figure 6.8 Comparison of experimental and analytical monotonic pushover curves for (a)

10 kN and (b) 20 kN gravity loading

the stress-strain envelope and parameters which define the unloading-reloading pathway of the

stress-strain. The analytical RC frame models for 10 kN and 20 kN loadings have been cal-

ibrated by inputting appropriate values only to the parameters of Pinching4 material model
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which define the stress-strain envelope. The main shock damage is inflicted in the frame by

the slow-cyclic testing and to inflict some specific damage in the frame, the displacement up to

which the frame is to be loaded should be known beforehand. The damage (ODI) in the frame

can be quantified by the Park & Ang damage index as mentioned in Chapter 5. ODI is calcu-

lated from the damage index of each hinge which are calculated from the moment-curvature

output data of the hinges. For the calculation of the damage index at the hinges, the values

of yield rotation, yield moment and ultimate rotation of the hinges are required. The yield

curvature and yield moment of a section are calculated from the monotonic moment-curvature

curve of a section using the method by Park (1988). The ultimate curvature is calculated as the

curvature corresponding to the first failure of the top or bottom layer of material in the section

(the section is discretized as explained before). The yield and ultimate rotations are calculated

by multiplying the yield and ultimate curvatures with the plastic hinge length.

An analysis of a calibrated analytical model can provide a reasonable estimate of the dis-

placement to be applied on the frame to inflict the target main shock damage. Since the analyti-

cal model made here has not been calibrated with respect to force-displacement data from some

cyclic tests, it cannot be used to perform analysis to estimate the displacement corresponding

to some target damage level. Hence, the analytical models are required to be calibrated at their

hysteretic behaviour level also. Since the force-displacement data of cyclic test of the quarter-

scale RC frame in the present study is not available initially, the parameters of Pinching4

material model which define the unloading-reloading pathway of the stress-strain are borrowed

from an analytical model calibrated with respect to some past experimental cyclic pushover

data. For this purpose, slow-cyclic test data for a half-scale RC frame has been taken from

an earlier study by Basha and Kaushik (2016) and an analytical RC frame is modelled for the

half-scale RC frame and calibrated with respect to the slow-cyclic test data. Figure 6.9 shows

the comparison of the experimentally obtained hysteresis curve with the hysteresis curve ob-

tained from the calibrated model. The calibration is performed such that the visual matching

between the hysteresis curves from experimental testing and an analytical model is good and

the area under both the curves match. From this calibrated model, the parameters which define

the unloading-reloading pathway of the stress-strain are incorporated in the analytical quarter-

scale model which has been already calibrated with respect to monotonic load test data. Cyclic

pushover analysis of this quarter-scale frame is then performed to determine a trial estimate of

displacement level corresponding to some target main shock damage level (Here, ODI=0.6).

The force-displacement curve of the pushover analysis is shown in Figure 6.10. Although the

hysteresis behaviour of the quarter-scale frame in the present study will be different from the

half-scale frame from which the hysteresis parameters are borrowed, this has been done just to

obtain some realistic but not exact estimate of the target displacement level to be applied on the

frame during the testing to impart sufficient main shock damage. These borrowed parameters

are used only once due to the initial unavailability of force-displacement data from cyclic tests

109TH-2473_136104011



of the present frame. Once the slow-cyclic test data from imparting main shock damage are

obtained, the analytical frame model will be again calibrated with this data to further improve

the prediction for successive tests.
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Figure 6.9 Comparison of experimental and analytical pushover curves for slow-cyclic testing

of half-scale frame
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Figure 6.10 Analytical pushover curve of quarter-scale frame with 10 kN gravity loading sub-

jected to cyclic lateral displacement upto 45 mm corresponding to an ODI of 0.6

6.5 Experimental Results

From the cyclic pushover analysis of the analytical frame model for 10 kN gravity load-

ing, it has been determined that cyclic test upto 45 mm displacement gives a damage level
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corresponding to an ODI of about 0.6. For 10 kN gravity loading, two frames, named A1

and A2, are considered for testing. These two frames are given initial main shock damage via

slow-cyclic testing with displacement pattern as shown in Figure 6.5 upto 45mm. The exper-

imentally obtained hysteresis curves of Frame A1 and A2 are shown in Figure 6.11. Frames

A1 and A2 inflicted with main shock damage by the slow-cyclic test are shown in Figures 6.12

and 6.13, respectively. The damaged regions in the frames are marked and they have been

shown separately in the same figure. It can be seen that similar physical damages are present

between both frames. From the force-displacement data obtained for the slow-cyclic testing

of frames A1 and A2, the analytical model is calibrated again. Cyclic pushover analysis up to

