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Summary
The standard response spectrum analysis (RSA) procedure prescribed in various design codes is

commonly used by practicing engineers to determine the seismic demands for structural design

purpose. In this 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. Recent studies, however, have shown that the response of higher vibration modes

may experience much lower level of nonlinearity, and therefore, it may not be appropriate to

reduce their demand contributions by the same factor. In this study, a modified RSA procedure

based on equivalent linearization concept is presented. The underlying assumptions 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 repre-

sented by those of an equivalent linear SDF system. Using 3 high‐rise buildings with reinforced

concrete shear walls (20‐, 33‐, and 44‐story high), the accuracy of this procedure is examined.

The inelastic demands computed by the nonlinear response history analysis procedure are used

as benchmark. The modified RSA procedure is found to provide reasonably accurate demand

estimations for all case study buildings.

KEYWORDS

equivalent linear system, high‐rise buildings, nonlinear model, RC shear wall, response modification

factor, response spectrum analysis
1 | INTRODUCTION

Over last few decades, the structural design against earthquakes has passed through a continuous process of evolution. The story that started from

a simple mass‐proportional lateral load resisted by elastic action has now evolved into an explicit consideration of design earthquakes applied to the

detailed nonlinear finite‐element models. 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 designers

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

are bringing more sophistication to 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. From 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 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 and clearly explaining the complex response in terms of its

components. This insight should then help in devising the most efficient design scheme in terms of reduction in cost, time, effort, and other
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resources. Therefore, practicing engineers are always interested in simple and conceptually elegant procedures that can provide reasonably

accurate response estimates in lesser time and computational effort. For example, for a high‐rise building project, setting up a full nonlinear

structural model—sophisticated enough to capture all important aspects of material and component nonlinearity—may be an onerous task

compared to a linear elastic model. Nonlinear modeling not only requires great expertise and detailed insight of various complex interactions

and phenomena (associated with individual inelastic components) but also demands significant computational effort and resources. Moreover,

the latest analysis guidelines require to use a large number of ground motions records representing the anticipated seismic hazard at the building

site. This process of selecting representative ground motions, performing the detailed nonlinear response history analysis (NLRHA), and

post‐processing of results may cost a significant amount of time. Also, an ordinary design office may not have necessary expertise and resources

to undergo this complete 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.

The most commonly used analysis tool to determine the design forces and displacement demands is the response spectrum analysis (RSA)

procedure. Although the development of fast numerical solvers, user‐friendly software, and significant decrease in computational cost over last

two decades have resulted in a number of new analysis procedures, the RSA is still the most widely applied procedure, owing to its practical

convenience. As prescribed in various codes and design guidelines, it 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 each vibration mode, the linear elastic response of the structure under its corresponding equivalent 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 7–05)[1] or a behavior factor, q (EC 8).[2] 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 7–05)[1] or displacement behavior factor,

qd (EC 8)[2] 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.

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 NLRHA. The adequacy of seismic design factors (R and Cd) 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, we still believe that the concept of vibration modes is a valuable tool to simplify and quickly understand the complex dynamic behavior.

Seeing the total 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. The conceptual simplicity

associated with the idea of modal expansion and response superposition have profound applications in seismic analysis of structures, and it should

not be undermined or terminated based on the limitations of code‐based standard RSA procedure. 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.
2 | BACKGROUND AND MOTIVATION

The use of response modification factor (R), as recommended in the standard RSA procedure, is equivalent to proportionally reducing the demand

contribution of every vibration mode with the same factor. However, various studies based on modal decomposition of inelastic dynamic response

of buildings have shown that the response of all vibration modes does not experience the same level of nonlinearity under a ground motion. Eibl

and Keintzel[3] were among the first to identify that the shear force demand corresponding to each vibration mode of a cantilever wall structure is

limited by the yield moment at the base. On the basis of 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[4,5] also confirmed that the amount of

inelastic action experienced by different vibration modes can be significantly different. For RC cantilever walls, Priestley[6] 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, whereas higher modes tend to undergo lower levels of nonlinearity. Therefore, reducing the

force demands of all modes by the same reduction factor may result in a significant underestimation of demands. Various other studies[7–9] 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. In order to address this issue, Priestley and Amaris[10] extended the concept of “modal limit

forces” by Eibl and Keintzel[3] and proposed the modified modal superposition (MMS) method. This method recommends to apply the response

modification factor only to demands from the first vibration mode. Priestley[6] 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
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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.[6] As an attempt to accurately estimate the higher‐mode response of ductile structures, Sullivan et al.[11] proposed a new modal

superposition scheme for RC frame‐wall buildings that uses modified modal properties for higher vibration modes. Maniatakis et al.[12] proposed

a modified 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 multimode pushover analysis of an inelastic structural model and,

therefore, can also be viewed as a simplification of the modal pushover analysis (MPA) proposed by Chopra and Goel.[13]

