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Abstract 

An accurate determination of the nonlinear seismic demands is a primary requirement for the 

efficient design of new buildings and for the seismic performance evaluation of existing 

buildings. For this purpose, the detailed Nonlinear Response History Analysis (NLRHA) 

procedure is considered the most accurate and reliable procedure. However, this procedure 

may require significant computational effort, time, skills and other resources, especially for the 

complex high-rise building structures. An ordinary design office may not have necessary 

expertise and resources to undergo this detailed procedure for each project. Therefore, the 

common practicing engineers are generally interested in conceptually simple and convenient 

analysis procedures which are capable of clearly explaining the structural response in terms of 

its components, and can still provide reasonably accurate estimates in lesser time and effort. 

Besides being a convenient and practical way of estimating the seismic demands, such 

simplified analysis procedures can also serve as useful tools to understand the complex 

dynamic response and to gain detailed insight into the nonlinear behavior of structures.  

This study presents two simplified analysis procedures to determine the nonlinear seismic 

demands of high-rise buildings with reinforced concrete (RC) shear walls. An approximate 

modal decomposition technique—referred as the Uncoupled Modal Response History 

Analysis (UMRHA)—is used as a starting point and basis for the conception and theoretical 

formulation of these simplified procedures. The key concept is that the response of different 

vibration modes of a structure undergo different levels of nonlinearity under the same ground 

motion, and therefore, should be treated differently. The first procedure—referred as the 

Extended Displacement Coefficient Method (EDCM)—is based on the idea that the maximum 

inelastic displacement of every significant vibration mode of a structure can be estimated by 

modifying the corresponding peak elastic displacement of that mode. This assumption provides 

a convenient way to determine the pushover target displacement for every significant vibration 

mode. The nonlinear seismic demands can be approximately determined by combining the 

peaks of individual modal responses obtained from the multi-mode pushover analyses at the 

corresponding target displacements. This proposed scheme is equivalent to extending the 

Nonlinear Static Procedure (NSP) prescribed in ASCE41-13 to include the response 

contributions from higher vibration modes. It can also be viewed as a simplified version of the 

Modal Pushover Analysis (MPA) procedure in which the target displacement for each 

significant vibration mode is estimated using the displacement modification approach.  

The second simplified analysis procedure is based on the concept of equivalent linearization 

(EL). The primary motivation for this procedure is the realization that nonlinear modeling of 

structures requires great expertise and effort, which may not be devoted by the common 

practicing engineers. In most practical cases, the linear elastic modeling may serve the purpose 

of analysis within their required degree of accuracy. The theoretical formulation of the 

UMRHA procedure is extended by assuming that a properly tuned “equivalent linear” single-

degree-of-freedom (SDF) system can approximately represent the nonlinear behavior of a 

vibration mode, and hence, can provide a reasonable estimate of nonlinear seismic demands of 

that mode. By applying this concept to every significant vibration mode of a structure, a 

modified version of the Response Spectrum Analysis (RSA) procedure is proposed. In this 

procedure, the most conventional EL approach (i.e. setting the equivalent linear stiffness to the 

secant stiffness of nonlinear system at maximum response amplitude, and using the additional 

damping determined from the equal-energy dissipation principle) is adopted. The nonlinear 
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seismic demands are obtained by combining the peak responses of all equivalent linear modal 

SDF systems. Instead of direct and equal reduction of each mode’s elastic force demands by a 

response modification factor (𝑅) as prescribed in the standard RSA procedure, this procedure 

is capable of treating each vibration mode differently depending upon its inelastic state, and 

therefore, has a more rational approach towards the prediction of true nonlinear responses. It 

also retains the convenience offered by the standard RSA procedure for practicing engineers; 

it does not require nonlinear analysis nor nonlinear modeling. Therefore, it can be conveniently 

applied both as a design procedure to estimate the seismic demands of new buildings, and as a 

seismic evaluation procedure for the existing buildings.  

Using three case study high-rise buildings with reinforced concrete shear walls (20-, 33- and 

44-story high), the accuracy of response prediction from both simplified procedures is 

examined for individual vibration modes, as well as for the total seismic response. In this 

examination, the individual modal demands computed by the UMRHA procedure and the total 

demands computed by the NLRHA procedure are used as benchmarks, respectively. It is 

observed that both simplified analysis procedures are providing reasonably accurate demand 

estimations for the case study buildings subjected to different input ground motions, either for 

those of individual vibration modes or for their sum (total demands). This satisfactory 

performance shows that they can be considered (and developed further for general use) as 

suitable simplified analysis options in cases where it is not practical to perform the detailed 

NLRHA procedure. Several improvements can be made in future to make these procedures 

applicable to buildings and structures of various types, configurations, and materials used. 
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𝜉𝑖  Initial viscous damping of an 𝑖𝑡ℎ vibration mode 

𝜔𝑒𝑞,𝑖  Frequency of an 𝑖𝑡ℎ-mode equivalent linear SDF system  

𝜔𝑒𝑞  Frequency of an equivalent linear SDF system  

𝜔𝑖  Initial natural frequency of an 𝑖𝑡ℎ vibration mode 

𝜙𝑖
𝑟  Ordinate of 𝑖𝑡ℎ vibration mode shape at roof 

𝝓𝑖  𝑖𝑡ℎ mode shape vector 

휀(𝑥, �̇�) Error term representing the difference between the responses of a nonlinear and the 

corresponding equivalent linear SDF systems 

𝜅 A factor to correct the initial viscous damping used in EL procedure to make it 

compatible with that used in the NLRHA procedure 
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Chapter 1 

1 Introduction 
 

1.1 Background and Problem Statement  

Over last few decades, the seismic analysis of structures has passed through a continuous 

process of evolution. The story which started from a simple mass-proportional lateral load 

resisted by the elastic action has now evolved into an explicit consideration of multicomponent 

earthquakes applied to the detailed nonlinear finite-element models. The advent of latest 

computing tools, software applications and highly efficient processing units have almost 

revolutionized the current structural engineering practice in terms of implementing the, 

otherwise considered, complex analysis procedures. The exponential growth in computational 

power in recent years is continuously narrowing the industry-academia gap by providing the 

cutting-edge research and technology to practicing engineers at their doorstep. As a result, the 

structural engineers nowadays are equipped with far more aids and tools compared to a couple 

of decades ago. Moreover, recent advancements in nonlinear modeling techniques have also 

opened a whole new research area dealing with constructing the computer models with close-

to-real behaviors. With such a range of options available, the choice of modeling scheme and 

the analysis procedure for design decision-making often becomes a matter of “the more the 

sweat; the more the reward” for structural engineers.  

However, this is not a complete depiction of this story. If on one side, these advancements are 

bringing more sophistication to the design process (in terms of better structural idealization 

and faster numerical solvers), they are also making the process complex, extra skill-

demanding, and sometimes unnecessarily intricate. Often, in common design offices, the use 

of detailed nonlinear modeling and complex dynamic analysis may not be warranted for each 

project. Despite the fact that the availability of faster numerical solvers, user-friendly computer 

programs, and rapidly reducing computational cost is continuously paving the way for an 

increased use of the complex procedures, the desire and quest to somehow simplify the overall 

process still exists. In fact, the common practicing engineers are always interested in 

conceptually simple, convenient and yet accurate analysis procedures which are capable of 

clearly explaining the structural response in terms of its components. There are a number of 

good reasons which kept this interest awakened among the practicing engineers, researchers 

and professionals over last few decades. 

Firstly, the accurate determination of true inelastic seismic demands of structures can take a 

significant amount of time, computational effort and other resources, and therefore, is still 

considered a cumbersome and tedious task. The detailed Nonlinear Response History Analysis 

(NLRHA) is considered the most accurate analysis procedure both for the design of new 

buildings, as well as for the seismic performance evaluation of existing buildings. Its use is 

also widely recommended in latest seismic design and performance evaluation guidelines 

(ASCE/SEI 41-13, 2014; TBI, 2010). This procedure is based on the direct integration solution 

of coupled equations of motions and can directly account for the dynamic nature of earthquake 

loads, hysteretic energy dissipation, internal redistributions of forces, and the interactions 

among various behaviors and actions. However, for a fairly detailed inelastic structural model, 

this procedure can be significantly time-consuming and expensive. Its use is justified for larger 

projects with sufficient funds and technical resources, but may not be for most projects done 
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by the average practicing engineers. Moreover, the latest analysis guidelines require to use a 

large number of ground motions records representing the anticipated seismic hazard at the 

building site. The process of selecting a site-compatible set of ground motions records, 

performing the detailed NLRHA procedure and the post-processing of results may cost a 

significant amount of time. The process has to be repeated for both principal directions, at the 

end of which, one has to embed in a bulk of numerical data in order to extract useful 

information for design decision-making.  

Secondly, from the design point-of-view, the real purpose of structural analysis is not merely 

to simulate the detailed 3D models and compute design demands, but also to understand the 

complex structural behavior. This understanding may not always be guaranteed by complicated 

modeling techniques or analysis procedures and faster numerical solvers. In fact, it can be more 

effectively developed using convenient methods capable of simplifying the complex response 

and its determination. The insight obtained from these procedures should then help in devising 

the most efficient design scheme for new structures (in terms of reduction in cost, time, effort 

and other resources) as well as to accurately assess the expected seismic performance of 

existing structures. 

Moreover, in some cases, the qualitative understanding of structural behavior and the insight 

into the dynamic response becomes the primary goal of structural analysis. The examples of 

such situations may range from the conception and selection of primary structural systems on 

one side, to the design of control measures for suppressing the undesirable responses on the 

other side. The combined dynamic response obtained from the detailed NLRHA procedure 

may not always give a clear picture and conceptual grasp of the physical behavior. In such 

cases, various simplified procedures capable of answering the questions like, what are the 

factors controlling the response? can be relatively more helpful. 

One of the most important skills required to carry out the detailed NLRHA procedure is the 

ability to set up a reasonably sophisticated inelastic structural model capable of capturing all 

important aspects of material and component nonlinearity. Nonlinear modeling not only 

requires great expertise and understanding of various complex interactions and phenomena 

(associated with individual inelastic components), but also demands significant computational 

effort and the use of specialized computer software. In some cases, the obtained results can be 

significantly sensitive to nonlinear modeling assumptions and inelastic properties of 

components which may not always be well-defined. Therefore, for complex structures e.g. 

high-rise buildings with RC shear walls, setting up a full nonlinear structural model is generally 

considered an onerous task compared to a linear elastic model. Also, an ordinary design office 

may not have necessary expertise and resources to undergo this process for each project. For 

most practical cases, the linear elastic analysis may serve the purpose of estimating design 

demands within their required degree of accuracy. 

Sometimes, a quicker seismic assessment of a large number of existing structures is required 

in order to assess the seismic vulnerability and loss estimation for a particular study area. In 

such situations also, the detailed NLRHA procedure may not be a suitable option, and 

therefore, relatively simpler and conceptually straightforward procedures (which may be 

approximate, yet retain well enough theoretical basis) are required to obtain a reasonably 

accurate response estimates in lesser time and computational effort. The use of such 

approximate analysis procedures can also be very handy in the preliminary design of building 
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structures, for example, for a rapid estimation of lateral stiffness required to avoid certain 

maximum tolerable inter-story drifts.  

Keeping in view all these factors, the question of how accurately the existing approximate 

analysis procedures can capture the structural response becomes even more relevant. The need 

of more versatile procedures is also increasing with the increasing challenges posed by recent 

innovations in construction industry, and resultantly, with the growing needs for understanding 

the structural behavior. An efficient approximate procedure should not only be practically 

convenient and reasonably accurate but at the same time, should also be rooted in to the theory 

of structural dynamics while retaining the necessary theoretical background and rigor.  

1.2 Prediction of Seismic Demands of High-rise RC Shear Wall Buildings 

This study is focused on the high-rise reinforced concrete (RC) buildings with shear walls and 

gravity frames. The RC shear walls have long been recognized as effective structural members 

to resist the lateral loading. In high-rise building structures, especially those located in highly 

active seismic regions, they are used to efficiently provide the required lateral stiffness and 

strength either as main lateral load-resisting system or in combination with moment-resisting 

frames. The frame buildings braced by RC shear walls are relatively stiffer compared to the 

bare frame buildings and therefore, offer an improved seismic performance in terms of reduced 

lateral sway and inter-story drifts. The RC shear walls are also used as central core or as several 

individual walls, or both. The core wall system is often favored over other lateral force-

resisting systems due to the additional advantages of faster construction and the availability of 

open space. Due to their effective use and widespread applications, an improved understanding 

of the seismic behavior of high-rise RC shear wall buildings is of utmost importance.  

The dynamic response of high-rise buildings is relatively more complicated as compared to 

low- to mid-rise buildings because several vibration modes (other than the fundamental mode) 

normally contribute to their response. This higher-mode effect can play a significant role in the 

dynamic behavior and in some cases, can also dominate the overall seismic response. 

Moreover, the constantly evolving complex and irregular 3D geometries, the presence of non-

structural components, interaction of shear walls and frame elements, the use of innovative 

materials, and plan or elevation irregularities can make the dynamic response even more 

complicated. The need of an in-depth understanding of the nonlinear seismic response becomes 

even more important in such scenarios.  

Over the years, researchers have proposed various procedures to account for the higher-mode 

effects in the response of high-rise RC buildings. The standard Response Spectrum Analysis 

(RSA) procedure is the most widely used procedure for the purpose of computing the seismic 

design demands and is also recommended by various building codes and design guidelines 

including ASCE 7-10 (2010), EC 8 (2004) and IBC (ICC, 2012). This procedure is based on 

the concept of modal superposition of responses and further assumes that the nonlinear force 

demands can be estimated by simply reducing the linear elastic force demands by a constant 

factor referred as the response modification factor (𝑅) (ASCE/SEI 7-10, 2010) or behavior 

factor (𝑞) (Eurocode 8, 2004). 

Being an approximate analysis procedure, the RSA procedure is often subjected to criticism 

when compared with the detailed NLRHA procedure. Several studies have shown that the 

code-based RSA procedure may significantly underestimate the true nonlinear seismic 

demands of the high-rise RC shear wall structures (Blakeley et al., 1975; Klemencic et al., 
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2007; Klemencic, 2008; Priestley & Amaris, 2002; Rutenberg & Nsieri, 2006; Zekioglu et al., 

2007). These studies showed that the shear demands at RC wall base and flexural demands at 

the mid-height are in excess of the corresponding design demands obtained from the code-

based RSA procedure and thus, may lead to the formation of unintended flexural plastic hinges 

at mid-height or may cause shear failure at the base of RC walls.  

For a more direct prediction of the inelastic seismic demands of building structures, various 

Nonlinear Static Procedures (NSPs) have also been developed and proposed over last few 

decades. They are prescribed in various seismic performance evaluation guidelines including 

ATC 40 (1996), FEMA 273 (1997), FEMA 356 (2000), ASCE-41-06 (2006) and ASCE 41-13 

(2014). In these procedures, the peak inelastic displacement of the building against a specified 

seismic hazard is first estimated using an approximate method. Then, the detailed structural 

model, directly incorporating the anticipated nonlinearity of its components, is pushed laterally 

to this peak displacement with gravity loads held constant. The force and displacement 

demands at this peak inelastic displacement (also sometimes referred to as the target 

displacement) are expected to provide an estimate of the likely maximum inelastic demands 

under that specified seismic hazard.  

The quest of simplified estimation of this peak inelastic displacement has resulted in the 

development of two important approaches of NSPs. The first approach, referred as the 

Displacement Modification, is based on the direct modification of peak elastic displacement 

by one or more coefficients to get an estimate of peak inelastic displacement. These 

coefficients are expected to represent the likely peak inelastic-to-elastic displacement ratios 

derived from the detailed analysis while accounting for various aspects of inelastic action. The 

second approach, known as the Equivalent Linearization (EL), approximates the maximum 

displacement of a nonlinear system by analyzing its linear elastic counterpart having the 

properties modified from the initial elastic properties of nonlinear system. The procedures 

based on this approach assume that a reasonably accurate estimate of the seismic demands of 

a nonlinear model can be obtained by replacing it with a modified linear elastic model. 

Generally, this equivalent linear system is defined by a relatively longer natural period 

compared to the initial period of the nonlinear system, and a higher viscous damping compared 

to the initial inherent damping assigned to the nonlinear SDF system. 

Various studies (Chopra & Goel, 2000; Miranda, 2001; Miranda & Akkar, 2003a) have also 

compared and identified the limitations of the NSPs in capturing the complex dynamic 

behavior of multiple-degree-of-freedom (MDF) structures. The conventional NSPs, e.g. the 

Capacity Spectrum Method (CSM) in ATC 40 and the Displacement Coefficient Method 

(DCM) in ASCE 41-06 (2006) and ASCE 41-13 (2014), are mainly applicable to structures 

whose response is dominated by the fundamental vibration mode. Therefore, they are not 

suitable for high-rise buildings with significant response contributions from higher vibration 

modes. 

The current study evaluates the seismic demand prediction of RC wall buildings from a broader 

perspective with an aim to extend the domain of simplified analysis procedures to high-rise 

structures. The basic premise of this study is that the concept of vibration modes is a valuable 

tool to simplify and quickly understand the complex dynamic behavior. It argues that looking 

at the total dynamic response as a combination of contributions from a few vibration modes—

while the behavior of each mode is represented by a single-degree-of-freedom (SDF) system 

governed by few parameters—results in a significantly improved physical insight. Moreover, 
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the conceptual simplicity associated with the idea of modal expansion and superposition have 

profound applications and can be effectively employed to propose simplified yet accurate 

analysis procedures to predict the seismic demands of complex-natured and higher-mode-

dominating RC wall buildings. 

1.3 Basic Approach of Current Study – Modal Decomposition of Dynamic Responses 

The inelastic seismic demands computed using the detailed NLRHA procedure are considered 

the most reliable and accurate as these are computed while explicitly accounting for the effects 

of nonlinearity and higher vibration modes. However, the NLRHA procedure may not provide 

insight into the composition of complex nonlinear responses. An effective way to clearly 

understand the composition and controlling factors is to decompose the inelastic responses into 

the contributions from a number of significant vibration modes. This would allow a mode-by-

mode evaluation of the dynamic response and thus, would result in a significantly improved 

understanding. For this purpose, several methods have been developed and applied to actual 

high-rise buildings (Chopra & Goel, 2001; Sangarayakul & Warnitchai, 2004; Ahmed & 

Warnitchai, 2012; Mehmood et al., 2017a; 2017b). 

Sangarayakul and Warnitchai (2004) proposed two approximate analysis procedures based on 

the equivalent linearization (EL) concept for decomposing the complicated inelastic dynamic 

responses of wall buildings into simple modal responses. Each vibration mode of a nonlinear 

structure was represented by an equivalent linear SDF system whose parameters are identified 

by numerical optimization with the inelastic response time histories. This study showed that 

once the fluctuating modal responses at any location along the height are determined, several 

new insights into the complicated inelastic dynamics of multi-story wall buildings can be 

obtained. Later, Ahmed and Warnitchai (2012) employed another approximate technique—

referred as the Uncoupled Modal Response History Analysis (UMRHA) procedure—to 

decompose the inelastic responses of a 40-story RC core wall building. This approximate 

analysis procedure was originally formulated by Chopra and Goel (2001, 2002), and it allows 

to decompose the complex nonlinear dynamic response of buildings into contributions from 

few individual vibration modes. The behavior of each vibration mode is represented by a 

nonlinear SDF system. It was shown that this procedure can greatly help in understanding the 

composition of nonlinear force demands and to devise an effective control mechanism.  

More recently, Mehmood et al. (2017a, 2017b) also applied the UMRHA procedure to various 

high-rise buildings with RC shear walls and gravity frame systems. For several case study 

buildings (20- to 44-story high), it was shown that the nonlinear responses e.g. floor 

displacements, inter-story drifts, story shears, overturning moments, and floor accelerations, 

can be effectively decomposed into independent contributions from a few significant vibration 

modes. This approach provides an opportunity to clearly understand the individual modal 

behavior as well as their relative contributions to the total dynamic response of structures. It 

can also be effectively used as a tool to identify and evaluate the limitations and sources of 

inaccuracy in various simplified analysis procedures. 

In continuation of studies mentioned above, the current study also extensively makes use of 

the idea of modal superposition and the UMRHA procedure as an investigating tool to study 

the inelastic response of high-rise RC shear wall buildings. A detailed account and the 

application of this procedure to real case study buildings is presented in Chapter 3. However, 

the current study is more focused on proposing and testing the simplified yet accurate analysis 
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procedures which not only require significantly less computational effort compared to the 

detailed NLRHA procedure but also provide useful insights into the complex nonlinear 

responses.  

1.4 Research Objectives 

The objectives of this study are to examine the nonlinear seismic responses of high-rise RC 

wall structures using the simplified analysis procedures capable of providing the enhanced 

understanding of the higher-mode effects. Two such procedures (one based on the 

displacement modification approach and other based on the equivalent linearization approach) 

will be proposed in this study. As mentioned earlier, the UMRHA procedure will be used as a 

tool not only for the conception and formulation of these simplified procedures, but also for 

evaluating their accuracy in predicting the nonlinear seismic responses. The proposed 

procedures will be applied to real case study buildings subjected to various types and levels of 

input ground motions. The seismic demands obtained using the detailed NLRHA procedure 

will be used as benchmark to investigate the accuracy of proposed simplified analysis 

procedures. The effectiveness of various simplified approaches in terms of providing the clear 

picture and explanation of the complex dynamic responses will also be discussed. 

Based on the above discussion, the objectives of this study can be summarized as follows. 

a) The conception and theoretical formulation of simplified analysis procedures to 

evaluate the nonlinear seismic demands of high-rise buildings with RC shear walls 

b) The application and subsequent validation of the proposed procedures using real case 

study buildings (20-, 33-, and 44-story high) subjected to different types and levels of 

input ground motions 

c) The identification of various limitations and sources of uncertainty in proposed analysis 

procedures, and recommending future improvements for their effective and convenient 

use by the practicing engineers 

1.5 Organization of this Report 

This dissertation report is organized as follows. 

Chapter 2 reviews some of the existing simplified analysis procedures to determine the 

nonlinear seismic demands of buildings. It introduces the two most commonly used approaches 

(i.e. the displacement modification and equivalent linearization), their inherent assumptions 

and different nonlinear static procedures (NSPs) prescribed in various seismic evaluation 

guidelines. This review provides a necessary background for the formulation of two simplified 

procedures proposed in this study.  

Chapter 3 presents the evaluation of nonlinear seismic responses of the selected case study 

buildings using the UMRHA and NLRHA procedures. The nonlinear models of these buildings 

will be subjected to the cyclic modal pushover analysis and their dynamic responses will be 

determined (both using the UMRHA and NLRHA procedures) by subjecting them to various 

input ground motions. The computed seismic demands will be used to evaluate the 

performance of proposed simplified analysis procedures in Chapters 4 and 5.  

Chapter 4 focusses on the displacement modification approach in further detail and presents 

the detailed evaluation of an Extended Displacement Coefficient Method (EDCM) for 

determining the nonlinear seismic demands of high-rise buildings with RC shear walls.  
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Chapter 5 is focused on the equivalent linearization approach. It presents the evaluation of a 

Modified Response Spectrum Analysis (MRSA) procedure which is presented both as a design 

procedure for new buildings and as a seismic evaluation procedure for existing buildings.  

Finally, Chapter 6 concludes this study and presents various recommendations for future 

improvements in the proposed analysis procedures. 

1.6 Scope of this Study 

This study is focused only on the high-rise buildings with RC shear walls. The presented results 

should not be generalized to low-rise buildings and to other structural systems e.g. the moment-

resisting frame structures etc. However, the underlying concepts of proposed simplified 

analysis procedures are, in principle, valid for all types of structures and therefore, can be 

evaluated in future studies.  

Being based on various assumptions and approximations, all simplified analysis procedures 

have inherent limitations and sources of uncertainty. For example, most of them are unable to 

account for the torsional effects and may not handle various practical cases with significant 

vertical irregularities e.g. multiple towers on single podium etc. The procedures proposed in 

this study also have various limitations and sources of uncertainty which should be kept in 

mind prior to their use. Several limitations and underlying assumptions of these procedures are 

discussed in Chapters 4 and 5.  
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Chapter 2 

2 Simplified Nonlinear Analysis Procedures – A Literature Review 

2.1 Introduction  

The overall objective of seismic analysis procedures is to predict the expected behavior and 

performance of structures in future earthquake shakings. A better and accurate understanding 

of this expected behavior not only results in a safe and economic design of new structures but 

also in a realistic assessment of seismic risk associated with existing structures. The quest of 

improved understanding of structural response have resulted in the development of a number 

of analysis techniques and procedures over last few decades. This chapter provides the 

necessary background and review of various simplified approaches for the determination of 

nonlinear seismic demands of building structures.  

2.2 Simplified Estimation of Seismic Demands of Buildings  

The analysis procedures in early 20th century were essentially based on the use of simplified 

structural models subjected to simplified loading types. For example, for the purpose of 

structural design, the seismic load was historically idealized as a simple mass-proportional 

lateral static loading. Later, with the increasing applications of modal analysis and the 

formulation of the RSA procedure, the role of vibration modes and natural periods in 

understanding and controlling the seismic demands was recognized. With the advent of 

computer programs and dynamic analysis solvers in mid-1960s and 1970s, and with the 

increasing availability of more ground motion records, the use of detailed dynamic analysis 

procedures based on the direct integration solution of the governing dynamic equations of 

motion was established. This also started the use of nonlinear modeling for a relatively better 

structural idealization as compared to the linear elastic models.  

In late 1980s and 1990s, the importance of nonlinear modeling and analysis increased 

significantly with the emergence of performance-based seismic engineering (PBSE) as a well-

accepted methodology for the seismic evaluation and design of building structures (ATC 40, 

1996). This methodology uses the predicted structural performance to equip the decision-

makers with the key information regarding structural safety and risk. The performance is 

primarily characterized in terms of expected damage to various structural and nonstructural 

components and building contents. Since the structural damage implies an inelastic behavior, 

the traditional design and analysis procedures that are based on linear elastic behavior can only 

implicitly predict the performance. By contrast, the objective of nonlinear seismic analysis 

procedures is to directly estimate the magnitude of inelastic seismic demands. 

The generic procedure for the determination of nonlinear seismic demands involves a number 

of key steps as shown in Figure 2.1. The engineer is first required to set up a computer model 

which is expected to mimic the behavior of the actual structure. The anticipated seismic 

shaking is characterized after a seismic hazard analysis while accounting for various site-

specific phenomenon. A suitable analysis procedure is then applied to the structural model 

considering all important loading scenarios. This results in the predictions of engineering 

demand parameters (EDPs) which can be subsequently compared with an acceptance criteria 

(generally prescribed by the seismic evaluation guidelines) to determine the seismic 

performance of the building. The EDPs normally comprise of global displacements (e.g. at 
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roof or at any other reference point), inter-story drifts, story forces, component distortions, and 

component forces (FEMA 440, 2005).  

 
Figure 2.1 The schematic depiction of the overall procedure to estimate nonlinear force and 

deformation demands of a building for a given seismic hazard (based on FEMA 440, 2005) 

 

The level of complexity in this overall process may vary widely depending upon the choice of 

modeling scheme and analysis procedure, as well as the required degree of accuracy. Various 

simplified analysis approaches have been applied by introducing the approximations in the 

areas of structural modeling, characterization of seismic loading or the analysis procedures. 

One conventional approach for the approximate estimation of seismic demands is the use of 

simplified structural models. For example, the researchers have been proposing such models 

that were intended to only capture some specific deformational behavior. These include “stick 

models” that take into account only shear-type deformations, or the flexure-shear models to 

account for the interaction among the behaviors of components in flexure and shear 

respectively (e.g. Miranda (1999)). Similarly, the seismic loading has also been idealized as 

the equivalent static lateral loads with various proposed patterns along the structural height. A 

variety of approximate static and dynamic analysis procedures are also available for simplified 

estimation of nonlinear seismic demands. Figure 2.2 shows a wide spectrum of possible 

simplifications in the overall seismic analysis process. 

The availability of this whole range of options requires a careful review by the practicing 

engineers to decide the analysis scheme for each project. All simplified approaches have their 

own inherent assumptions, sources of uncertainty and limitations. A prior knowledge of all 

such shortcomings and underlying assumptions is also an important requirement. The 

practicing engineers must be reasonably skeptic about the accuracy of results obtained from 

Rock
Fault

Soil

Site

Site Response
Ground motion 

can be amplified 

by soil

Attenuation
Seismic waves lengthen 

and diminish in strength 

as they travel away from 

the ruptured fault.

Future Ground Shaking

Building

Nonlinear Structural Model

Characterization of Seismic Ground 

Motions

Estimation of Nonlinear Seismic 

Demands

• Global-level Responses

• Inter-story Responses

• Component-level Responses



10 

 

any simplified analysis approach. Although the seismic evaluation guidelines allow the use of 

approximate analysis procedures for conventional low- to mid-rise structures, the detailed 

NLRHA procedure is still recommended as a final check especially for the structures having 

extraordinary importance or those with special features.  

 

Figure 2.2 A wide spectrum of simplifications in the overall seismic analysis process 

 

2.3 Nonlinear Static Analysis Procedures (NSPs) 

This study is focused on a specific class of simplified analysis procedures referred in various 

performance-based seismic evaluation guidelines as the Nonlinear Static Procedures (NSPs). 

These procedures can be viewed as the nonlinear counterpart of the Linear Static Procedure 

(LSP) which is generally used for the design of low- to mid-rise buildings. In the LSP, the 

seismic loading is idealized as an equivalent static force pattern applied to a linear elastic 

structural model. Similarly, in the NSPs, an inelastic structural model, directly incorporating 

the nonlinear behavior of its components, is subjected to a static lateral load vector. The 

inelastic model captures the redistribution of internal forces due to nonlinear action during the 

lateral loading and hence, is expected to provide a reasonable estimate of true nonlinear seismic 

demands. 

2.3.1 The Pushover Analysis Procedure – Basic Concept 

An essential component of all existing NSPs is the pushover analysis procedure. In fact, the 

terms NSPs and pushover analysis procedures are sometimes used interchangeably in literature 

to describe the same set of computations used to determine the quasi-static inelastic lateral 

response of buildings. The basic principle of the pushover analysis is to subject the floors of 

an inelastic structural model of building (after loaded with gravity loads) to an incrementally 

increasing lateral force pattern representing a simplified distribution of earthquake induced 
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forces. The strength and stiffness properties of every structural component are updated after 

each load increment to account for the reduced stiffness and resistance of yielded components. 

This process is continued until the structure becomes unstable or until a pre-determined target 

value of displacement (generally at roof level) is reached.  

The main objectives of the pushover analysis procedure are to determine the lateral strength, 

displacement ductility and the failure mechanism of a structure, as well as to investigate the 

progression of damage under lateral forces induced by the earthquake ground motions. This 

information is obtained from the resulting pushover curves (also known as the capacity curves, 

showing the relationship between roof displacement 𝑥𝑟, and the base shear 𝑉𝑏). Apart from 

these key parameters, the detailed seismic demands (i.e. the peak nonlinear deformations and 

forces) can also be determined from the pushover curves using any established NSP.  

Different NSPs recommend a different use and processing of the results obtained from the 

pushover analysis. However, a common concept among all procedures is the representation of 

nonlinear MDF structural model of building by an equivalent (linear or nonlinear) SDF system. 

Generally, the actual pushover curves are approximated by an idealized nonlinear force-

deformation relationship. This relationship can be directly assigned to an equivalent SDF 

system which is then expected to represent the detailed nonlinear structural model. In other 

words, the actual global behavior of the detailed model is mapped to an equivalent SDF system. 

This concept is illustrated in Figure 2.3. A more detailed version of this idea is also one of the 

basic components of the UMRHA procedure and will be further discussed in Chapter 3.  

 

Figure 2.3 The conversion of a detailed nonlinear structural model into an equivalent 

nonlinear SDF system 

 

The NSPs are always an attractive option for practicing engineers due to their convenient and 

quick implementation for the seismic performance evaluation. Compared to the LSPs, the 

primary advantage of the NSPs is their ability to account for the redistribution of internal forces 

as the structural components experience nonlinearity under incremental lateral forces. This 

allows a clear understanding of the variations in structural response and the sequential 

achievement of various limit states as the structure enters in inelastic range. However, it is also 

important to note that the conventional NSPs prescribed in ATC 40 (1996), FEMA 356 (2000) 

and ASCE 41-13 (2014) are strictly applicable only to cases where the dynamic response of 

building is primarily dominated by the fundamental vibration mode. The application of these 

first-mode-based procedures to the buildings with significant higher-mode effects would yield 

erroneous results.  

This study is an attempt to extend the underlying concepts of the conventional NSPs to every 

significant vibration mode of the structure. Therefore, it is necessary to first briefly discuss the 
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basic approaches, essential concepts and the assumptions of the conventional first-mode-based 

NSPs. 

2.3.2 Basic Approaches and Assumptions in the NSPs 

A fairly accurate estimation of the peak inelastic displacements (against a given seismic hazard 

level) is one of the main objectives of the NSPs. In addition to their significance as a key design 

parameter for new buildings, a quick yet accurate estimate of these peak inelastic 

displacements is also important for the existing buildings to assess the extent of damage to 

their drift-sensitive components. One obvious approach can be to subject the equivalent SDF 

representation of the actual MDF system to the NLRHA procedure using the suitable ground 

motion records. For a relatively more realistic idealization of the representative SDF system, a 

suitable hysteretic behavior can be selected with the monotonic pushover curve used as its 

capacity boundary. However, various NSPs offer alternate ways to estimate the peak inelastic 

displacement without performing the detailed NLRHA procedure. This peak displacement can 

then be used as the target displacement to extract all deformation and force demands from the 

detailed results of pushover analysis. The accuracy of any NSP is directly examined by 

observing how well its prediction of peak inelastic displacement can match with that obtained 

from the detailed NLRHA procedure.  

Over last several decades, the research efforts for the simplified estimation of nonlinear seismic 

demands for practically convenient applications have resulted in the conception of two main 

approaches. As mentioned in Chapter 1, these are referred as the “equivalent linearization” 

and the “displacement modification”.  

The procedures based on the displacement modification approach approximate the maximum 

response of the nonlinear SDF system (representing the detailed MDF model) by multiplying 

the displacement of its elastic counterpart with a suitable modifying factor, which corresponds 

to the expected ratio of the peak inelastic displacement to the peak elastic displacement. This 

modifying factor may further be represented as a product of several coefficients, each 

accounting for a specific aspect of inelastic action. These coefficients are generally derived 

from the statistical analysis of the results obtained from a large number of nonlinear and 

corresponding linear SDF systems subjected to the real ground motion records. 

On the other hand, the procedures based on the equivalent linearization (EL) approach assume 

that a reasonably accurate estimate of nonlinear seismic demands can be obtained by directly 

analyzing a modified linear elastic system. The actual nonlinear SDF system (representing the 

detailed MDF model) is replaced with an equivalent linear SDF system with modified 

properties to get an estimate of the peak inelastic displacement. The properties of the equivalent 

linear SDF system are determined such that the difference in the dynamic responses of the 

actual nonlinear SDF system and its equivalent linear counterpart is minimum.  

In the EL procedures, the determination of likely maximum deformation of an existing 

structure (with a known lateral strength and an unknown ductility capacity) requires the process 

to be iterative. However, the displacement modification approach offers a direct non-iterative 

solution because the modifying coefficients can be directly determined using the natural time 

period and the parameters obtained from the idealized pushover curve. Therefore, this 

approach provides a convenient analysis framework and is generally more appealing for 

common practicing engineers. 
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Being the conceptual basis for this study, both the approaches will now be separately discussed 

in relatively more detail. 

2.4 The Displacement Modification Approach 

The idea that inelastic response of SDF systems can be estimated by applying appropriate 

modification factors to corresponding elastic systems is not new. Veletsos & Newmark (1960) 

and Veletsos et al. (1965) conducted the very first studies on the comparison of displacements 

of elastic and inelastic SDF systems which later led to the well-known equal-displacement 

approximation/rule. It states that inelastic peak displacements tend to remain almost the same 

as elastic peak displacements for structures with fundamental periods greater than a certain 

threshold value (usually 1 sec), regardless of the selected yield strength or ductility factor. 

Several seismic analysis standards and guidelines have adopted the displacement modification 

approach as part of the NSPs prescribed for seismic evaluation. It is referred as the 

Displacement Coefficient Method (DCM) (ATC 40, 1996; FEMA 273, 1997; FEMA 356, 

2000; FEMA 440, 2005; ASCE/SEI 41-06, 2006; ASCE/SEI 41-13, 2014). This approach has 

also been adopted in Eurocode 8 (2004) as the procedure to determine the target displacement 

for the prescribed NSP. A brief review of the DCM specified in various guidelines and 

standards is presented next. 