45 mm displacement is performed on the newly calibrated frame to calculate the damage in the

frame, from which an ODI of 0.9 is obtained. The obtained ODI is different from the targeted

one, due to the hysteresis behaviour of the analytical model being different from that of the

actual frame owing to the usage of borrowed parameters from a different analytical model. As

mentioned earlier, this has been done just to obtain an initial trial displacement. ODI of 0.9

corresponds to a high damage state close to collapse (ODI >1.0) which closely matches with

the high damages observed in Figures 6.12 and 6.13 for frames A1 and A2, respectively. The

damaged frames A1 and A2 are then subjected to aftershocks to study the additional damages

due to them. The calibrated analytical model is analyzed with the three aftershock ground mo-

tions Aft1, Aft2 and Aft3 to determine the PGA to be applied for dynamic testing to produce

significant damage on the frame. From the analysis, the PGA intensity of Aft1, Aft2 and Aft3

are decided at 0.4g, 0.6g and 0.25g to inflict significant damage on the frame. These PGAs

of the aftershocks are kept constant for all the tests, to avoid the influence of intensity of the

ground motions from affecting the results. Before testing, the shake table is tuned with dummy

loads equal to the mass of the frame with the gravity loads to obtain an acceptable response

from the shake table. Even after tuning, the intensity and time-frequency characteristics of the

actual ground motion cannot be exactly reproduced by the shake table. The damaged frame

A1 is dynamically tested against aftershock ground motions Aft1, Aft2 and Aft3. The ac-

celeration data recorded from the accelerometers fixed on the shake table and the frame will

contain noise and hence they should be filtered to remove the noise. The frequency range for

filtering has been chosen as 0.1-10.0 Hz. This frequency range has been decided such that the

displacement-history calculated from the filtered acceleration time-history matches well with

that of the recorded displacement time-history. The acceleration time-histories recorded on the

shake table when tested with Aft1, Aft2 and Aft3 after filtering are shown in Figure 6.14. From

the displacements measured on top and base of the frame A1 when subjected to Aft1, Aft2 and

Aft3, the relative displacements are obtained which are shown in Figure 6.15. The relative dis-

placements obtained corresponding to Aft1, Aft2 and Aft3 for frame A1 are applied on frame

A2 via pseudo-static, slow-cyclic testing of frame A2. Figure 6.16 shows the hysteresis curves

obtained for frame A2 due to lateral load testing using the relative displacements of frame A1
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Figure 6.11 Hysteresis curves of frames-A1 and A2 for slow-cyclic testing to inflict main shock

damage corresponding to 45 mm lateral displacement (10 kN Gravity Loading)

due to Aft1, Aft2 and Aft3.

Similar testing sequence is carried out on the scaled RC frame with 20 kN gravity loading.

To determine the displacement level to be applied on the frame to give initial main shock

damage, an analytical model for 20 kN loading is developed and is calibrated with force-

displacement data from monotonic testing of RC frame for 20-kN gravity loading. Since the

cyclic test data for 20 kN loading is not available to calibrate the hysteresis behaviour of the

analytical model, the approach adopted earlier is used here, wherein the hysteresis parameters

from the calibrated frame model for 10 kN loading is taken and applied in the analytical model

of 20 kN loading. This is reasonable since the axial load ratios corresponding to 10 kN and

20 kN are not significant to affect the sectional properties very much. From the cyclic pushover

analysis of the analytical model with 20 kN loading, it is calculated that a displacement level

of 35 mm can inflict an initial damage level in the RC columns with an ODI of 0.6. Based on

this estimate, slow-cyclic testing upto 35 mm displacement has been performed on the frame,

but the frame suffered significant damage that it became unsafe for dynamic testing. Hence the

testing sequence has been repeated lower initial damages corresponding to lower displacement

levels of 15 mm and 25 mm. For the initial damage state corresponding to 15mm displacement,

two frames, named B1 and B2, are considered for testing. For the initial damage state corre-

sponding to 25mm displacement, two frames, named C1 and C2, are considered for testing.

The hysteresis curves obtained experimentally for frames B1 and B2 corresponding to 15mm

displacement are shown in Figure 6.17. Frames B1 and B2 inflicted with main shock damage by

slow-cyclic test corresponding to 15 mm displacement level are shown in Figures 6.18 and 6.19,

respectively. Significant damages are not observed for this level of the initial damage and only

very minor cracks are observed. The damaged frame B1 is tested against aftershock ground mo-

tions Aft1, Aft2 and Aft3 via dynamic testing. The filtered acceleration time-histories recorded

on the shake table for Aft1, Aft2 and Aft3 are shown in Figure 6.20. From the measured top

and base displacements, the relative displacements of frame B1 are calculated which is shown
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Figure 6.12 Damaged frame-A1 due to main shock damage corresponding to 45 mm displace-

ment by slow-cyclic testing (10 kN gravity loading)

in Figure 6.21. The relative displacements corresponding to Aft1, Aft2 and Aft3 for frame B1

are applied on frame B2 via pseudo-static testing of frame B2 to determine the hysteresis re-

sponse. Figure 6.22 shows the hysteresis curves of frame B2 due to pseudo-static testing using

the relative displacements of frame B1 due to Aft1, Aft2 and Aft3.