More recently, Ahmed and Warnitchai[14] and Mehmood et al.[15,16] applied the uncoupled modal response history analysis (UMRHA)

procedure to various high‐rise buildings with RC shear walls and gravity frame systems. This approximate analysis procedure was originally

formulated by Chopra and Goel,[13] and it allows to decompose the complex nonlinear dynamic response of buildings in to contributions from

few individual vibration modes. The behavior of each vibration mode is represented by a nonlinear SDF system. For several high‐rise RC shear wall

buildings (20‐ to 44‐story high), it was shown that the nonlinear responses, for example, floor displacements, interstory drifts, story shears,

overturning moments, and floor accelerations, can be decomposed into contributions from a few significant and independent vibration modes. This

approach provides an opportunity to clearly understand the individual modal behavior as well as their relative contributions to total response. Using

this effective tool, these studies reconfirmed that the response of each contributing vibration mode exhibits a different level of inelastic action

under the same ground motion. The first‐mode inelastic seismic demands were found to be much lower than the corresponding elastic responses,

indicating that the direct reduction by R may provide reasonable estimate of inelastic demands. However, the second‐ and higher‐mode demands

were found to be experiencing lower or no inelastic action. This modal decomposition of nonlinear response using the UMRHA procedure makes it

clear that reducing each mode's force demands with the same response modification factor—as recommended in the standard RSA procedure—may

not be appropriate. This approach further indicates that the very assumption that nonlinear demands can simply be estimated by directly modifying

the corresponding linear elastic demands is a source of inaccuracy in the standard RSA procedure. For a relatively more accurate determination of

nonlinear seismic demands, the behavior of each mode should actually correspond to its close‐to‐real nonlinear state, instead of scaling down the

response from linear elastic behavior. Therefore, an improved procedure capable of 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.
3 | THEORETICAL FOUNDATION AND BASIC CONCEPT

As mentioned in preceding section, the UMRHA procedure can be used to approximately decompose the combined dynamic response of buildings

in to modal contributions, even when they exceed the elastic limits. This study uses the UMRHA procedure as a theoretical background to propose

a convenient and practical analysis procedure for the estimation of nonlinear seismic demands. The mathematical formulation of the UMRHA

procedure will be used as a starting point, which will be simplified later as a basis for the proposed procedure. Therefore, it is necessary to first

briefly review the theoretical concepts and underlying assumptions of the UMRHA procedure.

3.1 | 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 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 non-

linear, 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. The mathematical formulation of this procedure is presented here using a 2D multistory 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 multistory shear building subjected to a horizontal ground motion €xg tð Þ are given by

M€x þ C _x þ fs x; _xð Þ ¼ −Ml€xg tð Þ; (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 _x, that is, fs ¼ fs x; _xð Þ. By expanding the floor displacements as a sum of modal

contributions, we get
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x tð Þ ¼ ∑
N

i¼1
ϕiqi tð Þ; (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€xg tð Þ ¼ −s€xg tð Þ ¼ − ∑
N

i¼1
si€xg tð Þ ¼ − ∑

N

i¼1
ΓiMϕi€xg tð Þ; (3)

where Γi ¼ ϕT
i Ml=ϕT

i Mϕi. Further details about this expansion can be found in Chopra.[17] The responses to any ith modal inertia force vector is

given by

M€x þ C _x þ fs x; _xð Þ ¼ −si€xg tð Þ (4)

In the UMRHA procedure, the responses to each modal inertia force vector (−si€xg tð Þ) are first computed, and these modal responses are

then combined into the total responses. The procedure is based on the principle of superposition that 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€xg tð Þ are purely those of the ith

vibration mode due to the orthogonality of the modes. For inelastic structures, Chopra and Goel[13] 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 4 can

be replaced by ϕiqi(t).

Premultiplying Equation 4 by ϕT
i , we obtain

Mi€qi þ 2ξ iωiMi _qi þ Fsi qi; _qið Þ ¼ −ΓiMi€xg tð Þ; (5)

where Mi ¼ ϕT
i Mϕi; ωi and ξi are the natural vibration (circular) frequency and the damping ratio of the ith mode, respectively. The resisting force

Fsi ¼ ϕT
i fs x ¼ ϕiqi; _x ¼ ϕi _qið Þ and hence Fsi is a nonlinear function of qi and _qi. By introducing a new modal coordinate Di(t) where

qi tð Þ ¼ ΓiDi tð Þ; (6)

Equation 5 can be transformed into

€Di tð Þ þ 2ξ iωi
_Di tð Þ þ

Fsi Di; _Di

� �

Li
¼ −€xg tð Þ; (7)

where Li =MiΓi. Equation 7 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; _Di

� �
. 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[13] demonstrated that Fsi Di; _Di

� �
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 s�i ¼ Mϕi. However, for structures where the modal hysteretic behaviors are not known, a cyclic

pushover analysis should be performed for every important mode to identify the nonlinear function Fsi Di; _Di

� �
. The cyclic pushover analysis

for the ith mode can be carried out by applying a force vector with the ith modal inertia force pattern s�i 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 are expected to be

clearly dominated by those of the ith mode, and hence the relationship between roof displacement (denoted by xri tð Þ) and Di(t) is approxi-

mately given by

xri tð Þ ¼ Γiϕr
i Di tð Þ; (8)

where ϕr
i 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

¼ Vbi

ΓiLi
(9)
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By this way, the results from the cyclic pushover analysis are first presented in the form of cyclic base shear (Vbi)–roof displacement (xri )

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 and 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.[15,16] have conducted cyclic pushover analyses and showed that for lower

levels of roof drift ratio (<1%), the modal cyclic base shear (Vbi)–roof displacement (xri ) relationships can be suitably idealized using the self‐centering

type flag‐shaped hysteretic models. In this study, an example of such matching of cyclic pushover curves (Figure 5) with the suitable idealized

hysteretic behaviors can be seen in Figure 7.