2.4.1 The Displacement Coefficient Method (DCM) (ATC 40, 1996; FEMA 273, 1997; 

FEMA 356, 2000) 

The DCM in the ATC 40 (1996), FEMA 273 (1997) and FEMA 356 (2000) uses a series of 

coefficients (𝐶0, 𝐶1, 𝐶2, and 𝐶3) to modify the maximum displacement of a linear SDF system. 

The resulting displacement is intended to represent the maximum roof displacement likely to 

be experienced by the MDF system during the design earthquake. It is determined using the 

expression shown in Figure 2.4. 

 
Figure 2.4 The modification of the elastic spectral displacement to estimate the nonlinear 

peak roof displacement (target displacement) (ATC 40, 1996; FEMA 273, 1997 and 

FEMA 356, 2000) 

 

An inelastic structural model directly incorporating the nonlinear force-deformation behaviors 

of the individual components of the building is subjected to a monotonically increasing lateral 

load pattern, until the displacement at the control node (usually at the roof) is equal to the target 

displacement 𝛿𝑇. All seismic evaluation guidelines requires carrying out the analysis to at least 
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150% of 𝛿𝑇 in order to encourage the engineers to investigate the likely building performance 

under the extreme loading conditions that exceed the design values.  

The coefficient 𝐶𝑜 relates the spectral displacement of an equivalent SDF system to the roof 

displacement of the building. It is the modal participation factor for first vibration mode of 

building. The coefficient 𝐶1 is the ratio of the maximum displacement of an inelastic SDF 

system (modeled with a non-degrading elastic-perfectly plastic, EPP, hysteretic behavior) to 

the maximum displacement of the corresponding elastic SDF system. The coefficient 𝐶2 is 

intended to account for the effects of hysteretic behavior, e.g. pinching, on the peak 

displacement. It is the ratio of maximum displacement of a stiffness-degrading (SD) SDF 

system to that of an EPP SDF system. The coefficient 𝐶3 is intended to account for the 

increased displacements due to dynamic 𝑃 − 𝛥 effects. The 𝑃 − 𝛥 effects can be seen as a type 

of strength degradation that occurs in a single cycle (in-cycle) of vibration. However, it is 

different from the cyclic strength degradation that occurs in subsequent cycles (usually 

modeled with a strength- and stiffness-degrading, SSD, model). These two types of strength 

degradation have different implications with respect to the dynamic behavior. 

These displacement coefficients are empirically derived as the functions of time period of SDF 

system and the parameters obtained from the idealized pushover curve. The most updated 

version of the DCM is prescribed in ASCE/SEI 41-06 (2006) and ASCE/SEI 41-13 (2014). It 

is based on the recommendations provided by a detailed investigation carried out by FEMA 

440 (2005) aiming to improve the existing NSPs. A brief summary of the improvements 

recommended by the FEMA 440 (2005) is presented below.  

2.4.2 The Improved DCM in FEMA 440 (2005) 

The FEMA 440 (2005) report conducted a comprehensive analysis program to evaluate the 

accuracy of existing NSPs and to propose various improvements. A large number of nonlinear 

SDF systems with varying natural periods, lateral strengths, and hysteretic behaviors were 

modeled and subjected to a total of 100 input ground motions recorded on different site soil 

conditions. The resulting database of approximately 180,000 predictions of maximum 

displacement was used as a benchmark to judge the accuracy of the existing NSPs. This was 

accomplished by comparing the estimates for each SDF system from the NSPs with the 

predictions obtained from the NLRHA procedure. The differences in both predictions were 

statistically analyzed and various improvements were proposed. A quick review of the analysis 

scheme used in FEMA 440 (2005) for the improvement of the DCM and its main findings is 

as follows.  

The SDF systems with initial natural periods in a range of 0.05 sec – 3 sec were considered. 

Their lateral yield strength was characterized by a normalized yield strength factor (𝑅𝑦) which 

is defined as follows. 

 
𝑅𝑦 =

𝑚𝑆𝐴
𝑓𝑦

 (2.1) 

where 𝑚 is the mass of the SDF system, 𝑆𝐴 is the spectral acceleration corresponding to the 

initial period of the system, and 𝑓𝑦 is the lateral yield strength of the SDF system. The 

numerator in Equation (2.1) represents the lateral strength required to maintain the system 

elasticity which is also referred as the elastic strength demand. Nine levels of normalized lateral 

strength were considered, corresponding to 𝑅𝑦 = 1, 1.5, 2, 3, 4, 5, 6, 7 and 8.  
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The SDF systems were modeled with four different hysteretic behaviors (EPP, SD, SSD and 

NE) shown in Figure 2.5. The elastic-perfectly plastic (EPP) model is used as a reference 

behavior. This model was used as a benchmark to study the effects of hysteretic behavior e.g. 

pinching, strength degradation, stiffness degradation etc. The stiffness-degrading (SD) model 

represents the well-detailed and flexural-controlled RC structures in which the lateral stiffness 

decreases with the increasing level of lateral displacement. The strength- and stiffness-

degrading (SSD) model is aimed at approximately reproducing the hysteretic behavior of 

poorly detailed RC structures in which the amount of strength and stiffness degradation is a 

function of the maximum displacement in previous cycles as well as a function of the hysteretic 

energy dissipation. The nonlinear elastic (NE) model, on the other hand, unloads on the same 

branch as the loading curve and therefore exhibits no hysteretic energy dissipation. This model 

approximately reproduces the behavior of pure rocking structures. Mostly, the rocking in real 

structures is a combination of this type of behavior with one of the other hysteretic types that 

include hysteretic energy losses.  

 

Figure 2.5 The hysteretic models used in investigation carried out by FEMA 440 (2005) 

 

Figure 2.6 illustrates a sample set of results from FEMA 440 (2005). It shows the mean 

computed ratios of peak displacement of SDF systems modeled with EPP behavior to the 

corresponding peak elastic displacement when subjected to 20 ground motions recorded on a 

site class C. As mentioned earlier, this ratio is defined as the displacement coefficient 𝐶1. The 

following observations can be made from Figure 2.6. 

a) For periods greater than about 1 sec, the computed 𝐶1 ratio is fairly insensitive to the 

level of strength and natural period, and the inelastic displacement tends to remain 
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almost equal to the elastic displacement. This observation conform to the well-known 

equal-displacement assumption which states that for structures with time periods 

greater than a certain threshold value (usually 1 sec), the peak inelastic displacement is 

equal to the corresponding linear elastic displacement. 

b) The results can be classified into two distinct spectral regions depending upon the 

adequacy of equal-displacement assumption. In the short-period region, the inelastic 

displacements are larger than corresponding elastic displacements (i.e., 𝐶1 is larger than 

1) and are very sensitive to the level of lateral strength (i.e., 𝐶1 is increasing with 

increasing 𝑅𝑦). In the long-period spectral region, the equal-displacement assumption 

holds well.  

c) The transition period dividing the two spectral regions mentioned in (a) increases as 

the lateral yield strength decreases (i.e. as the 𝑅𝑦 increases). 
 

 

Figure 2.6 The variation of mean 𝐶1 when subjected to 20 ground motions recorded on site 

class C (FEMA 440, 2005) 

 

The FEMA 440 (2005) derived improved expressions for the determination of displacement 

coefficients 𝐶1 and 𝐶2. For coefficient 𝐶1, a simplified expression as a function of 𝑅𝑦, effective 

time period 𝑇𝑒, and a site class factor “𝑎” was recommended. The coefficient 𝐶2 was also 

revised to better account for the effects of cyclic degradation of stiffness. For buildings with 

systems that do not exhibit degradation of stiffness and/or strength, the coefficient 𝐶2 can be 

taken as 1. This may include buildings with modern concrete or steel special moment-resisting 

frames, steel eccentrically braced frames, and buckling-restrained braced frames as either the 

original system or as additionally added system during seismic rehabilitation.  

It was also observed that the displacement amplification due to 𝑃 − 𝛥 effects increase as the 

absolute value of negative stiffness at post-yield stage increase (FEMA 440, 2005). Several 

studies have shown that the systems exhibiting negative post-yield stiffness may exhibit 

0

0.5

1

1.5

2

2.5

3

3.5

4

0 0.5 1 1.5 2 2.5 3

= 8

= 6

= 4

= 3

= 2

= 1.5

Site Class C – Mean of 20 Ground Motions

Two Basic Spectral Regions

is on average larger than 1

increases with decreasing 

increases with increasing 

is approximately constant with changes in 

doesn’t change much with changes in 

is on average approximately equal to 1

T (sec)



17 

 

dynamic instability when subjected to ground motions (Jennings & Husid, 1968; MacRae, 

1994; Miranda & Akkar, 2003b). Such systems need to have a minimum lateral yield strength 

in order to avoid collapse. This phenomenon is not adequately captured by the coefficient 𝐶3 

in ATC 40 (1996), FEMA 273 (1997) and FEMA 356 (2000). Therefore, the coefficient 𝐶3 

was suggested to be eliminated and replaced with a maximum limit on the normalized yield 

strength ratio 𝑅𝑚𝑎𝑥. 

The recommendations and improvements proposed by the FEMA 440 (2005) were later 

incorporated in ASCE/SEI 41-06 (2006) and were retained also in ASCE/SEI 41-13 (2014) . 

The next sub-section will discuss the DCM in a relatively more detail as prescribed in these 

two guidelines.  

2.4.3 The NSP in ASCE/SEI 41-06 (2006) and ASCE/SEI 41-13 (2014) 

The Nonlinear Static Procedure (NSP) prescribed in ASCE/SEI 41-06 (2006) and ASCE/SEI 

41-13 (2014) utilizes the application of a single invariant load pattern (based on the first mode 

shape) to the structure, while the target displacement is determined using the improved version 

of the DCM. The pushover curve is approximated with an idealized force-deformation 

relationship to determine the effective lateral stiffness (𝐾𝑒) and effective yield strength (𝑉𝑦) of 

the building. The effective lateral stiffness (𝐾𝑒) is the slope of the initial line in idealized force-

deformation relationship, representing the elastic behavior of structure before yielding. The 

effective time period (𝑇𝑒) is then determined as follows.  

 

𝑇𝑒 = 𝑇𝑖√
𝐾𝑒
𝐾𝑖

 (2.2) 

where 𝑇𝑖 is the initial time period of the first mode of structure and 𝐾𝑖 is the initial elastic lateral 

stiffness of the building in the direction under consideration. The target displacement is 

determined using the following equation. 

 
𝛿𝑇 = 𝐶0𝐶1𝐶2𝑆𝑎

𝑇𝑒
2

4𝜋2
𝑔 (2.3) 

where the displacement coefficients 𝐶0, 𝐶1 and 𝐶2 are defined in previous sub-section.  

The coefficient 𝐶0 can be determined using any of the following ways.  

a) The mass participation factor of the first vibration mode in the direction under 

consideration, 

b) The modal participation factor calculated using a shape vector corresponding to the 

deflected shape of the building at the target displacement multiplied by ordinate of the 

shape vector at the control node; or 

c) The appropriate value from Table 3-2 in ASCE/SEI 41-06 (2006) 

The coefficients 𝐶1 and 𝐶2 are determined as follows. 

 
𝐶1 = 1 +

𝑅𝑦 − 1

𝑎𝑇𝑒
2  (2.4) 

 
𝐶2 = 1 +

1

800
(
𝑅𝑦 − 1

𝑇𝑒
)
2

 

(2.5) 
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where “𝑎” is a site class factor with a value of  130 for site classes A and B, 90 for class C and 

60 for site classes D, E, and F. As defined earlier, the factor 𝑅𝑦 is the ratio of elastic strength 

demand to the yield strength of a system. In terms of the structural parameters of a building, 

its value is determined using the following equation. 

 
𝑅𝑦 =

𝑆𝐴
𝑉𝑦/𝑊

𝐶𝑚 (2.6) 

Where 𝑆𝐴 is the spectral acceleration at the effective time period and damping ratio of the 

building. 𝑊 is the effective seismic weight of the building generally defined as the sum of total 

dead load and 25% of the total live load. The factor 𝐶𝑚 is the effective modal mass participation 

factor for the first vibration mode and can be conveniently picked from Table 3-1 in ASCE/SEI 

41-06 (2006). It can also be obtained from the eigenvalue analysis of the structure. If the time 

period of first mode is greater than 1 sec, the value of 𝐶𝑚 can be taken as 1 (ASCE/SEI 41-13, 

2014). 

 
Figure 2.7 The relationships in ASCE/SEI 41-06 (2006) and ASCE/SEI 41-13 (2014) for 

determining the displacement modifying coefficients 𝐶1 and 𝐶2  

 

For natural time periods less than 0.2 sec, the coefficient 𝐶1 is taken equal to the value at 𝑇 = 

0.2 sec, while for periods greater than 1 sec, the equal-displacement approximation is assumed 

to hold good and 𝐶1 is taken as 1. Similarly, for periods greater than 0.7 sec, there is no 

significant effect of hysteretic behavior and the coefficient 𝐶2 is taken as 1. Figure 2.7 

graphically shows the expressions for coefficients 𝐶1 and 𝐶2 (Equations (2.4) and (2.5)) for 

different values of the yield strength factor (𝑅𝑦) and the site class factor (𝑎). It can be seen that 
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both coefficients are primarily controlled by the factor 𝑅𝑦. The peak inelastic displacements 

tend to increase significantly with decreasing yield strength (𝑉𝑦) of the systems (i.e. an increase 

in factor 𝑅𝑦). 

 
Figure 2.8 An overview of the NSP prescribed in ASCE/SEI 41-06 (2006) and ASCE/SEI 

41-13 (2014) 

 

For buildings with negative post-yield stiffness, the maximum strength ratio 𝑅𝑚𝑎𝑥 is required 

to be determined as follows. 

 
𝑅𝑚𝑎𝑥 = 

Δ𝑑
Δ𝑦
+ 
|𝛼𝑒|

−ℎ

4
 (2.7) 

Where 𝛥𝑑 is lesser of the target displacement (𝛿𝑇) or the displacement at maximum base shear 

(𝑉𝑏). While Δ𝑦 is the displacement at effective yield strength (𝑉𝑦). 𝛼𝑒 is the effective negative 

post-yield stiffness ratio (i.e. the ratio of the negative post-yield slope to the slope of initial line 

in the idealized pushover curve). The factor ℎ is determined as a function of initial time period 

𝑇𝑖, as follows.  

 ℎ =  1 +  0.15 𝑙𝑛(𝑇𝑖) (2.8) 
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Figure 2.8 provides an overall summary of the NSP prescribed in ASCE/SEI 41-06 (2006) and 

ASCE/SEI 41-13 (2014). 

2.4.4 Factors Affecting the Displacement Coefficients – A Review 

FEMA 440 (2005) was a comprehensive attempt to investigate the accuracy of the DCM and 

to tune it for better response predictions. However, several other studies have also investigated 

the displacement modification factors (or coefficients) considering different types of hysteretic 

behaviors and ground motions. In such studies, generally, a large number of SDF systems are 

modeled with desired hysteretic behaviors by varying their controlling parameters in a practical 

range of values. These nonlinear SDF systems, along with their linear elastic counterparts, are 

subjected to the selected ground motion records. The ratios of peak inelastic displacement to 

peak elastic displacement are determined. The general expressions or relationships are then 

derived for the convenient estimation of displacement modifying factors as a function of key 

structural parameters or the properties of hysteretic behavior. The discussion on displacement 

modification approach is not complete without reviewing some of the important studies in this 

category. 

Table 2.1 shows a summary of various studies focusing on the determination of peak inelastic-

to-elastic displacement ratios (referred onwards as the IDRs) for different variables and types 

of ground motions. The study carried out by the FEMA 440 (2005) is also included for 

comparison. It can be seen that the IDRs mostly depend on the yield strength factor 𝑅𝑦, 

ductility ratio (µ—the ratio of maximum displacement of an SDF system to its yield 

displacement), and the parameters of hysteretic models (e.g. the post-yield stiffness ratio, 𝛼) 

used in these studies.  

Some studies have also evaluated the effect of various ground motion characteristics or soil 

conditions on the IDRs. For example, Wen et al. (2014) showed that the near-fault pulse-like 

ground motions can also significantly increase the inelastic displacement demands of 

structures. Zhai et al. (2013)  presented the concept of constant-damage IDRs which are 

determined by gradually reducing the yield strength of an SDF system from the corresponding 

elastic demand until a specified damage index is achieved. Similarly, Khoshnoudian et al. 

(2013) evaluated the effect of the soil-structure interaction (SSI) on the peak inelastic-to-elastic 

displacement ratios. The ratios were computed for SDF systems modeled with the support 

conditions representing the soil behavior (instead of the fixed support). It was concluded that 

the equal-displacement assumption is not valid for the structures with significant SSI, and that 

the effects of soil flexibility are more significant for weaker structures compared to stiff ones. 

In another recent study, Ghannad and Jafarieh (2014) examined the simultaneous effects of 

SSI, foundation uplift and the inelastic behavior of superstructure on the total displacement 

response. This study also proposed a new factor “𝐶𝑑3” to account for the SSI effects while 

determining the target displacement for uplifting soil–structure systems.  

More recently, Rahgozar et al. (2016) determined the IDRs for the self-centering controlled 

rocking systems subjected to far-field and near-field pulse-like ground motions. It was found 

that the pulse period, predominant period of ground motion, and modeling parameters 

significantly influence the IDRs, while the effects of source-to-site distance, earthquake 

magnitude, and site classes are not much significant.  
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The presented review of literature on the displacement modification approach serve as a 

necessary background for an extended version of the DCM, which is proposed and evaluated 

in Chapter 4. 
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Table 2.1 A summary of important studies focusing on the determination of peak inelastic-to-elastic displacement ratios (IDRs)  

Sr. 

No. 
Study 

Hysteretic 

behavior 

Ground motions Other factors 

considered 

Main factors 

affecting the IDRs No. of Records Selection Criteria 

1 Miranda (2000) 
Bilinear 

elastoplastic 

Total 264 ground 

motions for firm sites 

recorded in the state of 

California, USA 

3 groups corresponding 

to 3 NEHRP site classes 

(B, C and D) based on 

𝑉𝑠30* ranges 

 ⋆ = 5%, the ratios 

calculated for six 

levels of known µ‡, 

and NEHRP site 

classes B, C and D 

Ductility ratio 

(µ) and time 

period (𝑇) 

2 
Ruiz-Garcia & 

Miranda (2003) 

Bilinear 

elastoplastic 

Total 216 ground 

motions recorded in the 

state of California, USA 

Same as above 

 = 5%, the ratios 

calculated for various 

levels of both µ and 

𝑅𝑦
†, and NEHRP site 

classes B, C and D 

Site factors (𝑎, 𝑏 

and 𝑐), 
Characteristic 

period at the site 

(𝑇𝑠), 𝑅𝑦 and 𝑇 

3 

Chopra & 

Chintanapakdee 

(2003) 

Bilinear 

elastoplastic 

Total 232 records 

organized into 13 

ensembles. 7 for far-

fault and 6 for near-fault 

ground motions 

Same as above Same as above Same as above 

4 

Chopra & 

Chintanapakdee 

(2004) 

Bilinear 

elastoplastic 

Total 214 records 

organized into 13 

ensembles. 7 for far-

fault and 6 for near-fault 

ground motions 

4 sets for various ranges 

of small or large 

magnitude and 

distances. 3 ensembles 

corresponding to 3 

NEHRP site classes. 6 

ensembles of near-fault 

ground motions 

 = 5%, the ratios 

calculated for various 

levels of µ, post-yield 

stiffness ratio , 𝑅𝑦, 

and NEHRP site 

classes B, C and D 

𝑅𝑦 or µ, 𝑇, , 𝑇𝑐 
(period separating 

the acceleration- 

and velocity- 

sensitive regions) 

and site class 

factors (𝑎, 𝑏, 𝑐, 𝑑) 

5 
Ruiz-Garcia & 

Miranda (2004) 

Bilinear 

elastoplastic 

and stiffness 

degrading 

Total 116 records for 

soft soil sites 

One group for sites with 

𝑉𝑠30 in the range of 67 

to 116 m/s. Another 

group for sites with 𝑉𝑠30 
as low as 40 𝑚/𝑠 

 = 5%, the ratios 

calculated for 6 

levels of µ  

µ, 𝑇/𝑇𝑔, where 𝑇𝑔 

is the predominant 

period of ground 

motion 
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Sr. 

No. 
Study 

Hysteretic 

behavior 

Ground motions Other factors 

considered 

Main factors 

affecting the IDRs No. of Records Selection Criteria 

6 

FEMA 440 

(2005),  

ASCE/SEI 

41-06 (2006) & 

ASCE/SEI 41-

13 (2014)  

EPP, SD, 

SSD, NE 

 

Total 100 records in 5 

groups for various soil 

types 

4 groups corresponding 

to 4 NEHRP site classes 

(B, C, D and E) based 

on 𝑉𝑠30 ranges. One 

group of ground motions 

influenced by near-field 

forward directivity 

 = 5%, the ratios 

calculated for 9 

levels of 𝑅𝑦 and 

NEHRP site classes 

B, C and D 

Site factor 𝑎, 𝑅𝑦, 

𝑇 and 𝑇𝑒 (𝑇𝑒 is the 

effective time 

period, Equation 

2.2) 

7 

Hatzigeorgiou 

& Beskos 

(2009) 

Bilinear 

elastoplastic 

Total 112 records 

with PGA > 0.1 g 

4 groups corresponding 

to 4 NEHRP site classes 

(B, C, D and E) based 

on 𝑉𝑠30 ranges 

 = 1, 2, 5 and 10 %, 

the ratios calculated 

for various levels of 

𝑅𝑦, , and USGS soil 

types A, B, C and D 

, 𝑅𝑦, post-yield 

stiffness ratio , 

soil type 

8 
Khushnoudian 

et al. (2013) 

Bilinear 

elastoplastic 

(with cone 

model for 

foundation) 

Total 20 ground 

motions with 

predominant periods 

from 0.59 sec to 2.89 

sec 

Available in FEMA 440, 

recorded on soft soil 

conditions, moment 

magnitude range 6.1 to 

7.1 

Structure-to-soil 

stiffness ratio, aspect 

ratio and relative 

lateral strength of 

superstructure,  

𝑅𝑦, , structure-

to-soil stiffness 

ratio 

9 
Rahgozar et al. 

(2016) 

Bilinear 

flag-shaped 

Total 135 records, 91 

near-fault-pulse records 

and 22 pairs of far-field 

ground motions  

The near-fault-pulse 

records were identified 

using wavelet analysis. 

Far-field ground 

motions are adapted 

from FEMA P695 

𝑅𝑦, , the flag height 

factor 𝛽. Various 

ground motion 

characteristics (pulse 

period, predominant 

period, magnitude, 

source-to-site 

distance, site class)  

𝑅𝑦, , 𝛽, pulse 

period 𝑇𝑃, 

predominant 

period 𝑇𝑔.  

* 𝑉𝑠30 is the average shear-wave velocity for the upper 30-m depth of subsoil. 

⋆  is the initial viscous damping ratio of the system. 

† 𝑅𝑦 is the ratio of lateral strength required by a single-degree-of-freedom (SDF) system to remain elastic to its lateral yield strength. 

‡ µ is the ratio of maximum displacement of an SDF system to its yield displacement.
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2.5 The Equivalent Linearization (EL) Approach 

As discussed earlier, the EL procedures are based on the assumption that a fairly accurate 

estimate of inelastic response can be obtained by analyzing a hypothetical equivalent linear 

system with properties such that the peak displacement response of both systems is same. This 

approach has remained a subject of immense research over past few decades, with a large 

number of studies dealing with the optimum conversion of nonlinear systems into equivalent 

linear systems. However, before providing a brief review of existing literature, the theoretical 

background for this idea will be presented first.   

2.5.1 Theoretical basis for the EL Approach 

The governing equation of motion for an inelastic SDF system with a mass 𝑚, damping 

coefficient 𝑐 and subjected to a ground motion �̈�𝑔(𝑡), is as follows. 

 𝑚�̈�(𝑡) + 𝑐�̇�(𝑡) + 𝑓𝑠(𝑥, �̇�) = −𝑚�̈�𝑔(𝑡) (2.9) 

Where 𝑓𝑠(𝑥, �̇�) is a nonlinear hysteretic relation between the restoring force and displacement 

and is a non-separable function of displacement 𝑥 and velocity �̇�.  

The main idea of the EL approach is to convert this inelastic SDF system, governed by equation 

(2.9) to an equivalent linear SDF system capable of providing the similar response predictions 

as the original inelastic SDF system. Considering Equation (2.9), there can be several ways to 

achieve this objective. These are listed as follows.  

a) One of the earliest attempts to determine the optimum conversion parameters is by 

considering the dynamic equivalence between the two systems (Caughey, 1962). The 

damping coefficient 𝑐 is replaced with an equivalent viscous damping coefficient 𝑐𝑒𝑞 

and the nonlinear function of restoring force 𝑓𝑠(𝑥, �̇�) can be approximated with an 

equivalent linear force function 𝑘𝑒𝑞𝑥(𝑡). This approximation would induce an error 

휀(𝑥, �̇�) term in the governing dynamic equation of motion for the equivalent linear SDF 

system shown below. 

 𝑚�̈�(𝑡) + 𝑐𝑒𝑞�̇�(𝑡) + 𝑘𝑒𝑞𝑥(𝑡) + 휀(𝑥, �̇�) = −𝑚�̈�𝑔(𝑡) (2.10) 

Where 휀(𝑥, �̇�) = 𝑓𝑠(𝑥, �̇�) − 𝑘𝑒𝑞𝑥(𝑡) + 𝑐�̇�(𝑡) − 𝑐𝑒𝑞�̇�(𝑡) (2.11) 

The objective is to somehow determine the optimal values for the equivalent linear 

coefficients 𝑐𝑒𝑞 and 𝑘𝑒𝑞 such that the error 휀(𝑥, �̇�) is minimized. If such optimum 

values of 𝑐𝑒𝑞 and 𝑘𝑒𝑞 are known, the error 휀(𝑥, �̇�) in Equation (2.10) can be neglected 

and the resulting equation can be readily solved as an ordinary linear differential 

equation to determine 𝑥(𝑡). One possible way to determine the optimum properties of 

equivalent linear system is to minimize the mean square value of 휀(𝑥, �̇�). The 

minimization criteria can be written as follows. 

 𝜕휀2

𝜕𝑘𝑒𝑞
= 0 (2.12) 

 𝜕휀2

𝜕𝑐𝑒𝑞
= 0 (2.13) 
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Where the overhead bar represents an averaging operation.  

It is important to note that no specific assumption is made about the equivalent linear 

coefficients 𝑐𝑒𝑞 (or 𝜉𝑒𝑞) and 𝑘𝑒𝑞, while the mass 𝑚 for both nonlinear and equivalent 

linear systems is assumed to remain same. The equivalent linear stiffness (𝑘𝑒𝑞) can also 

be converted to the corresponding equivalent natural time period (T𝑒𝑞). 

b) An alternate approach, generally referred as the resonant amplitude approach is based 

on a prior assumption that the stiffness of equivalent linear system is same as the initial 

stiffness (corresponding to a very small amplitude) of the original nonlinear system 

(Jennings, 1968). The mass of both systems is also assumed to be same. The optimum 

value for equivalent viscous damping is determined to get a reasonable response 

matching between the two systems. This approach is not widely applied by later EL 

procedures. 

c) The most common approach is to fix the stiffness of equivalent linear system (𝑘𝑒𝑞) to 

a certain value and determine the optimum amount of corresponding equivalent viscous 

damping (𝜉𝑒𝑞) using any suitable procedure. The most widely used choice for 𝑘𝑒𝑞 is 

the secant stiffness (𝑘𝑠𝑒𝑐) at the maximum nonlinear displacement. This definition was 

first proposed by Rosenblueth & Herrera (1964), and later widely adopted by several 

studies. Considering the capacity curve of a structure, the geometric importance and 

the associated physical meaning of this choice is obvious.  

d) Another approach for converting a nonlinear system to an equivalent linear system is 

by invoking the concept of dynamic mass. This approach is same as (a), however, 

instead of using a modified linear stiffness, here the equivalent dynamic mass is 

determined which leads to the same equivalent natural time period (T𝑒𝑞). The stiffness 

of equivalent linear system is assumed to be same as the initial stiffness of the original 

nonlinear system. 

e) The least used approach is to assume the same viscous damping for both the equivalent 

linear and nonlinear systems and determine the optimum amount of equivalent linear 

stiffness (𝑘𝑒𝑞) using any suitable procedure. This is referred as the constant critical 

damping approach. No obvious physical concept is involved in the use of this approach. 

 

For determining the amount of equivalent viscous damping, the most common analytical 

approach is by using the equal-energy dissipation principle. This idea was first introduced by 

Jacobsen (1930) who used it to approximate the steady-state response of a nonlinearly damped 

SDF system with the steady-state response of an equivalent linear SDF system. In this 

approach, the dissipated energy by the inelastic action in the original nonlinear SDF system is 

equated to the energy dissipated by viscous damping of an equivalent linear system against a 

sinusoidal excitation. This idea is generally used in conjunction with approach (c) for lightly 

yielded systems subjected to harmonic or random forces. The use of equal-energy dissipation 

principle is discussed in more detail in Chapter 5.   

However, for the practical determination of equivalent linear properties, the numerical 

techniques are also used instead of analytical solutions. In such procedures, while adopting the 

underlying idea of any of the above mentioned approaches, the dynamic responses of both 

linear and nonlinear systems are calibrated by iteratively changing one or more properties of 

one of the systems to come up with an optimum conversion scheme.  
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A brief review of various studies focusing on the conversion of an inelastic SDF system to an 

equivalent linear SDF system is presented next. 

2.5.2 Determination of Equivalent Linear Properties – A Literature Review 

Soon after the pioneering studies conducted by Caughey (1962), and Rosenblueth & Herrera 

(1964) various succeeding studies expanded the EL concept to include the effect of different 

types of nonlinear hysteretic behaviors and their controlling parameters. The effect of different 

types of ground motions on the equivalent linear parameters is also evaluated in various 

studies.  

The approaches (a) and (b) mentioned in preceding sub-section are quite appealing from an 

intuitive point of view because it seems reasonable that the natural period of a structure 

lengthens as it loses stiffness. At the same time, the inelastic action would result in a 

simultaneous increase in damping. However, historically, the most widely used approach is 

(c), i.e. to fix the equivalent stiffness equal to the secant stiffness, 𝑘𝑠𝑒𝑐 (or to fix the equivalent 

linear period to 𝑇𝑠𝑒𝑐) and determine the equivalent damping using any suitable analytical or 

numerical procedure. Currently, most of the existing EL procedures can be classified into two 

main groups based on the adopted definition of the equivalent linear stiffness (k𝑒𝑞) or the 

equivalent natural period (T𝑒𝑞). 

In the first group, the equivalent natural period (T𝑒𝑞) is set equal to 𝑇𝑠𝑒𝑐 and the amount of 

equivalent viscous damping (
𝑒𝑞

) is then determined using various approaches resulting in best 

response matching between the nonlinear and equivalent linear systems. The value of 
𝑒𝑞

 is 

therefore expected to compensate for any error arising from setting the equivalent period to a 

fixed value (𝑇𝑠𝑒𝑐). The methods in this group were widely adopted and tested in earlier studies 

for simpler dynamic loadings and for systems with bilinear elasto-plastic behavior.  

However, several other studies (e.g. Iwan & Gates (1979), Miranda (2001) and FEMA 440 

(2005)) proposed that an equivalent linear stiffness lying between the initial stiffness and the 

secant stiffness (at maximum amplitude of nonlinear system) can provide a relatively better 

response matching between the two systems. These studies intended to provide the improved 

EL procedures based on the consideration that the nonlinear system’s characteristics at the 

maximum response, which is occurring only for an instant under a ground motion, may not 

represent the characteristics of an equivalent linear system. Therefore, this second group of EL 

procedures does not define the equivalent elastic period based on the secant stiffness at the 

maximum amplitude, which is usually considered as an upper bound softening stiffness in 

these procedures.  

Therefore, in second group, instead of fixing the T𝑒𝑞 and determining the corresponding 
𝑒𝑞

, 

both the variables are iteratively varied during the analysis of a large number of nonlinear SDF 

systems subjected to a large number of real ground motion records. Using a typical 

displacement response spectra, Figure 2.9 illustrates the basic idea of displacement calibration 

between actual nonlinear SDF system and corresponding equivalent linear system. This 

calibration is achieved through both period elongation and additional damping. First, a higher 

natural period (T𝑒𝑞) would result in an increased displacement, however the higher viscous 

damping ratio (
𝑒𝑞

) is expected to bring the displacement down to match with the nonlinear 

displacement. The optimum pair of 𝑇𝑒𝑞 and 
𝑒𝑞

 in each case is identified by minimizing an 
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error index representing the difference among responses of nonlinear and equivalent linear 

systems. The final proposed relationships are generally developed by optimal fitting or 

statistical analysis of obtained data. It is important to note that such iterative techniques to 

identify the best combination of 𝑇𝑒𝑞 and 
𝑒𝑞

 may sometimes result in multiple solutions, and 

the final output may be sensitive to the selected iterative scheme, error index, and the 

characteristics of ground motions. Being based on empirical response calibration, these 

procedures may also lack theoretical rigor and may result in inaccurate estimates of period 

elongation and additional damping.  

 
Figure 2.9 The basic idea of displacement calibration between a nonlinear SDF system and 

a corresponding equivalent linear system (achieved through an elongated period and 

additional damping) 

 

A relatively less common approach based on the concept of effective amplitude is also 

identified in literature (JPWRI, 1992). The basic idea is that the secant stiffness at an effective 

value of amplitude (0.5 to 0.8 times the maximum or design displacement) is a relatively better 

candidate for equivalent linear stiffness compared to other options. This choice of higher 

stiffness (compared to 𝑘𝑠𝑒𝑐) results in lower levels of corresponding additional damping 

required to ensure the response equivalence.  

A brief account of various research developments in EL approach (and their main 

considerations) over last few decades is shown in Table 2.2. A comprehensive review and the 

comparison of various EL procedures can be found in Liu et al. (2014) and Lin & Miranda 

(2008; 2009). 

Spectral Displacement, 

Time Period, 

For initial viscous 

damping, 

Period 
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Damping

Inelastic Displacement

For equivalent 

viscous damping, 
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Table 2.2 A review of various EL procedures 

No. Study  Salient Considerations/Developments 

Methods based on secant stiffness at maximum displacement amplitude, 𝑇𝑒𝑞/𝑇𝑖  = √𝑘𝑖/𝑘𝑒𝑞 

1 

Rosenblueth & 

Herrera (1964) 

(ATC 40, 1996) 

This was one of the first studies to propose secant stiffness for equivalent linear systems. It employed the equal-energy 

dissipation principle to bilinear systems subjected to harmonic loading, to determine the hysteretic damping. 

2 

Gulkan & Sozen 

(1974) (Shibata 

& Sozen, 1976) 

Considering the fact that hysteretic parameters can significantly affect the equivalent viscous damping, this study used 

Takeda model without hardening, and proposed a simpler and more convenient empirical equation for 𝜉𝑒𝑞 based on a 

series of experimental investigations on reinforced concrete frames. 

3 Kowalsky (1994) 
Using Takeda model with post-yield hardening, this study proposed a more comprehensive equation for equivalent 

damping (based on equal-energy principle) including the effect of stiffness degradation. 

4 

Blandon (2004) 

(Blandon & 

Priestley, 2005) 

This study compared the 𝜉𝑒𝑞 estimated by Jacobsen’s approach (Jacobsen, 1930) with the effective damping obtained 

from an iterative analysis of SDF systems, using six hysteretic models (elasto-plastic, bilinear, Takeda “fat” and “thin”, 

Ramberg Osgood and ring-spring). It was concluded that the Jacobsen’s approach overestimates the 𝜉𝑒𝑞 and therefore, 

modified design equations were proposed. 

5 
Jara & Casas 

(2006) 

For bilinear hysteretic model, this study proposed an empirical expression for 𝜉𝑒𝑞 to improve the displacement prediction 

of equivalent linear methods when applied to bridges supported on lead rubber bearings. 

6 
Dicleli & 

Buddaram (2007) 

For bilinear hysteretic model, this study highlighted that the effect of period elongation and characteristics of ground 

motions on the 𝜉𝑒𝑞 must also be considered. Based on obtained results, a new equation is proposed for 𝜉𝑒𝑞. 

7 

Dwairi, 

Kowalsky & Nau 

(2007) 

Using four types of hysteretic models and a catalog of 100 ground motion records, this study accessed the adequacy of 

using Jacobsen’s 𝜉𝑒𝑞 combined with the secant stiffness as proposed in the Direct Displacement-based Design (DDBD). 