Similarly frames C1 and C2 are tested for main shock damage corresponding to the lateral

displacement level of 25 mm applied cyclically using the actuator. The experimentally obtained

hysteresis curves of frames C1 and C2 corresponding to 25 mm displacement are shown in

Figure 6.23. Frames C1 and C2 inflicted with main shock damage by the slow-cyclic test are

shown in Figures 6.24 and 6.25. The damaged frame C1 is tested against aftershock ground
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Figure 6.13 Damaged frame-A2 due to main shock damage corresponding to 45 mm displace-

ment by slow-cyclic testing (10 kN gravity loading)

motions Aft1, Aft2 and Aft3 via dynamic testing. The acceleration time-histories recorded

on the shake table for Aft1, Aft2 and Aft3 are shown in Figure 6.26. From the top and base

displacements measured, the relative displacements of frame C1 are calculated which is shown

in Figures 6.27. The relative displacements corresponding to Aft1, Aft2 and Aft3 for frame

C1 are applied on frame C2 via pseudo-static testing of frame C2 to determine the hysteresis

response. Figures 6.28 shows the hysteresis curves obtained for frame C2 by carrying out

pseudo-static testing using the relative displacements of frame C1 due to Aft1, Aft2 and Aft3.
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Figure 6.14 Acceleration recorded on the shake table when the damaged frame-A1 is tested

with Aft1, Aft2 and Aft3 (10 kN gravity loading)

From the structural frequency data measured at each stage of the testing, it has been ob-

served that the frequencies of both the frames (corresponding to the same initial damage) are

similar at each stage of testing. It has also been constrained that the deformation in the second

frame is the same as that of the first frame at each stage of damage due to main shock and

aftershocks. From this, it can be inferred that the hysteresis data for a frame tested on the shake

table can be reasonably obtained by applying its relative displacement via pseudo-static test on

a second frame with similar properties as that of the first frame.
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Figure 6.15 Relative Displacement at top of the damaged frame-A1 when tested with Aft1,

Aft2 and Aft3 (10 kN gravity loading)
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Figure 6.16 Hysteresis curve of the already damaged frame-A2 for pseudo-static testing to

inflict damage due to Aft1, Aft2 and Aft3 (10 kN gravity loading)
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Figure 6.17 Hysteresis curves of frames-B1 and B2 for slow-cyclic testing to inflict main shock

damage corresponding to 15 mm lateral displacement (20 kN gravity loading)

117TH-2473_136104011



Figure 6.18 Damaged frame-B1 due to main shock damage corresponding to 15 mm displace-

ment by slow-cyclic testing (20 kN gravity loading)
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Figure 6.19 Damaged frame-B2 due to main shock damage corresponding to 15 mm displace-

ment by slow-cyclic testing (20 kN gravity loading)
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Figure 6.20 Acceleration recorded on the shake table when the damaged frame-B1 tested with

Aft1, Aft2 and Aft3 (20 kN gravity loading)
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Figure 6.21 Relative Displacement at top of the main shock damaged frame-B1 when tested

with Aft1, Aft2 and Aft3 (20 kN gravity loading)
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Figure 6.22 Hysteresis curve of the already damaged frame-B2 for pseudo-static testing to

inflict damage due to Aft1, Aft2 and Aft3 (20 kN gravity loading)
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Figure 6.23 Hysteresis curves of frames-C1 and C2 for slow-cyclic testing to inflict main shock

damage corresponding to 25 mm lateral displacement (20 kN gravity loading)
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Figure 6.24 Damaged frame-C1 due to main shock damage corresponding to 25 mm displace-

ment by slow-cyclic testing (20 kN gravity loading)
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Figure 6.25 Damaged frame-C2 due to main shock damage corresponding to 25 mm displace-

ment by slow-cyclic testing (20 kN gravity loading)
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Figure 6.26 Acceleration recorded on the shake table when the damaged frame-C1 tested with

Aft1, Aft2 and Aft3 (20 kN gravity loading)
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Figure 6.27 Relative Displacement at top of the damaged frame-C1 when tested with Aft1,

Aft2 and Aft3 (20 kN gravity loading)
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Figure 6.28 Hysteresis curve of the already damaged frame-C2 for pseudo-static testing to

inflict damage due to Aft1, Aft2 and Aft3 (20 kN gravity loading)

127TH-2473_136104011



6.6 Analytical Results

From the force-displacement data and frequency data from different tests, a trend has been

observed between the drop in fundamental frequencies of the frame and the cumulative hys-

teresis energy dissipated. A plot of cumulative hysteresis energy with respect to fundamental

frequencies of the structure after each testing stage is shown in Figure 6.29 for 10 kN and

20 kN loading cases and different initial damage cases corresponding to displacement levels of