The response time history of Di(t) as well as Fsi(t) can then be calculated from the nonlinear governing Equation 7. All the deformation‐related

responses such as story displacements and interstory drifts, are determined from Di(t), whereas 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

follows:

xki tð Þ ¼ Γiϕk
i Di tð Þ; (10)

where xki tð Þ is the kth floor lateral displacement contributed by the ith vibration mode, andϕk
i is the value of ϕi at the kth floor level. The interstory

drifts can be easily calculated once the floor lateral displacements are known. The base shear, Vbi(t), is determined by Equation 9, whereas the base

moment, Mbi(t), is determined using the following equation:

Mbi tð Þ ¼ Fsi tð Þ=Lið Þ∑N
k¼1ΓiL

k
i h

k; (11)

where hk is the height of kth floor above the base, Lki ¼ ϕk
i m

k and mk is the story mass of kth floor, and 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 s�i ¼ Mϕi. For

other force‐related responses, their relationship with Fsi can be obtained from the MPA procedure 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:

r tð Þ ¼ ∑
m

i¼1
ri tð Þ; (12)

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.

The theoretical concepts of the UMRHA procedure described in this section can be easily applied to many other types of structures. As

mentioned earlier, various studies[14–16] have recently applied this procedure to case study RC shear wall buildings and evaluated its accuracy

by comparing with the detailed NLRHA procedure. 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, interstory drifts, and floor accelerations. The combined

responses, r(t), obtained by the UMRHA procedure are shown to match well with those computed by the NLRHA procedure. This shows the

efficiency of this approach in decomposing the complex nonlinear dynamic response of buildings into individual modal contributions. Further

details of this procedure and its validation can be seen in Chopra and Goel,[13] Ahmed,[18] Ahmed and Warnitchai,[14] and Mehmood et al.[15,16]

3.2 | From the UMRHA procedure to the modified response spectrum analysis procedure—the basic concept

The underlying assumption of the UMRHA procedure—which 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 represent these nonlinear modal SDF systems. This idea is 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—referred in literature as the equivalent linearization (EL)—has remained a subject of immense research over past few decades,

with a large number of studies dealing with the conversion of nonlinear systems into equivalent linear systems. As guided by the UMRHA

procedure, this study makes use of the EL approach as an attempt to further simplify the estimation of nonlinear seismic demands of buildings.

However, unlike various existing EL procedures where the full structure is idealized as a single equivalent linear SDF system, here, the concept

is applied separately to every significant vibration mode of a structure by converting its representative nonlinear SDF system into its equivalent

linear counterpart. For any ith vibration mode, the governing equation of motion of inelastic SDF system (Equation 7) can be approximately

replaced by the following equation.

€Di tð Þ þ 2ξeq;iωeq;i
_Di tð Þ þ ω2

eq;iDi tð Þ ¼ −€xg tð Þ; (13)
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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 13 can be readily solved to determine Di(t) without the need of nonlinear function Fsi Di; _Di

� �
.

A comparison of Equations 7 and 13 shows that any ith‐mode nonlinear SDF system can be converted to an equivalent linear SDF system by

defining its equivalent linear natural frequency (ωeq,i) and equivalent viscous damping (ξeq,i). The equivalent linear frequency (ωeq,i) can also be

converted to equivalent natural time period (Teq,i). In this study, these two parameters, Teq,i and ξeq,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 1) as the actual nonlinear SDF system with initial period Ti and initial viscous

damping ratio ξi. Figure 1 shows the conversion of an ith‐mode nonlinear SDF system governed by Equation 7, in to an equivalent linear SDF

system governed by Equation 13.

Based on the assumptions that each modal nonlinear SDF is independent of other (similar to the UMRHA procedure) and it can be converted to

an equivalent linear SDF system, an approximate analysis scheme is presented in this study. If the equivalent linear properties for each vibration

mode are the best representative of its corresponding nonlinear SDF system, the modal superposition of responses from these equivalent linear

SDF systems is expected to provide a fairly accurate estimate of nonlinear demands, compared to an equal and direct scaling down of elastic force

demands—as assumed in the standard RSA procedure. This scheme—referred onwards as the modified response spectrum analysis (MRSA)—

although involves an additional step (i.e., estimation of equivalent linear properties), it can offer a significant reduction in effort and time compared

to the nonlinear dynamic analysis of an inelastic model. It should be noted that in the UMRHA procedure, the individual modal response histories

are directly added in time domain (Equation 12) to get the combined nonlinear seismic demands; while in the proposed MRSA procedure, 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 13 for each equivalent linear modal SDF and then summing up the time histories of modal responses (as in the UMRHA procedure), the

MRSA procedure is proposed as a quick and convenient modification of the standard RSA procedure. This approximation will allow the practicing

engineers to use the MRSA procedure in a convenient and practical way. Considering it as a modification applied over individual elastic modal

response, the MRSA procedure can be performed within already implemented standard RSA framework in various commercial software for linear

elastic analysis. Figure 2 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 with the UMRHA procedure not only in terms of the introduction of EL approach

but also in terms of the how the individual modal responses are combined to obtain the overall nonlinear seismic demands.

