
Chapter 15
The Evaluation of Nonlinear Seismic
Demands of RC Shear Wall Buildings Using
a Modified Response Spectrum Analysis
Procedure

Fawad Ahmed Najam and Pennung Warnitchai

Abstract In the standard Response Spectrum Analysis (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. Recent
studies, however, have shown that it may not be appropriate to reduce the demand
contributions of higher vibration modes 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 represented by those of an equivalent linear SDF system.
Using three high-rise buildings with RC shear walls (20-, 33- and 44-story high), the
accuracy of this procedure is examined. The modified RSA procedure is found to
provide reasonably accurate demand estimations for all case study buildings.

Keywords Response spectrum analysis · Response modification factor · Nonlinear
model · RC shear wall · Equivalent linear system · High-rise buildings

15.1 Background

The understanding of complex structural behavior is one of the primary goals of
structural analysis. Although, recent advancements in technological fields have opened
a whole new paradigm dealing with detailed structural modeling techniques and
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intricate analysis procedures, a clear understanding may not always be guaranteed by
complex procedures. In fact, it can be more effectively developed using convenient
analysis methods capable of simplifying the complex response in terms of its compo-
nents. Therefore, practicing engineers are always interested in simple and conceptually
elegant procedures which 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. Moreover, the latest analysis guidelines require to use a large number of
ground motions records representing the anticipated seismic hazard at the building site.
An ordinary design office may not have necessary expertise and resources to undergo
the complete process of performing the detailed nonlinear response history analysis
(NLRHA) for each project. Formost 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 procedure to determine the design forces and
displacement demands is the standard 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 an
increased use of new analysis procedures, RSA is still the most widely applied
procedure, owing to its practical convenience. As prescribed in various codes and
design guidelines, it assumes that the nonlinear force demands can be estimated by
simply reducing the linear elastic force demands (combined from all vibration modes)
by a response modification factor (R) (ASCE 7-05, 2006) or a behavior factor, q (EC 8,
2004). The displacements and drifts corresponding to these reduced forces (i.e. after
reduction by R or q) are then multiplied with a deflection amplification factor, Cd

(ASCE 7-05, 2006) or displacement behavior factor, qd (EC 8, 2004) to obtain the
expectedmaximum deformations produced by design seismic forces. Being an approx-
imate analysis procedure, the RSA procedure is often subjected to criticism when
compared with the detailed NLRHA procedure. 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 signifi-
cantly improved physical insight. This study therefore, focuses on a possible improve-
ment in existing practice and the current prevailing use of the RSA procedure for
determining the design demands of high-rise buildings.

15.2 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
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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. Eible and Keintzel (1988) 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. Based on this observation,
they proposed the concept of “modal limit forces”, defined as the maximum 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 response of fundamental mode.
The inelastic action mostly occurs under the response of fundamental mode, while
higher modes tend to undergo lower levels of nonlinearity. Therefore, reducing the
forces of all modes by the same reduction factor may result in a significant under-
estimation of nonlinear demands. Various other studies (Klemencic et al. 2007;
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.

More recently, Ahmed and Warnitchai (2012), and Mehmood et al. (2016a, b)
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
(2002) and it allows to decompose the complex nonlinear dynamic response of
buildings in to contributions from few individual vibration modes. These studies
have shown that the UMRHA procedure is able to provide reasonably accurate
predictions of story shears, story overturning moments, inter-story drifts, and floor
accelerations. The current study uses the UMRHA procedure as its starting point and
is intended to propose a convenient and practical analysis procedure based on
it. Therefore, it is necessary to first briefly review the basic concepts and underlying
assumptions of the UMRHA procedure.

15.3 Theoretical Formulation and Basic Assumptions

15.3.1 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 (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. Furthermore, only a few vibration modes can accurately describe the

15 The Evaluation of Nonlinear Seismic Demands of RC Shear Wall. . . 187



complex structural responses in most practical cases. This classical modal analysis
procedure is applicable to any linear elastic structures. 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. In this procedure, the behavior of each vibration mode is
represented by a nonlinear SDF system governed by Eq. (15.1).