45 mm, 25 mm and 15 mm. The damage corresponding to 45 mm displacement for 10 kN load-

ing is more which resulted in a considerable drop in the frequency of the structure compared to

that corresponding to 15 mm and 25 mm displacement for 20 kN loading. Also, the frequency

drop due to all the aftershock ground motions (Aft1, Aft2 and Aft3) is less compared to that

due to initial damage inflicted by slow-cyclic testing even for similar amount of hysteresis en-

ergy dissipation. This is because the deformation due to the initial damage is higher than that

due to the aftershocks even though the hysteresis energy dissipated due to initial damage and

all the aftershocks are similar. It has been calculated from the experimental data that the total

hysteresis energy dissipated due to all the aftershock ground motions (Aft1 to Aft3) is about

99%, 62% and 12% of the hysteresis energy due to initial damage corresponding to 15 mm

(20 kN loading), 25 mm (20 kN loading) and 45 mm (10 kN loading) lateral displacement, re-

spectively. The decrease in percentage between these three cases is due to the relatively lesser

increase in hysteresis energy due to all aftershocks compared to the increase in hysteresis en-

ergy due to the initial damage because of the same level of PGAs of the three aftershocks used

in all the tests. Also, it has been observed, with increasing initial damage, the drop in frequency

due to aftershocks also increases, which is seen in Figure 6.29. From the study on the trends

of the frequency drop with the cumulative hysteretic energy dissipated, an attempt is made to

develop a relation connecting the cumulative hysteretic energy dissipated and the frequency.

From Figure 6.29(b) for 20 kN loading case, an exponential trend is observed between the cu-

mulative hysteretic energy and the frequency of the structure, which is not clearly visible for

10 kN loading case due to lesser experimental results. Hence, an exponential form is adopted

for the relation as follows

f = g1 f0 exp

[
g2

m

∑
i=1

{
Ii

(
EHi

Fyxu

)
ρaxial

}
+g3

m

∑
i=1

{
Ii

(
Di

xu

)
ρaxial

}]
(6.1)

Here, m is the maximum number of events present in any sequence (in the present study m = 4),

Ii is an indicator which is 1 if up to ith event is considered for the purpose of regression (for

both coefficient determination and prediction) and is 0 otherwise, f is the frequency at any

stage of damage, f0 is the frequency of the undamaged structure, ρaxial is the axial-load ratio

on the columns of the frame specified as percentage, EHi
is the cumulative hysteretic energy

dissipated up to ith event, Di is a measure of size of displacement in hysteresis cycles for the

ith event which is determined as 1.5 times the RMS value of the deformations in the hysteresis

128TH-2473_136104011



cycles (the deformations being measured from one end to other end of a hysteresis cycle), Fy

is the yield strength of the structure which is obtained from the monotonic force-displacement

curve of structure by the method by Park (1988), xu is the failure displacement of the structure

when subjected to monotonic loading, g1, g2 and g3 are the regression coefficients. From

regression analysis by least-squares method, the values of g1, g2 and g3 are obtained as 0.8492,

−0.1323 and −0.0080, respectively. As expected, the values of g2 and g3 are negative, as with

increase in energy dissipation and increase in the deformation size, the drop in the fundamental

frequency will increase. Though the value of g1 is close to 1.0 but not 1.0 (as it is supposed to be

since for zero hysteresis energy dissipation, the model should estimate the initial fundamental

frequency i.e. f0), the main focus is on the estimation of the frequency of the damaged structure

and not the undamaged one. The inclusion of the hysteresis loop size term (Di) in the model

is important, as without this term, the model will estimate the same drop in frequency for a

smaller hysteresis loop case and a larger hysteresis loop case, which is not so. The estimated

values of frequency from the model for the observed cumulative hysteretic energy dissipated

are also plotted in Figure 6.29. It can be seen that the predicted values of frequency are mostly

close to observed ones. For Frame-C2, the estimated frequency is a little less compared to

that of the observed ones. It needs to be said that, the initial frequency of frames shown in

Figure 6.29 for the estimated ones are the observed values and not estimated from the model.

As said before, this model is not used for the estimation of initial frequency but the frequency

of the damaged structure. The model has been developed using the experimental data for low

axial load ratios of 1.5% and 3.0% and hence it is applicable only in these ranges of axial load

ratios. Experimental tests are required to be carried out for other axial load ratios to study their

effects on the frequency drop. Also, it is possible that a single model which works for a wide

range of axial load ratios may not be sufficient i.e. there may be variations in the coefficients

with axial load ratios because of which the coefficients may be required to expressed as some

function of the axial load ratio.

The experimental data from all the tests are used for the final calibration of the analytical

RC frame model separately for 10 kN and 20 kN gravity loading. Figure 6.30 shows the

response of the analytical model calibrated with the cyclic pushover curve for 10 kN loading

when cyclically loaded upto 45mm. Figure 6.31 shows the response of the analytical model

calibrated with the cyclic pushover curve for 20 kN loading when cyclically loaded upto 15mm.

Figures 6.32 shows the response of the analytical model calibrated with the cyclic pushover

curve for 20 kN loading when cyclically loaded upto 25mm. The analytical models have been

also calibrated with the force-displacement data from the pseudo-static test due to Aft1, Aft2

and Aft3. In all the cases, the calibrations have been performed by matching the hysteresis

energy of the analytical model with that from the experimental data for each stage of testing.