A large number of the EL procedures were proposed in last few decades, dealing with an accurate estimation of equivalent linear properties (Teq

and ξeq). The pioneering studies considering the dynamic equivalence between the nonlinear and linear systems were conducted by Caughey,[19]

and Rosenblueth and Herrera.[20] Various succeeding studies expanded the EL approach to include the effect of different types of nonlinear

hysteretic behaviors and their controlling parameters. Currently, the existing EL procedures can be classified into two main groups based on the

adopted definition of the equivalent natural period (Teq), or equivalent linear stiffness (Keq). In the first group, the equivalent period (Teq) is deter-

mined from the secant stiffness at the maximum nonlinear displacement. This definition of equivalent period was first proposed by Rosenblueth

and Herrera[20] 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. In these methods, the amount of equivalent viscous damping (ξeq) is then determined using
FIGURE 1 Replacing an ith‐mode nonlinear single‐degree‐of‐freedom (SDF) system with the corresponding equivalent linear system
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various approaches resulting in best response matching between the nonlinear and equivalent linear systems. The value of ξeq is therefore expected

to compensate for any error arising from fixing theTeq to secant period at maximum displacement. 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, some later studies pro-

posed 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, 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.

Instead of fixing Teq and determining the corresponding ξeq, here, 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. The optimum pair of Teq and ξeq in each case is identified

by minimizing an 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. However, such iterative techniques to identify

the best combination of Teq and ξeq 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. A comprehensive review and comparison

of various EL procedures can be found in Liu et al.[21] and Lin and Miranda.[22]

The intent of this study is to test the concept (i.e. the application of EL approach for the RSA procedure); it is not intended to propose any

refinement in the existing EL methods. Therefore, the investigation on what should be the most realistic equivalent linear properties corresponding

to a nonlinear system is beyond the scope of this paper. Various existing EL procedures are developed for commonly used hysteretic behaviors and

their controlling parameters and have their own assumptions, limitations and inherent uncertainties. 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 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.

If it results in a reasonably accurate prediction of nonlinear seismic demands, the idea can be further developed.

Therefore, for an initial evaluation of the proposed MRSA procedure, the simplest and more conventional approach is used, instead of going

after empirical and relatively more ambitious efforts to determine Teq and ξeq. For any ith vibration mode, the secant period at maximum amplitude

(Tsec,i) is opted in this study as the equivalent linear period for proposing and evaluating the MRSA procedure. The total equivalent viscous damping

for an ith vibration mode (ξeq,i) is determined as follows.

ξeq;i ¼ ξ i þ ξh;i; (14)

where ξi is the initial viscous damping ratio and ξh,i is the additional hysteretic damping ratio of an ith vibration mode.
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In this study, the amount of additional hysteretic damping (ξh,i) is estimated by using the equal‐energy dissipation principle. This idea was first

introduced by Jacobsen[23] (see Figure 1), 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. 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 force‐deformation loop.

ED Dið Þ ¼ ∫One Cycle

Fsi Di; _Di

� �

Li
dDi (15)

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 ω, is denoted by EEL(Di), and can be obtained as follows.[17]

EEL Dið Þ ¼ 2πξEL;i ω ω sec;i D
2
i;max (16)

By applying the equal‐energy dissipation assumption, we can equate EEL(Di) to ED(Di), and therefore, the viscous damping ratio (ξEL,i) of the

equivalent linear system can represent the hysteretic damping ratio (ξh,i) of an ith mode nonlinear SDF system. The strain energy associated with

the equivalent linear system, Eso(Di), is given by Equation 17 and can be determined as the triangular area under its linear Fsi/Li –Di relationship, as

shown in Figure 1.

Eso Dið Þ ¼ 1
2
ω2

sec D
2
i;max (17)

By assuming that the forcing frequency of sinusoidal excitation,ω, is equal to the natural frequency of equivalent linear system, ωsec,i, the hys-

teretic damping ratio (ξh,i) for an ith vibration mode can be determined as follows.

ξh;i ¼
1
4π

ED Dið Þ
Eso Dið Þ (18)

Although the assumption thatω ¼ ω sec;i is strictly not compatible with the modal cyclic pushover analysis to get nonlinear hysteretic loops and

ED(Di), studies
[17] have shown that it is a satisfactory approximation to assume that the hysteretic damping is not dependent on the cyclic loading

frequency.

It should be noted that the viscous damping constant of a linear system also depends on its stiffness. Because the response velocity (and the

damping force) 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. However, this adjustment is not considered in this study for testing the MRSA procedure, and the total equivalent

viscous damping for any ith vibration mode (ξeq,i) is taken as the sum of ξi used in the NLRHA procedure, and the bare hysteretic damping (ξh,i)

determined from the cyclic pushover analysis (Equation 14).