It also attempted to improve the accuracy of the DDBD procedure by proposing improved expressions for 𝜉𝑒𝑞. 

8 Jara et al. (2012) 
This study proposed an expression for 𝜉𝑒𝑞 derived from the particular characteristics of bridges supported on bilinear 

hysteretic bearings. 

9 
Lin & Miranda 

(2004)  

This study presented a method which uses the yield strength factor (𝑅𝑦 = 𝑚𝑆𝐴/𝑓𝑦) to define the equivalent linear system. 

The expression for 𝜉𝑒𝑞 was obtained from statistical and nonlinear regression analysis of elastoplastic systems subjected 

to 72 earthquake ground motions recorded on firm soil sites. 

Methods based on secant stiffness at effective amplitude of displacement 

10 

Japanese Public 

Works Research 

Institute (JPWRI, 

1992) 

This study proposes the use of an effective amplitude equal to 0.7 times the maximum design displacement to determine 

the secant period (𝑇𝑠𝑒𝑐). Similarly, the hysteretic damping at effective amplitude is proposed (equal-energy principle) 

for bilinear systems. Same expressions as Rosenblueth and Herrera (1964) are proposed with ductility ratio, 𝜇, replaced 

with 0.7𝜇. 
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No. Study  Salient Considerations/Developments 

Methods not based on secant stiffness 

11 Caughey (1962) 

This study derived analytical expressions for 𝑇𝑒𝑞 and 𝜉𝑒𝑞 for bilinear hysteretic systems subjected to harmonic and 

random loadings, based on minimizing the mean square value of error term between the responses of actual nonlinear 

and equivalent linear systems.  

12 
Iwan & Gates 

(1979) 

For bilinear hysteretic systems subjected to 12 recorded earthquake ground motions, this study proposed the average 

stiffness and energy (ASE) damping model and empirical expressions for 𝑇𝑒𝑞 and 𝜉𝑒𝑞. The hysteretic model used in this 

study was derived from a combination of linear elastic and Coulomb slip elements. 

13 Iwan (1980) 

Using six hysteretic models subjected to 12 earthquakes, this study compared various approximate methods and proposed 

expressions for 𝜉𝑒𝑞 (developed based on minimizing the mean of the absolute values of the displacement error) which 

also include the effect of period elongation. 

14 
Hwang & Sheng 

(1993) 

This study evaluated the optimum 𝑘𝑒𝑞 and 𝜉𝑒𝑞 of seismically isolated bridges. For bilinear systems, the data obtained by 

Iwan and Gates (1979) was used to fit an assumed function to represent the relationship between the (𝑇𝑒𝑞/𝑇𝑖) and 𝜇. 

15 
Hwang & Chiou 

(1996) 
Considering bilinear behavior (up to a ductility ratio, 𝜇 of 50 and post-yield stiffness ratio, 𝛼 of 0.15), this study proposed 

an EL model for the analysis of base-isolated bridges with lead rubber bearings.  

16 Ou et al. (1998) 
For bilinear hysteretic systems, this study proposed the average stiffness and damping (ASD) model. The 𝑇𝑒𝑞 was same 

as that in ASE model (Iwan & Gates, 1979), however, new expression was proposed for 𝜉𝑒𝑞. 

17 
Kwan & 

Billington (2003) 

This study proposed new expressions for optimal 𝑇𝑒𝑞 and 𝜉𝑒𝑞 values from an extensive analysis of SDF systems with 

six types of hysteretic behaviors (Elastic-perfectly plastic, slightly degrading, moderately degrading, slip, origin-

oriented, and bilinear elastic). 

18 

Guyader & Iwan 

(2004) (FEMA 

440, 2005) 

For several hysteretic models (bilinear, stiffness degrading, strength degrading and pinching), this study developed an 

improved capacity spectrum method adopted as one of the three solution procedures prescribed in FEMA 440 (2005). 

The optimal pair of 𝑇𝑒𝑞 and 𝜉𝑒𝑞 (i.e. the one with maximum probability that the percentage error is within 10% to 20%) 

was determined for each case.   

19 
Goda & Atkinson 

(2010) 

This study investigated the effects of earthquake type and seismic region on the equivalent linear models using four 

ground-motion data sets (Japanese crustal/interface/inslab records and California crustal records), while incorporating 

the effects of degradation and pinching. The equations for optimal equivalent linear model parameters were developed 

using the nonlinear least-squares fitting of data.  

20 
Lin & Miranda 

(2008; 2009)  

Using 72 recorded earthquake ground motions, this study carried out comprehensive statistical investigation employing 

two-stage nonlinear regression analyses (for two variables) to determine the expressions for 𝑇𝑒𝑞 and 𝜉𝑒𝑞 as functions of 

yield strength factor (𝑅𝑦) and periods of vibration.  
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Several seismic analysis standards and guidelines have adopted the EL approach as part of the 

NSPs prescribed for seismic evaluation. The Capacity Spectrum Method (CSM) prescribed in 

ATC 40 (1996) and FEMA 274 (1997) is based on the estimation of peak inelastic 

displacement by using an equivalent linear SDF system with elongated natural period subjected 

to a heavily damped demand spectrum. A brief review of the CSM prescribed in various 

guidelines and standards is presented next. 

2.5.3 The Capacity Spectrum Method (CSM) (ATC 40, 1996) 

The CSM prescribed in ATC 40 (1996) was originally developed as a rapid evaluation method 

for a pilot seismic risk project of the Puget Sound Naval Shipyard for the US Navy in the early 

1970s (Freeman et al., 1975). A detailed account of the development of this method can be 

seen in  Freeman (1998). Since then, the original method has gone through several 

modifications, however the basic idea remained the same. It estimates the maximum inelastic 

displacement using an iterative method requiring the analysis of a sequence of equivalent linear 

systems having a lateral stiffness equal to the secant stiffness. The capacity (or pushover) curve 

is converted to the capacity spectrum by means of a point-by-point conversion of the base 

shear (𝑉𝑏) and roof displacement (𝑥𝑟) to the corresponding spectral acceleration (𝑆𝐴) and 

spectral displacement (𝑆𝐷) values. The following expressions are used for this conversion.  

 𝑆𝐴 =
𝑉𝑏

𝑊/𝐶𝑚
 and 𝑆𝐷 =

𝑥𝑟

Γ1 𝜙1
𝑟 (2.14, 2.15) 

Where 𝑊 is the seismic weight of the building (i.e. the sum of dead load and the likely live 

loads), 𝐶𝑚 and Γ1 are the modal mass coefficient and the modal participation factor for the first 

vibration mode, respectively, and 𝜙1
𝑟 is the roof level amplitude of the first vibration mode 

shape. Every point on the capacity spectrum curve is associated with a unique spectral 

acceleration (𝑆𝐴), spectral velocity (𝑆𝑉), spectral displacement (𝑆𝐷) and natural period (𝑇).  

The seismic hazard is represented by a 5%-damped acceleration response spectrum which is 

reduced using the reduction factors prescribed in ATC 40 (1996). These reduction factors are 

the function of effective damping ratio of an equivalent linear system which is determined by 

applying the equal-energy dissipation principle to the bilinear hysteretic behavior representing 

an idealized pushover curve. The reduced response spectrum is converted to the Acceleration-

Displacement Response Spectrum (ADRS) format using the following equation.  

 𝑆𝐷 =
𝑇2 

4𝜋2
𝑆𝐴 (2.16) 

The response spectrum in the ADRS format is referred as the demand spectrum. The capacity 

spectrum is overlaid with the reduced demand spectrum to find their intersection point which 

corresponds to a condition for which the seismic capacity is equal to the demand imposed on 

the structure. This point is called the “performance point” and the displacement at this point 

is an estimate of the maximum displacement expected during the anticipated earthquake. The 

overall process of the CSM is illustrated in Figure 2.10. 
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Figure 2.10 The overall process of the Capacity Spectrum Method (CSM) 

 

Various studies have questioned the validity of some of the assumptions made in the CSM, 

and have also identified the inherent sources of uncertainties in the use of heavily damped (or 

reduced) demand spectra. The adequacy of using the equivalent natural period corresponding 

to intersection of the capacity and demand spectra (i.e. secant time period) was also 

investigated. It was realized that the equivalent period at performance point may not be a true 

representative of the actual condition of structure and may have little to do with the real 

nonlinear dynamic response of the system for high levels of target displacement (Miranda, 

2001).  

Few other studies (Chopra & Goel, 2000; Miranda & Akkar, 2003a) reported a significant 

underestimation of the displacement demands as well as convergence issues for procedures 

mentioned in the ATC 40 (1996) to locate the intersection point. As part of attempts to 

overcome such limitations, several other researchers suggested the use of inelastic response 

spectra (earlier proposed and applied in several applications by Bertero et al. (1991)) as the 

demand spectra, instead of reducing the elastic spectra by damping-dependent modification 

factors. This resulted in better estimations of peak inelastic displacements as compared to the 
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iterative procedures prescribed in ATC 40 (1996) (Fajfar, 2000; Miranda & Ruiz-Garcia, 

2002). 

Various studies (e.g. Miranda, 2001) also compared the seismic demand predictions obtained 

from the use of inelastic demand spectra (as implemented by Reinhorn (1997), Fajfar (1999; 

2000), and Chopra and Goel (1999)) and the use of inelastic-to-elastic displacement ratios 

(IDRs) (as suggested by Miranda (1991; 2000) and Seneviratna & Krawinkler (1997). The 

period-dependent relationships relating the IDRs with the displacement ductility ratio (𝜇) and 

the yield strength factor (𝑅𝑦) were used for the determination of IDRs (Miranda, 2001). It was 

concluded that the displacement modification approach (i.e. the use of IDRs to convert the 

elastic displacement into inelastic displacement) results in a better response prediction. 

2.5.4 The Improved EL Procedure in FEMA 440 (2005) 

Similar to the DCM, FEMA 440 (2005) also proposed various improvements in the CSM 

implemented in ATC 40 (1996). As mentioned earlier, various studies have argued that the 

secant stiffness (𝑘𝑠𝑒𝑐) at maximum displacement amplitude is not an optimal option for 

equivalent linear stiffness for the response of inelastic systems subjected to random-like 

excitations. Therefore, the definition of both 𝑇𝑒𝑞 and 𝜉𝑒𝑞 were revised in the improved EL 

procedure proposed in FEMA 440 (2005).  

The optimal values of 𝑇𝑒𝑞 and 𝜉𝑒𝑞 were determined as the functions of ductility ratio (𝜇) using 

a statistical analysis by minimizing the extreme occurrences of the difference between the 

responses of actual inelastic systems and their equivalent linear counterpart. Based on the 

obtained results, a new expression was derived to determine the equivalent linear period 𝑇𝑒𝑞. 

Similarly, the expressions to determine 𝜉𝑒𝑞 for reducing the elastic demand spectrum to an 

inelastic demand spectrum were also improved. Since the ductility ratio (𝜇) is not known at the 

start of analysis, the solution requires iterative or graphical techniques. 

Similar to ATC 40 (1996), FEMA 440 (2005) also proposed three procedures to locate the 

performance point in the CSM. A new technique to optimally modify the demand spectrum is 

also proposed. It requires to construct a modified acceleration-displacement response spectrum 

(MADRS) that ensures an improved convergence and convenient estimation of the location of 

performance point. The response predictions from the improved procedures were also 

evaluated. It was found that the proposed relationships are able to provide a significant 

improvement over those employed in ATC 40 (1996). 

2.6 The Multi-mode Pushover Analysis Procedures 

The NSPs discussed in Sections 2.4 and 2.5 were based on the idealization of whole MDF 

structure into a single equivalent SDF system. Therefore, they are essentially based on the 

consideration of response under the fundamental vibration mode of the structure. However, for 

high-rise structures, the response contributions from higher modes of vibration may also 

become significant. Depending upon the structural geometry, distribution of mass and the 

characteristics of seismic loading, the seismic force demand can, sometimes, be completely 

dominated by the higher vibration modes. The application of single-mode-based NSPs 

(presented in previous sections) to such high-mode-dominating high-rise buildings would 

result in highly inaccurate predictions of seismic demands. In such cases, the seismic 

evaluation guidelines limit the applicability of conventional NSPs and recommend the use of 
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detailed NLRHA procedure. For example, for the structures with significant higher-mode 

effects, the ASCE 41-13 (section 7.3) (2014) limits the use of the NSP unless the linear 

dynamic procedure (LDP) is also performed to supplement the NSP. The effect of higher 

vibration modes is considered significant if the shear force in any story determined from the 

standard response spectrum analysis (RSA) procedure (considering all vibration modes 

required to obtain 90% mass participation) exceeds 130% of the corresponding story shear 

considering only the first vibration mode (ASCE 41-13, 2014). 

Various researchers have proposed the approximate analysis methods in order to account for 

the higher-mode effects in the nonlinear static analysis of structures. Extending the underlying 

idea of conventional NSPs, these multi-mode methods are based on the assumption that the 

response of a detailed MDF system can be described as a combination of responses from a few 

SDF systems, each mimicking the behavior of a particular vibration mode of the MDF system. 

These procedures require to conduct a series of pushover analyses each resulting in an 

estimation of response contribution from a particular vibration mode. The combined seismic 

demands can then be obtained by approximately combining the peak modal responses. A 

summary of various studies focusing on the extensions and enhancements of conventional 

NSPs in last two decades is presented next. The motivation for most of proposed improvements 

is either to reduce the inherent assumptions in existing analysis procedures or to ensure a 

convenient application to different types of structures.  

2.6.1 A Review of various Multi-mode Pushover Analysis Procedures 

One of the earliest attempts to account for the effects of higher vibration modes in the nonlinear 

static analysis was made by Sasaki et al. (1998). In this study, a Multi-Mode Pushover (MMP) 

analysis procedure is proposed to evaluate the higher-mode effects and to identify the failure 

mechanisms due to these effects. This method can be seen as an extension of the CSM to 

include the effect of every significant vibration mode of an MDF system. In 2002, Chopra and 

Goel (2002) proposed the well-known Modal Pushover Analysis (MPA) procedure for 

estimating the seismic demands of buildings. In this procedure, the response contributions from 

higher vibration modes can be considered by applying a series of independent pushover 

analyses, each using the modal inertia load pattern for a particular vibration mode. The story 

drifts and component demands for every vibration mode are related subsequently to the global 

demand parameter using the pushover curve corresponding to that mode. The peak modal 

demands for every vibration mode is determined at their corresponding target displacements 

and combined using a suitable modal combination rule to get the estimate of total nonlinear 

demands. The target displacement for every vibration mode can be determined by subjecting 

its representative SDF system to the ground motion records.  

Later, a simplified version referred as the Modified Modal Pushover Analysis (MMPA) 

(Chopra & Goel, 2004b) was proposed in which the response of higher vibration modes is 

assumed to remain linear elastic. Jan et. al. (2004) proposed another simplified pushover 

analysis procedure considering the higher-mode effects. In this study, a new expression was 

proposed to determine the lateral load pattern (combining the effects of first and second 

vibration modes). An improved modal combination rule was also proposed to combine the 

modal responses. Kalkan & Kunnath (2004) proposed the Method of Modal Combinations 

(MMC) based on the invariant force distributions determined by factored combination of 

independent modal load contributions.  
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An important category of the pushover analysis methods is the one using the adaptive lateral 

force vectors. Contrary to the conventional NSPs which are based on the use of invariant lateral 

load vectors, the procedures in these category have the ability to progressively adjust the lateral 

load patterns during the analysis to account for the effect of higher vibration modes or for the 

changes in the deflected shape or story force distribution of the building. Gupta & Kunnath 

(2000) proposed a modal scaling technique which is applied in an adaptive manner. In this 

procedure, the incremental response quantities are calculated and combined using a modal 

combination rule. Antoniou et al. (2002) also proposed an adaptive modal pushover method in 

which the seismic loads are directly combined to define the instantaneous load patterns at each 

analysis step. Attard and Fafitis (2005) introduced a multi-mode pushover analysis which uses 

a variant inertial load pattern determined by updating the structure’s vibration properties at 

each stage of yielding. For each step, a single optimal vibration mode shape is determined and 

an equivalent SDF system is defined. The lateral force distribution determined using the modal 

properties of previous step is applied until the yielding occurs. The degraded stiffness and 

vibration properties are used to update the characteristics of representative SDF system, and 

the process continues to next analysis step.  

Kalkan and Kunnath (2006) further proposed a pushover analysis procedure based on the 

Adaptive Modal Combinations (AMC) attempting to integrate the concepts of conventional 

CSM, the adaptive method proposed by Gupta and Kunnath (2000), and the modal pushover 

analysis (MPA) by Chopra and Goel (2002). In this procedure, the target displacement is 

estimated and updated during the same analysis using the energy-based modal capacity curves 

and constant-ductility capacity spectra. This technique doesn’t require to estimate the target 

displacement prior to the analysis. Aschheim et al. (2007) proposed a procedure requiring the 

repeated application of ground motion records to nonlinear structure to match the target 

demand obtained from the NSP. This idea is similar to the incremental dynamic analysis (IDA) 

procedure proposed by Vamvatsikos and Cornell (2002). In IDA procedure, the intensity vs. 

demand curves are generated by subjecting the structure to a set of incrementally scaled ground 

motion records. These curves can be viewed as the dynamic analog of the pushover curves. 

Similar to the pushover analysis procedures, the IDA procedure in intended to provide useful 

insight into the structural behavior. However, it is a tedious procedure as the repeated NLRHA 

procedure is required to perform for a large number of scaled ground motion records. Similarly, 

the procedure proposed by Aschheim et al. (2007) is also complex and offers little 

simplification over the detailed NLRHA procedure. 

Poursha et al. (2009) proposed a Consecutive Modal Pushover (CMP) in which the overall 

response quantities are estimated by enveloping the results of multi-stage and single-stage 

pushover analyses. This procedure recommends a consecutive application of invariant load 

vectors corresponding to the first three vibration modes (in stages) in a single pushover 

analysis. The forces corresponding to first vibration mode are applied until a predetermined 

roof displacement is reached. The analysis continues with the incremental forces 

corresponding to the second vibration mode pattern which, after a certain displacement, 

changes to the third mode pattern. The study concluded that the roof drift and plastic hinge 

rotations predicted by the CMP analysis procedure are generally better compared to those 

obtained using the MPA procedure.  

More recently, Sucuoglu and Gunay (2011) proposed a Generalized Pushover Analysis (GPA) 

procedure based on conducting the pushover analyses using different generalized force vectors. 
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These force vectors are determined by combining the modal forces and is intended to represent 

the effective lateral force distribution at maximum inter-story drift of the selected story. The 

envelope results are obtained after a series of analyses under these generalized forces.  

Figure 2.11 provides an overview of various pushover analysis procedures available in the 

literature. 

  

 
Figure 2.11 An overview of the available pushover analysis procedures 

 

Most of the ambitious approaches (including the adaptive pushover analysis procedures) could 

not grab much attention from the common practicing engineers due to their complex 

conceptual framework and difficult automation in commonly used general-purpose computer 

software for nonlinear structural analysis. They also require a significant amount of analysis 

time and computational effort. For example, the adaptive pushover procedures may require the 

solution of eigenvalue analysis at each load increment. For a reasonably complex structural 

model, this may cost a significant amount of computational resources, leaving such procedures 

not feasible for practical applications in common design offices.  

On the other hand, the multi-mode pushover analysis procedures based on the use of invariant 

inertial force vectors are comparatively easier to perform due to their convenient 

implementation in commercial computer programs. Various advanced computational 

platforms and software have completely automated the process by enabling the users to directly 

select the modal inertia force vector based on any vibration mode of the structure. This have 

resulted in an increased use of these procedures not only for the performance evaluation of 

existing structures but also to understand their complex nonlinear behavior. 
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The current study also proposes and evaluates an approximate multi-mode pushover analysis 

procedure in Chapter 4 which can be viewed as a simplified version of the well-known MPA 

procedure, originally proposed by Chopra and Goel (2002). This procedure also shares the 

theoretical background with the UMRHA procedure which is used extensively in the current 

study. Therefore, it is necessary to first briefly review the theoretical formulation and 

underlying assumptions of the MPA procedure.  

2.6.2 The Modal Pushover Analysis (MPA) Procedure (Chopra & Goel, 2002) 

The MPA procedure uses the concept of modal expansion as the starting point of its 

formulation. The basic idea is that the total effective earthquake forces 𝑷(𝑡) on a MDF 

structure can be expanded in terms of modal contributions. For a given 2D MDF system 

subjected to a horizontal ground motion �̈�𝑔(𝑡), the effective earthquake forces are described 

as follows. 

 𝑷(𝑡) = −𝑴𝒍�̈�𝑔(𝑡) (2.17) 

Where 𝑴 is the mass matrix and 𝒍 is the influence vector of which every element is equal to 

unity.  

The spatial distribution of these effective earthquake forces is defined by 𝑴𝒍 which is 

independent of time. Let’s denote this vector defining the special distribution by 𝒔 (i.e. 𝒔 =
𝑴𝒍). The key notion is that this vector 𝒔 can be expanded as follows. 

 

𝒔 =∑𝒔𝒊 =∑Γ𝑖𝑴𝝓𝑖

𝑁

𝑖=1

𝑁

𝑖=1

 (2.18) 

Where 𝒔𝒊 is the contribution of an 𝑖𝑡ℎ vibration mode to the total vector 𝒔, and Γ𝑖 and 𝝓𝑖 are 

the modal participation factor and the mode shape vector for any 𝑖𝑡ℎ vibration mode, 

respectively. This expansion of vector 𝒔 allows to describe the total effective earthquake forces 

𝑷(𝑡) as a sum of individual modal contributions 𝑷𝑖(𝑡), as follows. 

 

𝑷(𝑡) =∑𝒔𝒊

𝑁

𝑖=1

�̈�𝑔(𝑡) =∑𝑷𝑖(𝑡)

𝑁

𝑖=1

 (2.19) 

where 𝑷𝑖(𝑡) = −𝒔𝑖�̈�𝑔(𝑡)  = −Γ𝑖𝑴𝝓𝑖�̈�𝑔(𝑡) (2.20) 

The classical modal analysis procedure for linear elastic systems is equivalent to determining 

the response of a MDF system to the modal force contributions (𝑷𝑖(𝑡)), for all vibration modes 

and then summing the modal responses to get the overall dynamic response. The linear elastic 

response to 𝑷𝒊(𝑡) is entirely in the 𝑖𝑡ℎ vibration mode (with no contribution from other modes) 

showing that the vibration modes are uncoupled. Similarly, the response spectrum analysis 

(RSA) procedure can also be interpreted as a linear static analysis procedure to determine the 

peak response of structure under the modal force contributions (𝑷𝑖(𝑡)) for all vibration modes 

and then combine the peak values using a suitable modal combination rule.  

However, it is also interesting to note that a pushover analysis of the linear elastic structure 

under an invariant lateral force vector 𝑴𝝓𝑖 —with a target roof displacement equal to 

Γ𝑖𝜙𝑖
𝑟𝑆𝐷,𝑖—would result in the same peak response to 𝑷𝒊(𝑡) as obtained from the RSA 

procedure, for any 𝑖𝑡ℎ vibration mode (where 𝑆𝐷,𝑖 is the spectral displacement corresponding 
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to the natural period of any 𝑖𝑡ℎ vibration mode). This observation leads to an idea that the 

presented notion of modal expansion can be extended to nonlinear systems if the effect of 

coupling between different vibration modes is neglected. For nonlinear systems with weakly 

coupled modes, a superposition of modal demands obtained from the separate pushover 

analyses of the nonlinear structural model (each using a lateral force vector 𝑴𝝓𝑖 to the 

corresponding target roof displacement Γ𝑖𝜙𝑖
𝑟𝐷𝑖) is expected to provide a reasonably accurate 

estimate of nonlinear seismic demands of a structure. 𝐷𝑖 is the maximum displacement of any 

𝑖𝑡ℎ-mode inelastic SDF system and can be determined by subjecting it to the selected ground 

motion records representing the seismic hazard at building site. All the modal responses e.g. 

displacements, inter-story drift ratios, story shears and overturning moments etc. are extracted 

from the modal pushover analyses at the corresponding values of target displacement and 

combined using an appropriate modal combination rule (usually SRSS, if the natural time 

periods are well-separated). Figure 2.12 presents a schematic overview of the MPA procedure. 

It is important to note that both of the basic assumptions of this procedure i.e. the superposition 

of modal responses, and (b) that the modal coupling is negligible, are strictly valid only for the 

linear elastic systems. The MPA procedure would provide same results as the elastic RSA 

procedure for the linear elastic systems. However, various studies have demonstrated its 

adequacy in successfully predicting the seismic demands of nonlinear systems. Chopra and 

Goel (2002) evaluated this MPA procedure for case study buildings of various heights and 

found it to be a reasonably accurate analysis option for the nonlinear seismic evaluation of 

structures. Owing to its conceptual simplicity and convenient application, the evaluation of 

this procedure for different types of structural systems has remained a subject of considerable 

research in last decade. It has been applied to almost all important types of structures and have 

gained a wide acceptance.  

The determination of target displacement for each vibration mode is an important step in the 

MPA procedure. Originally, the use of NLRHA procedure for each nonlinear modal SDF 

system was proposed to determine the peak inelastic displacement (𝐷𝑖). Later, several 

simplifications were tested for the practical applications of the MPA procedure. One common 

simplification is to assume that the response of higher vibration modes is linear elastic (Chopra 

& Goel, 2004b) and therefore, the spectral displacement can be directly used to determine the 

target displacement for higher modes. The current study also evaluates a simplified and 

convenient way of estimating the target displacement in Chapter 4.  
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Figure 2.12 An overview of the Modal Pushover Analysis (MPA) procedure (Chopra and 

Goel, 2002) 
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2.7 How Accurate are the NSPs? – Challenges and Issues 

Compared to the linear analysis procedures, the NSPs are considered to be less conservative 

and more accurate. They also provide a valuable insight into various inelastic phenomenon 

(e.g. yield mechanism) which is not possible to obtain using the linear static procedures. 

However, they also suffer from many limitations and inherent sources of uncertainty. This 

section will briefly highlight some of these limitations and challenges faced by the NSPs. 

Several studies have identified the limitations and challenges associated with the applications 

of the NSPs with reference to their accuracy in predicting the nonlinear response. FEMA 440 

(2005) concluded that the conventional single-mode-based NSPs are limited in their ability to 

capture the complex behavior of high-rise structures. The detailed NLRHA procedure is always 

considered a benchmark to evaluate how well any simplified procedure can capture various 

complex aspects of nonlinearity. The results from the NLRHA procedure are compared with 

those obtained from pushing the nonlinear model to the target displacements estimated using 

any simplified procedure. In some studies, the experimental results are also used as benchmark. 

Depending upon the demand parameter of interest, some NSPs can provide better estimates 

than others. For example, for the determination of target displacement, the NLRHA procedure 

applied to an inelastic modal SDF system (representing either a complete structure or its any 

particular vibration mode) will provide a better understanding of the uncertainty due to record-

to-record variability. On the other hand, if a quicker estimate of only the peak displacement is 

required, the displacement modification approach can serve the purpose better and with great 

ease. 

A detailed investigation conducted by NIST GCR 10-917-9 (2010) has identified various 

limitations of the conventional NSPs. It was observed that even with well-prepared and 

sophisticated nonlinear models, the NSPs tend to miss various important behaviors. The 

differences between the response predictions of the NLRHA procedure and the NSPs can be 

attributed to a number of factors including the following (NIST, 2010). 

 Invalidity of the equal displacement assumption in the short-period spectral region 

 Inconsideration of dynamic 𝑃 − Δ effects and the stability 

 The assumption and use of static load vectors  

 Strength and stiffness degradation (both in-cyclic, and with the cycles)  

 The higher-mode effects, and 

 The effects of soil-structure interaction 

NIST (2010) further concluded that there is, no one single method in the literature that can be 

considered uniformly applicable, consistently accurate, and relatively simple in capturing all 

nonlinear response quantities of interest. Figure 2.13 illustrates the relative uncertainty 

associated with various nonlinear analysis options. As can be seen, the detailed NLRHA 

procedure at the right bottom provides the results with least uncertainty, while the multi-mode 

pushover procedures are expected to provide better response predictions compared to the 

conventional single-mode-based NSPs (at the left top).  
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Figure 2.13 The relative uncertainty associated with various inelastic seismic analysis 

procedures (based on FEMA 440, 2005) 

 

A brief account of common limitations of the NSPs is summarized below.  
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available NSPs vary in different features including the choice of lateral load vectors, 

modeling of equivalent SDF systems, and the determination of target displacement, one 

common aspect is the determination of quasi-static response of structure using the pushover 
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significant response contributions from the higher vibration modes). The procedures which 

account for the effects of higher vibration modes are computationally more demanding, 

and in some cases, may not be regarded as a feasible alternative of the detailed NLRHA 

procedure. Moreover, for a variety of proposed multi-mode procedures, generally, there 

are no direct recommendations available on the building types and/or structural systems 

for which these procedures can be considered the most accurate.  
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 The Choice of Lateral Load Patterns: In single-mode-based conventional NSPs, the 

arbitrary choice of the invariant load patterns has also received some criticism in the 

literature. Various studies have evaluated the effects of using different lateral load patterns 

including the modal inertia pattern, constant or rectangular pattern, inverted triangular 

pattern or other patterns prescribed in different seismic evaluation guidelines. Ideally, the 

incrementally-increasing pushover load pattern should be compatible with the resulting 

pattern of nonlinear deformation. Considering this compatibility, various studies have 

argued that the invariant patterns are not able to capture the dynamic response variations 

due to continuously changing modal interactions during the random seismic loading. Some 

studies have shown that the adaptive patterns can result in a better demand estimates 

compared to the invariant patterns.  

 Modeling of Hysteretic Behavior: The complete lateral response of structures is 

characterized by a hysteretic behavior which should account all important phenomenon 

including strength and stiffness degradation, the effect of pinching (if any), residual 

deformations and the energy dissipation. FEMA 440 (2005) have considered four 

important hysteretic models to derive the displacement modifying coefficients. However, 

an explicit consideration of the actual cyclic behaviors of buildings is expected to result in 

more accurate predictions of seismic demands compared to generalized hysteretic 

behaviors.  

 The Modal Coupling and the Combination of Responses: The multi-mode pushover 

analysis procedures are based on the assumption that individual modal responses can be 

independently determined using a series of pushover analyses. This assumption is not 

strictly true for nonlinear systems and may sometimes cause significant errors, especially 

for significantly yielding systems and for structures with heavily coupled vibration modes. 

The SRSS modal combination rule is generally recommended to combine the peak modal 

responses. The adequacy of this rule for some cases is also questionable.  

 The Validity of Equal-displacement Assumption: As mentioned earlier, the DCM assumes 

that for structures with the fundamental periods greater than 1 sec, there is minimal effect 

of nonlinearity on the peak displacement which can be assumed equal to the corresponding 

elastic displacement (𝐶1 = 1). Similarly, for structures with the fundamental period greater 

than 0.7 sec, the effect of hysteresis loops is also small enough to ignore for practical 

purposes (𝐶2 = 1). However, these threshold periods of 1 sec for 𝐶1 and 0.7 sec for 𝐶2 may 

not reflect the expected behavior of a wide range of structural systems with different 

hysteretic responses. Moreover, some studies have also indicated significant uncertainties 

in the predicted amount of displacement amplification by the DCM, especially in the short-

period range. 

 The Lack of Explicit Consideration of Dynamic 𝑃 − 𝛥 Effects: The NSPs also unable to 

explicitly account for the dynamic 𝑃 − Δ effects and dynamic instability. As mentioned 

earlier, ASCE 41-13 (2013) has imposed a minimum limit on the lateral yield strength to 

implicitly account for the dynamic instability. Weak structures, which are not able to fulfil 

this criterion, are not eligible for the application of NSP.  

 Inability to Account for the Soil-Structure Interaction: An important area of the 

performance-based seismic evaluation of new and existing buildings is the consideration 

of phenomena pertaining to soil-structure interaction (SSI). The available NSPs are unable 

to explicitly account for this interaction. Some recent studies, however, have attempted to 
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consider these effects with an intention to propose improvements in existing procedures 

(Ghannad & Jafarieh, 2014; Khoshnoudian et al., 2013). 

 Inability to Analyze Special Structures and to Capture Effects due to Structural 

Irregularities: Another limitation associated with the applicability of the NSPs to a wide 

spectrum of structures is their inability to capture the bi-directional and torsional responses. 

In some cases, they may result in an unrealistic concentration of nonlinear response. 

Relatively less research work has been done related to the improvement of NSPs for their 

application to complex-natured, innovative and architecturally-advanced structural 

systems (e.g. multiple towers on a single podium). Chopra & Goel (2004a) proposed an 

extended version of the MPA procedure for unsymmetric-plan buildings in which, unlike 

an inertial force distribution with a single force at each story level, two lateral forces and a 

torque is applied at each floor for all considered vibration modes. The modal demands 

contributions are then combined by the complete quadratic combination (CQC) rule to 

obtain an overall estimate of the inelastic seismic demands. More recently, Poursha and 

Samarin (2015) have proposed an improved upper-bound (UB) pushover analysis method 

(originally proposed by Jan et al. (2004), for the multi-mode pushover analysis of 

unsymmetric-plan tall buildings. This procedure uses the upper-bound lateral forces with 

different patterns to take torsional effects into account. The applications and accuracy of 

these attempts to account for the torsional response in the NSPs is a subject of research and 

discussion. 

2.8 Summary of the Chapter 

In this chapter, a review of various simplified analysis procedures used for the performance-

based seismic evaluation of existing and new buildings is presented. The basic approaches and 

underlying assumptions in the nonlinear static procedures (NSPs) are introduced. A detailed 

account of two important simplified approaches for the estimation of nonlinear seismic 

demands (i.e. the displacement modification and equivalent linearization) is provided. Based 

on these two approaches, various NSPs are developed and prescribed in performance-based 

seismic evaluation guidelines. A brief review of these conventional NSPs (i.e. the 

Displacement Coefficient Method, DCM, and the Capacity Spectrum Method, CSM) is 

presented. Various individual studies having the conceptual or practical contributions in the 

establishment of these NSPs are also reviewed. In last decade, a variety of multi-mode 

pushover analysis procedures have been proposed. These procedures account for the effects of 

higher vibration modes and are expected to provide better response predictions compared to 

the DCM and CSM. A brief review of various multi-mode procedures is also included. The 

Modal Pushover Analysis (MPA) procedure (Chopra & Goel, 2002) is discussed in relatively 

more detail. At the end, various limitations, drawbacks and sources of uncertainties in the 

simplified analysis procedures mentioned in this chapter are discussed. 
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Chapter 3 

3 Seismic Evaluation of High-rise Buildings using the Uncoupled Modal 

Response History Analysis (UMRHA) Procedure 
 

3.1 Introduction  

As mentioned in Chapters 1 and 2, this study employs an approximate modal decomposition 

technique—referred as the uncoupled modal response history analysis (UMRHA)—to 

understand the complex dynamic behavior of high-rise buildings with RC shear walls. This 

procedure will be applied to the selected case study high-rise buildings to compute their 

individual modal contributions against various types of input ground motions. The detailed 

NLRHA procedure will also be carried out for these buildings. The combined seismic demands 

obtained from the UMRHA procedure will be compared with those obtained from the NLRHA 

procedure. This comparison will show the accuracy of the UMRHA procedure in predicting 

the nonlinear seismic demands. This chapter is dedicated to the introduction of case study 

buildings, the selected ground motions and the seismic response evaluation of case study 

buildings using the UMRHA and NLRHA procedures. Based on the insights obtained from the 

modal decomposition technique, two approximate analysis procedures for the simplified 

estimation of nonlinear seismic demands will be proposed in Chapters 4 and 5, respectively. 

The individual modal contributions and the combined seismic demands obtained from the 

UMRHA and NLRHA procedures, respectively, will be used to test the accuracy of these 

approximate procedures for the selected case study buildings and input ground motions. 

3.2 The Uncoupled Modal Response History Analysis (UMRHA) Procedure  

The UMRHA procedure can be viewed as an extended version of the classical modal analysis 

procedure. In the latter, the complex dynamic responses of a linear multi-degree-of-freedom 

(MDF) structure are considered as a sum of many independent vibration modes. The response 

behavior of each mode is essentially similar to that of a SDF system, which is governed by a 

few modal properties, making it easier to understand. The distribution patterns of deformations 

and internal forces in each mode also remain unchanged throughout the response time history. 