€Di tð Þ þ 2ξiωi _D i tð Þ þ Fsi

�
Di ; _Di

�
=Li ¼ �€xg tð Þ ð15:1Þ

Where Li is the product of modal participation factor (Γi) and modal mass (Mi) of any
ith mode, while ωi and ξi are the natural circular frequency and the damping ratio of
the ith mode, respectively. To compute the response time history of Di(t) against a
ground acceleration vector ( €xg tð Þ ), one needs to know the nonlinear force-
deformation function Fsi

�
Di ; _Di

�
which describes the restoring force produced by

the structure under a deformed shape of ith mode. This restoring force function is a
combined result of lateral response contributions from all structural components, and
is usually selected by idealizing the actual modal cyclic pushover curve for each
mode with a suitable hysteretic model. Further details of this procedure and its
validation can be seen in Chopra and Goel (2002), Ahmed and Warnitchai (2012),
and Mehmood et al. (2016a, b).

The UMRHA procedure provides an opportunity to clearly understand the indi-
vidual modal behavior as well as their relative contributions to total response. Using
this effective tool, recent studies reconfirmed that the response of each contributing
vibration mode exhibits a different level of inelastic action under the same ground
motion. Therefore, reducing each mode’s force demands with the same response
modification factor—as recommended in the standard RSA procedure—may not be
appropriate. 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.

15.3.2 The Basic Concept of the Modified Response Spectrum
Analysis (MRSA) Procedure

The underlying assumption of the UMRHA procedure—that the response of com-
plex 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. The basic concept is that a fairly accurate estimate of nonlinear
response can be obtained by analyzing a hypothetical equivalent linear system with
properties such that the peak displacement response of both nonlinear and equivalent
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linear 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. However, unlike existing EL procedures
where the full structure is idealized as a single equivalent linear SDF system, here the
concept is applied separately to each significant vibration mode of a structure by
converting its representative nonlinear SDF system into its equivalent linear coun-
terpart. For any ith vibration mode, the governing equation of motion of inelastic
SDF system (Eq. 15.1) can be approximately replaced by the following equation.

€Di tð Þ þ 2ξeq, iωeq, i _D i tð Þ þ ω2
eq, iDi tð Þ ¼ �€xg tð Þ ð15:2Þ

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 the equivalent linear system is
minimum. If such optimum values of ξeq, i and ωeq, i are known, Eq. (15.2) can be
readily solved to determine Di(t) without the need of nonlinear function Fsi

�
Di ; _Di

�
.

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 the “equivalent linear properties”. Figure 15.1 shows the
conversion of an ith mode nonlinear SDF system governed by Eq. (15.1), in to an
equivalent linear SDF system governed by Eq. (15.2).

If the equivalent linear properties for each vibration mode are the best represen-
tative of their corresponding nonlinear SDF systems, the modal 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
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Fig. 15.1 Replacing an ith mode nonlinear SDF system with the corresponding equivalent linear
system (a) A nonlinear SDF system with initial circular natural frequency ωi, and with initial
inherent viscous damping ξi (b) An “equivalent linear” SDF system with an equivalent circular
natural frequency ωeq, and with an equivalent viscous damping ξeq, i
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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. Figure 15.2 presents the basic concept of the proposed
MRSA procedure, as guided by the UMRHA procedure.

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). A compre-
hensive review and comparison of various EL procedures can be found in Liu et al.
(2014), and Lin and Miranda (2009). The intent of this study is to test the concept
(i.e. the application of equivalent linearization approach for the RSA procedure); it is
not intended to propose any refinement in the existing EL methods. Therefore, it is
more rational to stick to the simplest and more conventional EL approach, instead of
going after empirical and relatively more ambitious efforts to determine Teq and ξeq.
In this study, for an ith vibration mode, the secant natural period (Tsec, i) at maximum
displacement amplitude (Di, max in Fig. 15.1) is opted 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 ξi þ ξh, i where ξh, i ¼
1
4π

ED Dið Þ
Eso Dið Þ ð15:3; 15:4Þ

ξi is the initial viscous damping ratio and ξh, i is the additional hysteretic damping
ratio of an ith vibration mode. In this study, the amount of ξh, i is estimated by using
the equal-energy dissipation principle. In this approach, the energy dissipated 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. Based on this equality, ξh, i can be determined using Eq. (15.4).