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; _Di

� �
. Using Equation 8, for any ith vibration mode,

the value of Di can be converted to peak roof drift ratio (xri =H—the ratio of peak roof displacement to the total height of building) and therefore, the

graphical relationships between the equivalent linear properties and xri =H (e.g., Figure 6) can be obtained for any Fsi Di; _Di

� �
.

In various existing EL procedures, the generalized relationships for determining the equivalent linear properties are developed as a function of

the ductility ratio (μ =Di,max/Dy, where Dy is the yield displacement) for structural systems having the same type of hysteretic behavior. Because this

study is aimed at an initial testing of the MRSA procedure, the Teq,i and ξeq,i values are derived as a function of roof drift ratio (xri =H), which are

specific only to the selected case study buildings with RC shear walls and gravity frames (explained in Section 4). Moreover, recent studies[15,18,24]

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%, whereas 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 (xri =H) can serve as an appropriate and physically

meaningful deformation measure to assess the extent of nonlinearity in a structure. An iterative scheme is proposed (and explained in Section 6)

to determine theTeq,i and ξeq,i for any ith vibration mode, using developed relationships. It should be noted that in this study, the detailed nonlinear

models of selected case study buildings are used to estimate their equivalent linear properties for each significant vibration mode. To ensure the

practical applications of the MRSA procedure in common design offices, the development of generalized relationships relating the equivalent linear

properties with a suitable deformation parameter is an important requirement. Once the efficiency of the proposed MRSA procedure in predicting
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nonlinear demands is established, the generalized relationships can be developed for different structural systems in future studies. The develop-

ment of such relationships requires a separate investigation following either of the two main categories of the EL procedures mentioned earlier.

Various structural systems can be classified into different categories based on their expected hysteretic response. The representative curves for

each category can then be constructed either by application of an existing EL approach to its idealized hysteretic behavior, or by calibration of

dynamic responses between the equivalent linear system and nonlinear SDF system using a detailed iterative analysis. Recently, in the context

of the direct displacement‐based design,[25] such relationships for determining the equivalent viscous damping (ξeq vs. ductility ratio, μ) have been

derived for different structural systems.[26] With the development of similar generalized relationships for the MRSA procedure, the equivalent lin-

ear properties can be determined directly, without performing the cyclic MPA to determine the nonlinear modal hysteretic behavior, Fsi Di; _Di

� �
.

The proposed procedure can, therefore, be conveniently performed without the need of making a nonlinear structural model.
4 | CASE STUDY BUILDINGS AND GROUND MOTIONS

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 capac-

ity in critical structural components in accordance with the demands obtained from the MRSA procedure, the structure can be reevaluated using its

initial elastic properties for its seismic performance evaluation. This makes the analysis using the proposed MRSA procedure an end in itself.

In this study, the accuracy of the MRSA procedure is examined by using three existing high‐rise case study buildings. These buildings (20‐, 33‐

and 44‐story high, denoted as B1, B2, and B3, respectively) are located in Bangkok, the capital city of Thailand, and are only designed for gravity

and wind loads. They are selected to represent a range of typical existing RC shear wall buildings in many countries around the world. The proposed

MRSA procedure will be applied to these case study buildings to evaluate their nonlinear seismic demands. The detailed NLRHA procedure will also

be carried out using a suite of compatible ground motion records. The seismic demands obtained from the detailed NLRHA procedure will be used

as a benchmark to gauge the accuracy of the proposed MRSA procedure. In order to further understand and evaluate the composition of seismic

demands, the UMRHA procedure will also be carried out to obtain modal contributions of various key response quantities. The individual modal

contributions obtained from the proposed MRSA procedure will be compared with those obtained from the UMRHA procedure to check the

performance of the MRSA procedure at individual mode level.

The seismic demands obtained from the code‐prescribed standard RSA procedure[1] will also be determined and included in the comparison.

This study is not aimed to evaluate the accuracy of the standard RSA procedure. Various recent studies[7–9,14] 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

level. 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 on the adequacy of using the same response modification factor (R) for every significant vibration mode.

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. The primary gravity‐load‐carrying system in B1 is RC

beam‐column frame with RC slabs, whereas 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 selected case study buildings are considered adequate to test

the accuracy of the proposed MRSA procedure. Salient structural and architectural features of these buildings are given in Table 1.

To perform the MRSA and the standard RSA procedures, the linear elastic models of these case study buildings were created in ETABS.[27]

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. The traditionally assumed damping ratio of 5% is considered

to be too high and not realistic for tall buildings. In this study, the modal damping ratio of 2.5% is assigned to every significant vibration mode.

For the MRSA procedure, initially, 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 of 2.5%) are used to determine theTeq,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.