Furthermore, only a few vibration modes can accurately describe the complex structural 

responses in most practical cases. This classical modal analysis procedure is applicable to any 

linear elastic structure. However, when the responses exceed the elastic limits, the governing 

equations of motion become nonlinear and consequentially, the theoretical basis for modal 

analysis becomes invalid. Despite this, the UMRHA procedure assumes that even for inelastic 

responses, the vibration modes still exist, and the complex inelastic responses can be 

approximately expressed as a sum of these modal responses. Figure 3.1 shows the basic 

concept of the UMRHA procedure. 
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Figure 3.1 The basic concept of the UMRHA procedure 

 

3.2.1 Theoretical Formulation of the UMRHA Procedure 

The mathematical formulation of this procedure is presented here using a 2D multi-story shear 

building as an example. The application of this procedure to more complex 3D buildings can 

be made in a straight forward manner. 

The governing equations of a multi-story shear building subjected to a horizontal ground 

motion �̈�g(𝑡) are given by 

 𝑴�̈� + 𝑪�̇� + 𝒇𝑠(𝒙, �̇�) = −𝑴𝒍�̈�𝑔(𝑡) (3.1) 

Where 𝑴 and 𝑪 are the mass and damping matrices of the building respectively, 𝒙 is the vector 

of N lateral floor displacements relative to the ground, 𝒍 is the influence vector of which every 

element is equal to unity, and  𝒇𝑠 is the lateral resisting force vector of the building system. 

When the responses are within the elastic limits, 𝒇𝑠 = 𝑲𝒙 where 𝑲 is the lateral stiffness 

matrix of the system. But when the responses exceed the elastic limits, 𝒇𝑠 has to be described 

by a set of nonlinear functions of 𝒙 and �̇�, i.e., 𝒇𝑠 = 𝒇𝑠(𝒙, �̇�). By expanding the floor 

displacements as a sum of modal contributions, we get 

 

𝒙(𝑡) =∑𝝓𝑖𝑞𝑖(𝑡)      

N

𝑖=1

 (3.2)  

Where 𝝓𝑖 is the vector containing the ordinates of 𝑖𝑡ℎ natural vibration mode shape of the 

building during when it is vibrating in its linear range, and 𝑞𝑖(𝑡) is the 𝑖𝑡ℎ modal coordinate. 

The spatial distribution of the effective earthquake forces is defined by 𝐬 = 𝑴𝒍 and can also 

be expanded as a sum of modal inertia force distribution 𝒔𝑖, as follows.  

 −𝑴𝒍�̈�𝑔(𝑡) = −𝒔�̈�𝑔(𝑡) = −∑𝒔𝑖�̈�𝑔(𝑡) 

𝑁

𝑖=1

= −∑𝛤𝑖𝑴𝝓𝑖�̈�𝑔(𝑡)  

𝑁

𝑖=1

 (3.3) 

Where 𝛤𝑖 = 𝝓𝑖
𝑇𝑴𝒍 / 𝝓𝑖

𝑇𝑴𝝓𝑖 . Further details about this expansion can be found in Chopra 

(2007). The responses to any 𝑖𝑡ℎ modal inertia force vector is given by 

 𝑴�̈� + 𝑪�̇� + 𝒇𝑠(𝒙, �̇�) = −𝒔𝑖�̈�𝑔(𝑡) (3.4)  
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In the UMRHA procedure, the responses to each modal inertia force vector (−𝒔𝑖�̈�𝑔(𝑡)) are 

first computed, and these modal responses are then combined into the total responses. The 

procedure is based on the principle of superposition which is, strictly speaking, valid only for 

linear elastic systems. However, the principle is assumed to remain approximately valid for 

inelastic systems in the UMRHA procedure. For linear elastic structures, it can be shown that 

the responses to such modal inertia force vector −𝒔𝑖�̈�𝑔(𝑡), are purely those of the 𝑖𝑡ℎ vibration 

mode due to the orthogonality of the modes. For inelastic structures, Chopra and Goel (2002) 

demonstrated by using numerical examples that the responses are clearly dominated by the 𝑖𝑡ℎ 

vibration mode, which implies that the coupling effects between vibration modes due to 

yielding are not significant. With this background, it is reasonable to assume that the response 

vector 𝒙 in Equation (3.4) can be written as a sum of modal contributions (Equation 3.2) as 

follows.   

 
𝑴∑𝝓𝑖�̈�𝑖(𝑡)

𝑁

𝑖=1

+ 𝑪∑𝝓𝑖�̇�𝑖(𝑡)

𝑁

𝑖=1

+ 𝒇𝑠 (∑𝝓𝑖𝑞𝑖(𝑡)

𝑁

𝑖=1

,∑𝝓𝑖�̇�𝑖(𝑡)

𝑁

𝑖=1

) = −∑𝛤𝑖𝑴𝝓𝑖�̈�𝑔(𝑡)

𝑁

𝑖=1

 (3.5) 

Pre-multiplying Equation (3.5) by 𝝓𝑖
𝑇, and applying the orthogonality property of mode shapes 

(𝝓𝒏𝑴𝝓𝑟
𝑻  =  0, 𝑛 ≠  𝑟 and 𝝓𝒏𝑴𝝓𝑟

𝑻  =  𝑀𝑛, 𝑛 = 𝑟), we obtain the following uncoupled equation 

of motion for any 𝑖𝑡ℎ vibration mode.   

 𝑀𝑖�̈�𝑖(𝑡) + 2𝜉𝑖𝜔𝑖𝑀𝑖�̇�𝑖(𝑡) + 𝐹𝑠𝑖(𝑞𝑖, �̇�𝑖) = −𝛤𝑖𝑀𝑖�̈�𝑔(𝑡) (3.6)  

Where 𝑀𝑖 = 𝝓𝑖
𝑇𝐌𝝓𝑖; 𝜔𝑖 and 𝜉𝑖 are the natural vibration (circular) frequency and the damping 

ratio of the 𝑖𝑡ℎ mode, respectively. The resisting force  𝐹𝑠𝑖 = 𝝓𝑖
𝑇𝒇𝐬(𝒙 = 𝝓𝑖𝑞𝑖 , �̇� = 𝝓𝑖�̇�𝑖) and 

hence 𝐹𝑠𝑖 is a nonlinear function of 𝑞𝑖 and �̇�𝑖. By introducing a new modal coordinate 𝐷𝑖(𝑡) 
where   

  𝑞𝑖(𝑡) = 𝛤𝑖𝐷𝑖(𝑡) (3.7)  

Equation (3.6) can be transformed into: 

 �̈�𝑖(𝑡) + 2𝜉𝑖𝜔𝑖�̇�𝑖(𝑡) + 𝐹𝑠𝑖(𝐷𝑖, �̇�𝑖)/𝐿𝑖 = −�̈�𝑔(𝑡) (3.8)  

Where 𝐿𝑖 = 𝑀𝑖𝛤𝑖. Equation (3.8) is a standard governing equation of motion for inelastic SDF 

systems. To compute the response time history of 𝐷𝑖(𝑡) from this equation, one needs to know 

the nonlinear force-deformation function 𝐹𝑠𝑖(𝐷𝑖 , �̇�𝑖). This function describes the restoring 

force produced by the structure under a deformed shape of 𝑖𝑡ℎ mode. This restoring force is a 

combined result of contributions from all structural components. Chopra and Goel (2002) 

demonstrated that 𝐹𝑠𝑖(𝐷𝑖 , �̇�𝑖) can be approximately described by a bilinear hysteretic model 

for steel moment-resisting frame buildings, where the bilinear backbone curve is determined 

by a standard monotonic pushover analysis using the 𝑖𝑡ℎ modal inertia force distribution pattern 

𝒔𝑖
∗ = 𝑴𝝓𝑖. However, for structures where the modal hysteretic behaviors are not known, a 

cyclic pushover analysis should be performed for each and every important mode to identify 

the nonlinear function 𝐹𝑠𝑖(𝐷𝑖 , �̇�𝑖). The cyclic pushover analysis for the 𝑖𝑡ℎ mode can be carried 

out by applying a force vector with the 𝑖𝑡ℎ modal inertia force pattern 𝒔𝑖
∗ to the building together 

with the gravity loads. The magnitude of the force vector is varied and reversed, while the 

gravity loads are held constant, to produce cyclic responses with gradually increasing 

amplitude. Under this force distribution, the lateral displacements as well as other responses 
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are expected to be clearly dominated by those of the 𝑖𝑡ℎ mode, and hence the relationship 

between roof displacement (𝑥𝑖
𝑟(𝑡)) and 𝐷𝑖(𝑡) is approximately given by 

 𝑥𝑖
𝑟(𝑡) = 𝛤𝑖𝜙𝑖

𝑟𝐷𝑖(𝑡) (3.9)  

where 𝜙𝑖
𝑟 is the value of 𝝓𝑖 at the roof level. The relationship between the base shear 𝑉𝑏𝑖 (level-

0) and 𝐹𝑠𝑖 under this modal inertia force distribution pattern is given by 

 𝐹s𝑖/𝐿𝑖 = 𝑉𝑏𝑖/𝛤𝑖𝐿𝑖 (3.10)  

By this way, the results from the cyclic pushover analysis are first presented in the form of 

cyclic base shear (𝑉𝑏𝑖)—roof displacement (𝑥𝑖
𝑟) relationship, and then transformed into the 

required 𝐹s𝑖/𝐿𝑖—𝐷𝑖 relationship. At this stage, a suitable nonlinear hysteretic model can be 

selected, and its parameters can be tuned to match with this 𝐹s𝑖/𝐿𝑖—𝐷𝑖 relationship. 

Depending upon the key structural characteristics and the type of lateral load-resisting system, 

a suitable choice for nonlinear model may range from simple hysteretic models governed by 

few controlling parameters (e.g. bilinear, elastic-perfectly plastic) to relatively more detailed 

behaviors (e.g. stiffness and strength degrading models). For RC shear wall buildings with 

gravity frame systems, Mehmood et al. (2017a, 2017b) also conducted the cyclic pushover 

analyses and showed that for lower levels of roof drift ratio (<1%), the modal cyclic base shear 

(𝑉𝑏𝑖)—roof displacement (𝑥𝑖
𝑟) relationships can be suitably idealized using the self-centering 

type flag-shaped hysteretic models. In the current study, an example of such matching of cyclic 

pushover curves (shown in Figure 3.7) with the suitable idealized hysteretic behaviors can be 

seen in Figure 3.12. 

The response time history of 𝐷𝑖(𝑡) as well as 𝐹𝑠𝑖(𝑡) can then be calculated from the nonlinear 

governing Equation (3.8). All the deformation-related responses such as story displacements 

and inter-story drifts, are determined from 𝐷𝑖(𝑡), while all the force-related responses such as 

story shears and overturning moments, are determined from 𝐹𝑠𝑖(𝑡). For example, the lateral 

floor displacement for an 𝑖𝑡ℎ vibration mode can be determined as follow.     

 𝑥𝑖
𝑘(𝑡) = 𝛤𝑖𝜙𝑖

𝑘𝐷𝑖(𝑡) (3.11)  

where 𝑥𝑖
𝑘(𝑡) is the 𝑘𝑡ℎ floor lateral displacement contributed by the 𝑖𝑡ℎ vibration mode, and  

𝜙𝑖
𝑘 is the value of 𝝓𝑖 at the 𝑘𝑡ℎ floor level. The inter-story drifts can be easily calculated once 

the floor lateral displacements are known. The base shear, 𝑉𝑏𝑖(𝑡), is determined by Equation 

(3.10), while the base moment, 𝑀𝑏𝑖(𝑡), is determined using the following equation. 

 𝑀𝑏𝑖(𝑡) = (𝐹𝑠𝑖(𝑡)/𝐿𝑖)∑ 𝛤𝑖𝐿𝑖
𝑘

𝑁

𝑘=1
ℎ𝑘 (3.12) 

Where ℎ𝑘 is the height of 𝑘𝑡ℎ floor above the base, 𝐿𝑖
𝑘 = 𝜙𝑖

𝑘𝑚𝑘 and  𝑚𝑘 is the story mass of 

𝑘𝑡ℎ floor, 𝑁 is the total number of floors. Note that all these relationships are derived based on 

an assumption that these forces are the result of modal inertia force distribution pattern 𝒔𝑖
∗ =

𝐌𝝓𝑖. For other force-related responses, their relationship with 𝐹𝑠𝑖 can be obtained from the 

modal pushover analysis in the linear response range.  

Each of these responses, either deformation-related or force-related, belongs to the 𝑖𝑡ℎ 

vibration mode and can be generally represented by 𝑟𝑖(𝑡). By directly summing the response 

histories of all significant modes, the total response history 𝑟(𝑡) is obtained as follows. 
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 𝑟(𝑡) =∑𝑟𝑖(𝑡)

𝑚

𝑖=1

 (3.13)  

Where 𝑚 is the number of significant vibration modes. The direct addition of modal time 

histories also eliminates the need of using any modal combination rule. Figure 3.2 illustrates 

the overall summary of the UMRHA procedure using a 2D multi-story shear building.  

 

Figure 3.2 The overall summary of the UMRHA procedure 

 

3.2.2 The UMRHA Procedure as a Tool for the Evaluation of Nonlinear Seismic Response 

of Buildings  

The theoretical concepts of the UMRHA procedure described in previous section can be easily 

applied to many other types of structures. As mentioned earlier, various studies (Ahmed & 

Warnitchai, 2012; Mehmood et al., 2017a; 2017b) have recently applied this procedure to case 

study buildings with RC shear walls and evaluated its accuracy by comparing with the detailed 
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NLRHA procedure. For a 40-story building with a central RC core wall, Ahmed and 

Warnitchai (2012) decomposed the nonlinear seismic responses using the UMRHA procedure 

to understand the difference between the design seismic demands computed from the standard 

RSA procedure and those computed using the detailed NLRHA procedure. It was shown that 

the mean base shear demand obtained from the NLRHA procedure can be as high as 5 times 

of the design base shear. Similarly, the mean bending moment demand at mid-height from the 

NLRHA procedure was found to be 5 times of the corresponding design moment. In order to 

investigate the cause of these high demands, the individual modal response contributions were 

determined after a detailed validation of the UMRHA procedure. These modal contributions 

were compared with the design modal demands computed using the standard RSA procedure 

(i.e. elastic force demands reduced by the response modification factor, 𝑅). It was observed 

that the first-mode demands were close to the modal design demands; however, the second- 

and higher-mode demands were much higher than their corresponding modal design demands 

and close to the corresponding elastic demands. This comparison revealed that reducing the 

seismic demands by the factor 𝑅 seem reasonable for the first mode only, while the response 

contributions from higher modes of vibration may not require the same amount of reduction. 

This observation is of particular interest and will be further discussed in Chapter 5.  

Similarly, Mehmood et al. (2017a) recently assessed the accuracy and reliability of the 

UMRHA procedure using 4 high-rise RC wall structures for different types of responses under 

various seismic hazard scenarios. This study showed that the UMRHA procedure is able to 

accurately predict the nonlinear seismic responses of tall buildings with varying heights. Apart 

from the global response prediction, the UMRHA procedure was also extended to compute 

component-level responses. Mehmood et al. (2017b) further used this procedure as a tool to 

explain the cause of shear yielding as well as the increase in shear strength of the RC core wall 

at the base of a 20-story case study building. Using this procedure, it was found that due to 

higher seismic shear demand contribution from the higher modes of vibration, the RC core 

wall yielded at the base. However, the decrease in the shear span ratio at the time instant of 

peak base shear caused a substantial increase in shear strength of the RC core wall at the base. 

These studies have shown that the UMRHA procedure with adequate modal hysteretic models 

is able to provide accurate predictions of story shears, story overturning moments, inter-story 

drifts, and floor accelerations. The combined responses, 𝑟(𝑡), determined using Equation 

(3.13) are shown to match well with those computed by the NLRHA procedure. Therefore, this 

procedure has a great deal of potential as an alternative simplified seismic evaluation procedure 

for high-rise buildings with much less computational effort as compared to the NLRHA 

procedure; with the advantage of allowing structural engineers to gain insight into complex 

nonlinear responses.  

3.3 Selection of Case Study Buildings 

In the current study, three case study high-rise buildings are selected for the detailed analysis 

using the UMRHA and NLRHA, as well as the proposed simplified procedures. These are 20-, 

33- and 44-story existing buildings located in Bangkok, the capital city of Thailand. Their 

architectural and structural details were obtained from the office of Bangkok Metropolitan 

Administration (BMA) primarily as part of a research project aiming to evaluate the seismic 

risk and loss to existing buildings in Bangkok. The city has long been considered as low-

seismic-risk area and therefore, most of existing high-rise buildings (constructed in last 2 
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decades) were designed based on gravity and wind loadings without proper consideration of 

seismic loads (Suthasit, 2007). The lateral load resisting systems of selected case study 

buildings were also designed for wind loadings and lack proper ductile detailing.  
 

Table 3.1 The basic geometry and characteristics of case study buildings 

Building B1 B2 B3 

Height (𝑚) 60 116 152 

No. of stories 20 33 44 

Typical story height (𝑚) 2.8 3.5 3.5 

Height of podium (𝑚) 14 22 43 

Natural periods of first three 

translational vibration modes (𝑠𝑒𝑐) 

𝑥 direction 

𝑇1 1.44 2.81 2.79 

𝑇2 0.38 0.60 0.71 

𝑇3 0.17 0.31 0.33 

𝑦 direction 

𝑇1 2.12 3.21 3.61 

𝑇2 0.63 0.97 1.12 

𝑇3 0.21 0.47 0.31 

RC wall section area/total building footprint area (%) 0.40 1.22 0.99 

RC column section area/total building footprint area (%) 1.20 2.20 1.80 

RC shear wall thickness (𝑐𝑚) 

Base – 10𝑡ℎ floor 30 40 40 

10𝑡ℎ – 20𝑡ℎ floor 20 30 35 

20𝑡ℎ – roof NA 20 25 

RC column dimensions (𝑐𝑚 × 𝑐𝑚) 

Base – 10𝑡ℎ floor 100×50 300×80 120 × 120 

   10𝑡ℎ – 20𝑡ℎ floor 80×40 150×80 80×80 

   20𝑡ℎ – roof  NA 80×80 50×50 

Longitudinal reinforcement ratio in 

RC shear walls (%)                 

Base – 10𝑡ℎ floor 1.6 1.2 1.5 

   10𝑡ℎ – 20𝑡ℎ floor 0.8 1.0 1.2 

   20𝑡ℎ – roof  NA 0.7 1.0 

Longitudinal reinforcement in typical RC Columns (%)                 
2.3% to 

3.7% 

1.2% to 

3.6% 

1.6% to 

4.8% 

Transverse reinforcement (hoops) in typical RC Columns                  
4, 9 mm 

dia. @ 

250 mm 

3 to 5, 9 

mm dia. @ 

200 mm 

3 to 7, 10 

mm dia. @ 

400 mm 

Axial load ratio (𝑃/(𝐴𝑔𝑓𝑐
′ )* in RC shear walls (%) 6.1 9.1 15.2 

Specified compressive strength of 

concrete 𝑓𝑐
′ (MPa) 

RC Walls 40 45 45 

RC Columns 35 35 40 

RC and PT Slabs** 30 28 30 

Specified yield strength of longitudinal reinforcement steel 

bars in RC walls and RC columns 𝑓𝑦 (MPa) 
414 414 414 

*
P= Axial load, 𝐴𝑔 = gross section area of walls, 𝑓𝑐

′ = compressive strength of concrete 
**

PT Slabs = Post-tensioned concrete slabs 

  

All three case study buildings have a podium (for first few stories) and a tower continued up 

to the roof level. The typical plan views of both podium and tower, along with their 3D finite 

element models are shown in Figure 3.3. The primary gravity-load-carrying system in B1 is 

RC beam-column frame with RC slabs, while B2 and B3 have the flat plate system (RC 

column-slab frame). The lateral load in all three buildings is mainly resisted by a number of 

RC walls and cores. All three buildings have mat foundation resting on piles. Masonry infill 

walls are also extensively used in all these buildings. Being real and practical examples, these 
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selected case study buildings are considered adequate to test the accuracy of the proposed 

simplified analysis procedures in this study. The salient structural and architectural features of 

these buildings are shown in Table 3.1. Figure 3.4 shows their first three vibration modes in 𝑥, 

𝑦 and torsional directions. 

 

  
(a) 20-story building (B1) (b) 33-story building (B2) 

 
(c) 44-story building (B3) 

Figure 3.3 The plans and 3D views of three case study buildings 
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Figure 3.4 The first three modes of case study buildings in 𝑥, 𝑦 and torsional directions 
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3.4 Nonlinear Modeling of Case Study Buildings 

For the detailed NLRHA procedure and the cyclic modal pushover analysis, the 3D inelastic 

finite element models of case study buildings were created in Perform 3D (CSI, 2006). The 

structural walls were modeled by nonlinear fiber elements over the entire height since the 

flexural cracking and yielding may occur at any location due to the higher-mode effects. The 

Multi Vertical Line Element Model (MVLEM) (Wallace, 2007) was used for shear walls in 

which each wall panel is divided into a number of vertical concrete and steel fibers to simulate 

the combined axial-flexural behavior. It also has a horizontal shear spring to simulate the 

elastic shear response as shown in Figure 3.5. However, the effect of shear on the flexural 

strength is not taken into account. The nonlinear concrete fibers were modeled using the 

Mander’s unconfined stress-strain model (Mander et al., 1988) approximated by a tri-linear 

envelope as shown in Figure 3.6 (a). The tensile strength of concrete is set equal to 0.33√𝑓𝑐
′ 

MPa. The steel fibers are modeled with a non-degrading type bilinear hysteretic model 

including strain hardening (Park, 1977). The post-yield stiffness is set to 1.2 percent of the 

elastic stiffness (shown as the factor 𝛼 in Figure 3.6 (b)). The yield strength of steel bars is 

assumed to be 1.17 times of its nominal yield strength (CTBUH, 2008). This is to account for 

the fact that actual material strengths are generally greater than nominal strengths specified by 

the designer. For the same reason, the cylinder compressive strength of concrete (𝑓𝑐
′) is set to 

1.3 times the strength specified by the designer (CTBUH, 2008). The hysteretic model for 

concrete in Perform 3D always sets the unloading stiffness equal to the initial elastic stiffness. The 

reloading stiffness, however, can be adjusted such that the stiffness degradation is properly 

modeled with the increase in plastic strain. 

Each RC column is modeled by a combination of a linear elastic beam-column element with 

nonlinear plastic zones at its two ends. The uncracked flexural rigidity is assigned to the linear 

element. The plastic zones are assumed to have a length of 0.5𝑑, where 𝑑 is the lesser cross-

sectional dimension of the column. They are modeled by concrete and steel fibers in a similar 

manner to RC walls. By this way, the uncracked (linear elastic), cracked, yielded, and post-

yielded states of the columns can be fully simulated. The shear behavior in all structural 

members was assumed to be elastic and the shear strengths of columns and shear walls are 

compared against force demands after the analysis to check shear failure. The effects of 

geometric nonlinearity (𝑃 − 𝛥 effects) are also included in the analysis.  

The concrete slabs are assumed to remain elastic and are modeled by elastic thin shell elements. 

Assuming that the slabs are infinitely rigid in their own plan, rigid floor constraints are assigned 

at each level. The uses of rigid floor constraints forces every node at a particular floor to move 

with the same horizontal translation and rotation about the vertical axis. This realistic 

assumption significantly reduces the number of degrees of freedom and the analysis time. The 

mat foundation is treated as a rigid boundary which is displaced horizontally by the input 

ground motion. Each masonry infill wall is modeled by two equivalent, compression-only, 

diagonal struts as shown in Figure 3.5. The axial stiffness, strength, and inelastic deformation 

capacity of these struts are determined from the geometric and material properties of the 

masonry walls by following the FEMA 356 (2000) guidelines.  
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Figure 3.5 The nonlinear modeling of structural components 

 

 
Figure 3.6 (a) Mander concrete stress-strain curve and its tri-linear approximation in Perform 

3D, (b) the bilinear approximation of Park stress-strain curve of rebar steel 
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analysis) based on the mode shapes and natural periods of the initial elastic structure is used, 

and is determined as follows.  

 𝑪 = ∑
4

𝑇𝑖
𝜉𝑛

 (𝑴𝝓𝒊)(𝑴𝝓𝒊)
𝑇

𝝓𝒊
𝑇𝑴𝝓𝒊

𝑛

𝑖 = 1

 (3.14) 

Where 𝑴 is the mass matric, 𝝓𝑖 is the ith mode shape vector, 𝑛 is the total number of damped 

modes, 𝑇𝑖 is the natural period of any 𝑖𝑡ℎ vibration mode, while 𝜉𝑖 is the modal damping ratio 

assigned to any 𝑖𝑡ℎ vibration mode.   

Various recent recommendations for the seismic design of high-rise buildings suggest that the 

traditionally assumed viscous damping ratio of 5% is too high and not realistic for high-rise 

buildings (CTBUH, 2008). A value in the range of 1% to 2.5% for fundamental translational 

mode appears more reasonable for buildings with heights greater than 48 m. Therefore, a modal 

damping ratio of 2.5% for each significant vibration mode is used in this study. In addition, a 

very small amount of Rayleigh damping is also specified to stabilize the high-frequency (and 

less important) modes and to avoid the numerical errors (CSI, 2006). The natural time periods 

for structural models are compared and validated with the recommendations provided by the 

available experimental studies focusing on the high-rise buildings in Bangkok (Petcharoen, 

2002; Poovarodom, Warnitchai, & Petcharoen, 2004). 

3.5 Selection of Ground Motion Records 

The selected case study buildings are expected to encounter different types of ground motions. 

In this study, four ground motion sets and their mean spectra are used as input seismic loading 

to the case study structures. They are expected to represent various possible ground motions 

with different spectral shapes, intensities and predominant periods. The first three sets (each 

with 6 acceleration time histories) were originally selected as part of a research project focusing 

on a detailed seismic hazard analysis of Bangkok. The first set represents ground motions from 

distant large earthquakes (𝑀𝑤8+) modified to match with the uniform hazard spectrum (UHS) 

of Bangkok. The second set represents relatively shorter predominant period ground motions 

from crustal earthquakes with magnitude 𝑀𝑤7–7.5 occurring at a distance of around 100 km 

from Bangkok. The recent seismic hazard studies have shown that the deep soil basin of 

Bangkok has an ability to amplify the ground acceleration about 3 to 4 times, and the amplified 

ground motions tend to have a rather long predominant period (Poovarodom et al., 2017). 

Therefore, a third set is selected which represents very long period ground motions originating 

from megathurst earthquakes (𝑀𝑤8.5+) occurring at a distance greater than 600 km from 

Bangkok. The records in this set are characterized as long period, long duration, large 

displacement, but low acceleration.  

A fourth set of seven ground motion records is also included in this study in order to investigate 

the performance of proposed simplified analysis procedures under the typical code-prescribed 

spectrum and under the conditions of significant inelastic action. This set represents the high 

intensity ground motions from shallow crustal earthquakes with magnitude in the range of 

𝑀𝑤6.5 – 7.5. These are obtained from the PEER (2013) strong ground motion database, and 

are recorded on relatively near-source sites (<50 Km) with site class D.  

The ground motions in all 4 sets were first scaled by a constant factor such that their spectra 

roughly match with corresponding target spectrum. The target spectra for first three sets 
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represent an MCE-level seismic hazard at the location of case study buildings. For set 4, the 

typical 5%-damped code-based response spectrum (prescribed in ASCE 7-05 (2005)) is used 

as target spectrum. It corresponds to a DBE-level seismic hazard corresponding to a building 

site with 𝑆𝑠 = 1.5g and 𝑆1 = 0.75g. Although these values and the selected target spectrum are 

not representative of the actual seismic hazard at case study buildings’ site, the set 4 is included 

with an intention to test the accuracy of the proposed simplified analysis procedures under a 

reasonably strong seismic hazard level.  

The spectral matching technique is used to adjust the ground motion records in all four sets to 

match with their corresponding target spectra. The original acceleration time histories were 

modified by adding small wavelets to the time series to finally obtain an accurate spectral 

matching. The sum of all wavelets (i.e. the time-domain adjustment) should be very small in 

order to preserve most of the original frequency content and the key characteristics of ground 

motion record (e.g. the peak ground acceleration, peak ground velocity, peak ground 

displacement, duration etc.). A computer program, RSPMATCH (Abrahamson, 1998), is used 

to automate this process. The procedure was originally developed by Abrahamson (1992) and 

later improved by Hancock et al. (2006).  

Figure 3.7 shows the target and matched acceleration response spectra of the selected ground 

motions in all four sets. These sets of ground motions are expected to cover a wide range of 

ground motion types and therefore, can be considered adequate for the purpose of seismic 

evaluation of case study buildings.  

 
Figure 3.7 The acceleration response spectra of the four ground motions sets used in this 

study 
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3.6 The Modal Cyclic Pushover Analysis of Case Study Buildings 

As discussed in Section 3.2, one needs to know the nonlinear force-deformation function 

𝐹𝑠𝑖(𝐷𝑖 , �̇�𝑖) for any 𝑖𝑡ℎ vibration mode in order to evaluate the nonlinear seismic responses 

using the UMRHA procedure. This nonlinear function is expected to represent the restoring 

force produced by the structure under a deformed shape of that mode and is a combined effect 

of the responses of many structural and non-structural components. As the amplitude of lateral 

vibration increases, some components may start cracking or yielding which results in a change 

in the shape of this nonlinear function. A practical way to identify this function and to 

understand the complex hysteretic behavior is to carry out a modal pushover analysis. As 

mentioned earlier, this procedure requires to laterally push the nonlinear structural model using 

a modal inertia load pattern 𝒔𝑖
∗ = 𝑴𝝓𝑖. It can be monotonic or cyclic depending upon the 

intended purpose of analysis. The monotonic pushover analysis allows us to see the 

progression of damage to various components of the structure as the lateral deformation 

increases. The obtained capacity(or pushover) curve provides an information about the lateral 

strength and deformation capacity of the structure under monotonically increasing lateral 

loads. The cyclic modal pushover analysis, on the other hand, directly shows the hysteretic 

responses of the structure at different lateral deformation amplitudes, ranging from low level 

(linear elastic state) to near-collapse state. The analysis results can be transformed into the 

𝐹𝑠𝑖(𝐷𝑖 , �̇�𝑖) function and hence, a suitable nonlinear hysteretic model can be selected for the 

UMRHA procedure as explained earlier in Section 3.2. 

The nonlinear models of case study buildings were subjected to the modal cyclic pushover 

analysis for first three translational vibration modes in their both strong (𝑥) and weak (𝑦) 

directions. A gradually increasing modal inertia force vector is applied after the application of 

gravity loads and reversed in direction with a gradual increment in control (roof) displacement 

after each cycle (Figure 3.8). The concrete cracking and steel yielding levels for all important 

components were monitored in terms of their strain demand-to-capacity (D/C) ratios at various 

stages during the analysis. The lateral loading is continued until a significant damage occurred 

as indicated by the achievement of various limit states defined in the structural models. The 

resulting cyclic roof (𝑥𝑖
𝑟/𝐻) versus the base shear coefficient (𝑉𝑏𝑖/𝑊) curves for first three 

vibration modes of three case study buildings are presented in Figure 3.9.  

 

Figure 3.8 The loading scheme used to carry out the modal cyclic pushover analysis of 

case study buildings 
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Figure 3.9 The reversed-cyclic pushover curves of the case study buildings 

It can be seen that at the lower levels of roof drift ratio (0.05 to 0.1%), the behavior of all three 

buildings is linear elastic. At roof drift ratios greater than 0.1%, the stiffness softening is 

observed in loading phase mainly due to the onset of cracking of masonry infill walls and RC 

shear walls. The longitudinal reinforcement steel bars in RC walls reach their yield strain at a 

roof drift ratio of 0.8 to 1.2%, beyond which, the hysteretic loops exhibit a relatively greater 

energy loss with a permanent change in the geometry of structure. Despite the differences in 

total height, floor plan, and structural layout among these buildings, it is observed that their 

damage progression sequences and the shape of overall hysteretic behavior are quite similar. 

There curves were used to identify the suitable nonlinear function 𝐹𝑠𝑖(𝐷𝑖 , �̇�𝑖) for the UMRHA 

procedure.  

In order to explain the progression of damage under the cyclic pushover analysis, an example 

case (first mode of 44-story building B3 in both strong (𝑥) and weak (𝑦) directions) is shown 

in more detail in Figure 3.10. It can be seen that at very low drift levels, the response is linear 

elastic and the slope of initial curve represents un-cracked stiffness. As soon as the tensile 

stress on the extreme fiber exceeds the tensile strength of concrete, the cracking of masonry 
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infill walls starts and the slope of curve decreases. Due to this cracking, the unloading stiffness 

also starts deviating from loading stiffness resulting in the formation of thin loops upon load 

reversal. At this stage, rebars start taking relatively greater share of tension stress and yield in 

tension with a continuous increase in crack widths. When the load reverses, the flexural 

compression along with a large axial compression forced the rebars, which were previously 

yielded in tension, to yield in compression. Upon further reversal of loads, the flexural cracks 

closed completely due to gravity loads, resulting in the restoration of initial stiffness. 

Therefore, the unloading curve of cracked structure restores to initial stiffness before passing 

the origin, resulting in a self-centering type flag-shaped behavior with no residual drift. The 

location of crack-closing point depends on the level of axial force and the amount of 

longitudinal reinforcement ratio.  

The hysteretic loops get wider with continuous cyclic degradation in stiffness as more 

components crack and yield. At the roof drift levels in the range of 1% - 1.5 %, the case study 

buildings start experiencing global residual drifts in both directions, indicating a permanent 

deformation in overall geometry. After this point, the stiffness of whole system reduces to only 

a fraction of initial stiffness, usually defined by post-yield stiffness ratio (𝛼—the ratio of initial 

stiffness to the post-yield stiffness). Figure 3.11 (a) shows the shapes of typical hysteretic loops 

corresponding to various levels of damage.  

The first-mode monotonic pushover curves of case study buildings (shown as the backbone of 

hysteretic behaviors in Figure 3.10) show a smooth and continuous decrease in stiffness soon 

after cracking of masonry infill walls (at around 0.1% roof drift). The complete monotonic 

pushover curves of all three case study buildings in both strong and weak directions are shown 

in Appendix A. It is important to observe that although the steel bars in shear walls start 

yielding at a roof drift greater than 0.85%, the structure started exhibiting significant inelastic 

behavior well before this stage due to the cracking of masonry infill walls, columns and shear 

walls.  
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Figure 3.10 The progression of damage under first-mode cyclic pushover analysis of 44-

story case study buildings in strong (𝑥) and weak (𝑦) directions, respectively 
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significant inelastic action, unlike the equally-spaced and gradual loading increments as 

applied in cyclic pushover analysis. To investigate the effect of this phenomenon and the cyclic 

degradation, the cyclic pushover analysis is repeated with each loading cycle started from 

initial unloaded condition. For the 20-story case study building (B1), Figure 3.11 (b) shows 

the comparison of the cyclic pushover curve with the case when each new loop is started with 

an initial unloaded stiffness. A continuous stiffness softening can be observed with each new 

loading cycle even prior to the yielding of steel rebars. This cyclic degradation is mainly the 

result of tensile cracking of concrete in shear walls and columns.   

 
(a) (b) 

Figure 3.11 (a) The typical hysteretic loops corresponding to various levels of indicated 

damage, and (b) The cyclic degradation of stiffness during the cyclic pushover analysis, as 

compared to the case when each new loop starts with initial uncracked stiffness 

3.7 Evaluation of Nonlinear Responses using the UMRHA and NLRHA Procedures 

For the UMRHA procedure, the 𝑉𝑏𝑖/𝑊 vs. 𝑥𝑖
𝑟/𝐻 relationships for each significant 𝑖𝑡ℎ mode 

are converted to the corresponding 𝐹𝑠𝑖/𝐿𝑖 vs. 𝐷𝑖 relationships using the Equations 3.9 and 3.10. 