Table 6.1 shows the comparison of the hysteresis energy from the analytical model and the

experimental testing for each stage of testing. The calibrated values of the pinching4 material
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Figure 6.29 Drop in natural frequency of the RC frames with cumulative hysteretic energy

dissipated for with (a) 10 kN and (b) 20 kN gravity loadings - experimental (line

with solid points) and fitted model (line with hollow points)

model for 10 kN and 20 kN loading cases are shown in tables 6.2 and 6.3, respectively. Also

from the calibrated analytical model, ODIs at each stage of testing for different gravity loadings

and initial damages are calculated which are shown in table 6.4.

The calibration of the analytical model at the material level is advantageous in the sense

that this calibrated material can be used in other analytical models of any scale. Usage of the

calibrated material models in full-scale structures is beneficial in carrying out comprehensive

and rigorous analyses which are difficult and very time-consuming or not possible via exper-

imental testings. In usual practice, analytical models are calibrated against experimental data

and the calibrated material models are used in other analytical models which may not be tested

experimentally but are subjected to analysis. Similarly, from the analytical models calibrated
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Figure 6.30 Comparison of experimental and analytical cyclic pushover curves of frames (a)

A1 and (b) A2 for main shock damage corresponding to 45 mm displacement by

slow-cyclic testing (10 kN gravity loading)
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Figure 6.31 Comparison of experimental and analytical cyclic pushover curves of frames (a)

B1 and (b) B2 for main shock damage corresponding to 15 mm displacement by

slow-cyclic testing (20 kN gravity loading)
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Figure 6.32 Comparison of experimental and analytical cyclic pushover curves of frames (a)

C1 and (b) C2 for main shock damage corresponding to 25 mm displacement by

slow-cyclic testing (20 kN gravity loading)
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Table 6.1 Comparison of the hysteresis energy from the experimental testing and from the cal-

ibrated analytical models

Initial

#amage
Aft1 Aft2 Aft3

$nitial

#amage
Aft1 Aft2 Aft3

A1 %&'()* +',(* +'(** 0.395 %&'()* 15.318 %-'%%( 16.512

A2 13.931 +',(* +'(** 0.395 13.931 14.510 15.309 %,'(+&

Analytical 12.999 0.403 0.912 0.442 12.999 13.402 14.314 %&'(,-

B1 +'(*& +'.(& 0.324 +'.(, +'(*& 1.068 1.392 %'--(

B2 +'*(& +'.(& 0.324 +'.(, +'*(& 1.248 %',(. %'/&(

Analytical 1.141 0.259 +'.(% 0.211 1.141 1.400 %'-(% 1.882

C1 )'/(- +'-() 1.001 0.628 )'/(- 4.549 5.550 -'%(/

C2 3.542 +'-() 1.001 0.628 3.542 4.215 5.216 5.844

Analytical 3.921 0.503 0.951 +',(- 3.921 4.424 ,')(, 5.951

Hysteresis Energy (kN.m) Cumulative Hysteresis Energy (kN.m)

F34mes

Table 6.2 The values of parameters of Pinching4 model for the calibration of the analytical

frame model with 10 kN gravity loading with the experimental data

Parameter V5lues Param. V5l. Param. V5l. Param. V5l. Param. V5l. Param. V5l.

6Pf1 18.000 eNf1 718.000 r89:pP 0.34 g;1 0.10 g8< 0.30 g=1 0.00

6Pf2 35.216 eNf2 735.216 r=orceP 0.40 g;2 0.50 g8> 0.30 g=2 0.00

6Pf3 >?@?AA eNf3 7>?@?AA u=orceP 70.35 g;3 0.20 g8B 0.10 g=3 0.00

6Pf4 >?@?AA eNf4 7>?@?AA r89:pN 0.34 g;4 0.10 g8E 0.10 g=4 0.00

6Pd1 G@GGGAG eNd1 7G@GGGAG r=orceN 0.40 g;Jim 1.00 g8Jim 1.00 g=Jim 0.00

6Pd2 0.00240 eNd2 70.00240 u=orceN 70.35 gE 10.00

6Pd3 0.03050 eNd3 70.03050 dmgKMpe energM

6Pd4 0.05050 eNd4 70.05050

Envelope Parameters Paramet6N: Oontroll9ig Joad9ig7Relo5d9ig PathwaM

Table 6.3 The values of parameters of Pinching4 model for the calibration of the analytical

frame model with 20 kN gravity loading with the experimental data

Qarameter STlues Qaram. STl. Qaram. STl. Qaram. STl. Qaram. STl. Qaram. STl.