For the detailed NLRHA procedure and the cyclic MPA, full 3D inelastic finite element models of case study buildings were created in Perform

3D.[28] Each structural wall is modeled by nonlinear fiber elements over the entire height because flexural cracking and yielding may occur at any

location due to the higher‐mode effects. Each shear wall panel is divided in to a large number of vertical nonlinear concrete and steel fibers to sim-

ulate the combined axial‐flexural behavior. The concrete fibers were modeled using the Mander's[29] unconfined stress–strain model approximated

by a trilinear envelope. The tensile strength of concrete is set equal to 0:33
ffiffiffiffi
f′c

q
MPa. The steel fibers were modeled with a non‐degrading type

bilinear hysteretic model including strain hardening. The post‐yield stiffness is set to 1.2% of the elastic stiffness. In order to account for the fact



FIGURE 3 Plans and 3D views of three case study buildings
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that actual material strengths are generally greater than nominal strengths specified by the designer, the expected values of yield strength of steel

(1.17 times its nominal yield strength)[30] and compressive strength of concrete (1.3 times the specified strength)[30] are used in material fibers. 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 postyielded states of the column can be fully simulated. The concrete slabs, on the other hand,

are assumed to remain elastic and are modeled by elastic thin shell elements. 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. The

axial stiffness, strength and inelastic deformation capacity of these struts are determined from the geometry and material properties of the masonry

walls by following the FEMA‐356[31] guidelines. The inherent modal damping ratio of 2.5% is assigned to every significant vibration mode. In

modal damping model, a constant initial stiffness‐proportional damping matrix is determined based on the mode shapes and natural periods of

the initial elastic structure.

In this study, a set of seven ground motion records from shallow crustal earthquakes with magnitude in the range of M 6.5–7.5 are considered.

These ground motions are obtained from the PEER[32] strong ground‐motion database and are recorded on relatively near‐source sites (<50 km)

with site class D. The ground motions are scaled and adjusted by spectral matching[33] to match with a 5% damped design basis earthquake

(DBE‐level) target response spectrum prescribed in ASCE 7‐05,[1] corresponding to a building site with Ss = 1.5 g and S1 = 0.75 g. Although these

values and the selected target spectrum are not representative of the actual seismic hazard at case study buildings' site (i.e., Bangkok), these are

considered appropriate for the purpose of testing the accuracy of the proposed MRSA procedure under a strong seismic hazard level. Figure 4

shows the target and matched acceleration response spectra of the selected ground motions.



TABLE 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

FIGURE 4 The acceleration response spectra
of ground motions used in this study
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5 | ANALYSIS OF NONLINEAR RESPONSES USING THE UMRHA AND NLRHA PROCEDURES

The nonlinear models of case study buildings are subjected to the detailed NLRHA procedure to compute the benchmark seismic demands for com-

parison with the MRSA procedure. To obtain further insight to the composition of these demands, the UMRHA procedure is also carried out. For

this purpose, the nonlinear models were first subjected to the cyclic pushover analysis using the modal inertia force distribution pattern s�i ¼ Mϕi.

The resulting cyclic pushover curves (e.g., in the form of base shear coefficient Vbi/W versus the cyclic roof drift ratio xri =H, as shown in Figure 5) are

used to identify the suitable nonlinear function Fsi Di; _Di

� �
for the UMRHA procedure. They are also used to develop theTeq,i/Ti versus xri =H, and ξh,i

versus xri =H relationships for computing the equivalent linear properties in the MRSA procedure. Figure 5 shows the Vbi/W vs. xri =H relationships for

the first mode of three case study buildings in their x directions. 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. In the unloading phase, the stiffness remains soft until the cracks in RC walls are fully

closed by the effect of gravity loads. This results in the restoration of initial stiffness and the unloading path rejoins the loading path with uncracked

stiffness. Due to this crack‐closing, a self‐centering mechanism (with zero residual deformation) is attained, and the flag‐shaped hysteretic behavior



FIGURE 5 The first‐mode cyclic behavior (Vbi/W vs. xri =H) of the case study buildings in x direction

12 of 19 NAJAM AND WARNITCHAI
is resulted. 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 non‐zero residual deformation. Despite the differences in total height, floor plan,

and structural layout among these buildings, it is observed that their damage progression sequences and the overall hysteretic behavior are quite

similar. This shows that it might be possible to develop the generalized relationships for determining the equivalent linear properties of similar

structural systems.

The selected EL scheme is applied to the cyclic pushover curves for first three translational modes of case study buildings in their x directions.

The Vbi/W versus xri =H relationships are converted to Fsi/Li versus Di relationships using the Equations 8 and 9. The slope of secant line at on the

envelopes of these relationships (ω2
eq;i) is determined and converted to Tsec,i using the effective modal mass and the modal participation factor of

that mode (Figure 1). This resulted in Tsec,i/Ti versus xri =H relationships as shown in Figure 6a, where Ti denotes the initial time period for an ith

vibration mode. It can be seen that all three buildings show a similar trend of equivalent natural period (normalized to initial period) for a particular

vibration mode. This further indicates that the representative curves for equivalent natural period can be developed for the structural systems with

similar nonlinear function Fsi Di; _Di

� �
, and therefore, for the general use of the MRSA procedure, it will not be required to construct a nonlinear

structural model and perform the cyclic pushover analysis.