These relationships were idealized by the suitable hysteretic models to construct the nonlinear 

modal SDF systems governed by Equation 3.8.  
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(Christopoulos et al., 2002; 2003). This behavior is also exhibited by the unbonded post-

tensioned and hybrid pre-stressed structures owing to their ability to completely restore the 

initial stiffness upon the reversal of lateral loading. A customizable formulation of this model 

is readily available in OpenSees (Mazzoni et al., 2004) and Ruaumoko-2D (Carr, 2008) and is 

shown in Figure 3.12. The hysteretic rules for this model and the coordinates of its controlling 

points are shown below.  

a) Point 1: The yield point of the force-deformation relationship 

   𝐹𝑠𝑦𝑖/𝐿𝑖 = 𝜔𝑖
2𝐷𝑦𝑖 (𝐹𝑠𝑦𝑖/𝐿𝑖 , 𝐷𝑦𝑖) (3.15) 

b) Point 2: The point corresponding to the reversal of loading 

  𝐹𝑠𝑢𝑖/𝐿𝑖 =  𝐹𝑠𝑦𝑖/𝐿𝑖 + (𝐷𝑦𝑖 −𝐷𝑦𝑖)𝛼𝜔𝑖
2  (𝐹𝑠𝑢𝑖/𝐿𝑖 , 𝐷𝑢𝑖) (3.16) 

c) Point 3: The point corresponding to the compression yielding rebars 

 𝐹𝑠𝑢𝑖/𝐿𝑖 − 𝛽𝐹𝑠𝑦𝑖/𝐿𝑖 = (𝐷𝑦𝑖 − 𝛽𝐷𝑦𝑖)𝜔𝑖
2 (𝐹𝑠𝑢𝑖/𝐿𝑖 − 𝛽𝐹𝑠𝑦𝑖/𝐿𝑖 , 𝐷𝑦𝑖 − 𝛽𝐷𝑦𝑖) (3.17) 

d) Point 4: The point corresponding to the restoration of initial stiffness 

 (1 −  𝛽)𝐹𝑠𝑦𝑖/𝐿𝑖 = (1 − 𝛽)𝐷𝑦𝑖𝜔𝑖
2 (1 −  𝛽)𝐹𝑠𝑦𝑖/𝐿𝑖 , (1 − 𝛽)𝐷𝑦𝑖) (3.18) 

Where 𝐷𝑦𝑖 and 𝐷𝑢𝑖 are the yield and maximum displacements corresponding to yield and 

maximum forces (𝐹𝑠𝑦𝑖 and 𝐹𝑠𝑢𝑖), respectively, while 𝜔𝑖 is the initial natural frequency of any 

𝑖𝑡ℎ mode SDF system. The factor 𝛼 is the post-yield stiffness ratio, and 𝛽 is reffered as the 

energy dissipation factor or the flag width factor. The controlling parameters (𝐹𝑠𝑦𝑖, 𝛼 and 𝛽) of 

this model were tuned to get optimal matching with the actual 𝐹𝑠𝑖/𝐿𝑖 vs. 𝐷𝑖 relationships.  

It is important to note that the case study buildings start exhibiting the residual drifts at a roof 

drift ratio in the range of 1% to 1.5%. Since the selected sets of ground motions are not 

expected to result in peak roof drift ratio higher than this range, the bilinear flag-shaped 

approximation of the pushover envelope is providing a good matching and considered adequate 

for this study. This expectation was later checked after the analysis and found correct. 

However, in order to obtain a reasonable matching for even higher roof drift levels (e.g. > 

1.5%), a tri-linear type hysteretic model with self-centering capability at lower drift levels is 

required. This type of behavior can be obtained using a combination of two uniaxial spring 

elements (first with self-centering type and second with bilinear hysteretic behavior) to model 

the additional energy dissipation and residual drifts. 

As an example, Figure 3.13 shows the comparison of actual reversed-cyclic pushover curve 

(first mode of 20-story B1 in 𝑥 direction) and the force-displacement response of the idealized 

modal SDF system subjected to a ground motion. A good matching for both initial stiffness 

and post-yield behavior can be seen. However, it should be noted that the yield strengths set 

for the idealized modal SDF systems correspond to the combined effects of stiffness reduction 

due to cracking of infill masonry walls, columns and shear walls and may not represent the 

actual yield capacity (corresponding to the tensile yielding of rebars) of that mode of case study 

buildings. 
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Figure 3.12 The self-centering type bilinear flag-shaped hysteretic behavior 

 

 
Figure 3.13 The comparison of reversed-cyclic pushover curve (first mode of B1 in 𝑥 

direction) and the force-displacement response of the idealized modal SDF system 

subjected to a ground motion 
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3.7.2 Modal Decomposition Results and Discussion 

The idealized modal SDF systems were subjected to the selected ground motion sets to 

determine 𝐷𝑖(𝑡) and 𝐹𝑠𝑖(𝑡), which were then converted to various displacement- and force-

related response quantities, respectively. The combined seismic demands from all significant 

vibration modes were also determined by summing up the individual modal demands 

(Equation 3.13).  

For the 𝑥 direction of three case study buildings, Figures 3.14 and 3.15 show the comparison 

between the actual cyclic modal pushover curves and the response of idealized modal nonlinear 

SDF systems, in the form of 𝑉𝑏𝑖/𝑊 vs. 𝑥𝑖
𝑟/𝐻 relationships for first three vibration modes. It 

can be seen that first-mode response is experiencing a reasonable inelastic action as indicated 

by the significant reduction in stiffness compared to the initial uncracked stiffness. The second 

mode however, is experiencing a relatively lower level of nonlinearity as compared to the first 

mode. In fact, the second mode is approximately linear for set 1 (i.e. the ground motions 

matched to the UHS for the buildings’ site in Bangkok). The response of third mode, on the 

other hand, remained in the linear elastic range for all cases except B2 subjected to set 4 i.e. 

the high-intensity ground motions matched to the typical code spectrum.  

In consistence with the previous studies (Ahmed & Warnitchai, 2012; Mehmood et al., 2017a; 

2017b), these observations reconfirm that the response of each vibration mode experiences a 

different amount of inelastic action and therefore, each mode requires a separate and different 

treatment in order to accurately estimate the overall nonlinear seismic demands of structures. 

This is the key concept and motivation for the proposed simplified analysis procedures in this 

study (Chapters 4 and 5).  

The relative contributions of different vibration modes and the reason for their different 

nonlinear states under the same ground motion can be explained by considering the sequence 

in which their peak force demands saturate due to the yielding of primary structural elements. 

For example, in case of core walls, the formation of plastic hinge starts from the base region 

when the moment caused by first mode in the base region reaches the flexural yielding strength. 

A further increase in deformation at this stage may not result in a significant amount of 

overturning moment and shear. The rate at which the moment and shear increase at this post-

yield stage is controlled by the post-yield stiffness exhibited by the first mode (modeled in the 

𝐹𝑠𝑖/𝐿𝑖 − 𝐷𝑖 relationship). Therefore, the base moment response is approximately clipped at the 

yielding strength of the structure at base. Similarly, the distribution pattern of overturning 

moment along the height of building also freezes. Since both the shear and moment are 

proportional to 𝐹𝑠𝑖(𝐷𝑖 , �̇�𝑖), this clipping and saturation also occurs in case of shear force 

distribution of the first vibration mode. However, the contribution of second mode continues 

to increase linearly until its moment demand exceeds the flexural strength of the core wall at 

any location along the height. In cases where the wall is only allowed to yield at base, the force 

demand contributions for second mode can be significantly higher due to the fact that very 

high amount of second-mode inertia forces are required to cause yielding at the base of wall. 

For the same reason, the response of third vibration mode may saturate even later. This explains 

the cause of unproportionately large higher-mode contributions in the inelastic seismic 

responses of high-rise core-wall buildings. 
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Figure 3.14 The cyclic modal pushover response of detailed 3D model vs. the hysteretic 

response of idealized nonlinear SDF systems (representing an 𝑖𝑡ℎ vibration mode) under a 

ground motion from set 1 
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Figure 3.15 The cyclic modal pushover response of detailed 3D model vs. the hysteretic 

response of idealized nonlinear SDF systems (representing an 𝑖𝑡ℎ vibration mode) under a 

ground motion from set 4 
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is successfully predicting the combined seismic demands within a reasonable accuracy. Figure 

3.18 shows an example comparison between the predictions of roof displacement history by 

the UMRHA and NLRHA procedures. The 𝑥 direction of 44-story case study building (B3) 

subjected to a ground motion from set 1 are used for this purpose. It can be seen that the 

combined roof displacement is matching reasonably well with that obtained from the NLRHA 

procedure for the peak cycles. This further confirms the effectiveness of the UMRHA 

procedure in explaining the dynamic response in terms of its constituents. For more details 

about the accuracy and applications of this procedure, the reader is referred to relatively recent 

works by Ahmed (2011), Mehmood (2016) and Qureshi (2016).  

Although, the results of modal decomposition can provide a detailed understanding of the 

complex structural behavior and can be effectively used to determine and control the seismic 

demands of buildings, this study is intended to use the UMRHA procedure as a tool to evaluate 

the performance of proposed simplified analysis procedures in Chapters 4 and 5. Given that 

the combined response envelops obtained from the UMRHA procedure match well with those 

obtained from the NLRHA procedure, the individual modal contributions can be used as the 

benchmarks for modal responses obtained from the proposed simplified analysis procedures. 

 
(a) The individual modal contributions obtained from the UMRHA procedure 

 
(b) The comparison of combined seismic demands obtained from the UMRHA procedure with those 

obtained from the NLRHA procedure 

Figure 3.16 The performance of the UMRHA procedure (𝑥 direction of 44-story case study 

building, B3)  
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Figure 3.17 The individual modal contributions, and the comparison of combined seismic 

demands obtained from the UMRHA procedure with those obtained from the NLRHA 

procedure (𝑥 direction of 3 case study buildings) 
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Figure 3.18 The individual modal contributions, and the comparison of combined response 

obtained from the UMRHA procedure with that from the NLRHA procedure (roof 

displacement in 𝑥 direction of 44-story case study building (B3)) 
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are selected for the detailed analysis. Their 3D nonlinear models are created in Perform 3D 

(CSI, 2006) and subjected to four sets of ground motion records. These sets are selected to 

evaluate the dynamic responses of buildings under different types of ground motions. The 

nonlinear models were first subjected to the modal cyclic pushover analysis to determine their 

modal hysteretic behaviors. The cyclic pushover curves were idealized by the bilinear flag-

shaped hysteretic models with re-centering capabilities. The individual modal response 

contributions and the combined responses from the UMRHA procedure are determined. The 

detailed NLRHA procedure is also carried out to determine the true nonlinear responses. The 

comparison of combined responses from the two procedures shows that the UMRHA 

procedure can be effectively used to understand the complex nonlinear seismic responses of 

high-rise buildings. The insight provided by the UMRHA procedure (in terms of relative 

contributions of different vibrations modes to the combined nonlinear response) has many 

useful applications in the control of seismic demands and the performance evaluation of both 

new and existing buildings. This study, however, uses this procedure as a tool to propose and 

test two simplified analysis procedures. The formulation and evaluation of these two 

procedures are presented in Chapters 4 and 5, respectively. 
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Chapter 4 

4 An Extended Displacement Coefficient Method – Formulation and 

Evaluation 
 

4.1 Background 

As mentioned in Chapter 2, the displacement modification approach offers a convenient and 

non-iterative way of directly estimating the nonlinear displacement demands by modifying the 

corresponding linear elastic demands. Using this approach, the Displacement Coefficient 

Method (DCM) prescribed in ASCE/SEI 41-06 (2006) and ASCE/SEI 41-13 (2014) provides 

a practical procedure for determining the nonlinear force and displacement demands. However, 

it only considers the first vibration mode and therefore, is not applicable to high-rise buildings 

whose response may have significant contributions from higher vibration modes. The UMRHA 

procedure (discussed in Chapter 3) provides an opportunity to view the dynamic response of 

such complex structures as a combination of responses from few significant modes, while the 

response of each mode is essentially that of an SDF system. Using three case study buildings 

subjected to different input ground motions, it is shown that the response of each vibration 

mode experiences a different level of nonlinearity under the same ground motion. Therefore, 

one of the primary expectations from any simplified analysis procedure (aiming to accurately 

determine the nonlinear seismic demands) is its ability to separately and differently treat the 

response of each vibration mode according to its nonlinear state. Such a procedure would be 

able to successfully capture the effects of inelastic action while including the effects of higher 

vibration modes.  

This chapter, therefore, presents a simplified analysis procedure for the convenient estimation 

of nonlinear seismic demands of high-rise buildings. It is essentially based on the basic notion 

of using the mode-by-mode understanding of the dynamic response (offered by the UMRHA 

procedure) as its conceptual basis and motivation. The underlying idea is that the displacement 

modification approach used in the nonlinear static procedure of ASCE/SEI 41-13 (2014) can 

be extended to every significant vibration mode of the structure. The suitable displacement 

coefficients can be separately applied to the peak elastic displacement of each mode to estimate 

the corresponding inelastic displacement, which can then be used as the target displacement 

for the multi-mode pushover analysis to determine all the response quantities.  

The following sections will present the basic assumptions, theoretical formulation and a 

detailed evaluation of this proposed procedure using the three high-rise case study buildings 

introduced in Chapter 3. The seismic demands obtained from the proposed procedure will be 

compared with the benchmark demands obtained from the detailed NLRHA procedure 

performed using the four ground motion sets (Chapter 3). In order to check the performance of 

the proposed procedure at individual mode level, the modal contributions of various key 

response quantities obtained from the UMRHA procedure (Chapter 3) will be compared with 

those obtained from the proposed procedure. 
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4.2 The Proposed Extended Displacement Coefficient Method (EDCM) – Formulation 

and Basic Assumptions 

The underlying assumption of the UMRHA procedure—i.e. the complex dynamic response of 

MDF structures can be approximately determined from the superposition of few significant 

vibration modes, each described by a nonlinear modal SDF system—further facilitates the idea 

that the peak modal inelastic displacements can be more conveniently obtained by simply 

applying the displacement modification approach separately to the corresponding elastic modal 

SDF systems. Unlike the first-mode-based DCM, where the full structure is idealized as an 

equivalent SDF system, the concept can be applied to every significant vibration mode of the 

MDF structure. The suitable modifiers (or coefficients) can be applied to the elastic 

displacement of all modal SDF systems to estimate the corresponding peak nonlinear 

displacements, which can then be used as the target displacements for nonlinear static analysis. 

The modal combination of peak responses obtained from the multi-mode pushover analyses at 

the corresponding inelastic modal (target) displacements is expected to provide a reasonably 

accurate estimate of nonlinear demands. This scheme will be referred onwards as the Extended 

Displacement Coefficient Method (EDCM). It can also be viewed as a simplified version of 

the Modal Pushover Analysis (MPA) proposed by Chopra and Goel (2002). Figure 4.1 shows 

a conceptual overview of the proposed EDCM.  

The same analysis framework of the standard ASCE/SEI 41-13 NSP (explained in detail in 

Section 2.4) can be used for each significant vibration mode in the EDCM. However, instead 

of using the ASCE/SEI displacement coefficients (which are based on FEMA 440 (2005)), a 

detailed parametric study is carried out in the current study to derive the displacement 

modifying coefficients for the hysteretic behavior and its controlling parameters describing the 

cyclic behavior of the case study buildings. The need for this parametric study and the reasons 

for not employing the existing recommendations in the evaluation of the EDCM are explained 

in next section.  

Following the ASCE/SEI 41-13 NSP guidelines, for any 𝑖𝑡ℎ vibration mode, the monotonic 

pushover curve of the building can be approximated by the idealized force vs. deformation 

relationship. The base shear corresponding to the idealized yield point (𝑉𝑦,𝑖) and the post-

yielding stiffness ratio (𝛼𝑖) can be estimated from the idealized pushover curves of each mode. 

Extending the ASCE/SEI 41-13 (or FEMA 440 (2005)) expression to any 𝑖𝑡ℎ vibration mode, 

the value of normalized yield strength factor (𝑅𝑦,𝑖) can be determined as follows. 

 
𝑅𝑦,𝑖 =

𝐶𝑚,𝑖𝑆𝐴,𝑖
𝑉𝑦,𝑖/𝑊

 (4.1) 

Where 𝐶𝑚,𝑖 is the effective modal mass participation factor and 𝑆𝐴,𝑖 is the spectral acceleration 

at the initial natural period (𝑇𝑖) of any 𝑖𝑡ℎ vibration mode. 𝑊 is the total seismic weight of the 

structure. ASCE 41-13 (2013) report denotes the yield strength factor as 𝜇strength instead of 

𝑅𝑦. However, being consistent with generally used notation, this factor will be denoted 

onwards as 𝑅𝑦 in the current study. For each significant 𝑖𝑡ℎ vibration mode, the value of yield 

strength factor (𝑅𝑦,𝑖) can be determined and (along with other affecting parameters e.g. the 

post-yield stiffness ratio, 𝛼𝑖) can be used to estimate the corresponding modification factors 

(i.e. the mean inelastic-to-elastic displacement ratios, IDRs, denoted as 𝑥𝐹𝑆/𝑥𝐸  in the results 
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presented in next sections). Similar to the ASCE/SEI 41-13 expression, the target displacement 

(𝛿𝑇𝑖) for any 𝑖𝑡ℎ vibration mode can then be determined as follows. 

 
𝛿𝑇𝑖 = 𝛤𝑖 (

𝑥𝐹𝑆
𝑥𝐸
) 𝑆𝐴,𝑖

 𝑇𝑒𝑖
2  

4𝜋2
𝑔 (4.2) 

Where 𝛤𝑖 is the modal participation factor and 𝑇𝑒𝑖 is the effective time period corresponding to 

the initial slope of idealized pushover curve for any 𝑖𝑡ℎ vibration mode. The peak modal 

responses (𝑟𝑖) at the corresponding target displacements (𝛿𝑇𝑖) are extracted from the pushover 

results and are combined using the SRSS modal combination rule to get the overall peak 

response (𝑟) as follows.  

 

𝑟 = (∑𝑟𝑖
2

𝑚

𝑖=1

)

1/2

 (4.3) 

Where 𝑚 is the number of significant vibration modes.  

It should be noted that for any 𝑖𝑡ℎ vibration mode, the peak response 𝑟𝑖 determined by the 

pushover analysis is an estimate of the peak value of the response history 𝑟𝑖(𝑡) of the nonlinear 

structure against the effective earthquake forces of that mode, 𝑃𝑖(𝑡). For linear elastic 

structures, this 𝑟𝑖 would be exactly equal to the peak value of 𝑟𝑖(𝑡) i.e. the 𝑖𝑡ℎ mode contribution 

to the total response 𝑟(𝑡), determined from the classical modal analysis. However, for inelastic 

structures, the 𝑟𝑖 determined by the pushover analysis would not be equal to the corresponding 

peak value obtained from the UMRHA procedure. This is due to the fact that both procedures 

use different and approximate ways to estimate the peak modal responses and are based on 

different assumptions. The UMRHA procedure is based on neglecting the modal coupling and 

therefore, assumes that the even in the inelastic range of response, the vibration modes still 

exist (i.e. the Equation 3.2 is assumed valid). It is equivalent to assuming that the distribution 

patterns of deformations and internal forces in the response of any 𝑖𝑡ℎ vibration mode remain 

unchanged and proportional to that mode shape throughout the response time history. 

However, this assumption is avoided in the modal pushover analysis because the force and 

displacement responses are determined using a nonlinear static analysis under the modal inertia 

lateral load vector (𝑴𝝓𝒊). As a result, for any 𝑖𝑡ℎ vibration mode, the deflected shape of the 

inelastic structure is not necessarily proportional to that mode shape, unlike assumed in the 

UMRHA procedure. In this sense, the MPA procedure can better capture the nonlinear 

behavior of a structure compared to the UMRHA procedure. However, the MPA procedure 

has another source of uncertainty i.e. the use of a modal combination rule to combine the peak 

modal responses (similar to the response spectrum analysis procedure for linear elastic 

structures). This approximation is not made in the UMRHA procedure where the combined 

demands are determined by directly summing the modal contributions in time domain. 
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Figure 4.1 The basic concept of the Extended Displacement Coefficient Method (EDCM) 

4.3 Determination of Displacement Modifying Coefficients for the Proposed EDCM 

Although a considerable amount of research (Section 2.4) have already been conducted in 

recent years to determine the displacement modifying coefficients, most of the existing studies 

Detailed 3D Nonlinear Response History Analysis (NLRHA)

F

D
F

D

F

D

Mode 1
Mode 2

Mode 3

Uncoupled Modal Response History Analysis (UMRHA)

NL
NL NL

…

Modal Pushover Analysis (MPA)

Extended Displacement Coefficient Method (EDCM)



74 

 

have considered the conventional bilinear elastoplastic hysteretic behavior with zero or 

positive post-yield stiffness (see Table 2.1). These studies have their own inherent assumptions 

and their implications may vary widely depending upon the considered range of hysteretic 

parameters and ground motions. On the other hand, in this study, the reversed-cyclic modal 

pushover analysis (Chapter 3) of the three case study buildings have shown that their hysteretic 

response can be idealized by a self-centering type bilinear flag-shaped (FS) hysteretic behavior 

(shown in Figure 3.10). Therefore, the actual IDR values for any 𝑖𝑡ℎ vibration mode of the case 

study buildings may significantly deviate from those predicted by the ASCE 41-13 (2013) 

expressions or any existing study due to the difference in considered hysteretic behavior, its 

affecting parameters, and the selected ground motions. The intent of current study is to test the 

accuracy of the proposed EDCM and therefore, the use of any existing recommendation for 

displacement coefficients may result in additional errors other than those arising from the 

inherent assumptions in the procedure.  

Similarly, the validity of equal-displacement assumption recommended in various seismic 

evaluation guidelines as part of the conventional NSPs has also been questioned by several 

studies. Although it is generally believed to be a reasonable approximation for systems with 

periods in the velocity- or displacement-controlled spectral range, Carr (2003) and Priestley et 

al., (2007) have criticized its wide acceptance without evaluating its adequacy for all practical 

cases. These studies argued that this assumption may result in significantly non-conservative 

estimates of seismic demands especially for systems with lower yield strengths or with 

hysteretic behaviors significantly different than bilinear or elasto-plastic.  

Due to these reasons, instead of simply adopting an existing study in the evaluation of proposed 

EDCM, it seems more rational to derive the actual displacement modifying coefficients for the 

bilinear flag-shaped hysteretic systems subjected to the selected ground motion sets. Therefore, 

in the current study, a comprehensive evaluation of the ratios of peak inelastic to peak elastic 

displacements is carried out. A large number of inelastic SDF systems are modeled with 

bilinear flag-shaped (FS) hysteretic behavior with practical ranges of controlling parameters, 

initial period of vibration (𝑇) and lateral yield strength (𝑓𝑦). The corresponding linear elastic 

SDF systems were also modeled. Both sets of SDF systems were then subjected to the ground 

motion sets described in Chapter 3. The sets 1, 2 and 3 represent the actual seismic hazard at 

the sites of case study buildings as described in Chapter 3. However, the ground motion set 4 

was included to represent the high-intensity short-period ground motions with spectral shape 

resembling the typical code-based spectra. Being the most typical case, an in-depth evaluation 

of the peak inelastic-to-elastic displacement ratios (IDRs) and their affecting parameters for 

these typical ground motions is also important. Therefore, a number of additional ground 

motion records (with typical short-period spectral shape similar to set 4) were also selected 

and included in this analysis as explained in next sub-section.  

The computed IDRs for all the selected ground motions will be presented in the form of mean 

spectra, which will then be used for the convenient estimation of pushover target displacement 

for every significant vibration mode. The details about modeling of inelastic SDF systems and 

the selection of additional ground motions for determining the IDR spectra are presented next.  

4.4 Modeling of SDF Systems for Determining the IDRs 

The nonlinear SDF systems are modeled with varying properties of flag-shaped (FS) hysteretic 

behavior. These properties are expected to cover a reasonably practical range of real cyclic 
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behaviors exhibited by the structures similar to the selected case study buildings. Various 

existing studies aiming to evaluate the effect of hysteretic shape on the IDRs have also used 

the traditional bilinear elastic-perfectly plastic (EPP) behavior as a benchmark for comparison 

(i.e. to study the effect of pinching, cyclic degradation and other hysteretic effects). Although 

this study is specifically focused on the bilinear FS systems, the EPP model is still included in 

the analysis for the sake of comparison. Being consistent with the previous studies, the level 

of inelasticity in the nonlinear SDF systems is controlled by their normalized yield strength 

factor (𝑅𝑦) (Equation 2.1). Four levels of lateral yield strength (𝑓𝑦) of the nonlinear SDF 

systems are considered in this study (corresponding to 𝑅𝑦 = 2, 4, 6 and 8).  

The effect of post-yielding stiffness and the thickness of flag of FS SDF systems on the peak 

IDRs is also evaluated. The FS SDF systems with four levels of post-yield stiffness ratio ( = 

0, 0.15, 0.3, 0.5—the ratio of post-yield stiffness to the initial stiffness) were modeled. The 

effect of hysteretic energy dissipation is investigated by varying the thickness of flag, 

controlled by the factor  (Figure 3.10). The energy dissipation by hysteretic damping, 

represented by the area enclosed by the FS hysteretic loops, is mainly dependent on this factor. 

The FS SDF systems with various levels of flag heights (corresponding to  = 0.2, 0.4, 0.6, 0.8 

and 1) were modeled. For the ground motion sets used in this study, an initial viscous damping 

ratio (𝜉𝑖) of 2.5% is used for the determination of IDRs in order to remain consistent with 𝜉𝑖 
used in the detailed NLRHA procedure. However, for additional ground motion sets, the 𝜉𝑖 of 

5% is used in order to compare the results with existing studies and code-based displacement 

coefficients.  

4.4.1 Selection of Additional Ground Motions  

As mentioned earlier, apart from the selected ground motion sets in Chapter 3, a large number 

of additional records are also selected. These are the typical short-period ground motions from 

relatively near-source crustal earthquakes. Although these additional ground motions don’t 

represent the anticipated hazard level at the case study buildings’ site, they are included to 

investigate the peak IDRs in a relatively more detail and to study the effect of various input 

parameters on the shape of IDR spectra.  

A total of 360 earthquake acceleration time-histories, organized into twelve sets, were 

additionally selected for this purpose. These sets can further be classified under two broad 

categories depending upon the phenomenon and corresponding effect they intend to account 

for. First category, containing nine sets of ground motions (each comprising of thirty records) 

is used to account for the effect of varying earthquake magnitudes (𝑀𝑤) and source-to-site 

distances (𝑅𝑟𝑢𝑝). These nine sets correspond to the combinations of different ranges of 

earthquake magnitudes (𝑀𝑤) and source-to-site distances (𝑅𝑟𝑢𝑝) (see table 4.1). All ground 

motions in this category are recorded at sites ranging from hard rock to stiff soil conditions 

according to the NEHRP site classification.  

The second category contains three sets of ground motions (each comprising of thirty records) 

with magnitudes ranging between 𝑀𝑤6 and 𝑀𝑤7.5, recorded on the sites with three distinct 

ranges of 𝑉𝑠30 (the average shear-wave velocity in the first 30 m of subsoil). Being consistent 

with the NEHRP site classification, these ranges (180 to 360 m/s, 360 to 760 m/s, and > 760 

m/s) are selected to include the influence of different site classes (B, C and D) on the IDRs.  
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All twelve ground motion sets are selected from the Pacific Earthquake Engineering Research 

(PEER, 2013) ground motion database (Table 4.1). Figure 4.2 shows the mean spectral 

acceleration response spectra (normalized to the peak ground acceleration, PGA) of all twelve 

ground motion sets. It can be seen that the spectral shape of all ground motions is similar to 

the typical short-period spectra with peak normalized 𝑆𝐴 value in the period range of 0.25 sec 

to 0.5 sec.  

For all the combinations of the controlling parameters (𝑇, 𝑅𝑦, 𝛼 and 𝛽) described above, and 

for all ground motion records, the peak inelastic displacements of SDF systems were 

determined and normalized by the corresponding peak elastic displacements. The detailed 

results of this parametric study are presented in next section as a comprehensive family of the 

IDR spectra for different input variables.  

 
Figure 4.2 The mean normalized acceleration response spectra of all twelve sets of 

additionally selected ground motions (nine corresponding to the combinations of different 

magnitude and source-to-site distance ranges, and three corresponding to the NEHRP site 

classes B, C and D) 
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Table 4.1 The additional short-period ground motions selected for the determination of the IDRs 

Set. Events Selection criterion 

1 

Parkfield (1966), Friuli Italy-01 (1976), Irpinia, Italy-02 (1980), Santa Barbara (1978), 

Norcia Italy (1979), Livermore-01 (1980), Mammoth Lakes-06 (1980), Victoria Mexico 

(1980), Irpinia, Italy-02 (1980), Westmorland (1981), Coalinga-01 (1983) 

𝑀𝑤 = 5.8-6.5, 𝑅𝑟𝑢𝑝 = 13-30 km 

2 San Fernando (1971), Irpinia, Italy-01 (1980), Northridge-01 (1994) 𝑀𝑤 = 6.6-6.9, 𝑅𝑟𝑢𝑝 = 13-30 km 

3 
Tabas Iran (1978), Cape Mendocino (1992), Landers (1992), Kocaeli Turkey (1999), Chi-

Chi Taiwan (1999) 
𝑀𝑤 = 7.0-8.0, 𝑅𝑟𝑢𝑝 = 13-30 km 

4 

Friuli Italy-01 (1976), Friuli, Italy-02 (1976), Norcia Italy (1979), Livermore-01 (1980), 

Mammoth Lakes-06 (1980), Victoria Mexico (1980), Irpinia, Italy-02 (1980), Coalinga-01 

(1983) 

𝑀𝑤 = 5.8-6.5, 𝑅𝑟𝑢𝑝 = 30-60 km 

5 San Fernando (1971), Irpinia, Italy-01 (1980), Northridge-01 (1994) 𝑀𝑤 = 6.6-6.9, 𝑅𝑟𝑢𝑝 = 30-60 km 

6 
Kern County (1952), Taiwan SMART1(45) (1986), Cape Mendocino (1992), Landers 

(1992), Gulf of Aqaba (1995), Kocaeli Turkey (1999) 
𝑀𝑤 = 7.0-8.0, 𝑅𝑟𝑢𝑝 = 30-60 km 

7 

Humbolt Bay (1937), Southern Calif (1952), Parkfield (1966), Friuli Italy-01 (1976), 

Irpinia, Italy-02 (1980), Taiwan SMART1(25) (1983), Morgan Hill (1984), Taiwan 

SMART1(40) (1986), N. Palm Springs (1986), Whittier Narrows-01 (1987) 

𝑀𝑤 = 5.8-6.5, 𝑅𝑟𝑢𝑝 = 60-200 km 

8 
Northwest Calif-02 (1941), El Alamo (1956), Borrego Mtn (1968), San Fernando (1971), 

Ierissos Greece (1983), Borah Peak ID-01 (1983) 
𝑀𝑤 = 6.6-6.9, 𝑅𝑟𝑢𝑝 = 60-200 km 

9 Kern County (1952), Tabas Iran (1978), Trinidad (1980), Landers (1992) 𝑀𝑤 = 7.0-8.0, 𝑅𝑟𝑢𝑝= 60-200 km 

10 

Humbolt Bay (1937), Imperial Valley-01 (1938), Northwest Calif-01 (1938), Imperial 

Valley-02 (1940), Northwest Calif-02 (1941), Borrego (1942), Imperial Valley-03 (1951), 

Northwest Calif-03 (1951), Kern County (1952), Northern Calif-02 (1952), Imperial 

Valley-04 (1953), Central Calif-01 (1954), Northern Calif-03 (1954), Imperial Valley-05 

(1955), El Alamo (1956), Central Calif-02 (1960), Northern Calif-04 (1960), Hollister-01 

(1961), Hollister-02 (1961), Parkfield (1966), Northern Calif-05 (1967), Northern Calif-06 

(1967), Borrego Mtn (1968), Lytle Creek (1970) 

Stations located on stiff soil, 180 

𝑚/𝑠 < 𝑉𝑠30  < 360 𝑚/𝑠, NEHRP 

Site Class D 

11 

Helena Montana-01 (1935), Helena Montana-02 (1935), Kern County (1952), Southern 

Calif (1952), Parkfield (1966), Borrego Mtn (1968), Lytle Creek (1970), San Fernando 

(1971) 

Stations located on very dense 

soil or soft rock, 360 𝑚/𝑠 < 𝑉𝑠30  
< 760 𝑚/𝑠, NEHRP Site Class C 

12 

San Francisco (1957), Lytle Creek (1970), San Fernando (1971), Hollister-03 (1974), 

Tabas Iran (1978), Coyote Lake (1979), Morgan Hill (1984), Whittier Narrows-01 (1987), 

Loma Prieta (1989), Landers (1992), Northridge-01 (1994), Kobe Japan (1995), Kocaeli 

Turkey (1999), Chi-Chi Taiwan (1999) 

Stations located on rock, 𝑉𝑠30 > 

760 𝑚/𝑠, NEHRP Site Class B 



78 

 

 

4.4.2 Effect of various Input Parameters on the IDR Spectra 

The mean results of peak inelastic-to-elastic displacement ratios (IDRs) are presented in this 

section. The family of IDR spectra (developed for a practical range of input parameters) will 

be used later to estimate the average modifying coefficients to convert the elastic displacement 

(of a particular vibration mode of an MDF system) into the corresponding peak inelastic 

displacement. However, first the influence of some important factors on shape of these IDR 

spectra is discussed. The results from only few cases and ground motion sets are presented 

here to demonstrate the effect of various affecting parameters.  

Figure 4.3 shows the mean ratios of peak displacements of the self-centering type flag-shaped 

SDF systems (𝑥𝐹𝑆 corresponding to 𝛼 = 0.15 and  = 0.6) to the peak displacements of 

corresponding linear elastic SDF systems (denoted as 𝑥𝐸). The results for ground motions sets 

1, 2 and 3 (representing the seismic hazard at the case study buildings’ sites) are shown for two 

levels of lateral yield strength (corresponding to 𝑅𝑦  = 2 and 8). It can be seen that for FS SDF 

systems with the lateral yield strength set as one-half of the strength required to remain elastic 

(i.e. 𝑅𝑦 = 2), the IDR values approach to 1 at a time period in a range of 1.5 to 2.5 sec for the 

three ground motion sets. As mentioned in Chapter 2, the IDR spectra can be divided into two 

separate regions based on the validity of equal-displacement assumption. The first spectral 

region corresponds to relatively shorter periods where the peak inelastic displacements are 

significantly higher than the corresponding elastic displacements (𝑥𝐹𝑆/𝑥𝐸  >> 1), and the 

second region corresponds to the longer natural periods where the equal-displacement 

assumption is valid (𝑥𝐹𝑆/𝑥𝐸    1). A transitional time period (usually in a range of 1 to 1.5 

secs) separates the two regions (FEMA 440, 2005). However, for ground motions set 2 and 3 

(relatively long-period records), a higher value of 2.5 sec is observed. For set 1, the equal-

displacement assumption holds well for the FS systems having lateral yield strengths set as 

one-half of their elastic demands (𝑅𝑦 = 2) and having a natural period longer than 1 sec. 

However, for the systems with yield strengths set to one-eighth of the value required to remain 

elastic (𝑅𝑦 = 8), the IDRs remain greater than 1 for almost the whole range of periods 

considered for all three ground motion sets. This indicates that the equal-displacement 

assumption is not valid for systems exhibiting significantly higher levels of nonlinear response, 

even for very long periods (3 – 4 sec). It may result in highly non-conservative estimates of 

displacement demands for significantly yielding systems. If it is employed to determine the 

pushover target displacement as part of any simplified seismic analysis procedure, it may also 

result in significant underestimation of the force demands.  

Figure 4.3 also shows similar results for the EPP SDF systems. However, it should be noted 

that the yield strength factor (𝑅𝑦) for both the systems (i.e. the FS and EPP) is not consistent 

in terms of the bilinear idealization of the actual pushover curve. For the case study buildings, 

the idealized yield point determined as part of the idealization scheme of ASCE 41-13 (2013) 

may not correspond to the actual point where the steel rebars start yielding in tension. Instead, 

it may correspond to the onset of cracking of RC columns and shear walls, resulting in stiffness 

softening as explained in Section 3.6. The idealized post-yield behavior (with a stiffness 

reduced to a fraction 𝛼 of the initial stiffness) in such cases may correspond to the cracked 

state of the structure. The EPP SDF systems, on the other hand, have zero stiffness beyond the 

yield point. Therefore, the bilinear idealization of a continuously degrading pushover curve 
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would result in a different yield point and the corresponding yield strength factor ( ) for both 
cases (i.e. for the FS and EPP behaviors). This difference should be kept in mind while 
interpreting and comparing the results.  

 
(a) FS systems - The yield strength ( ) is set to 

one-half of the strength required to remain 
elastic, = 2 

(b) FS systems - The yield strength ( ) is set to 
one-eighth of the strength required to remain 

elastic, = 8 

 
(c) EPP systems, = 2 (d) EPP systems, = 8 

Figure 4.3 The mean of peak inelastic-to-elastic displacement ratios (IDR) spectra for flag-
shaped (FS) ( = 0.15,  = 0.6), and bilinear elastic-perfectly plastic (EPP) systems, 

subjected to 3 sets of ground motions,  = 2.5% 
 
Figure 4.4 shows the effect of  on the /  and /  ratios for ground motion set 1, 
2 and 3. It is well established (ASCE/SEI 41-13, 2014; ATC 40, 1996; FEMA 356, 2000; 



80 
 

FEMA 440, 2005) that a decrease in lateral yield strength (i.e. an increase in ) always result 
in the increased IDR values for conventional hysteretic behaviors. As mentioned in Section 
2.4, the FEMA 440 (2005) expressions for the displacement modifying coefficients are the 
functions of , the site class factor ( ) and the time period ( ). Figure 4.4 shows the computed 
ratios in the current study for both FS and EPP systems for four levels of yield strength 
(corresponding to  = 2, 4, 6 and 8). As an overall observation, the results are confirming the 
increase in the IDR values with increasing . For systems with lower levels of yielding, the 
equal-displacement assumption holds reasonably well beyond a time period range of 1 sec - 
1.5 sec. However, for higher  values, the displacement ratios are greater than 1 for whole 
range of periods considered. This again shows that flexible structures (  > 1 sec) with low 
lateral strengths (or subjected to strong ground motions), may also exhibit displacement 
amplification due to nonlinearity, contrary to the generally-accepted equal-displacement 
assumption.  