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 evaluating the proposed MRSA proce-
dure. Using this scheme, the equivalent linear properties (Teq, i and ξeq, i) can be

Nonlinear Structure

Nonlinear Response 
History Analysis (NLRHA)

F
D F

D
F

D

Mode 1
Mode 2

Mode 3

Uncoupled Modal Response History 
Analysis (UMRHA)

Mode 1
Mode 2

Mode 3

Modified Response Spectrum Analysis (MRSA)

F

D
F

D
F

D

NL
NL NL

EL EL EL

@ @

Fig. 15.2 The basic concept of the proposed Modified Response Spectrum Analysis (MRSA)
procedure
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determined as a function of Di (or the peak roof drift ratio, xri =H—the ratio of peak
roof displacement to the total height of building), for any nonlinear modal SDF
system. In this study, these relationships (relating the equivalent linear properties
with the roof drift ratio) are developed which are specific only to the selected case
study buildings with RC shear walls and gravity frames (explained in Sect. 15.3). An
iterative scheme is proposed (and explained in Sect. 15.5) to determine the Teq, i and
ξeq, i for any ith vibration mode, using developed relationships. However, once the
efficiency of the proposed MRSA procedure in predicting nonlinear demands is
established, the generalized relationships can be developed as a function of ductility
ratio (μ ¼ Di, max/Dy, where Dy is the yield displacement) for different structural
systems in future studies. The equivalent linear properties can then be obtained
directly, without the need of determining the modal hysteretic behavior Fsi

�
Di ; _Di

�
.

The proposed MRSA procedure can, therefore, be conveniently performed without
the need of making a nonlinear structural model.

15.4 Case Study Buildings and Ground Motions

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. All three
case study buildings have a podium (for first few stories) and a tower continued up to the
roof level. 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 these buildings. Salient structural and architectural features of these
buildings are given in Table 15.1.

The proposed MRSA procedure will be applied to these case study buildings to
evaluate their nonlinear seismic demands. For this purpose, the linear elastic models
were created in ETABS (2011). The initial natural periods (along with an initial
inherent damping ratio of 2.5%) of elastic models are used to determine the Teq, i and
ξeq, i for any i

th vibration mode, using the adopted EL scheme. 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.

For the detailed NLRHA procedure and the cyclic modal pushover analysis, full
3D inelastic finite element models of case study buildings were created in Perform
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3D (2006). Each RC wall is modeled by nonlinear concrete and steel fiber elements
over the entire height since flexural cracking and yielding may occur at any location
due to the higher-mode effects. Each RC column is modeled by a combination of a
linear elastic beam-column element with nonlinear plastic zones at its two ends. The
concrete slabs are assumed to remain elastic and are modeled by elastic thin shell
elements. Each masonry infill wall is modeled by two equivalent compression-only
diagonal struts following the FEMA 356 (2000) guidelines. The inherent modal
damping ratio of 2.5% is assigned to every significant vibration mode.

A set of seven ground motion records (Mw 6.5–7.5) are selected from the PEER
strong ground motion database. They are recorded on relatively near-source sites
(<50 Km) with site class D. The ground motions are scaled and adjusted by spectral
matching (Hancock et al. 2006) to match with a 5% damped design basis earthquake
(DBE-level) target response spectrum prescribed in ASCE 7-05, corresponding to a
building site with Ss ¼ 1.5 g and S1 ¼ 0.75 g. Figure 15.3 shows the target and
matched acceleration response spectra of the selected ground motions.

15.5 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 comparison 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 analyses using the modal inertia force distri-
bution pattern. The resulting cyclic pushover curves (e.g. in the form of base shear
coefficient Vbi/W versus the cyclic roof drift ratio xri =H ) are used to identify the
suitable nonlinear function Fsi

�
Di ; _Di

�
for the UMRHA procedure. They are also

Table 15.1 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
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used to develop the Teq, i/Ti vs. x
r
i =H, and ξh, i vs. x

r
i =H relationships for computing

the equivalent linear properties in the MRSA procedure. 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 resulting Tsec, i/Ti vs. x

r
i =H relationships as shown

in Fig. 15.4a, where Ti denotes the initial time period for an ith vibration mode. A
similar trend of equivalent natural period indicates that the representative curves for
equivalent natural period can be developed in future studies for the structural
systems with similar nonlinear function Fsi

�
Di ; _Di

�
. The hysteretic damping ξh, i
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is determined using the equal-energy dissipation principle applied to the actual cyclic
pushover curves. The point-by-point application of Eq. (15.4) resulted in ξh, i vs. x

r
i =H

relationships for any ith vibration mode. For first mode in x directions of three case study
buildings, these relationships are shown in Fig. 15.4b. In the MRSA procedure, the total
equivalent viscous damping (ξeq) is determined by adding ξh, i to the initial modal
viscous damping (ξi) (Eq. (15.3)).