UQf1 18.000 eNf1 W18.000 rXYZ[Q 0.40 \]1 0.00 \X^ 0.00 \_1 0.00

UQf2 36.836 eNf2 W36.836 r_orceQ 0.50 \]2 1.00 \X` 0.60 \_2 0.00

UQf3 a^bcff eNf3 Wa^bcff h_orceQ W0.35 \]3 0.00 \Xa 0.00 \_3 0.00

UQf4 `cbcff eNf4 W`cbcff rXYZpN 0.40 \]4 0.10 \Xj 0.10 \_4 0.00

UQd1 kbkkkf^ eNd1 Wkbkkkf^ r_orceN 0.50 \]lim 1.00 \Xlim 1.00 \_lim 1.00

UQd2 0.00340 eNd2 W0.00340 h_orceN W0.35 gE 10.00

UQd3 0.00800 eNd3 W0.00800 dm\mnpe ener\n

UQd4 kbkofkk eNd4 Wkbkofkk

Envelope Qarameters QarametUqZ rontrollYs\ loatYs\WveloTtYs\ Qathwan

Table 6.4 ODI values at different stages of testing for different gravity loadings and initial

damages calculated from the analytical frame model

Main

shock
Aft1 Aft2 Aft3

10 kN 45 mm 0.926 0.942 0.980 0.998

15 mm wxz{| wxz}| wxz~| 0.165

25 mm 0.349 0.369 0.405 wx}�|

ODI

20 kN

�����ng

�isplacement

���el for Main

Shock ���
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in the present work, the material model from the analytical model with 20 kN loading is ap-

plied in the 1-storey, 2-storey and 5-storey frames considered in Chapter 5. The calibrated

material model from the analytical model with 20 kN loading has been taken since it’s axial

load ratio (3.0%) is closest to the axial load ratios (9% to 18%) in the columns of the 1-storey,

2-storey and 5-storey frames than the 10 kN loading case (1.5% axial load ratio). The periods

of 1-storey, 2-storey and 5-storey frames after modelling with the calibrated material model are

found to be 0.330 s, 0.463 s and 1.007 s, respectively, which are close to the periods of the

frames (0.329 s, 0.460 s and 0.960 s for 1-storey, 2-storey and 5-storey frames, respectively)

considered in Chapter 5. The analyses performed in Chapter 5 to develop the design guidelines

are repeated on these frames for some sequences to validate the guidelines. Sequence ensem-

bles SEQ12, SEQ18 and SEQ24 have been selected for performing the analyses. From the

analysis results, a similar trend in increase in safety with increase in material strength as seen

from Tables 5.16 to 5.27 are observed. The average estimates of ODI are found to be close to

that obtained from previous analyses in Chapter 5. 1-storey, 2-storey and 5-storey frames are

found to be safe for all the aftershocks (AS1 to AS4) with respect to average ODI, which is also

seen in the previous chapter. With respect to maximum ODI, 1-storey, 2-storey and 5-storey

frames are safe against all the aftershocks of SEQ18 and SEQ24 without any increase in mate-

rial strength, as observed in previous chapter. 1-storey frame is not safe against any aftershocks

of SEQ12 with respect to maximum ODI as per current analysis, whereas 1-storey is made safe

by 15% increase in strength against all the aftershocks as per the previous analysis. Even then,

the percentage decrease in the maximum ODI with increase in material strength is found to be

similar between these two analyses. 2-storey frame is made safe against all the aftershocks of

SEQ12 with respect to maximum ODI with 10% increase in material strength which is also

seen in the previous chapter. 5-storey frame is safe against all the aftershocks of SEQ12 with

respect to maximum ODI without any increase in material strength, whereas in the previous

analysis, 5-storey frame is made safe with 15% increase in material strength. Inspite of this

difference, it is seen from previous analysis that maximum ODI for AS4 of SEQ12 on the orig-

inal 5-storey frame is made from 1.17 to 0.94 with 15% increase in material strength, whereas

in the current analysis, this maximum ODI is reduced from 0.98 to 0.90. Most importantly, it

is observed from the current analysis that the ODIs due to main shocks are in the irreparable

zone for all the increase in material strengths for the different structures which is also observed

in the previous analysis. Although some local differences are observed between the earlier and

present results, which may be due to the effect of pinching in the present material model, the

general trend observed from the present results is in line with the trend observed in the earlier

results. Hence, the results from the present analysis validates the usage of the proposed 10%

to 15% additional material safety in arresting the collapse of RC frames against a majority of