 
Figure 4.4 The influence of lateral yield strength factor ( ) for the flag-shaped (FS) ( = 
0.15,  = 0.6) and elastic-perfectly plastic (EPP) systems on the peak inelastic-to-elastic 

displacement ratio (IDR) spectra for 3 ground motion sets,  = 2.5% 
 
As mentioned earlier, twelve additional sets of typical short-period ground motions were also 
selected in order to carry out a rather detailed investigation to evaluate the effects of time 
period , , and the controlling parameters of the post-yield response (i.e. the post-yield 
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stiffness ratio, , and the energy dissipation coefficient, ) on the IDR values. The results of 
this parametric study are presented as follows.  

Figure 4.5 shows the mean of IDR spectra for FS ( = 0.15,  = 0.6) and EPP SDF systems for 
two levels of lateral yield strength (the lowest and highest values considered in this study, i.e 

 = 2 and 8). The results from three ground motion sets (having 7.0 – 8.0 with three 
ranges of source-to-site distances i.e. set 3, 6 and 9 in Table 4.1) are presented as an example. 
It can be seen that for the systems with  = 2, the IDRs approach to unity at time periods close 
to 1 sec (i.e. the equal-displacement assumption holds well), while for  = 8, the IDRs 
remained greater than 1 for whole range of periods. In Figure 4.6, the results from the same 
three ground motion sets are used to illustrate the effect of  on the IDRs. Although the 
reduction in IDRs with increasing  is obvious, the results are not fully conforming to the 
assumption that beyond a certain period (usually 1 sec), the IDRs are independent of the lateral 
yield strength and hysteretic behavior.  

 
(a) FS systems - The yield strength ( ) is set to 

one-half of the strength required to remain 
elastic, = 2 

(b) FS systems - The yield strength ( ) is set 
to one-eighth of the strength required to 

remain elastic, = 8 
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(c) EPP systems, = 2 (d) EPP systems, = 8 

Figure 4.5 The mean of peak inelastic-to-elastic displacement ratios (IDR) spectra for flag-
shaped (FS) ( = 0.15,  = 0.6), and bilinear elastic-perfectly plastic (EPP) systems, 

subjected to additionally selected sets of typical ground motions,  = 5% 
 

 
Figure 4.6 The influence of lateral yield strength factor ( ) for the FS systems ( = 0.15, 
 = 0.6) and EPP systems on the peak inelastic-to-elastic displacement ratio (IDR) spectra 

for additionally selected sets of typical ground motions,  = 5% 
 
Figure 4.7 shows the mean IDR spectra for three sets of ground motions corresponding to the 
three NEHRP site classes (sets 10, 11 and 12 in Table 4.1). The /  and /  ratios are 
shown for the SDF systems with yield strengths set to one-half of the corresponding elastic 
strength demands (i.e.  = 2). Although, a relatively higher transitional period for the FS 
systems (compared to the EPP systems) is observed, as an overall observation, the variation of 
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IDRs for ground motions recorded on site classes B, C and D is not significant. Therefore, for 
practical purposes, the effect of site class may be neglected for the estimation of displacement 
modifying coefficients. However, it should be remembered that the presented results in Figures 
4.5 to 4.8 are obtained for ground motions with typical characteristics and spectral shape, and 
are not applicable to those with special features (e.g. the near-fault pulse-like ground motions 
etc.) as well as to those recorded on soft-soil sites (Class E or F). 

 
Figure 4.7 The mean of peak inelastic-to-elastic displacement ratios (IDR) spectra for the 
FS ( = 0.15,  = 0.6) and EPP SDF systems subjected to 3 additionally selected sets of 

typical ground motions corresponding to 3 NEHRP site classes (  = 5%,  = 2) 
 
Figures 4.8 (a) and (b) show the influence of post-yield stiffness ratio (—the ratio of post-
yield stiffness to the initial stiffness) and the energy dissipation coefficient (, defined in Figure 
3.10) on the mean /  ratio spectra for one example set of ground motions (set 9). These 
factors are dependent on the characteristics of cyclic response exhibited by actual structures 
(similar to the case study buildings selected in this study) and may vary widely depending upon 
the system configuration and composition, and the properties of lateral load-resisting system. 
The results are shown for  = 2 and 8, for four levels of post-yield stiffness ratio ( = 0, 0.15, 
0.3, 0.5), and for 5 levels of energy dissipation coefficient ( = 0.2, 0.4, 0.6, 0.8 and 1). It can 
be seen that the  factor is influencing the IDR values mostly in short period range (up to 0.5 
sec for  = 2 and 1.5 sec for  = 8). An increase in post-yield stiffness from 0% to 50% of 
initial stiffness resulted in a decrease in /  ratios. Figures 4.8 (b) shows that the energy 
dissipation coefficient () has a little effect on the IDR values. An increase in the flag height 
(and the corresponding increase in the amount of energy dissipated by the hysteretic damping) 
although resulted in a slight decrease in the /  ratios, the effect is small and may be 
neglected for convenient practical applications.  
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(a) The IDRs ( / ) for various levels of  (  = 2 and 8) 

 
(b) The IDRs ( / ) for various levels of  (  = 2 and 8) 

Figure 4.8 The influence of the post-yield stiffness ratio () and the energy dissipation 
coefficient () on the mean of peak inelastic-to-elastic displacement ratios (IDRs) spectra 

for FS SDF systems,  = 5% 
 

4.3.4 Comparison of the IDRs with Coefficient  (ASCE/SEI 41-13, 2014) 

In the Nonlinear Static Procedure (NSP) prescribed in the ASCE/SEI 41-13 (2014), the target 
displacement is determined by applying the modifying coefficients (  and , which depend 
on the period of vibration and the properties of idealized pushover curve) to the elastic spectral 
displacement demand. The IDR results computed in the current study are compared with the 
coefficient  prescribed by ASCE 41-13 NSP (2014). This coefficient ( ) is the displacement 
modification factor derived from ratios of the maximum expected displacement of an EPP SDF 
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system with the maximum displacement of corresponding elastic SDF system (FEMA 440, 
2005). One purpose of this comparison is to evaluate the adequacy of the ASCE 41-13 NSP 
(2014) for its application to structures exhibiting the flag-shaped behavior. Another reason is 
to identify the limitations of equal-displacement assumption for both the FS and EPP systems 
subjected to the selected ground motion sets with different magnitudes and source-to-site 
distances.  

Figures 4.9 (a) and (b) show the ASCE 41-13 displacement coefficient  placed over the 
computed mean IDR spectra (for both the FS and EPP systems) for all twelve sets of 
additionally selected ground motions. The results are presented for two values of  (2 and 8). 
It can be seen that for the FS SDF systems with relatively higher yield strengths (i.e. for  = 
2), the computed mean IDR values in short period range are relatively higher than those 
obtained from the ASCE 41-13 expression. However, for the corresponding EPP SDF systems 
(i.e. for  = 2), the computed mean ratios are reasonable close to those obtained from the 
ASCE 41-13 expression. On the other hand, for significantly yielded systems (i.e.  = 8), the 
ASCE 41-13 expression tends to significantly underestimate the actual /  and /  
ratios. The computed ratios are greater than 1 in the range where equal-displacement 
approximation is generally assumed to be valid (  > 1 sec). This significant underestimation 
may lead to the inaccurate estimates of inelastic displacement demands of systems with 
reasonably lower yield strengths as compared to their elastic strength demands. The site class 
factor ( ) introduced by ASCE 41-13 (in the expression for coefficient ) indicates that in 
short-period range (< 1 sec), the site class D should have a slightly higher  than site class C, 
which further has a slight margin over site class B. In the current study, the computed IDR 
values for both the FS and EPP SDF systems are showing no definite trend to confirm this 
behavior.  

 
(a) The IDRs for flag-shaped systems with  = 0.4,  = 0.15, for  = 2 and 8 



86 
 

 
(b) The IDRs for bilinear elastic-perfectly plastic (EPP) systems for  = 2 and 8 

Figure 4.9 The comparison of the ASCE 41-13 coefficient  with the mean of peak 
inelastic-to-elastic displacement ratios (IDR) computed in this study for all 12 sets of 

additionally selected typical ground motions 
 
The IDR spectra presented in this section are of practical importance and also provide insight 
into various possible cases where the estimation of seismic demands based on the use of equal-
displacement assumption can be significantly non-conservative. They can be effectively used 
to estimate the amount of expected displacement amplification due to nonlinearity in systems 
idealized as the FS and EPP systems, provided the applicable controlling parameters and 
anticipated ground motions are matching with those considered in this study. Using this 
convenient way of estimating the peak inelastic displacement for each vibration mode, the 
proposed EDCM procedure is applied to the three case study buildings. The detailed evaluation 
of their response and the performance of the proposed EDCM is investigated next.  

4.4 Evaluation of the Extended DCM for Case Study Buildings 

The results of parametric study presented in previous section confirms that the yield strength 
factor ( ) is the most important factor affecting the ratio of peak inelastic displacement to the 
corresponding elastic displacement of the SDF systems. For any  vibration mode, this factor 
can be obtained using Equation 4.1 by approximating the monotonic pushover curve as a 
bilinear , −  relationship. The results in preceding section showed that the effect of flag 
height on the IDRs is not significant. The cyclic behaviors of case study buildings (Figure 3.12) 
also suggested that they are expected to exhibit a relatively lower values of additional 
hysteretic damping (i.e. thin flag-shaped loops with no residual drifts) compared to the systems 
exhibiting bilinear behavior (with complete loops having the same unloading stiffness as the 
initial stiffness). Therefore, for the practical and convenient applications of the proposed 
EDCM, the displacement modifiers for every significant vibration mode were assumed to be 
primarily controlled by the yield strength factor ( ) and the post-yield stiffness ratio ( ). 
These two parameters can be easily obtained following the pushover idealization scheme 
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prescribed in ASCE 41-13. Therefore, it is not required to perform the reversed-cyclic modal 

pushover analysis to carry out the proposed EDCM.  

Table 4.2 shows the lateral yield strength factor (𝑅𝑦) determined for first three translational 

vibration modes of case study buildings in strong (𝑥) direction, subjected all four ground 

motion sets described in Chapter 3. The following approximation scheme is used to locate the 

idealized yield point and to determine the post-yield stiffness (ASCE 41-13, 2013).  

For any 𝑖𝑡ℎ-mode pushover curve, the first line of the idealized force–displacement relationship 

starts from origin and have a slope equal to the effective lateral stiffness (𝐾𝑒,𝑖). This effective 

stiffness is defined as the secant stiffness corresponding to the 60% of the effective yield 

strength (𝑉𝑦,𝑖) of that mode of the structure. The effective yield strength (𝑉𝑦,𝑖) cannot be taken 

greater than the maximum base shear (𝑉𝑏). The second line represents the positive post-yield 

stiffness (𝛼𝐾𝑒,𝑖) and connects the point corresponding to the target displacement (𝛿𝑇𝑖) on actual 

pushover curve and the point at the intersection with the first line such that the areas above and 

below the actual pushover curve are approximately balanced. For the post-peak behavior, the 

ASCE 41-13 (2014) also recommends a third line having the negative post-yield stiffness slope 

determined by the point corresponding to the target displacement (𝛿𝑇𝑖) (or the peak base shear) 

and the point at which the base shear degrades to 60% of the effective yield strength (𝑉𝑦,𝑖). 
However, the computed target displacements for case study buildings were smaller than those 

corresponding to the onset of negative stiffness and therefore, the bilinear approximation was 

enough for their response evaluation using the proposed EDCM.  

Table 4.2 The lateral yield strength factor (𝑅𝑦) obtained from the idealization of monotonic 

pushover curves of case study buildings 

Ground Motions Mode No. B1 (20-story) B2 (33-story) B3 (44-story) 

Set 1 1 5.1 4.77 2.01 

 2 1.4 1.1 <1 

 3 <1 <1 <1 

Set 2 1 1.9 <1 <1 

 2 2.1 1.3 <1 

 3 <1 <1 <1 

Set 3 1 2.9 4.6 2.01 

 2 <1 <1 <1 

 3 <1 <1 <1 

Set 4 1 8 6.8 2.9 

 2 2.5 3.9 2.4 

 3 <1 <1 <1 

 

The lateral yield strength factor (𝑅𝑦) for some cases (mostly for the higher modes) are less than 

1, indicating that their idealized yield strength is higher than the elastic strength demand 

imposed by the ground motions. The response of such cases will remain linear elastic and 

therefore, the elastic displacement (without any modification) is used as the target 

displacement in the EDCM. For cases with 𝑅𝑦 > 1, the suitable modifying coefficients were 

picked from the detailed database of IDRs developed earlier. The elastic spectral displacement 

of every significant vibration mode is modified into the corresponding peak inelastic 

displacement of roof (i.e. target displacement) and the modal responses from the multi-mode 

pushover analysis are obtained. The combined responses are then determined using the SRSS 
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rule for combining the peak modal demands. The predictions from the detailed NLRHA 

procedure are used as benchmark to check the accuracy of the EDCM. The individual modal 

contributions obtained from the UMRHA procedure (Chapter 3) are used to evaluate the 

accuracy of EDCM in predicting the individual modal responses.  

For the three case study buildings, the individual modal story shears obtained from the EDCM 

are compared with envelops of modal contributions obtained from the UMRHA procedure in 

Chapter 3. The results for the first three translational modes in their strong (𝑥) directions are 

shown in Figure 4.10 (a) and (b). It can be seen that for B1 and B2 subjected to ground motion 

set 4, the responses of first and third mode are matching reasonably well with those obtained 

from the UMRHA procedure. However, the difference in second mode is relatively higher. For 

B3, all three vibration modes are showing a good agreement with the UMRHA procedure. 

Similarly, Figure 4.10 (b) shows the similar comparison for the 44-story case study building 

subjected to ground motion sets 1, 2 and 3. A good match for all cases (except mode 2 for 

ground motion set 2) shows that the EDCM is able to provide a reasonably accurate prediction 

of nonlinear seismic shear demands for every important mode.  

 
(a) The modal story shears of all three case study building subjected to ground motion set 4 

 
(b) The modal story shears of three case study building subjected to ground motion sets 1, 2 and 3 

Figure 4.10 The performance of the EDCM for individual vibration modes 
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Figure 4.11 shows the detailed comparison between the seismic demands of all three case study 

buildings obtained by the EDCM and the UMRHA procedure with the benchmark NLRHA 

values for ground motion set 4. The story displacement, inter-story drift ratio (IDR), story shear 

and overturning moment distributions are shown for all cases. It can be seen that the seismic 

demand estimations from the EDCM are reasonably matching with those obtained from the 

detailed NLRHA procedure (except a slight underestimation in base shear for B1). Similarly, 

a sufficient agreement between the seismic demands obtained from the EDCM and the 

UMRHA procedure can also be observed for all three buildings. Figure 4.12 shows the similar 

comparison for 44-story case study building (B3) subjected to ground motion sets 1, 2 and 3 

in its strong (𝑥) direction. This further shows the efficiency of the EDCM in predicting the 

nonlinear seismic demands of buildings, while providing the accuracy comparable to that of 

the UMRHA procedure.  

The presented results show that the EDCM can serve as an appropriate analysis option for a 

convenient and quicker estimation of nonlinear seismic demands in situations where the 

detailed NLRHA may not be practical. It can provide results of reasonable accuracy with 

significantly less effort, resources and computational cost. Nowadays, various commercially 

available software packages provide the automated facility of applying the monotonically 

increasing modal inertia load vectors and obtaining all the response quantities at any desired 

target displacement of control node (usually at the roof level). This makes it very convenient 

to perform the multi-mode pushover analysis using such computer-aided analysis packages.  

The UMRHA procedure (Chapter 3) showed that the response of higher vibration modes tend 

to experience little or no inelastic action compared to the first vibration mode. This observation 

may be used to propose a further simplification in the proposed EDCM by assuming that the 

response of higher modes remain in linear elastic range, similar to the modified MPA 

procedure proposed by Chopra and Goel (2004). In such cases, the displacement modification 

approach can be used for first mode only, while the equal-displacement assumption may be 

assumed valid for the response contributions from higher vibration modes. This assumption 

may, however, result in overestimation of force demands for the cases where second mode also 

experience a reasonable degree of nonlinearity, and therefore, must be used with care. 

This study is an initial attempt towards evaluating the basic concept of the proposed EDCM 

(i.e. the extension of displacement modification approach to determine the pushover target 

displacement of every significant vibration mode) for the selected case study buildings. This 

idea can be expanded in future to other types of structures (exhibiting different hysteretic 

behaviors). The use of more detailed investigations for deriving the displacement modifying 

coefficients may also increase the accuracy of the EDCM. Although the current study is limited 

to structures with cyclic behaviors close to the selected case study buildings, it provides a 

general understanding of the factors affecting the displacement modifying coefficients and can 

help in identifying many practical situations where the use of equal-displacement assumption 

can be highly non-conservative. 
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Figure 4.11 The comparison between the seismic demands obtained by the EDCM and the 

UMRHA procedure with the benchmark NLRHA values for ground motion set 4 (strong 

direction (𝑥) of all three case study buildings) 
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Figure 4.12 The comparison between the seismic demands obtained by the EDCM and the 

UMRHA procedure with the benchmark NLRHA values for ground motion sets 1, 2 and 3 

(strong direction (𝑥) of 44-story case study building) 

 

4.6 Summary of the Chapter 

In this chapter, an Extended Displacement Coefficient Method (EDCM) is presented for the 

simplified estimation of nonlinear seismic demands of high-rise RC shear wall buildings. It is 

based on treating the dynamic response mode-by-mode, and uses the basic idea of the UMRHA 

procedure as its conceptual foundation and motivation. The main premise is that the 

displacement modification approach used in the Nonlinear Static Procedure (NSP) of 

ASCE/SEI 41-13 (2014) can be extended to every significant vibration mode of the structure. 

The suitable displacement coefficients can be separately applied to the peak elastic 
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displacement of each mode to estimate the corresponding inelastic displacement, which can 

then be used as the target displacement for the multi-mode pushover analysis to determine all 

the response quantities. The ratios of peak inelastic displacement to the corresponding elastic 

displacement were determined for a large number of SDF systems modeled with the bilinear 

flag-shaped and elastic-perfectly plastic hysteretic behaviors. The mean ratios were derived for 

the ground motion sets introduced in Chapter 3 and were used to estimate the average 

displacement modifying coefficient for all significant vibration modes of the case study 

buildings. In order to obtain further insight into the factors affecting these ratios, a total of 360 

additional ground motions are selected. A detailed family of spectra showing the mean 

inelastic-to-elastic displacement ratios (IDRs) is developed and the effect of various input 

parameters is evaluated. The accuracy of the proposed EDCM is examined by subjecting the 

case study buildings to the ground motion sets introduced in Chapter 3. In this examination, 

the modal contributions determined from the UMRHA procedure and the overall seismic 

demands obtained from the detailed NLRHA procedure are used as benchmarks. It is observed 

that the EDCM can provide reasonably accurate estimates of the true seismic demands, either 

for individual vibration modes or for their sum (total demands), while requiring significantly 

less computational time and effort compared to the detailed NLRHA procedure. Therefore, it 

can be considered and developed further as a convenient analysis option for the seismic 

performance evaluation of high-rise buildings. 
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Chapter 5  

5  A Modified Response Spectrum Analysis Procedure – Formulation and 

Evaluation  
 

5.1 Background 

The extended DCM presented in Chapter 4 is proposed and evaluated as a simplified analysis 

procedure for the performance-based seismic evaluation of existing high-rise buildings with 

RC shear walls. It makes use of the displacement modification approach for every significant 

vibration mode of the structure. Although it offers a practically convenient way to determine 

the peak seismic demands, its applications still requires the engineers to construct a nonlinear 

structural model (for the modal pushover analysis) which may require a significant amount of 

time, effort and resources. Most of the common practicing engineers may not fulfil this 

requirement and therefore, the applications of the extended DCM may still remain limited. In 

this chapter, another simplified analysis procedure will be presented which is based on the 

equivalent linearization (EL) approach. This procedure doesn’t require nonlinear modeling, 

yet able to provide reasonable estimates of nonlinear seismic demands of high-rise buildings. 

Due to this ease and ability, it can be used both as an analysis procedure for determining the 

design demands of new buildings as well as for the seismic performance evaluation of existing 

buildings. 

Similar to the extended DCM, the theoretical rationale for the conception and development of 

this procedure is the realization that the response of each vibration mode undergoes a different 

level of nonlinearity and therefore, should be treated differently. With this motivation, the 

UMRHA procedure is used as a basis to formulate a modified version of the well-known 

response spectrum analysis (RSA) procedure. The underlying assumptions of this procedure 

are that the nonlinear seismic demands can be approximately obtained by summing up the 

individual modal responses, and that the responses of each vibration mode can be 

approximately represented by those of an equivalent linear SDF system.  

This chapter will present a detailed evaluation of this procedure using the three existing high-

rise case study buildings discussed in Chapter 3. The seismic demands obtained from the 

proposed procedure will be compared with the benchmark demands obtained from the detailed 

NLRHA procedure performed using the four ground motion sets (Chapter 3). In order to further 

understand and evaluate the composition of seismic demands, the results obtained from the 

UMRHA procedure in Chapter 3 will also be used here. The individual modal contributions 

obtained from the proposed procedure will be compared with those obtained from the UMRHA 

procedure to check the performance of the procedure at individual mode level.  

In the standard RSA procedure, the elastic force demands of all significant vibration modes are 

first combined and then reduced by a response modification factor (𝑅) to get the inelastic 

design demands. The proposed procedure, while using the same analysis framework as the 

standard RSA procedure, provides an alternate way of looking at the response modification 

which is based on an improved understanding obtained from the UMRHA procedure. 

However, first, an introduction and necessary background detail of the standard RSA 

procedure will be presented. 



94 

 

5.2 The Response Spectrum Analysis (RSA) Procedure 

The Response Spectrum Analysis (RSA) procedure is the most commonly used analysis tool 

to determine the design forces and displacement demands. It is also widely recommended by 

the international seismic design standards and guidelines. Although the development of fast 

numerical solvers, user-friendly software, and significant decrease in computational cost over 

last two decades is constantly resulting in an increased use of the detailed NLRHA procedure, 

the RSA is still the most widely applied procedure, owing to its practical convenience. Even 

in cases where the detailed NLRHA is used for the final design or evaluation, the code-based 

RSA is employed first to determine the initial demands for structural proportioning and 

preliminary design.  

Before discussing various code provisions and issues related to the RSA procedure, it would 

be interesting to include a brief historical account of various developments which led to the 

development of this procedure in its current form.  

5.2.1 Historical Developments Leading to the Formulation of RSA Procedure 

The formulation of governing differential equations describing the dynamic response of 

moving bodies started in 17th century soon after the ground-breaking works by Isaac Newton 

(1642–1726) and Gottfried Wilhelm Leibniz (1646-1716) in the field of differential calculus. 

Pioneering attempts to propose procedures for the solution of governing dynamic equations of 

waves were carried out by a French mathematician Jean D’Alembert (1717–1783). His well-

known Swiss contemporary, Daniel Bernoulli (1700–1782) developed vibrational approach of 

solutions using the then-called characteristic functions (now referred to as mode shapes). 

Bernoulli was also among the first to propose and apply superposition principle to determine 

the response of linear systems. He studied the vibration modes of hanging chain (i.e. a 

continuous system) and described them in terms of Bessel functions. In 1787, a German 

physicist and musician Ernst Chladni (1756–1827) studied the modal patterns formed by sand 

when placed on vibrating plates. In 1809, Napoleon Bonaparte presented the Paris Institute of 

Science with a sum of 3000 francs to be given as a prize for the satisfactory mathematical 

theory of the vibration of plates. The prize was finally awarded in 1816 to Mademoiselle 

Sophie Germain, who first derived the correct differential equation but obtained erroneous 

boundary conditions. The theory of plate vibration was finally completed in 1850 by another 

German physicist Gustav Kirchhoff (1824–1887).  

Another relevant problem—the response of a vibrating string— was first solved analytically 

by an Italian mathematician, Joseph-Louis Lagrange (1736–1830) which recognized the idea 

that the number of independently existing wave frequencies (in the response) are equal to the 

number of interconnected particles of string. Mathematical formulations for this approach 

involving the characteristic functions was further developed extensively by Rayleigh (1842-

1919). In his book “The Theory of Sound” (first published in England in 1877) and later works, 

Rayleigh preferred the use of the virtual work principle, and derived the governing dynamic 

equations using the energy approach. This book along with A. E. H. Love’s “A Treatise on the 

Mathematical Theory of Elasticity (4th ed., 1926)” and Horace Lamb’s “The Dynamical 

Theory of Sound (2nd ed., 1925)” formed the basis of modern vibration analysis of systems.  

In 1909, an Italian engineer Arturo Danusso (1880-1968) presented one of the first applications 

of vibration theory to the earthquake response of structures and suggested that in order to 

reduce the amount of energy transferred from ground motion to buildings, they should follow 
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the shaking action instead of opposing it stiffly (Danusso, 1909; Trifunac & Todorovska, 

2008). He was among the first researchers to use Rayleigh’s acoustic theory to describe a 

building response as the superposition of responses from several pendulums. The works of 

Dungen (1926) and Hohenemser (1932) in 1920s and early 1930s also described similar 

approaches for solving vibrational problems in terms of characteristic functions and 

contributed in further development of the subject. 

The first mathematical formulation of the Response Spectrum Analysis (RSA) procedure 

appeared in 1932 in the doctoral dissertation of a Belgian-American aeronautical engineer, 

Maurice Biot (1905-1985) at Caltech, USA (Biot, 1932). He, under the supervision of a noted 

mathematician Theodore von Kármán (1881-1963), opted for vibrational representation of the 

solution (from Rayleigh’s acoustic theory), in which the dynamic response of structures is 

determined using waves or vibrational mode shapes, each associated with one equivalent SDF 

system. Biot utilized Fourier amplitude spectrum to find the maximum amplitude for each 

oscillation mode and the total response (of linear MDF systems) was then determined as a 

superposition of individual SDF responses. This significantly reduced the complexity involved 

in the solution of coupled dynamic differential equations by transforming them into a set of 

independent equations governing the response of few significantly contributing SDF systems. 

These developments further resulted in a realization that natural periods can be used to modify 

the amount of lateral forces experienced by structures, which were previously perceived as 

only mass-dependent. With inclusion in various building codes, developments in computing 

technologies, and the availability of more seismic data, the RSA procedure became a widely 

used seismic design tool by mid-1970s. 

However, with growing experimental research and data from actual building damage under 

various strong earthquakes, it was soon realized that the well-detailed structures can withstand 

the ground motions which are capable of producing higher lateral forces in structures compared 

to those predicted by elastic design procedures. This brings in the role of an important factor 

in this story—i.e. the consideration of ductility. The idea that structures should be designed for 

forces lower than the values predicted by elastic analysis, was recognized widely in 1970s. 

Extensive research efforts were employed to derive force reduction factors for various types 

of structures depending upon the expected ductility and over-strength. Currently, most building 

codes provide the recommended values of seismic design factors (response modification 

factor, displacement amplification factor, over-strength factor etc.) as part of the standard RSA 

procedure.  

5.2.2 The Current Code-based RSA Procedure 

As prescribed in various building codes and design guidelines, the standard RSA procedure is 

based on the assumption that the nonlinear force demands can be estimated by simply reducing 

the linear elastic force demands by a response modification factor (𝑅). Therefore, the process 

starts with determination of elastic demands against a specified seismic hazard represented by 

a 5%-damped acceleration response spectrum. The eigenvalue analysis of linear elastic model 

is performed to determine the structural natural periods and vibration mode shapes. The 

spectral acceleration corresponding to every significant vibration mode is multiplied with 

corresponding mass excited by that mode to get individual modal base shears. These modal 

base shears are distributed along the height of structure as equivalent lateral forces with a 

distribution pattern proportional to that mode shape and story masses. For every significant 

vibration mode, the linear elastic response of the structure under its corresponding equivalent 
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lateral forces is determined. The resulting modal forces and displacements are then combined 

using a suitable modal combination rule (usually SRSS, if the natural time periods are well 

separated).  

Finally, considering the expected inelastic response of structure and over-strength, the design 

forces are determined by reducing the combined elastic force demands by a response 

modification factor, 𝑅 (ASCE/SEI 7-10, 2010) or a behavior factor, 𝑞 (Eurocode 8, 2004). The 

combined displacements and drifts corresponding to reduced forces (i.e. after reduction by 

response modification factor, 𝑅) are also determined. These displacements and drifts are then 

multiplied with a deflection amplification factor, 𝐶𝑑 (ASCE/SEI 7-10, 2010) or displacement 

behavior factor, 𝑞𝑑 (Eurocode 8, 2004) to obtain the expected maximum deformations 

produced by design seismic forces. The values of 𝑅 and 𝐶𝑑 factors depend on the structural 

configuration and the type of lateral load-resisting system. Figure 5.1 shows an overview of 

the standard code-based RSA procedure. 

 
Figure 5.1 An overview of the standard Response Spectrum Analysis (RSA) procedure 

 

Being an approximate analysis procedure for determining nonlinear force and displacement 

demands, the RSA procedure is often subjected to criticism when compared with the detailed 

nonlinear response history analysis (NLRHA). The adequacy of seismic design factors (𝑅, 𝐶𝑑 

and Ω) has also remained a subject of immense research for last few decades. While agreeing 

with some of the inherent limitations of the standard RSA procedure compared to the detailed 

NLRHA, the current study argues that the concept of vibration modes is a valuable tool to 

simplify and quickly understand the complex dynamic behavior, and therefore, its use should 
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not be discontinued in practice. This study therefore, focuses on a possible improvement in 

existing practice and the current prevailing use of the RSA procedure for determining the 

design demands of high-rise buildings.  

5.3 The Problems with 𝑹 factor  

There are two important assumptions made in the code-based RSA procedure. The first 

assumption is that the adequate design forces can be computed by simply reducing the 

corresponding linear elastic force demands by a constant factor (𝑅). Secondly, the application 

of this factor to the combined force demands is equivalent to proportionally reducing the 

demand contribution of every vibration mode with the same factor. In last two decades, various 

studies have questioned the adequacy of these assumptions. 

In the context of equivalent lateral force procedure, several researchers have argued that if the 

desired acceptance criteria is in terms of ductility demand, the 𝑅 factor should not be a constant 

number; rather, it should be a function of natural period of the building (ATC-34, 1995; 

Bertero, 1986; Miranda & Bertero, 1994; Newmark & Hall, 1982). Studies focusing on 

identifying the shortcomings of traditional building codes have pointed out that there has been 

no rational or unified way to determine the seismic design coefficients 𝑅, 𝐶𝑑  and Ω. For 

example, the ATC 34 (1995b) report provided a critical review on the conventional design 

approaches and the analysis procedures to determine the design demands. While discussing the 

rationale for the equivalent lateral force design procedure, the report states,  

“Despite the profound influence of 𝑅 on the seismic performance of buildings in the United 

States, no sound technical basis exists for determining the values of 𝑅 tabulated in seismic 

design codes in the United States. There is an obvious and pressing need to develop a rational 

technical basis for R factors if equivalent lateral force design procedures are to be retained 

for seismic design.” 

A detailed discussion about the development and adequacy of 𝑅 factors can be found in ATC 

19 (ATC, 1995a), ATC 34 (ATC, 1995b), Cuesta & Aschheim (2001) and Foutch & Wilcoski 

(2005).  

In the context of the standard RSA procedure, the use of same response modification for each 

vibration mode has also received much criticism. For MDF systems with cantilever walls, Eibl 

& Keintzel (1988) were among the first to identify that the shear force demand corresponding 

to each vibration mode is limited by the yield moment at the base. Based on this observation, 

they proposed the concept of “modal limit forces”, defined as the maximum limit values that 

a certain mode’s forces in an elastoplastic structure can attain. Later studies (Paret et al., 1996; 

Sasaki et al., 1998) also confirmed that the amount of inelastic action experienced by different 

vibration modes can be significantly different. For RC cantilever walls, Priestley (2003) 

demonstrated that the higher-mode response is not affected by ductility in the same manner as 

the fundamental mode response. The inelastic action mostly occurs under the response of 

fundamental vibration mode, while higher modes tend to undergo lower levels of nonlinearity 

under a ground motion. Therefore, reducing the force demands of all modes by the same 

reduction factor may result in a significant underestimation of demands. Various other studies 

(Klemencic et al., 2007; Klemencic, 2008; Zekioglu et al., 2007) have also identified this 

limitation of standard RSA procedure by comparing the design demands of RC core-wall 

buildings with the true nonlinear demands obtained from the detailed NLRHA procedure. 
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Figure 5.2 illustrates a typical case where the story forces are significantly underestimated by 

the RSA procedure due to the use of code-based 𝑅 factor for the response of all vibration 

modes. The actual amount of reduction (from the elastic forces), as determined from the 

NLRHA procedure, is not as high as 4 to 8 times as recommended in building codes.  

 
Figure 5.2 An illustration showing the typical case of underestimation of story forces 

caused by the use of code-prescribed response modification factor (𝑅) for the response of 

all vibration modes 

 

Another important limitation associated with the concept of 𝑅 factor is the uncertainty in 

defining the yield point of the structure. The actual lateral response of structure may be 

characterized by a continuously degrading stiffness with increasing roof drift ratio. The choice 

of idealized yield point in the bilinear idealization of actual behavior may significantly affect 

the value of resulting ductility ratio (𝜇). Due to such uncertainties, there has been a 

considerable variation in the displacement ductility capacity of structures determined in 

different experimental studies. This variation have also resulted in a wide variation of 𝑅 factors 

prescribed in different building codes which seem to have no general consensus in terms of 

how the seismic design factors should be determined. For example, in USA, an 𝑅 factor of as 

high as 8 is permitted for RC frames, while in Japan, the maximum 𝑅 of about 3 is 

recommended for frames. Table 5.1 shows the commonly used maximum values of 𝑅 factor 

for different structural systems specified in different seismic regions (Priestley et al., 2007). 

This wide range of recommended 𝑅 factors highlights the need of a more rational approach to 

determine the design demands compared to an implicit consideration of various inelastic 

actions using empirical factors.   
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Table 5.1 The examples of maximum force-reduction factors for the damage-control limit 

state in different countries (Priestley et al., 2007) 
Structural System US (West 

Coast) 
Japan 

New 

Zealand** 
Europe 

Concrete Frame 8 1.8 – 3.3 9 5.85 

Concrete Structural Wall 5 1.8 – 3.3 7.5 4.4 

Steel Frame* 8 2.0 – 4.0 9 6.3 

Steel EBF 8 2.0 – 4.0 9 6.0 

Masonry Walls 3.5 - 6 3.0 

Timber Structural Walls - 2.0 – 4.0 6 5.0 

Pre-stressed Wall 1.5 - - - 

Dual Wall/Frame 8 1.8 – 3.3 6 5.85 

Bridges 3 – 4 3.0 6 3.5 
* Eccentrically Braced Frame, ** Sp factor of 0.67 incorporated 

 

Several improvements have been proposed to address these limitations. For example, Priestley 

and Amaris (2002) extended the concept of modal limit forces by Eibl & Keintzel (1988), and 

proposed a Modified Modal Superposition (MMS) method. This method recommends to apply 

the response modification factor only to the response of first vibration mode. Priestley (2003) 

showed that a fairly accurate estimate of nonlinear force demands can be obtained by 

combining the inelastic shear (corresponding to formation of a plastic hinge) from first mode 

with the unreduced contributions from higher vibration modes (i.e. assuming them elastic). 

However, it was later observed that for frame structures, the response of higher modes may 

also experience inelasticity, and the MMS procedure may result in significant overestimations 

of story shears and other force demands in such cases (Priestley, 2003).  

As an attempt to accurately estimate the higher-mode response of ductile structures, Sullivan 

et al. (2008) proposed a new modal superposition scheme for RC frame-wall buildings that 

uses modified modal properties for higher vibration modes. Maniatakis et al. (2013) proposed 

a modified response spectrum analysis procedure based on the determination and application 

of actual response modification factor and displacement amplification factor for each vibration 

mode. However, this procedure requires to perform the multi-mode pushover analysis of an 

inelastic structural model and therefore, can be viewed as a simplification of the Modal 

Pushover Analysis (MPA) procedure (Chopra & Goel 2002).  