For the UMRHA procedure, the Fsi/Li vs. Di relationships for each significant ith

mode are idealized by the self-centering type bilinear flag-shaped behavior, and its
controlling parameters are tuned to get optimal matching. The modal nonlinear SDF
systems (governed by Eq. (15.1)) 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. For the x direction of 44-story
building (B3), Fig. 15.5 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 vs. x ri =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, while the response of third mode remained approxi-
mately in the linear elastic range. 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 15.6 shows the envelopes of individual modal contributions to story
displacements, inter-story drift ratios, story shears and story overturning
moments obtained from the UMRHA procedure, for the same example case
(B3). It also compares the combined response envelopes obtained from the
UMRHA procedure with those obtained from the NLRHA procedure. A reason-
able matching shows the applicability of the UMRHA procedure to decompose
the complex nonlinear responses into contributions from a few significant vibra-
tion modes. Given that the combined response envelopes obtained from the
UMRHA procedure match well with those obtained from the NLRHA procedure,
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the individual modal contributions (shown in Fig. 15.6) can be compared with the
corresponding equivalent linear modal demands to evaluate the accuracy of the
MRSA procedure at individual mode level.

15.6 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). Using the initial
modal properties and the relationships shown in Fig. 15.4, an iterative procedure is
proposed in the MRSA procedure for the determination of equivalent linear
properties. The initial elastic roof drift ratio (xri =H ) for an ith vibration mode can
be determined using the displacement 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. x

r
i =H and ξh, i vs. x

r
i =H

relationships. The value of roof drift ratio (xri =H ) is then updated by again deter-
mining 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. The
seismic demands for each significant vibration mode (corresponding to its final
equivalent linear properties) can then be determined by modifying the results of
the standard RSA procedure. The modifying factors for force and displacement
demands can be determined as the ratios of spectral acceleration (Sa) and spectral
displacement (Sd) at equivalent linear properties to those at initial properties, respec-
tively. Since, most of the commercial software provide the facility to apply user-
defined scale factors or modifiers to load cases, the MRSA procedure can be
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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.

Figure 15.7 shows the comparison of peak modal story shear obtained from the
MRSA and the UMRHA procedures 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, while for B2 and B3, it is
dominated by the second mode. This is well predicted by the MRSA procedure
(Fig. 15.7). A reasonable match for all three case study buildings shows that the
MRSA procedure is able to provide an accurate prediction of nonlinear seismic shear
demands for every important mode.

Figure 15.8 shows a detailed comparison between the seismic demands computed
by the MRSA and the NLRHA procedures for all three case study buildings. 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 Table 12.2-1 of ASCE 7-05 (2006). It can be seen that the shear
force demands obtained from the standard RSA procedure (i.e. reduced by R ¼ 4.5)
are significantly lower than those from the NLRHA procedure over the entire height
of case study buildings. The displacements and inter-story drift ratios (after ampli-
fication 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 ¼ 4.5) to reduce the elastic seismic demands of second and
third vibration modes, as the first mode. Both the UMRHA (Fig. 15.5) and the
MRSA (Fig. 15.7) procedures showed that the second mode experienced a lower
level of nonlinearity as compared to the first mode, 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
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Fig. 15.7 The comparison of modal story shears obtained from the UMRHA and MRSA
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linear as suggested by both the UMRHA and MRSA procedures, but was reduced by
R 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).

The MRSA procedure on the other hand, is consistently providing the accuracy
comparable to the UMRHA procedure. The displacements and inter-story drift ratios
are matching with the corresponding demands obtained from the NLRHA proce-
dure, within a reasonable degree of accuracy. 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. This 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.

Fig. 15.8 The comparison between the standard RSA and MRSA procedures with the benchmark
NLRHA values for all three case study buildings
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15.7 Conclusions

This study presents a modified version of the response spectrum analysis based on
the equivalent linearization 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. This modified response spectrum analysis (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 reason-
able accuracy, either for those of individual vibration modes or for their sum (total
demands). The MRSA procedure also retains the convenience offered by the stan-
dard 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. Considering the impact this idea may have on
common design office practice, several improvements can be made in the future to
make it applicable to buildings and structures of various types, configurations, and
materials used.
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