The hysteretic damping ξh,i is determined using the equal‐energy dissipation principle (Equation 18) applied to the actual Fsi/Li vs. Di

relationships. The actual area, ED(Di), enclosed by each cyclic loop is determined at its maximum displacement (Di,max in Figure 1). 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 18 resulted in ξh,i vs. xri =H relationships for any ith vibration mode. For first mode in x directions of three

case study buildings, these relationships are shown in Figure 6b. The total equivalent viscous damping (ξeq) is determined by adding ξh,i to the initial

modal viscous damping (ξi) (Equation 14).

While performing the cyclic MPA of case study buildings, each additional loading cycle was applied with stiffness properties continued from

the end of preceding cycle. However, under some special earthquake records with single strong velocity pulse (e.g., near‐fault ground motions),

a single loading cycle may cause significant inelastic action, unlike the gradual loading increments as applied in the cyclic pushover analysis. To

investigate the effect of this phenomenon on the amount of hysteretic damping, the cyclic pushover analysis is also carried out with each new
FIGURE 6 The equivalent linear properties of the case study buildings determined from the cyclic modal pushover analysis
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loading cycle started from initial unloaded condition. For the 20‐story case study building (B1), the thin dotted line in Figure 6b 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.

For the UMRHA procedure, the Fsi/Li versus Di relationships for each significant ith mode are idealized by the suitable hysteretic models to

construct equivalent modal nonlinear SDF systems. It is observed that the self‐centering type bilinear flag‐shaped behavior can be adequately used

for this purpose, and its controlling parameters are tuned to get optimal matching with the actual Fsi/Li versus Di relationships. The modal nonlinear

SDF systems (governed by Equation 13) were subjected to the selected ground motion set 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 are

also determined (Equation 8).

For the x direction of three case study buildings, Figure 7 shows the comparison between the actual cyclic modal pushover curve and

the response of idealized modal nonlinear SDF systems, in the form of Vbi/W versus xri =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 state. The second mode, however, is experiencing a relatively lower level of nonlinearity as compared to the first mode.

The response of third mode, on the other hand, remained approximately in the linear elastic range for all three cases. In consistence with the
FIGURE 7 The cyclic modal pushover curves versus the hysteretic response of idealized nonlinear single‐degree‐of‐freedom (SDF) systems
(representing an ith vibration mode) under one ground motion
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previous studies,[14–16] this observation reconfirms that the use of same response modification factor (R) for each vibration mode, as prescribed in

the standard RSA procedure, is not appropriate.

Figure 8 shows the envelopes of individual modal contributions to story displacements, interstory drift ratios, story shears and story

overturning moments obtained from the UMRHA procedure, for all three case study buildings. It also compares the combined response envelopes

obtained from the UMRHA procedure with those obtained from the NLRHA procedure. A reasonable matching shows the applicability of the

UMRHA procedure to decompose the complex nonlinear responses into contributions from a few significant vibration modes, while each mode

behaves like a nonlinear SDF system. Given that the combined response envelops obtained from the UMRHA procedure match well with those

obtained from the NLRHA procedure, the individual modal contributions (shown in Figure 8) can be compared with the corresponding equivalent

linear modal demands to evaluate the accuracy of the MRSA procedure.
6 | EVALUATION OF THE MRSA PROCEDURE FOR CASE STUDY BUILDINGS

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
FIGURE 8 The individual modal contributions, and the comparison of combined seismic demands obtained from the uncoupled modal response
history analysis (UMRHA) procedure with those obtained from the nonlinear response history analysis (NLRHA) procedure (x direction of 3 case
study buildings)
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(with no cracked stiffness modifiers) compatible with the initial uncracked state of nonlinear structural models used for 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 versus xri =H and ξh,i versus xri =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 (xri =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 versus xri =H and ξh,i versus xri =H relationships. The value of roof drift ratio (xri =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 xri =H for

an iteration converges to the resulting xri =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 (e.g., 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. Because most of the commercial software provide the facility to apply user‐defined scale fac-

tors to load cases for eigenvalue analysis, the MRSA procedure can be automated in already available software capable of performing the standard

RSA procedure. This automation also allows to conveniently determine all the local response quantities similar to the standard RSA procedure.

The equivalent linear modal demands of case study buildings obtained from the MRSA procedure are compared with modal contributions

obtained from the UMRHA procedure. Figure 9 shows the comparison of peak story shear for first three translational modes of all three case study

buildings. The results from the UMRHA procedure show that for B1, the base shear is mainly dominated by the first vibration mode, whereas for B2

and B3, it is dominated by the second mode. This is well predicted by the MRSA procedure (Figure 9). A reasonable match for all three case study

buildings shows that the MRSA procedure is able to provide a reasonably accurate prediction of nonlinear seismic shear demands for every

important mode. For B3, the initial roof drift ratio (xri =H) for third vibration mode was small and did not 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 this case.

Figure 10 shows a detailed comparison between the seismic demands computed by the MRSA and the NLRHA procedures for all three case

study buildings. 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 7‐05[1] (table 12.2‐1). The displacements and

interstory drift ratios corresponding to design force demands (reduced by R) are multiplied with Cd. ASCE 7‐05[1] 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 that are intended to remain nonyielding during the design basis ground motion. The shear force and overturning moment
FIGURE 9 The comparison of modal story shears of case study buildings obtained from the uncoupled modal response history analysis (UMRHA)
and modified response spectrum analysis (MRSA) procedures



FIGURE 10 The comparison between the standard response spectrum analysis (RSA) and modified response spectrum analysis (MRSA) procedures
with the benchmark nonlinear response history analysis (NLRHA) values for all three case study buildings
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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 7‐05)[1] and included in comparison.