The current study also proposes a modified version of the standard RSA procedure for the 

estimation of nonlinear seismic demands. However, as mentioned earlier, it uses the UMRHA 

procedure as a theoretical background. The insights obtained from the UMRHA procedure 

(Chapter 3) will be used as conceptual rationale for this procedure. The preceding studies 

(Ahmed & Warnitchai 2012; Mehmood et al. 2017a; 2017b) have already shown that the 

response of each contributing vibration mode exhibits a different level of inelastic action under 

the same ground motion. In these studies, the inelastic seismic demands of the first modes of 

case study buildings were found to be much lower than the corresponding elastic responses. 

However, the second- and higher-mode demands were found to be experiencing lower or no 

inelastic action. Similar observation has been made in Chapter 3. This reconfirms that reducing 

each mode’s force demands with the same R factor—as recommended in the standard RSA 

procedure—is not appropriate. For a relatively more accurate determination of nonlinear 

seismic demands, the behavior of each mode’s representative SDF system should actually 

correspond to its close-to-real nonlinear state. An approximate analysis procedure capable of 
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capturing the actual nonlinear structural state at individual-mode level, is expected to provide 

fairly improved predictions of the true nonlinear seismic demands, compared to the standard 

RSA procedure. The basic concept and formulation of the proposed procedure is presented 

next.   

5.4 The Modified Response Spectrum Analysis (MRSA) Procedure  

As guided by the UMRHA procedure, the proposed procedure uses the equivalent linearization 

(EL) approach as an attempt to further simplify the estimation of nonlinear seismic demands 

of buildings. The underlying assumption of the UMRHA procedure—that the response of 

complex nonlinear structure can be approximately represented by a summation of responses 

from a few nonlinear modal SDF systems—further leads to an idea that properly-tuned 

equivalent linear SDF systems can effectively replace these nonlinear modal SDF systems. 

Therefore, the mathematical formulation of the UMRHA procedure (presented in Chapter 3) 

will now be used as a starting point, which will be further simplified as a basis for the proposed 

procedure. 

5.4.1 Theoretical Formulation and Basic Assumptions 

In the conventional NSPs based on EL approach, the full MDF structure is idealized as a single 

equivalent linear SDF system. However, in the proposed procedure, this concept is applied 

separately to every significant vibration mode of a structure by converting its representative 

nonlinear SDF system into its equivalent linear counterpart. Invoking the EL concept for any 

𝑖𝑡ℎ vibration mode, the governing equation of motion of inelastic modal SDF system (Equation 

3.8) can be approximately replaced by the following equation.  

 �̈�𝑖(𝑡) + 2𝜉𝑒𝑞,𝑖𝜔𝑒𝑞,𝑖�̇�𝑖(𝑡) + 𝜔𝑒𝑞,𝑖
2 𝐷𝑖(𝑡) = −�̈�𝑔(𝑡) (5.1)  

Where 𝜉𝑒𝑞,𝑖 and 𝜔𝑒𝑞,𝑖 are the damping coefficient and circular frequency of an equivalent linear 

system. Their values should be selected such that the difference in dynamic responses of actual 

nonlinear system and equivalent linear system is minimum. If such optimum values of 𝜉𝑒𝑞,𝑖 

and 𝜔𝑒𝑞,𝑖 are known, Equation (5.1) can be readily solved to determine 𝐷𝑖(𝑡) without the need 

of nonlinear function 𝐹𝑠𝑖(𝐷𝑖 , �̇�𝑖). For any 𝑖𝑡ℎ vibration mode, T𝑒𝑞,𝑖 and 
𝑒𝑞,𝑖

 will be referred 

onwards as “equivalent linear properties”. They represent an elongated natural time period 

and a higher viscous damping ratio respectively, of a softened linear elastic SDF system 

expected to result in same peak displacement (𝐷𝑖, 𝑚𝑎𝑥 in Figure 5.3) as the actual nonlinear 

SDF system with initial period T𝑖 and initial viscous damping ratio 
𝑖
. Figure 5.3 shows the 

conversion of an 𝑖𝑡ℎ mode nonlinear SDF system governed by Equation (3.8), into an 

equivalent linear SDF system governed by Equation (5.1). 
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Figure 5.3 Replacing an 𝑖𝑡ℎ-mode nonlinear SDF system with the corresponding equivalent 

linear system 

 

If the equivalent linear properties for each vibration mode are determined as the best 

representative of their corresponding nonlinear SDF systems, the superposition of responses 

from these equivalent linear SDF systems is expected to provide a fairly accurate estimate of 

nonlinear demands, compared to the direct scaling-down of elastic force demands—as 

assumed in the standard RSA procedure. In the UMRHA procedure, the individual modal 

response histories are first determined and directly added in time domain to get the combined 

nonlinear seismic demands. However, in the proposed procedure—referred onwards as the 

Modified Response Spectrum Analysis, MRSA—the peak values of modal responses are 

combined using a modal combination rule similar to the standard RSA procedure. Therefore, 

instead of solving the Equation (5.1) for each equivalent linear modal SDF and then summing 

up the response histories, the proposed procedure uses the same analysis framework as the 

standard RSA procedure, while allowing the practicing engineers to use it in a convenient and 

practical way. In fact, it can be seen as a quick and convenient modification of the standard 

RSA procedure proposed based on the underlying assumptions of the UMRHA procedure.  

The proposed procedure although involves an additional step (i.e. estimation of equivalent 

linear properties for each vibration mode) compared to the standard RSA procedure, it can 

offer a significant reduction in effort and time compared to the nonlinear dynamic analysis of 

an inelastic model. Considering it as a modification applied over individual elastic modal 

responses, the MRSA procedure can be performed in various commercial software for linear 

elastic analysis.  

Figure 5.4 illustrates the basic idea of the proposed MRSA procedure and its conceptual 

relation with the UMRHA procedure. However, it must be noted that the MRSA procedure 

differs from the UMRHA procedure not only in terms of the introduction of EL approach but 

also in terms of how the individual modal responses are combined to obtain the overall 

nonlinear seismic demands. 
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Figure 5.4 The basic concept of the proposed Modified Response Spectrum Analysis 

(MRSA) procedure 

 

5.4.2 Selection of an EL Scheme for the MRSA Procedure  

Various existing EL procedures are developed for conventional hysteretic behaviors and their 

controlling parameters (e.g. the typical elastic-perfectly plastic, bilinear with post-yield 

hardening, and Takeda model with or without post-yield hardening). They differ in many 

aspects such as the basic definition of equivalent linear properties, the choice of error index, 

selected iterative/analysis scheme, and the characteristics of selected ground motion records. 

These procedures and relationships have many inherent assumptions, limitations and 

uncertainties. A detailed review of such procedures was presented in Chapter 2 (Section 2.5).  

In current study, however, the information about the lateral cyclic response of case study 

buildings was necessary to decide the right way of determining their equivalent linear 

properties. Therefore, the modal cyclic pushover analysis was carried out which showed that 

the cyclic response of these buildings is close to the flag-shaped hysteretic behavior with 

continuous stiffness degradation. This type of behavior and its controlling parameters are not 

explicitly considered in most of the existing EL procedures. Moreover, the primary focus of 

the current study is not to propose any refinement in the existing EL procedures. Its intent is 

to test the basic concept, i.e. the mode-by-mode application of equivalent linearization 

approach in the RSA procedure. Therefore, the discussion regarding what should be the most 

realistic equivalent linear properties is beyond the scope of this study.  

Due to these reasons, at this initial stage of evaluating the basic concept of the MRSA 

procedure, it may not be suitable to simply adopt an existing EL procedure with its own 
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idealized hysteretic behavior and inherent assumptions. In fact, it is more suitable to apply the 

basic EL concept directly to some case study structures and evaluate the performance of 

proposed analysis scheme. Therefore, for this initial evaluation of the basic concept, the 

simplest and most conventional EL approach is used instead of going after empirical and 

relatively more ambitious efforts to determine 𝑇𝑒𝑞 and 𝜉𝑒𝑞. Therefore, for an 𝑖𝑡ℎ vibration 

mode, the secant period at maximum amplitude (𝑇𝑠𝑒𝑐,𝑖) is opted as the equivalent linear period 

for proposing and evaluating the MRSA procedure (approach (c) in Section 2.5). The total 

equivalent viscous damping for an 𝑖𝑡ℎ vibration mode (𝜉𝑒𝑞,𝑖), is determined as follows. 

 𝜉𝑒𝑞,𝑖 = 𝜉𝑖 + 𝜉ℎ,𝑖 (5.2) 

Where 𝜉𝑖 is the initial viscous damping ratio and 𝜉ℎ,𝑖 is the additional hysteretic damping ratio 

of an 𝑖𝑡ℎ vibration mode.  

The amount of additional hysteretic damping (
ℎ,𝑖

) is estimated by using the equal-energy 

dissipation principle. The hysteretic energy dissipated by the actual nonlinear system at an 

amplitude 𝐷𝑖 in one cycle is equal to the area 𝐸𝐷(𝐷𝑖) enclosed by its nonlinear force-

deformation function (𝐹s𝑖/𝐿𝑖—𝐷𝑖), and can be determined as follows.  

 𝐸𝐷(𝐷𝑖) = ∫
𝐹𝑠𝑖(𝐷𝑖 , �̇�𝑖)

𝐿𝑖
 𝑑𝐷𝑖

𝑂𝑛𝑒 𝐶𝑦𝑐𝑙𝑒

 (5.3) 

The energy dissipated by the corresponding viscous damping (𝜉𝐸𝐿,𝑖) of the equivalent linear 

system governed by a linear 𝐹s𝑖/𝐿𝑖—𝐷𝑖 relationship (with secant stiffness at 𝐷𝑖,𝑚𝑎𝑥) and 

subjected to a harmonic loading with frequency �̅�, is denoted by 𝐸𝐸𝐿(𝐷𝑖), and can be obtained 

as follows (Chopra, 2007). 

 𝐸𝐸𝐿(𝐷𝑖) =  2𝜋𝜉𝐸𝐿,𝑖 �̅� 𝜔𝑠𝑒𝑐,𝑖 𝐷𝑖, 𝑚𝑎𝑥
2  (5.4) 

By applying the equal-energy dissipation assumption, 𝐸𝐸𝐿(𝐷𝑖) can be equated to 𝐸𝐷(𝐷𝑖), and 

therefore, the viscous damping ratio (𝜉𝐸𝐿,𝑖) of the equivalent linear system can represent the 

hysteretic damping ratio (
ℎ,𝑖

) of an 𝑖𝑡ℎ mode nonlinear SDF system. The strain energy 

associated with the equivalent linear system, 𝐸𝑠𝑜(𝐷𝑖), is given by Equation (5.5) and can be 

determined as the triangular area under its linear 𝐹s𝑖/𝐿𝑖—𝐷𝑖 relationship, as shown in Figure 

5.5. 

 𝐸𝑠𝑜(𝐷𝑖) =
1

2
 𝜔𝑠𝑒𝑐
2  𝐷

𝑖, 𝑚𝑎𝑥
2  (5.5) 

By assuming that the forcing frequency of sinusoidal excitation, �̅�, is equal to the natural 

frequency of equivalent linear system, 𝜔𝑠𝑒𝑐,𝑖, the hysteretic damping ratio (
ℎ,𝑖

) for an 𝑖𝑡ℎ 

vibration mode can be finally determined as follows. 

 
ℎ,𝑖
=
1

4𝜋

𝐸𝐷(𝐷𝑖)

𝐸𝑠𝑜(𝐷𝑖)
 (5.6) 

Although the assumption that �̅� = 𝜔𝑠𝑒𝑐,𝑖 is strictly not compatible with the modal cyclic 

pushover analysis to get nonlinear hysteretic loops and 𝐸𝐷(𝐷𝑖), studies (Chopra, 2007) have 

shown that it is a satisfactory approximation to assume that the hysteretic damping is not 

dependent on the cyclic loading frequency.  
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Figure 5.5 The basic concept of the equal-energy dissipation principle 

 

It should be noted that the use of secant stiffness in determination of equivalent viscous 

damping induces an inconsistency between the values of initial viscous damping (𝜉𝑖) used for 

equivalent linear and nonlinear systems, respectively. The viscous damping constant (𝑐) of a 

linear SDF system (with mass 𝑚) is also dependent on its stiffness 𝑘, (i.e. 𝑐 = 2𝜉𝑖√𝑚𝑘). Since, 

the response velocity, �̇�(𝑡), and the damping force, 𝑓𝐷 = 𝑐�̇�(𝑡), of both the nonlinear and the 

equivalent linear systems is expected to be same, the value of inherent initial damping (𝜉𝑖) used 

in any EL procedure based on secant stiffness should ideally be adjusted in order to establish 

the compatibility of its results with those obtained from the detailed NLRHA procedure. The 

actual value of this adjustment would depend on what damping model (or assumption) is used 

in the corresponding detailed NLRHA procedure. Priestley & Grant (2005) determined this 

adjustment (denoted by 𝜅 factor) for two commonly used assumptions about the dependency 

of damping on stiffness during the NLRHA procedure (i.e. initial stiffness-proportional or 

tangent stiffness-proportional). However, this adjustment is not considered in the current study, 

and the total equivalent viscous damping for any 𝑖𝑡ℎ vibration mode (𝜉𝑒𝑞,𝑖) is simply taken as 

the sum of 𝜉𝑖 used in the corresponding NLRHA procedure, and the bare hysteretic damping 

(𝜉ℎ,𝑖) determined from the cyclic pushover analysis (Equation (5.6)). 

This selected scheme to determine the equivalent linear properties for any 𝑖𝑡ℎ vibration mode 

may not be the most accurate among all the existing EL procedures. However, it retains the 

theoretical background and conceptual simplicity, and therefore, can be considered reasonable 

for the purpose of evaluating the proposed MRSA procedure. Using this scheme, the equivalent 

linear properties (𝑇𝑒𝑞,𝑖 and 𝜉𝑒𝑞,𝑖) can be determined as a function of 𝐷𝑖 for any nonlinear SDF 

system governed by a modal hysteretic behavior, 𝐹𝑠𝑖(𝐷𝑖, �̇�𝑖). Using Equation (3.9), for any 𝑖𝑡ℎ 

vibration mode, the 𝐷𝑖 can be converted to peak roof drift ratio (𝑥𝑖
𝑟/𝐻) and therefore, the 
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graphical relationships between the equivalent linear properties and 𝑥𝑖
𝑟/𝐻 (e.g. Figure 5.6) can 

be obtained for any 𝐹𝑠𝑖(𝐷𝑖, �̇�𝑖). These relationships (relating 𝑇𝑒𝑞,𝑖 and 𝜉𝑒𝑞,𝑖 with 𝑥𝑖
𝑟/𝐻) are 

required as a prerequisite for the MRSA procedure.  

5.5 Evaluation of the Proposed MRSA Procedure for Case Study Buildings 

The MRSA procedure is proposed both as an analysis procedure for determining the design 

demands of new buildings as well as for the seismic performance evaluation of existing 

buildings. As a design procedure, it is intended to provide an accurate estimate of true nonlinear 

demands of new buildings in order to determine the adequate amount of lateral capacity 

required to resist the seismic actions. After setting the required capacity in critical structural 

components in accordance with the demands obtained from the MRSA procedure, the structure 

can be re-evaluated using its initial elastic properties for its seismic performance evaluation. 

This makes the analysis using the proposed MRSA procedure an end in itself. 

The detailed evaluation of the MRSA procedure using the three case study buildings will be 

presented now. The UMRHA and detailed NLRHA procedures will be used to gage the 

accuracy of the proposed procedure. The seismic demands obtained from the code-prescribed 

standard RSA procedure will also be determined and included in the comparison. The current 

study is not aimed to evaluate the accuracy of the standard RSA procedure. Various recent 

studies (Ahmed & Warnitchai, 2012; Klemencic et al., 2007; Klemencic, 2008; Zekioglu et al., 

2007) have already shown that the standard RSA procedure may lead to a significant 

underestimation of true nonlinear force demands. Therefore, in this study, the existing lateral 

capacities of case study buildings are not modified in accordance with the moment demands 

obtained from the standard RSA procedure for the selected hazard levels. Due to this reason, 

comparing the demands obtained from both the MRSA and the NLRHA procedures with the 

standard RSA procedure may not be, strictly speaking, a fair comparison. Nevertheless, the 

standard RSA is still included in overall comparison as it is intended to provide an insight into 

the adequacy of using the same response modification factor (𝑅) for every significant vibration 

mode. 

To perform the MRSA and the standard RSA procedures, the linear elastic models of these 

case study buildings were created in ETABS (CSI, 2016). Each beam and column is modeled 

with the elastic frame element. The slabs and shear walls are modeled with elastic thin shell 

element. The mat foundation is idealized as fixed support at the base of ground floor columns. 

For the MRSA procedure, no code-based cracked stiffness modifiers are specified for structural 

elements to obtain the natural periods (𝑇𝑖) and other modal properties corresponding to the 

initial uncracked stiffness. These initial natural periods (along with an initial inherent damping 

ratio 𝜉𝑖 of 2.5%) are used to determine the  𝑇𝑒𝑞,𝑖 and 𝜉𝑒𝑞,𝑖 for any 𝑖𝑡ℎ vibration mode, using the 

adopted EL scheme. The standard RSA procedure is also carried out without applying the code-

prescribed cracked stiffness modifiers.  

5.5.1 Determination of Equivalent Linear Properties  

In various existing EL procedures, the general relationships for determining the equivalent 

linear properties (𝑇𝑒𝑞 and 𝜉𝑒𝑞) are developed as a function of the ductility ratio (𝜇 =

𝐷𝑖,𝑚𝑎𝑥/𝐷𝑦,  where 𝐷𝑦 is the yield displacement) for different hysteretic behaviors. In this 

study, the 𝑇𝑒𝑞,𝑖 and 𝜉𝑒𝑞,𝑖 values are derived as a function of roof drift ratio (𝑥𝑖
𝑟/𝐻) by applying 

the selected EL scheme to the case study buildings. The roof drift ratio (𝑥𝑖
𝑟/𝐻) is opted as a 
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suitable deformation measure due to several reasons. First, the theoretical formulation of 

UMRHA procedure allows to directly convert the pushover curve, or the corresponding 

nonlinear function 𝐹𝑠𝑖(𝐷𝑖, �̇�𝑖), into equivalent linear properties while keeping them as a 

function of 𝑥𝑖
𝑟/𝐻. Therefore, this direct conversion allows the equivalent linear properties to 

be viewed as a function of the cyclic behavior of structure. Secondly, the ductility demand of 

buildings is generally not known prior to the analysis in the conventional force-based design 

procedures. Instead, the elastic roof drift ratio can be easily estimated and used as an initial 

trial to estimate the equivalent linear properties. Moreover, recent studies (Mehmood et al., 

2017a; 2017b) have shown that in cyclic response of high-rise RC shear wall buildings, a 

significant amount of nonlinearity may arise even at very low levels of roof drift ratio (~ 0.2% 

to 0.4%), mainly due to tensile cracking of RC shear walls. In these studies, the yielding of 

reinforcing steel bars was observed at a roof drift ratio of 0.8% to 1.2%, while the cyclic modal 

hysteretic behavior started exhibiting stiffness softening at roof drifts significantly lower than 

this level. In such cases, with no well-defined single yield point, the roof drift ratio (𝑥𝑖
𝑟/𝐻) can 

serve as an appropriate and physically meaningful deformation measure to assess the extent of 

nonlinearity in a structure. 

The cyclic pushover curves (𝑉𝑏𝑖/𝑊 vs. 𝑥𝑖
𝑟/𝐻) were converted to 𝐹𝑠𝑖/𝐿𝑖 vs. 𝐷𝑖 relationships 

using the Equations (3.9) and (3.10). The slope of secant line at all points on the envelopes of 

these relationships (𝜔𝑒𝑞,𝑖
2  in Figure 5.5) is determined and converted to 𝑇𝑠𝑒𝑐,𝑖 using the effective 

modal mass and the modal participation factor of that mode. This resulted in 𝑇𝑠𝑒𝑐,𝑖/𝑇𝑖 vs. 𝑥𝑖
𝑟/𝐻 

relationships as shown in Figure 5.6 (a), where 𝑇𝑖 denotes the initial time period for an 𝑖𝑡ℎ 

vibration mode.  

The hysteretic damping 𝜉ℎ,𝑖 is determined using Equation (5.6) applied to the actual 𝐹𝑠𝑖/𝐿𝑖 vs. 

𝐷𝑖 relationships for case study buildings. The actual area, 𝐸𝐷(𝐷𝑖), enclosed by each cyclic loop 

is determined at its maximum displacement (𝐷𝑖,𝑚𝑎𝑥 in Figure 5.5). The strain energy 𝐸𝑠𝑜(𝐷𝑖) 
associated with equivalent linear system (having secant stiffness) is also calculated for all 

points on the envelope of 𝐹𝑠𝑖/𝐿𝑖 vs. 𝐷𝑖 relationships. The point-by-point application of 

Equation (5.6) resulted in 𝜉ℎ,𝑖 vs. 𝑥𝑖
𝑟/𝐻 relationships for any 𝑖𝑡ℎ vibration mode. For first mode 

in strong (𝑥) directions of three case study buildings, these relationships are shown in Figure 

5.6(b). The total equivalent viscous damping (𝜉𝑒𝑞) is determined by adding 𝜉ℎ,𝑖 to the initial 

modal viscous damping (𝜉𝑖) (Equation (5.2)). An iterative scheme is proposed (and explained 

in next section) to determine the 𝑇𝑒𝑞,𝑖 and 𝜉𝑒𝑞,𝑖 for any 𝑖𝑡ℎ vibration mode, using developed 

relationships.  

To investigate the effect of cyclic degradation on the amount of hysteretic damping, the cyclic 

pushover analysis is also carried out with each new loading cycle started from initial unloaded 

condition. For the 20-story case study building (B1), the thin dotted line in Figure 5.6 (b) shows 

a slight increase in 𝜉ℎ,1 when each new loop starts with initial unloaded condition without 

preceding loading cycles. However, in this study, the relationships corresponding to the 

degrading stiffness (with each loading cycle continued from the preceding cycle) will be used 

to determine the 𝜉𝑒𝑞 in the MRSA procedure for the case study buildings. More refined 

approaches and their relative accuracies for determining the 𝜉𝑒𝑞 can be explored in future 

works. 
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(a) 𝑇𝑠𝑒𝑐,𝑖/𝑇𝑖 vs. Roof Drift Ratio (𝑥𝑖

𝑟/𝐻) (b) 𝜉ℎ,𝑖 vs. Roof Drift Ratio (𝑥𝑖
𝑟/𝐻) 

Figure 5.6 The equivalent linear properties of the case study buildings determined from the 

cyclic pushover analyses 

 

It is important to note that the relationships shown in Figure 5.6 are specific only to the three 

case study buildings. However, once the efficiency of the MRSA procedure in predicting the 

nonlinear demands is established, the generalized relationships for the convenient practical 

implementation of this procedure can be developed for different structural systems in future 

studies. The construction of such generalized relationships for different classes of structures 

requires a separate investigation following either of the two groups of the EL procedures 

mentioned in Section 2.5. For this purpose, different types of structures can be classified based 

on their expected hysteretic response. For example, the global cyclic response of high-rise RC 

shear wall buildings is mainly governed by the cyclic response of shear walls, which in turn, 

depends on its basic structural and architectural parameters e.g. the amount of reinforcement, 

the level of axial loads, and the geometry and configuration etc. Therefore, it is possible to 

derive the general characteristics of most suitable hysteretic models for different structures as 

long as they belong to the same class in terms of their lateral load-resisting system. A suitable 

EL scheme can then be implemented for these general hysteretic models to finally construct 

the general relationships for equivalent linear properties. The conventional option (which is 

also used in the current study but only specific to three case study buildings) is to adopt a 

definition of equivalent linear properties on some theoretical or semi-theoretical basis and 

apply them to general hysteretic behaviors. The second option (discussed in Section 2.5) is to 

conduct a detailed iterative analysis scheme for calibrating the response of nonlinear SDF 

systems with that of equivalent linear SDF systems.  

It can be seen that all three buildings show a similar trend of equivalent linear properties for a 

particular vibration mode (Figure 5.6). This further indicates that it is possible to construct the 

representative curves for the structural systems with similar nonlinear function 𝐹𝑠𝑖(𝐷𝑖 , �̇�𝑖). 
Recently, in the context of the direct displacement-based design (DDBD) (Priestley et al., 

2007), such general relationships (𝜉𝑒𝑞 vs. ductility ratio, 𝜇) have been derived for different 

structural systems (Blandon & Priestley, 2005). However, in DDBD, the design displacement 

and ductility ratio are first determined at the start of design process, unlike the MRSA 

procedure which is essentially a proposed improvement over the conventional force-based 

design procedure. With the development of similar generalized relationships for the MRSA 
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procedure, the equivalent linear properties can be determined directly and the engineers will 

not be required to perform the cyclic pushover analysis and determine nonlinear modal 

hysteretic behavior, 𝐹𝑠𝑖(𝐷𝑖 , �̇�𝑖). Therefore, the application of proposed MRSA procedure will 

not require to construct a nonlinear structural model. 

5.5.2 Performance of the MRSA Procedure – Story-level Demands 

The seismic demands of all three case study buildings are determined using the MRSA 

procedure. The practical implementation of this procedure is similar to the standard RSA 

procedure. It is equivalent to mode-by-mode subjecting a structural model having elongated 

natural period (𝑇𝑠𝑒𝑐,𝑖) of any 𝑖𝑡ℎ vibration mode, to a response spectrum constructed for a 

higher damping ratio (𝜉𝑒𝑞,𝑖). The first step is to obtain the initial natural periods (𝑇𝑖) and other 

modal properties (e.g. modal participation factor, 𝛤𝑖) for each significant vibration mode. For 

this purpose, the linear elastic structural models (compatible with the initial uncracked state of 

nonlinear structural models subjected to the NLRHA procedure) are used. 

The determination of sufficiently accurate equivalent linear properties is the second and key 

step in the proposed MRSA procedure. Once the 𝑇𝑠𝑒𝑐,𝑖/𝑇𝑖 vs. 𝑥𝑖
𝑟/𝐻 and 𝜉ℎ,𝑖 vs. 𝑥𝑖

𝑟/𝐻 

relationships are developed, an iterative procedure is proposed in the MRSA procedure to 

estimate the equivalent linear properties. The initial elastic roof drift ratio (𝑥𝑖
𝑟/𝐻) for an 𝑖𝑡ℎ 

vibration mode can be obtained from the response spectrum corresponding to its initial natural 

period (𝑇𝑖) and initial viscous damping (𝜉𝑖). This can be used to pick the trial values of 𝑇𝑠𝑒𝑐,𝑖 
and 𝜉𝑒𝑞,𝑖 from the developed 𝑇𝑠𝑒𝑐,𝑖/𝑇𝑖 vs. 𝑥𝑖

𝑟/𝐻 and 𝜉ℎ,𝑖 vs. 𝑥𝑖
𝑟/𝐻 relationships. The value of 

roof drift ratio (𝑥𝑖
𝑟/𝐻) is then updated by again determining the spectral displacement 

corresponding to the trial 𝑇𝑠𝑒𝑐,𝑖 and 𝜉𝑒𝑞,𝑖. This process can be repeated for any 𝑖𝑡ℎ mode until 

the starting value of 𝑥𝑖
𝑟/𝐻 for an iteration converges to the resulting 𝑥𝑖

𝑟/𝐻 at final equivalent 

linear properties. For the case study buildings, this convergence is achieved in maximum three 

trials for any particular mode. Although this proposed iterative procedure to determine 𝑇𝑠𝑒𝑐,𝑖 
and 𝜉𝑒𝑞,𝑖 is intended for any number of significant vibration modes, the initial elastic roof drift 

ratios for some cases (mostly higher modes) can be small and may not result in any significant 

period elongation and additional damping. In such cases, the initial elastic properties (𝑇𝑖 and 

𝜉𝑖) can be used for estimating seismic demands in the MRSA procedure.  

The next step is to determine the seismic demands for any 𝑖𝑡ℎ vibration mode corresponding 

to its equivalent linear properties. In the standard RSA procedure, the internal forces in 

members for any 𝑖𝑡ℎ vibration mode are proportional to the spectral acceleration (𝑆𝐴,𝑖) 
corresponding to its initial natural periods (𝑇𝑖). Similarly, the deformations are proportional to 

the spectral displacement (𝑆𝐷,𝑖) at 𝑇𝑖. Therefore, for any 𝑖𝑡ℎ vibration mode, the force and 

displacement results obtained from the standard RSA procedure can be modified by a constant 

factor to determine the corresponding 𝑖𝑡ℎ mode demands of the MRSA procedure. For force 

demands, this factor can be determined as the ratio of 𝑆𝐴,𝑖 at equivalent linear properties (𝑇𝑠𝑒𝑐,𝑖 
and 𝜉𝑒𝑞,𝑖) to that at initial properties (𝑇𝑖 and 𝜉𝑖). Similarly, for displacement demands, the ratio 

of 𝑆𝐷,𝑖(𝑇𝑠𝑒𝑐,𝑖, 𝜉𝑒𝑞,𝑖) to 𝑆𝐷,𝑖(𝑇𝑖, 𝜉𝑖) can be used as a modifying factor to the results of the standard 

RSA procedure. Since, most of the commercial software provide the facility to apply user-

defined scale factors to load cases for eigenvalue analysis, the MRSA procedure can be 

automated in already available software capable of performing the standard RSA procedure. 
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This automation also allows to conveniently determine all the local response quantities similar 

to the standard RSA procedure.  

Another way to implement the MRSA procedure in commercial software is the application of 

stiffness modifying factors (similar to the cracked stiffness modifiers prescribed in various 

design codes) for directly achieving the equivalent linear period (𝑇𝑠𝑒𝑐,𝑖) for any 𝑖𝑡ℎ mode. This 

will result in a softened equivalent linear model expected to mimic the behavior of the detailed 

nonlinear model. This model can then simply be subjected to the automated RSA procedure 

using a response spectrum corresponding to equivalent viscous damping (𝜉𝑒𝑞,𝑖). However, it is 

important to note that the modal contributions from all significant modes may not be extracted 

from a single structural model due to their distinct equivalent linear properties. For each 

significant mode, to which the equivalent linearization concept is being applied, the procedure 

should be repeated using a separate structural model (with that mode’s equivalent linear 

properties). The individual modal results can then be determined and manually combined in 

such cases. Once the concept is thoroughly tested for accuracy in predicting nonlinear seismic 

demands, various issues related to practical implementation of the proposed MRSA procedure 

can be addressed in the future studies. 

For the three case study buildings, the individual modal demands obtained from the MRSA 

procedure are compared with envelops of modal contributions obtained from the UMRHA 

procedure. Figure 5.7 (a) shows the comparison of peak story shear for first three translational 

modes of all three case study buildings subjected to ground motion set 4. The results from the 

UMRHA procedure show that for B1, the base shear is mainly dominated by the first vibration 

mode, while for B2 and B3, it is dominated by the second mode. This is well predicted by the 

MRSA procedure. Similarly, Figure 5.7 (b) shows the similar comparison for the 44-story case 

study building subjected to ground motion sets 1, 2 and 3.  

A reasonable match for all case study buildings (except mode 2 of B3 for ground motion set 

2) shows that the MRSA procedure is able to provide a reasonably accurate prediction of 

nonlinear seismic shear demands for every important mode. In some cases (e.g. for third 

vibration mode of B3), the initial roof drift ratio (𝑥𝑖
𝑟/𝐻) was small and didn’t result in any 

period elongation and additional damping, and therefore, the initial elastic properties (𝑇𝑖 and 

𝜉𝑖) were used in the MRSA procedure to determine the story shear forces in such cases.   
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(a) Three case study buildings subjected to ground motion set 4 

 
(b) The 44-story case study building (B3) subjected to ground motion sets 1, 2 and 3 

Figure 5.7 The comparison of modal story shears of case study buildings obtained from the 

UMRHA and MRSA procedures 

 

Figure 5.8 shows a detailed comparison between the seismic demands computed by the MRSA 

and the NLRHA procedures for all three case study buildings subjected to ground motion set 

4. In this comparison, the demands computed by the NLRHA procedure are used as 

benchmark. The seismic demands computed from the standard RSA procedure are also 

included in the presented comparison. The response modification factor (𝑅) and the deflection 

amplification factor (𝐶𝑑) are taken as 4.5 and 4, respectively in the standard RSA, in 

accordance with ASCE/SEI 7-10 (2010) (Table 12.2-1). The displacements and inter-story drift 

ratios corresponding to design force demands (reduced by 𝑅) are multiplied with 𝐶𝑑. 

ASCE/SEI 7-10 (2010) prescribes a structural over-strength factor (Ω𝑜) to account for the 

material over-strength (resulting from the higher material strengths than nominal design values 

and the strain hardening effect of steel reinforcement) and the level of redundancy in the 

structure. This factor is used to amplify the design forces for specific elements of the structure 

which are intended to remain non-yielding during the design basis ground motion. The shear 
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force and overturning moment demands obtained from the standard RSA procedure (i.e. 

reduced by 𝑅) are again amplified over the entire height by this factor (Ω𝑜= 2.5, in accordance 

with table 12.2-1 of ASCE/SEI 7-10 (2010)) and included in comparison. 

Figure 5.8 shows that the shear force demands obtained from the standard RSA procedure (i.e. 

reduced by 𝑅 = 4.5) are significantly lower than those from the NLRHA procedure over the 

entire height of case study buildings. The combined demand distribution patterns along the 

building height obtained from the RSA procedure are also different from those obtained by the 

NLRHA procedure. The displacements and inter-story drift ratios (amplified by 𝐶𝑑) are also 

underestimating the corresponding true nonlinear demands. The underestimation in force 

demands is mainly due to the use of same response modification factor (𝑅 = 4.5) to reduce the 

elastic seismic demands of second and third vibration modes, as the first mode. Both the 

UMRHA (as shown by the Figure 3.12 in Chapter 3) and the MRSA procedures (Figure 5.7(a)) 

showed that the second mode experienced a lower level of nonlinearity as compared to the first 

mode in all three case study buildings, and therefore, the same 𝑅 factor would result in 

significantly non-conservative estimates of story shear forces and overturning moments. 

Similar is true for third mode which remained approximately linear for all three case study 

buildings (as suggested by both the UMRHA and MRSA procedures), but was reduced by 𝑅 = 

4.5 as required in the standard RSA procedure. This underestimation may result in unsafe 

design of new buildings or inaccurate performance assessment of existing buildings (which 

may also give a false sense of safety in some cases). Figure 5.8 further shows that the direct 

application of over-strength factor (Ωo, along the entire height) to the design force demands 

obtained from the standard RSA procedure would significantly overestimate the true nonlinear 

demands (except for the story shear in B3).  

The MRSA procedure, on the other hand, is consistently providing the accuracy comparable 

to the UMRHA procedure. The displacements, inter-story drift ratios and story shear forces are 

matching with the corresponding demands obtained from the NLRHA procedure, within a 

reasonable degree of accuracy. For typical code-based target response spectrum used in this 

study, the use of an elongated natural period (𝑇𝑠𝑒𝑐,𝑖) in the MRSA procedure results in a higher 

spectral displacement (𝑆𝐷) compared to 𝑆𝐷 at the initial period (𝑇𝑖). The story displacements 

and the inter-story drift ratios corresponding to this higher 𝑆𝐷(𝑇𝑠𝑒𝑐,𝑖) are capturing the 

corresponding true nonlinear demands better compared to the standard RSA procedure. A 

slight overestimation in overturning moment demands is observed. However, considering the 

ease offered by the MRSA procedure compared to the detailed NLRHA procedure, a small 

error in estimation on the conservative side may be tolerated.  
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Figure 5.8 The comparison between the seismic demands obtained by the standard RSA and 

MRSA procedures with the benchmark NLRHA values for all three case study buildings 

subjected to ground motion set 4 

 
Figures 5.9 and 5.10 show the similar comparison for 44-story and 20-story case study 

buildings respectively, subjected to ground motion sets 1, 2 and 3. The combined seismic 

demands determined from the UMRHA procedure are also included in this comparison to 

highlight the relative accuracy of the MRSA procedure. Similar observations can be made in 

these example cases as well. A significant underestimation of force demands by the standard 

RSA procedure over the entire height is evident. For ground motion sets 1 and 3, the amplified 

overturning moments by the over-strength factor (Ωo) would significantly overestimate the 

true nonlinear demands. However, for ground motion set 2, the amplified force demands are 
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still lower than mean NLRHA envelope. The MRSA procedure, however, is providing 

reasonably matching results with slight overestimation in some cases. 