MASs.
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6.7 Summary

In the present study, an experimental study of additional damages due to the aftershocks on

already damaged structures is performed. For the experimental study, quarter-scale RC bare

frames are constructed. Two loading cases corresponding to 1.5% and 3.0% axial-load ratio

are considered in this study to consider structures of different time-periods. The main shock

damage in the frame is inflicted by controlled slow-cyclic testing. The effects of the aftershocks

on the already damaged frames are studied by testing them against aftershock ground motions

via dynamic testing. Due to the inability to obtain hysteresis data of the frame for the aftershock

shaking during dynamic testing, an alternate method is attempted to determine the hysteresis

data. In this method, a second frame is considered with similar initial undamaged properties

as that of the frame used for dynamic testing. The second frame is subjected to the same main

shock damage as that of the first frame, but the second frame is subjected to aftershocks by

pseudo-static testing with the relative displacements of the first frame due to aftershocks during

dynamic testing. The hysteresis data obtained for the second frame for aftershock shaking is

considered to be same as that for the first frame. The frequencies of the frames at different

stages of the testing are measured by impact-testing or white-noise testing. It is found that the

frequencies of the frames at each stage of testing or damage follow an exponential trend with

respect to the cumulative hysteresis energy dissipated by the frames. A mathematical model is

developed for the estimation of frequencies of the frames at any stage of damage based on the

initial frequency of the structure, cumulative hysteresis energy dissipated, axial load ratio and

size of displacement cycle. Analytical models of the RC frames for the cases of 1.5% and 3.0%

axial load ratios are calibrated with the experimental results. The calibrated material model

is used in RC frame models used in the previous chapter for performing analysis to validate

the design modification proposed in the previous chapter. Some important conclusions of the

present study are as follows.

• The additional damages due to aftershocks increase with the increase in the initial damage

of the structures due to main shock.

• A decreasing exponential trend has been observed between the frequencies of the struc-

ture at different stages of damage and the cumulative hysteretic energy dissipated.

• The effect of the size of deformations in hysteresis cycles is found to be significant in the

reduction of the frequency of the structure, that for similar hysteresis energy dissipation,

hysteresis cycles with larger deformation show larger frequency drop compared to that

with smaller deformation.

• A mathematical model has been developed for the prediction of natural frequency at the

end of any event based on the initial frequency of the structure, cumulative hysteresis

energy dissipated, axial load ratio and size of displacement cycle.
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• The usage of 10% to 15% additional material safety in design as proposed in the previous

chapter to arrest the collapse of RC frames against a majority of MASs has been validated

via analysis of RC frames using the calibrated material model.
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Chapter 7

CONCLUSIONS

The effects of the aftershocks are not considered in the conventional seismic design of

structures due to which structures may withstand the main shock but become weak to resist the

successive aftershocks. The main objective of the present work is the investigation of additional

damages due to aftershocks on main shock damaged structures and the development of design

modification to account for the effects of the aftershocks in the design. A detailed study of

the additional damages due to the aftershocks requires an ensemble of aftershocks for a main

shock and for some specified scenario of the aftershocks, which may not be available from the

recorded database, due to which ground motions are required to be simulated. A simulation

technique has been developed wherein an ensemble of scenario-specific ground motions can

be simulated via a scaling relationship of frequency-dependent energy arrival curves based

on some seismological parameters. A simulation technique has also been developed for the

simulation of an ensemble of realistic aftershock ground motions from a recorded main shock

ground motion and for some specified scenario of the aftershocks. The main shock-aftershock

ground motions simulated using the developed methods have been used for the nonlinear time-

history analysis of some building frames which have been designed as per codal provisions, to

study the additional damages due to the aftershocks. In addition to the study of the additional

damages due to the aftershocks on an analytical level, an experimental study on the additional

damages due to aftershocks has also been carried out, for which quarter-scale RC frames have

been tested. Finally, some design modification has been proposed to consider the effects of the

aftershocks in the design. The major conclusions from the present work are listed below.

• A new method for the simulation of nonstationary ground motion samples, from frequency-

dependent instantaneous energy arrivals of wavelet coefficients of recorded motions,

based on the Priestley process assumption has been proposed. The ground motion sam-

ples simulated from this method show good agreement with recorded motion with respect

to the nonstationary characteristics in statistical sense. At the response spectrum level,

the minimum and maximum levels of response are able to capture the recorded trend quite

satisfactorily. The simulation technique follows Priestley process, thereby ensures that

the simulated ground motion ensembles follow zero-mean Gaussian distribution. With
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respect to different ground motion parameters, their mean from the simulated ensemble

are close to those of the recorded motion.

• An empirical scaling model for scenario-specific frequency-dependent instantaneous en-

ergy arrival in terms of some seismological parameters has been proposed using which

scenario-specific ensembles of ground motions have been simulated, which exhibit ex-

pected trends in terms of median PSV and median SMD. Any number of ground motions

for a scenario can be simulated using this method, which will be beneficial for perform-

ing any scenario-specific statistical analysis. The simulated samples of an ensemble for

a scenario show variability in their temporal features as well as in their strengths. In a

scenario-specific ensemble, variability in spectral estimates is high whereas the variabil-

ity in SMD is significantly less.

• A procedure has been further devised to modify the frequency-dependent estimated en-

ergy arrival, using the proposed scaling model, so that the simulated ensemble becomes

fully compatible, in terms of both median and standard deviation, with any target GMPE.

Moreover, the GMPE compatibility algorithm has been found to be capable of producing

lognormal distribution of derived PSV spectra, which is desirable when the GMPE for

PSV yields lognormal distribution. When GMPE compatible ensemble is simulated for

5% damping PSV spectrum, it is found to be compatible with PSV spectra for damping

ratios ranging from 2% to 10%.