Figure 10 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 displacements and interstory 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 (Figure 7) and the MRSA procedures 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 nonconservative 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 sug-

gested by both the UMRHA and MRSA procedures), but was reduced by R = 4.5 as required in the standard RSA procedure. This underestima-

tion 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 10 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,

interstory drift ratios, and story shear forces are matching with the corresponding demands obtained from the NLRHA procedure, within a reason-

able 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 interstory
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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. The satisfactory performance of

the MRSA procedure 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 required computational effort and convenient application offered by the MRSA

procedure are almost the same as the standard RSA procedure (with an additional step of estimating the adequate equivalent linear properties).

Apart from global responses, the local‐ or component‐level forces and deformational responses are also important in the design and seismic

performance evaluation of individual members. Due to its convenient automation in any general‐purpose structural analysis software, the MRSA

procedure is also capable of predicting the local response quantities. Figure 11a shows the bending moments in two columns of 44‐story case study

building (B3), computed by the standard RSA, MRSA, and NLRHA procedures. One edge column and one corner column, both continued in the

tower and podium (along the entire height of building), are selected for this comparison. It can be seen that the moment demands obtained from

the MRSA procedure are reasonably closer to those obtained from the NLRHA procedure, whereas the standard RSA procedure is showing a sig-

nificant 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 11a. Figure 11b 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 11c
FIGURE 11 The comparison of local response quantities obtained using the standard RSA, modified response spectrum analysis (MRSA) and
nonlinear response history analysis (NLRHA) procedures. (a) The bending moments and shear forces in columns and shear wall legs along the
whole height (44‐story building B3, in x direction). (b) The bending moments and shear forces in a shear wall leg in podium (13 stories of 44‐story
building B3, in x direction). (c) The axial strain in shear wall legs (44‐story building B3, in x direction)

(a)

(b)

(c)
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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 signif-

icantly underestimate the axial strains, whereas the MRSA procedure is providing estimates closer to those obtained by the NLRHA procedure.

Although the story‐level seismic demands are accurately predicted by the MRSA procedure, the mean error in the prediction of component‐

level demands is higher compared to that in corresponding story‐level demands. This higher error may be due to the different distribution of a

particular story‐level demand (assumed in the MRSA procedure) to the structural components in that story. The detailed NLRHA procedure

accounts for an accurate distribution of nonlinear seismic demands among different structural components, whereas 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 presented examples

(Figure 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 component‐level nonlinear demands with a reasonable degree of accuracy.

The implementation of the MRSA procedure for practical purposes requires the development of generalized relationships between the equiv-

alent linear properties and a suitable deformation measure (e.g., the ductility ratio, μ). With the development and use of such relationships in future

studies, the applications of the MRSA procedure can be extended to a wide range of structural systems and hysteretic behaviors. 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 actual high‐intensity ground motions. However, the proposed

procedure can be applied to any type of nonlinear behavior and is able to predict the seismic force demands with a reasonable accuracy. These

force demands can be used to either check the brittle failure or to ensure sufficient strength for avoiding it. In future studies, the generalized

relationships of equivalent linear properties for various general nonlinear behaviors can be developed 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.). These relationships can then be conveniently used to handle various practical cases pertaining to the applicability

of the proposed MRSA procedure to buildings with different structural details and properties. Various graphical aids (e.g., the family of acceleration

and displacement spectra for various viscous damping ratios) can be developed, which may help the practicing engineers to quickly perform

iterations to finalize the equivalent linear properties. The customizable options available in existing commercial software for linear elastic analysis

can be used to conveniently automate the MRSA procedure. For low‐ to mid‐rise buildings, a further potential simplification in the MRSA

procedure is to assume no period elongation and additional damping for higher vibration modes, owing to their tendency to remain elastic or

undergo lower levels of nonlinearity. This assumption will reduce the MRSA procedure to the MMS procedure.[10] 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.
7 | CONCLUSIONS

This study presents a modified version of the RSA based on the EL approach. The underlying idea is that a properly tuned linear elastic SDF model

(with elongated natural period and with additional damping) can approximately represent the nonlinear behavior of a vibration mode and hence can

provide a reasonable estimate of nonlinear seismic demands of that mode. Using the most conventional EL approach (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), this MRSA procedure is applied to three case study high‐rise buildings with shear walls. It is shown that the

MRSA procedure can estimate nonlinear seismic demands of these buildings with reasonable accuracy, either for those of individual vibration

modes or for their sum (total demands). 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. This study is only a first step towards the development of a more versatile

MRSA procedure. The use of more accurate EL procedures (instead of using Tsec,i and ξh,i from the equal‐energy dissipation principle) may increase

the accuracy of response predictions by the MRSA procedure. Considering the impact this idea may have on common design office practice, several

improvements can be made in the future to make this MRSA procedure applicable to buildings and structures of various types, configurations, and

materials used.
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