 

Figure 5.9 The comparison between the seismic demands obtained by the standard RSA, 

MRSA and UMRHA procedures with the benchmark NLRHA values for ground motion sets 

1, 2 and 3 (strong direction (𝑥) of 44-story case study building) 
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Figure 5.10 The comparison between the standard RSA, MRSA and UMRHA procedures 

with the benchmark NLRHA values for ground motion sets 1, 2 and 3 (strong direction (𝑥) of 

20-story case study building) 
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reasonably closer to those obtained from the NLRHA procedure, while the standard RSA 

procedure is showing a significant underestimation. Similar observation can be made for the 

shear forces and bending moments in two shear wall legs (in main core of the building), shown 

in Figure 5.11 (a). Figure 5.11 (b) shows the shear forces and bending moments in a shear wall 

leg located in podium of 44-story case study building (B3). Again, the MRSA procedure is 

capturing the nonlinear force demands better than the standard RSA procedure. Figure 5.11 (c) 

shows the axial strain in two shear wall legs of main core in the same case study building (B3). 

It can be seen that the standard RSA would significantly underestimate the axial strains, while 

the MRSA procedure is providing estimates closer to those obtained by the NLRHA procedure.  

As an overall observation, the mean error in the prediction of component-level demands by the 

MRSA procedure is higher compared to the error in the corresponding story-level demands. 

This higher error may be due to the difference among the actual and the assumed distributions 

of story-level demands to the structural components in that story. The detailed NLRHA 

procedure accounts for a realistic distribution of nonlinear seismic demands among different 

structural components, while the MRSA procedure is based on an elastic distribution (i.e. in 

accordance with an equivalent linear structural model). Despite of this, the predictions of 

component-level demands from the MRSA procedure are significantly better compared to 

those from the standard RSA procedure.  

The satisfactory performance of the MRSA procedure at both story and component levels 

encourages us that it can be considered (and developed further for general use) as a simplified 

analysis option in cases where it is not practical to perform the detailed NLRHA procedure. 

The presented examples (Figures 5.7 to 5.11) show that the provision of lateral capacity in 

accordance with the demands obtained from the MRSA procedure is expected to result in a 

safe and effective structural design of new buildings. Similarly, for the seismic performance 

evaluation of existing buildings, this procedure is capable of providing the estimates of both 

story-level and component-level nonlinear demands with a reasonable degree of accuracy. 

Moreover, the required computational effort and convenient application offered by the MRSA 

procedure is almost the same as the standard RSA procedure (with an additional step of 

estimating the adequate equivalent linear properties). 
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 (a) The bending moments and shear forces in columns and shear wall legs along the whole height 

(44-story building B3, in strong (𝑥) direction)  
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 (b) The bending moments and shear forces in columns and shear wall legs in podium (13 stories of 

44-story building B3, in strong (𝑥) direction) 

 
 (c) The axial strain in shear wall legs (44-story building B3, in strong (𝑥) direction) 

Figure 5.11 The comparison of local response quantities obtained using the standard RSA, 

MRSA and NLRHA procedures 
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to remain elastic or undergo lower levels of nonlinearity. This assumption will reduce the 

MRSA procedure to the Modified Modal Superposition (MMS) procedure (Priestley & 

Amaris, 2002). However, for high-rise buildings expected to undergo significant nonlinearity 

in their higher vibration modes, this elastic-higher-modes assumption may result in 

overestimation of force demands, and therefore the equivalent linearization for higher modes 

should also be considered.  

5.6 Summary of the Chapter 

In this chapter, a modified version of the response spectrum analysis (RSA) procedure to 

determine the nonlinear seismic demand is presented. Starting with a brief introduction and 

historical background, various limitations and shortcomings of current code-based standard 

RSA procedure are discussed. The UMRHA procedure is used as a theoretical basis to 

formulate an improved RSA procedure by invoking the linearization approach (EL) approach 

for each significant vibration mode of the structure. Figure 5.12 illustrates an overview of 

proposed modified response spectrum analysis (MRSA) procedure. Using the most 

conventional EL scheme (i.e. setting equivalent linear stiffness to the secant stiffness of 

nonlinear system at maximum response amplitude, and using additional damping determined 

from the equal-energy dissipation principle), the proposed MRSA procedure is applied to three 

case study high-rise buildings introduced in Chapter 3. It is shown that this procedure can 

estimate the nonlinear seismic demands of these buildings with a reasonable accuracy, either 

for those of individual vibration modes or for their sum (total demands). It is also capable of 

providing reasonably accurate seismic demands for individual components. The MRSA 

procedure also retains the convenience offered by the standard RSA procedure for practicing 

engineers; it does not require nonlinear analysis nor nonlinear modeling.  
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Figure 5.12 An overview of the proposed Modified Response Spectrum Analysis (MRSA) 

procedure 
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Chapter 6  

6  Conclusions and Recommendations 
 

6.1 Summary and Conclusions 

An accurate determination of the true nonlinear seismic demands of structures is the key to 

construct safe and resilient infrastructure against future earthquakes. Beside having state-of-

the-art computational tools and software, this accurate determination also requires a clear 

understanding of the dynamic response of structures in terms of its constituents. The analysis 

procedures should be able to describe the composition of seismic demands which can then be 

efficiently controlled, if desired. For high-rise RC shear wall buildings, the seismic response 

has significant contributions from several vibration modes other than the fundamental mode. 

The contribution and behavior of every vibration mode is different and requires a separate 

treatment to accurately capture its response. The growing complexity in geometries and 

structural forms, and the presence of structural irregularities can make the dynamic response 

quite complicated. The detailed NLRHA procedure automatically accounts for such 

complexities and interactions arising due to nonlinearity. However, it requires a significant 

amount of resources and technical skills which the common practicing engineers may not 

devote. Moreover, it provides no information about the composition of dynamic response and 

therefore, may be not be directly useful to develop a strategy to control the seismic demands. 

Therefore, if on one hand, there is a need to encourage the practicing engineers to develop 

skills in nonlinear modeling and performance-based seismic evaluation, there is also a need to 

develop simplified analysis procedure capable of clearly explaining the structural behavior and 

response.  

There were three main objectives of this study. The first objective was to conceive and 

formulate the simplified analysis procedures to evaluate the nonlinear seismic demands of 

high-rise buildings with RC shear walls. The second objective was the application and 

subsequent validation of the proposed procedures using real case study buildings subjected to 

different types and levels of input ground motions. For this purpose, the seismic demands of 

three case study buildings with varying structural heights were evaluated. The third objective 

was to identify various limitations and sources of uncertainty in proposed analysis procedures 

and to recommend future improvements for their effective and convenient use by the practicing 

engineers. 

To achieve these objectives, the modal decomposition approach is extensively used in the 

current study. The UMRHA procedure is employed to study the relative contributions and 

behavior of different vibration modes. The theoretical basis provided by this procedure is used 

to propose two simplified analysis procedures. Historically, the nonlinear static procedures 

(NSPs) are essentially based on representing the detailed structure by a simplified SDF system. 

The peak seismic demands are then determined from a single nonlinear static analysis of the 

structure pushed using a first-mode inertia load vector to a target displacement determined 

either by the equivalent linearization approach or by the displacement modification approach. 

The theoretical background of the UMRHA procedure is used to extend both of these 

approaches to every significant vibration mode of the structure. Three case study high-rise 

buildings (20-, 33- and 44-story buildings) are selected for the detailed analysis and for testing 

the proposed simplified analysis procedures. These are existing buildings located in Bangkok, 



121 

 

the capital city of Thailand, and were subjected to four sets of ground motions of different 

types and intensities.  

First, the cyclic behavior of case study buildings is studied by subjecting their detailed 

nonlinear models created in Perform 3D (CSI, 2006) to the reversed-cyclic modal pushover 

analysis. It is observed that up to a certain roof drift ratio (usually up to 1%), the case study 

buildings exhibit a self-centering type flag-shaped cyclic behavior with a continuous stiffness 

degradation. The monotonic pushover curves (and also the backbone of cyclic behaviors) 

showed a continuous deviation from initial elastic stiffness soon after the cracking of infill 

walls (at around a roof drift of 0.1%) and shear walls (0.15% – 0.3%). A further cracking of 

concrete and subsequent yielding of steel rebars resulted in stiffness reduction with no well-

defined global yield point. The individual modal response contributions and the combined 

nonlinear responses of the case study buildings were determined using the UMRHA procedure. 

The detailed NLRHA procedure is also carried out to determine the true nonlinear responses 

for all cases. The comparison of combined responses from the two procedures shows that the 

UMRHA procedure, when used with accurate modal hysteretic models, can be effectively used 

to predict and understand the complex nonlinear seismic responses of high-rise buildings. The 

required computation effort is extremely low as compared to that of the NLRHA procedure. 

Although, the insight provided by the UMRHA procedure has many useful applications in the 

control of seismic demands and the performance evaluation of both new and existing buildings, 

this study further used this procedure as a tool to propose and test two simplified analysis 

procedures.  

The first simplified analysis procedure (presented in Chapter 4) is an extended version of the 

Displacement Coefficient Method (DCM) used to determine the target displacement in the 

NSP prescribed in ASCE/SEI 41-13 (2014). The idea is to apply the displacement modification 

approach to every significant vibration mode and to determine the nonlinear modal demands 

from a series of pushover analyses. Each analysis comprise of pushing the structure using a 

particular mode’s inertia force vector until the corresponding target displacement (determined 

from applying the displacement coefficient to the elastic displacement) is reached. The peak 

modal responses obtained from each analysis are combined using the SRSS rule to get the 

overall seismic demands. A comprehensive set of mean displacement modifying coefficients 

for all selected sets of ground motions were derived. For this purpose, a large number of 

nonlinear SDF systems were modeled with a reasonably wide range of the controlling 

parameters of FS hysteretic behavior. The corresponding linear elastic SDF systems were also 

modeled. The elastic-perfectly plastic (EPP) behavior is also included in this comparison to 

represent a benchmark for studying the effects of hysteretic behavior and for comparing the 

results with the conventional DCM. The inelastic and elastic SDF systems were subjected to 

the ground motion sets to determine the peak inelastic-to-elastic displacement ratios (IDRs). 

In order to obtain further insight into the factors affecting these ratios and the shape of IDR 

spectra, an additional collection of 360 ground motions is selected and their mean IDR spectra 

were determined for all combinations of input variables. 

It is observed that the equal-displacement assumption holds well (with an average difference 

under 10%) for the SDF systems experiencing low levels of nonlinearity. However, the ratios 

of inelastic-to-elastic displacements tend to remain greater than 1 for SDF systems with 

significantly lower yield strengths compared to their elastic strength demands. This shows that 

the equal-displacement assumption would significantly underestimate the nonlinear 
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displacement for high-rise structures (with 𝑇 > 1 sec) experiencing relatively higher levels of 

nonlinearity (𝑅𝑦 > 2). The observed transitional period ranges (separating the two spectral 

ranges pertaining to the validity of equal-displacement assumption) are significantly higher 

than the recommended value of 1 sec by FEMA 440 (2005) and the NSP in ASCE 41-13 

(2014). In consistence with the previous studies, the IDR values were observed to be mainly 

controlled by the yield strength factor (𝑅𝑦). An increase in the post-yield stiffness of the FS 

systems from 0 to 50% of initial stiffness led to a slight decrease in the IDRs in short-period 

range (𝑇 < 1 sec). The effect of hysteretic energy dissipation (represented by the height of flag 

in FS hysteretic behavior) on the IDRs is small and may be ignored for practical applications. 

A comparison of the computed IDRs with the 𝐶1 displacement coefficient (ASCE/SEI 41-13, 

2014) showed that the ASCE/SEI 41-13 (2014) expression may significantly underestimate the 

pushover target displacement.  

Using the developed peak inelastic-to-elastic displacement ratio (IDR) spectra to estimate the 

peak inelastic displacement of each significant vibration mode, the accuracy of proposed 

EDCM is examined for the three case study buildings. The suitable displacement coefficients 

were separately applied to the peak elastic displacement of each mode to estimate the 

corresponding inelastic displacement which were then used as the target displacement for the 

multi-mode pushover analysis to determine all the response quantities. In this examination, the 

modal contributions determined from the UMRHA procedure and the overall seismic demands 

obtained from the detailed NLRHA procedure were used as benchmarks. It is observed that the 

proposed EDCM can provide reasonably accurate estimates of the true seismic demands, either 

for individual vibration modes or for their sum (total demands), while requiring significantly 

less computational time and effort compared to the detailed NLRHA procedure. Therefore, it 

can be considered as a convenient analysis option for the seismic performance evaluation of 

high-rise buildings. 

The second simplified analysis procedure (presented in Chapter 5) is a modified version of the 

standard Response Spectrum Analysis (RSA) procedure which is widely used to determine the 

design seismic demands of new buildings. The primary motivation of this procedure is the 

realization that nonlinear modeling and analysis of structures requires significant effort and 

computational resources. It requires the practicing engineers to develop a higher level of 

expertise and skills compared to that required by the linear elastic modeling and analysis. 

Therefore, a simplified analysis requiring only an elastic structural model, and yet able to 

accurately estimate the inelastic seismic demands of structures, would greatly improve the 

design practice.  

In recent years, various studies have shown that the use of same response modification factor 

(𝑅) for every vibration mode in the standard RSA procedure is not appropriate. The UMRHA 

procedure in Chapter 3 also confirms that the response of every vibration experiences a 

different level of inelastic action under the same ground motion, and therefore, requires a 

different treatment. With this background and motivation, the mathematical formulation of the 

UMRHA procedure is extended by introducing an approximate equivalence between the 

governing dynamic equations of a nonlinear system and a modified linear system (with 

elongated natural period and additional damping). The well-known concept of equivalent 

linearization (EL) is invoked for each significant vibration mode of the structure. Introduction 

of this assumption allowed to propose a simplified analysis procedure which would not require 

a nonlinear model but may still be able to successfully predict the nonlinear seismic demands. 
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In line with the current office practice for structural design, it is proposed as a modified version 

of the standard RSA procedure which can be easily automated within already existing 

commercial software for structural analysis. In the UMRHA procedure, the individual modal 

response histories are first computed by solving the governing equations of motion and then 

directly adding in time domain to get the combined nonlinear seismic demands. Whereas, in 

the MRSA procedure, the peak modal responses at equivalent linear properties are directly 

obtained by modifying the corresponding linear modal responses computed from the standard 

RSA procedure. These modified modal responses are then combined using a suitable modal 

combination rule (e.g. SRSS). 

Using the most conventional EL scheme (i.e. setting equivalent linear stiffness to the secant 

stiffness of nonlinear system at maximum response amplitude, and using additional damping 

determined from the equal-energy dissipation principle), the proposed modified response 

spectrum analysis (MRSA) procedure is applied to the case study high-rise buildings. The 

seismic demands computed using the MRSA procedure are compared with those obtained from 

the UMRHA and NLRHA procedures. It was observed that this procedure can estimate the 

nonlinear seismic demands of these buildings with a reasonable accuracy, either for those of 

individual vibration modes or for their sum (total demands). It is also capable of providing 

reasonably accurate seismic demands for individual structural components. The MRSA 

procedure also retains the convenience offered by the standard RSA procedure for practicing 

engineers; it does not require nonlinear analysis nor nonlinear modeling.  

6.2 Recommendations for the Future Studies 

This study is only a first step towards the development of more versatile and practical versions 

of the proposed simplified analysis procedures. The scope and objective of the current study 

was to evaluate the basic idea of proposed procedures using the case study buildings and 

various types of input ground motions. Considering the impact these procedures may have on 

common design office practice, several improvements can be made in the future to make them 

applicable to buildings and structures of various types, configurations, and materials used. 

Some limitations of this study and the recommendations for future studies are as follows. 

The UMRHA procedure is used in this study as a basis to propose two simplified analysis 

procedures. This procedure is based on several assumptions (as discussed in Chapter 3) and 

therefore, there is a margin of several improvements in its application to different types of 

structures. For example, the modeling of modal SDF systems in the UMRHA procedure is 

carried out using a bilinear flag-shaped hysteretic model, which is considered reasonable to 

capture the modal hysteretic response of case study buildings used in the current study. The 

availability of more accurate and improved hysteretic models in future can provide even better 

response prediction by the UMRHA procedure.  

Being designed primarily for wind loading, the case study buildings used in this study lack the 

ductile detailing and exhibited a relatively low hysteretic damping compared to structures 

which are well-detailed for seismic actions. Due to this reason, they may develop various brittle 

failure mechanisms (e.g. the shear failure of structural components) when subjected to high-

intensity ground motions. These brittle mechanisms were not modeled in the structural models 

used for the evaluation of presented simplified analysis procedures. However, these procedures 

can be applied to any type of nonlinear behavior and are able to predict the seismic force 
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demands with a reasonable accuracy. These force demands can then be used to either check 

the brittle failure or to ensure sufficient strength for avoiding it.  

The use of SRSS modal combination rule to combine the peak modal responses in the presented 

procedures may also introduce a source of uncertainty (especially in cases where the high 

vibration modes may exhibit a quasi-static response). The adequacy of this rule for different 

cases can also be investigated in future.  

In the EDCM procedure, the elastic displacement of every significant vibration mode of the 

case study buildings is modified using the computed IDRs to get the corresponding pushover 

target displacement. These IDRs were derived for the same ground motion sets which were 

selected for the detailed evaluation of the proposed EDCM. The generalized relationships or 

empirical expressions for computing the displacement modifying coefficients can be 

developed in future studies considering various practical types of hysteretic behaviors. This 

would result in convenient future applications of the proposed EDCM to different structural 

systems.  

In the MRSA procedure, the use of more accurate EL procedures (instead of using 𝑇𝑠𝑒𝑐,𝑖 and 

computing 𝜉ℎ,𝑖 from the equal-energy dissipation principle) may further increase the accuracy 

of its response predictions. In the current study, the detailed nonlinear models of the case study 

buildings were used to estimate their equivalent linear properties for every significant vibration 

mode. To ensure the practical applications of this procedure in common design offices, the 

development of generalized relationships relating the equivalent linear properties with a 

suitable deformation parameter is an important requirement. In future studies, such 

relationships can be developed for various general nonlinear behaviors in the form of a family 

of representative curves (i.e. covering the practical ranges of controlling hysteretic parameters, 

e.g. the thickness of hysteretic loops, or the ratio of post-yield stiffness to initial stiffness, etc.). 

The development of these relationships would ensure the convenient applicability of the 

proposed MRSA procedure to buildings with different structural details and properties.  

In this study, the detailed results of case study buildings are presented only for their strong (𝑥) 

directions. For this direction, the 33-story and 44-story buildings (B2 and B3) are symmetric 

and therefore, didn’t experience significant torsional effects. Although, the presented 

simplified analysis procedures are, in principle, expected to capture the torsional effects, their 

adequacy should be checked in future for buildings with significant plan irregularities. 
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Appendix A 

Monotonic Pushover Curves of Case Study Buildings 

The monotonic pushover curves of the three case study buildings used in this study are shown in Figures 

A.1, A.2 and A.3. The points corresponding to the onset of various damage states are marked for 

convenient understanding.  

 
Figure A.1 The monotonic pushover curves for the first three translational modes of B1 (20-story 

case study building) in both strong (𝑥) and weak (𝑦) directions 
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Figure A.2 The monotonic pushover curves for the first three translational modes of B2 (33-story 

case study building) in both strong (𝑥) and weak (𝑦) directions 
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Figure A.3 The monotonic pushover curves for the first three translational modes of B3 (44-story 

case study building) in both strong (𝑥) and weak (𝑦) directions 
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Appendix B 

Comparison between the Mean Seismic Demands of Ground Motion Sets 1, 2 and 3 

The ground motion sets 1, 2 and 3 represent the actual seismic hazard level of the case study 

buildings’ site (i.e. Bangkok) and contains various types of ground motions which these 

buildings are expected to experience in their life span. These three sets contain the wide-band, 

short-period and long-period ground motion records, respectively, which were originally 

selected as part of a detailed study aiming to characterize the seismic hazard in Bangkok. Being 

representative of three different types of ground motions applied to three case study buildings 

of varying heights, a comparison between their mean seismic demands and the relative extent 

of damage is of practical interest. Therefore, a summary of this comparison is also presented 

in this Appendix.  

Figure B.1 shows the story displacement, inter-story drift ratio, story shear, overturning 

moment and the floor acceleration for B1, B2 and B3 subjected to three ground motions sets 

in their strong (𝑥) directions. It can be seen that the short-period ground motions (set 2) are 

resulting in significantly lower story displacements and inter-story drift ratios as compared to 

the wide-band and long-period records for all three buildings. It is also resulting in lower 

overturning moments compared to the other two sets. However, it is causing a higher base 

shear compared to the long-period ground motions (set 3) for all three cases. The set 3 is 

resulting in the lower floor accelerations compared to other two sets. As an overall observation, 

the ground motion set 1 is resulting in the highest force demands for all three cases.  

The shape of story shear profile along the height of building can approximately explain the 

relative contributions of different vibration modes. For example, the story shear for B1 is 

mainly dominated by first vibration mode, while for B2 and B3, a significant effect of second 

vibration mode can be observed. This higher-mode effect is also different for each ground 

motion set. These results can be explained by the relative location of natural periods of different 

vibration modes on the acceleration response spectra of these ground motion sets. For example, 

for 20-story building (B1), the natural period of second vibration mode corresponds to the peak 

spectral acceleration and therefore, its contribution in story shear is relatively higher, as can 

also be seen from the shape of story shear profile. However, for other two ground motion sets, 

the shape of story shear profile for B1 is dominated by the first vibration mode.  

 



137 

 

 

Figure B.1 The comparison between the mean seismic demands of ground motion sets 1, 2 

and 3 

 

Figures B.2, B.3 and B.4 show the damage in masonry infill walls, concrete cracking in shear 

walls and the tensile yielding of steel bars in shear walls, respectively, in the three case study 

buildings subjected to ground motions sets 1, 2 and 3 in their strong (𝑥) directions. In 

consistence with the seismic demands shown in Figure B.1, the short-period ground motions 

(set 2) are resulting in relatively lower levels of damage in masonry infill walls, while the other 

two sets are causing an extensive damage, especially in B1 and B2. All three ground motion 

sets are resulting in concrete cracking of RC shear walls. However, the difference in the 

location of concrete cracking for each set is of particular interest. The short period ground 

motions (set 2) are causing the cracking at approximately mid-height, indicating the significant 

contribution of second vibration mode. While for the other two sets, the cracking originated 

from base and propagated upwards as the analysis proceeded. No significant yielding of steel 

reinforcing bars is observed in the shear walls of case study buildings when subjected to ground 

motion sets 1, 2 and 3.  
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Figure B.2 The damage to masonry infill walls in three case study buildings subjected to 

ground motions set 1, 2 and 3 in their strong (𝑥) directions 
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Figure B.3 The cracking of reinforced concrete (RC) shear walls in three case study 

buildings subjected to ground motions set 1, 2 and 3 in their strong (𝑥) directions 
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Figure B.4 The tensile yielding of reinforcing steel bars in the RC shear walls of three case 

study buildings subjected to ground motions set 1, 2 and 3 in their strong (𝑥) directions 
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Appendix C 

Estimation of Natural Period Elongation using the Modal Decomposition Techniques 

This study have extensively used the notion of modal decomposition to understand the 

composition of nonlinear seismic demands. This mode-by-mode consideration of dynamic 

response provides various insights into complex nonlinear behavior of structures, which can 

then either be used to improve the design or to devise a control measure for suppressing 

undesirable response quantities. Apart from these applications, the modal decomposition 

technique can also be used to investigate the elongation in natural period of buildings once 

their response enters in the nonlinear range. The MRSA procedure presented in Chapter 5 uses 

the secant natural period (𝑇𝑠𝑒𝑐,𝑖 at maximum response amplitude of the nonlinear SDF system) 

as the equivalent linear period for any 𝑖𝑡ℎ vibration mode. For the initial evaluation of the 

proposed MRSA procedure, it was considered a reasonable option and was determined from 

the pushover curves of the actual case study buildings. The main objective of this investigation 

was to test the basic idea of the proposed MRSA procedure. It was not intended to investigate 

the actual equivalent linear properties of case study buildings or to propose a new EL 

procedure. However, the modal decomposition of dynamic response can also be an effective 

tool to study the equivalent linear properties of structures. To illustrate this, a brief example is 

included here to report a more realistic estimate of period elongation observed in case study 

buildings when subjected to the selected ground motion records. This example can also serve 

as a guide and recommendation for developing a more robust EL procedure as part of the 

proposed MRSA procedure in future.  

For this example, a ground motion from set 1 is scaled from 0.1 to 5 times of its actual values 

and the UMRHA procedure is carried out for each case. The 𝑖𝑡ℎ-mode nonlinear SDF systems 

were subjected to these scaled ground motions and the resulting roof displacement response 

histories were converted to roof drift ratio (𝑥𝑖
𝑟/𝐻). For the first mode of 44-story case study 

building in its strong (𝑥) direction, the histories of roof drift ratio (𝑥𝑖
𝑟/𝐻) are shown in Figure 

C.1. A closer look at a couple of peak cycles in roof drift ratio history (48 to 60 secs) clearly 

indicates that the vibration period is elongating with increasing scale factor applied to the 

original ground motion factor (resulting in increasing amount of inelastic action). The time 

corresponding to the few peak cycles can be divided by the number of cycles to approximately 

determine the natural period for each case and can be compared with the 𝑇𝑠𝑒𝑐,𝑖 determined from 

the corresponding monotonic pushover curve in the MRSA procedure.  
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Figure C.1 The roof drift history of first vibration mode determined using the UMRHA 

procedure (44-story case study building (B3) subjected to scaled ground motions) 

 

Similarly, another modal decomposition technique—referred as the Orthogonal Filter (OF) 

Method—is also applied to the same example case. This method is based on the assumption 

that when the building responses exceed the limit of linear elastic behavior, orthogonal modes 

still continue to exist, and the nonlinear responses still can be approximately expressed as a 

sum of these orthogonal modal responses. Sangarayakul & Warnitchai (2004) used this idea to 

propose a modal decomposition method in which the shape and properties (frequency, 

damping) of each orthogonal mode is approximately derived from an equivalent linear model 

of the nonlinear structure. Since, the equivalent linear models used in above mentioned study 

were non-proportionally damped systems (due to the non-proportional change in the structural 

properties in the base region), the complex modal analysis theory was used to determine the 

orthogonal mode shape functions, modal properties, and the corresponding modal responses. 

However, this concept can also be conveniently implemented using the classical modal 

analysis formulation for discrete MDF system by introducing an assumption that the 

orthogonal modes continue to exist in the inelastic range of response. The orthogonality 

property of vibration modes can then be exploited to extract the individual modal response 

from the combined response history.  

Chopra (2007) have also used a similar modal decomposition of roof displacement history to 

investigate the effect of modal coupling in nonlinear range of responses. While investigating 

the accuracy of the UMRHA procedure, it was shown that the response contributions of modes 

other than 𝑖𝑡ℎ mode under a force vector 𝑷𝑖(𝑡), are negligibly small—where 𝑷𝑖(𝑡) is the 𝑖𝑡ℎ-

mode term in modal expansion of effective earthquake forces. The reader is referred to 

Sangarayakul & Warnitchai (2004) and Chopra (2007) for a relatively detailed account of this 

concept. 
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A brief mathematical formulation of this idea is presented here by using the modal expansion 

of response acceleration �̈�(𝑡) as an example. The relative acceleration vector �̈�(𝑡) computed 

from detailed NLRHA procedure can be expanded as follows. 

 �̈�(𝑡) =  ∑𝝓𝑖�̈�𝑖(𝑡)

𝑁

𝑖=1

 (C.1) 

Where 𝝓𝑖 is the vector containing the ordinates of 𝑖𝑡ℎ natural vibration mode shape of the 

building during when it is vibrating in its linear range, and �̈�𝑖(𝑡) is the 𝑖𝑡ℎ modal coordinate. 

Pre-multiplying the Equation (C.1) by 𝝓𝑖
𝑇𝑴, where 𝑴 is the mass matrix, we get the following. 

 𝝓𝑖
𝑇𝑴�̈�(𝑡) =∑𝝓𝑖

𝑇𝑴𝝓𝑖�̈�𝑖(𝑡)

𝑁

𝑖=1

 (C.2) 

The orthogonality condition of vibration modes is shown in Equation (C.2) below. It states that 

all the off-diagonal terms in 𝝓𝑖
𝑇𝑴𝝓𝑗 matrix are zero.  

 𝝓𝑖
𝑇𝑴𝝓𝑗 = 0 (for 𝑖 ≠ 𝑗) (C.3) 

After application of this condition, the Equation (C.2) will reduce to the following.  

 𝝓𝑖
𝑇𝑴�̈�(𝑡) = 𝝓𝑖

𝑇𝑴𝝓𝑖�̈�𝑖(𝑡) (C.4) 

By rearranging Equation (C.4), we can write the relative modal response acceleration (�̈�𝑖) for 

any 𝑖𝑡ℎ mode in terms of the combined acceleration vector �̈�(𝑡), as follows. 

 �̈�𝑖(𝑡) =
𝝓𝑖
𝑇𝑴

𝝓𝑖
𝑇𝑴𝝓𝑖

�̈�(𝑡) =
𝝓𝑖
𝑇𝑴

𝑀𝑖
�̈�(𝑡) (C.5) 

Where 𝑀𝑖 = 𝝓𝑖
𝑇𝑴𝝓𝑖 is the modal mass of any 𝑖𝑡ℎ vibration mode. Using Equation (C.5), the 

history of modal acceleration vector �̈�𝑖(𝑡) can be extracted from the combined response 

acceleration computed using the direct integration solution (i.e. the detailed NLRHA 

procedure). The vector 𝝓𝑖
𝑇𝑴/𝑀𝑖 acts as a filter (to filter out the effects of all modes other than 

𝑖𝑡ℎ vibration mode) to extract �̈�𝑖(𝑡) from �̈�(𝑡). Since, this filter is based on the orthogonality 

property of the mode shapes, this method of modal decomposition is referred as the Orthogonal 

Filter (OF) method.  

The 𝑖𝑡ℎ-mode acceleration vector �̈�𝑖(𝑡) can also be numerically integrated to determine the 

corresponding modal velocity �̇�𝑖(𝑡) and modal displacement histories 𝑞𝑖(𝑡). In this example, 

the modal expansion of acceleration vector �̈�(𝑡) is shown. However, the orthogonality 

property can also be employed to directly extract the fluctuating modal contributions of 

displacements, shear forces and bending moments etc. Figure C.2 shows the basic idea of 

Orthogonal Filter (OF) to decompose the combined acceleration response into the individual 

modal contributions. 
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Figure C.2 The basic idea of Orthogonal Filter (OF) method to decompose the combined 

acceleration response into the modal contributions 

 

Unlike the UMRHA procedure, the OF method can extract the modal response from the 

combined inelastic dynamic responses without the use of modal equations of motion. Hence, 

the response of any 𝑖𝑡ℎ vibration mode is not constrained to fluctuate like that of an 𝑖𝑡ℎ-mode 

nonlinear SDF system as in the case of the UMRHA procedure. Since, in the inelastic range of 

response, the mode shapes and their associated properties used by the OF method may not be 

perfectly orthogonal, the extracted response for a particular mode may contain errors spilled 

from other vibration modes. These errors should be carefully investigated prior to the use of 

this method. Sangarayakul & Warnitchai (2004) have introduced the use of two indexes for 

this purpose. The first index (referred as the orthogonal index) is for checking the orthogonality 

between two modes, whereas the second index (referred as the error index) is used for checking 

the significance of the spillover from one physical mode to the response of another vibration 

mode.  

For the first three vibration modes of 44-story case study building in its strong (𝑥) direction, 

the modal mass matrix is shown below.   

 

𝑴𝒊 =∑𝝓𝑖
𝑇𝑴𝝓𝑖

3

𝑖=1

= [
8801 −35 52

−35 11206 186

52 186 12366

] (tons) (C.6) 

The diagonal elements in this matrix are the modal masses for first three vibration modes. 

However, for these modes to be perfectly orthogonal, all the off-diagonal terms in this matrix 

should be zero. The magnitude of these off-diagonal terms is indicating the level of spillover 

of responses from one mode to another.  

Figure C.3 shows the roof acceleration histories of the first three vibration modes of the 44-

story case study building (B3) (subjected to a ground motion from set 1) decomposed using 

the Orthogonal Filter (OF) method. Generally, the contribution of first few vibration modes in 

the acceleration response is of comparable magnitude, unlike the displacement response which 

is mainly dominated by the first vibration mode. Therefore, the modal decomposition of 

acceleration (and subsequent conversion to velocity and displacement) is a better option to 

reduce the problem of spillover while using the OF method. For the presented example case, 

the fluctuating modal acceleration responses were converted to velocity and displacement 

using the numerical integration. Figure C.4 shows the comparison of combined and individual 

modal histories of roof displacement obtained using the NLRHA and UMRHA procedures, 

respectively, with those determined using the Orthogonal Filter (OF) method. It can be seen 

that the total roof displacements are matching reasonably well. Similarly, the displacement of 

first vibration mode computed using the UMRHA procedure is almost in complete agreement 

with the first-mode displacement decomposed using the OF method. Whereas, for the second 

and third vibration modes, the agreement is not as good as the first mode due to the error caused 

by spillover. 

Response Acceleration 

History (NLRHA procedure)

Input Orthogonal Filter Output

-mode 

Acceleration History 
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Figure C.3 The roof acceleration histories of the first three vibration modes decomposed 

using the Orthogonal Filter (OF) method (44-story case study building (B3) subjected to a 

ground motion from set 1) 
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Figure C.4 The comparison of combined and individual modal histories of roof displacement 

obtained using the NLRHA and UMRHA procedures with those determined using the 

Orthogonal Filter (OF) method (B3 subjected to a ground motion from set 1) 
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The OF method is also applied to decompose the responses of 44-story case study building 

subjected to the scaled ground motions. The individual modal roof displacement histories 

obtained from both the UMRHA procedure and the OF method were analyzed to investigate 

the amount of period elongation with increasing scale factor. The number of few stable cycles 

including the peak-amplitude cycles were counted to estimate the time periods representing 

the actual nonlinear structural state under the scaled ground motions. Figure C.5 shows the 

histories of roof drift ratio (𝑥𝑖
𝑟/𝐻) for the first mode of 44-story case study building in its 

strong (𝑥) direction, extracted using the OF method. The elongation in natural period with 

increasing scale factors is evident.  

 

Figure C.5 The roof drift history of first vibration mode decomposed using the Orthogonal 

Filter (OF) method (44-story case study building (B3) subjected to scaled ground motions) 
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(a) The comparison of 𝑇𝑠𝑒𝑐,𝑖/𝑇𝑖 from the monotonic 

pushover curve and the approximate values 

determined from the peak cycles of modal response 

histories computed using the UMRHA procedure and 

the OF method 

(b) The approximate 𝑇𝑠𝑒𝑐,𝑖/𝑇𝑖 values computed at an 

effective response amplitude (0.6 and 0.8 times the 

peak amplitude, respectively) 

Figure C.6 The elongation in the natural time period of the first vibration mode of 44-story 

case study building in its strong (𝑥) direction 

 

Figure C.6 compares the 𝑇𝑠𝑒𝑐,𝑖 (normalized by the initial time period 𝑇𝑖) obtained from the 

first-mode monotonic pushover curve with the approximate time periods determined from the 

first-mode 𝑥𝑖
𝑟/𝐻 histories computed by the both modal decomposition techniques (i.e. the 

UMRHA procedure and the OF method). It can be seen that the estimated periods from the 

both modal decomposition techniques tend to remain lower than secant time periods (𝑇𝑠𝑒𝑐,𝑖) at 

the maximum response amplitude. This observation invokes a further investigation on the 

adequacy of using the 𝑇𝑠𝑒𝑐,𝑖 as a representative of true nonlinear structural state. Using 𝑇𝑠𝑒𝑐,𝑖 
at maximum displacement amplitude is equivalent to assuming that the structure will 

experience several cycles with displacements equal to the maximum displacement during the 

ground motion. However, it is more likely that there will be only few cycles with amplitudes 

close to maximum, with more cycles at smaller amplitudes. Therefore, intuitively, it seems 

more suitable to use an equivalent linear period based on the displacement that is smaller than 

the maximum. The presented results suggest that the secant natural period at an effective 

displacement amplitude (60 to 80% of the peak amplitude, as shown in Figure C.6 (b)) may 

prove to be a relatively better candidate for the equivalent linear period compared to that at 

peak amplitude. However, this observation can be further investigated in future studies to 

formulate an improved definition of equivalent linear period and to propose a more accurate, 

robust and efficient EL scheme for the MRSA procedure presented in Chapter 5.  
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