• The proposed process-specific simulation of fully nonstationary earthquake ground mo-

tions has been improved in view of extraction of deterministic slow-varying modulation,

including a shift from the wavelet domain to the decomposed time-history domain for

more efficient reconstruction.

• A conditional scaling model for energy arrival curves of aftershocks, from the known

preceding main shock, has been proposed from which aftershock ground motions have

been simulated. The simulated aftershock ground motion samples show the expected

trend against the seismological scenarios.

• The conditional scaling model has been found to perform better than the unconditional

scaling model in capturing the recorded response spectra through the 10 and 90 percentile

PSV spectra and SMD of simulated motions.

• An approximate version of the conditional scaling model for aftershocks has also been

developed for situations when aftershock data are inadequate for carrying out fresh re-

gression analysis for the development of a conditional scaling model. The approximate

conditional model produces results comparable to that of a freshly regressed conditional

scaling model. Hence, a conditional scaling model, if not an approximate one, should be

used in lieu of an unconditional scaling model for better prediction.
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• The analytical study has shown that when the largest aftershock (magnitude-wise) is

smaller than the main shock by 0.5 or more, single-event-based designed flexible (taller)

frames are likely to be safe against collapse. However, for sequences with the largest

aftershock smaller than the main shock by 0.3, they cannot withstand the aftershocks,

especially for shallower events. Hence, the effects of aftershocks should necessarily be

considered in the design of structures.

• The consideration of P-Delta effect in the analysis of structures is crucial for the proper

estimation of the additional damages due to the aftershocks. Hence, in any analysis

using the main shock aftershock sequences for aftershock damage estimation, P-Delta

effect should not be avoided.

• The order in which the aftershocks are arranged in the sequence affects the order of aver-

age ODI at the end of each aftershock. Here, the aftershocks are arranged in descending

order of their magnitudes, hence the average ODI showing some saturation in increase

with the number of aftershocks.

• The time-frequency characteristics of the preceding main shock may play an important

role in the future aftershock-induced damage. It was observed that the main shock motion

with longer SMD is likely to have higher final ODI in comparison with a main shock

motion having smaller SMD.

• It has been found that the consideration of an additional material safety factor of 10–

15% in design can make the properly designed RC frames safe against collapse from a

large proportion of main shock-aftershock sequences. Hence, in the design of RC frames

against main shock-aftershock sequences, the material safety factor with an increase of

10–15% should be used.

• For all material safety factors (10%-20%) considered here, the ODI at the end of main

shock is more than 0.4 (irreparable damage), except for a few cases, which indicates that

a solution is available through the proposed additional material safety where the design

against the main shock will not be too conservative according to the current seismic

design philosophy, even for a critical scenario for aftershocks.

• From the experimental study, it is seen that the drop in natural frequency of the structures

due to aftershock response increases with the initial damage caused by the main shock.

Hence, experimentally it shows that the additional damage due to the aftershocks depends

on the initial main shock damage.

• The experimental data showed a decreasing exponential trend between the frequencies

of the structure at different stages of damage and the cumulative hysteretic energy dissi-

pated. Also, reduction in the frequency of the structure is found to be affected by the size
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of the deformations in the hysteresis cycles, i.e., for similar hysteresis energy dissipation,

hysteresis cycles with larger deformation show larger frequency drop compared to that

with smaller deformation.

• Based on the experimental data, an empirical relationship has been developed for the

prediction of natural frequency at the end of any event in the MAS in terms of the initial

frequency, cumulative hysteresis energy, axial load ratio and size of displacement cycle.

• The proposed strategy of applying additional material safety factor in design has been

validated via analysis of RC frames with the material models that are calibrated using the

experimental data. These analyses using the calibrated material models also showed that

the ODI due to main shocks are in the irreparable zone for all the material safety factors

as observed in the previous analysis of the frames.

Limitations in the present work are list below.

• The analytical study considered only bare frames and the effects of infills on the addi-

tional damages due to aftershocks were not considered.

• The model has been developed using the experimental data for low axial load ratios of

1.5% and 3.0% and hence it is applicable only in these ranges of axial load ratios.

Scope of the future work includes the following.

• Scaling models can be developed from ground motion database of different regions to

simulate ground motions with different time-frequency characteristics that are not pro-

duced by the scaling models developed here. Hence, the time-frequency characteristics

of the ground motions may be considered comprehensively for investigating their effects

on the additional damages due to the aftershocks.

• Other nonlinear parameters like inter-storey drift, frequency drop etc can be considered

in the analytical study to see how these parameters represent the additional damages due

to the aftershocks and are sensitive to them.

• Analytical study on the performance of infilled frames against main shock-aftershock

sequences can be done to see the effects of infills on the additional damages due to the

aftershocks.

• Experimental tests can be carried out for other axial load ratios (other than 1.5% and

3.0%) to study their effects on the frequency drop.
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