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Abstract. For a quick performance evaluation of existing buildings under an
anticipated ground shaking, the nonlinear static analysis procedures (NSPs) are
always an attractive option for practicing engineers. Compared to these NSPs,
the detailed nonlinear response history analysis (NLRHA) for a sophisticated 3D
finite element model requires far more computational and modeling effort.
Sometimes the seismic performance evaluation of a large number of buildings is
required in order to assess the seismic vulnerability and loss estimation for a
particular study area. The applications and relative accuracy of various available
NSPs become even more relevant in such scenarios. Over last several decades,
the NSPs have passed through a series of proposed modifications and improve-
ments which kept the interest awakened among practicing engineers and aca-
demicians. This paper is a review of all such improvements and provides a brief
account of various approaches in the NSPs, their inherent assumptions, sources
of uncertainties, limitations and associated challenges.
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1 Introduction

The advent of latest computing tools, software applications and highly efficient pro-
cessing units have almost revolutionized the current structural engineering practice in
terms of convenient implementation of various (otherwise considered onerous) non-
linear analysis procedures. A wide range of commercially available structural analysis
programs makes it possible for practicing engineers to use this computing potential at
its maximum. However, the demand for even faster analysis methods and tools for
rapid estimation of building response is still increasing due to the increasing require-
ments. The constantly evolving complex and unsymmetrical 3D geometries, various
advanced modeling techniques, the requirement of improved understanding of complex
nonlinear phenomena, innovative construction practices and the use of new materials,
are some of the recent challenges for structural designers. The detailed nonlinear
response history analysis (NLRHA) is considered the most accurate analysis procedure
to determine the true nonlinear seismic demands both for the design of new buildings,
as well as for the performance evaluation of existing buildings. However, for a
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reasonably sophisticated inelastic structural model, the detailed NLRHA procedure can
still take a significant amount of time, computational effort and other resources, and
therefore, is still considered a cumbersome and tedious process. One has to step
through a detailed process of selecting a site-compatible set of ground motions records,
creating a 3D inelastic model, running dynamic analysis in both principal directions
and eventually getting results. The process has to be repeated for all selected ground
motions, at the end of which, one has to embed in a bulk of numerical data in order to
extract useful information for design decision-making. In the practice of common
design offices, the implementation of this detailed procedure may not be warranted for
all buildings. Practicing structural engineers are always interested in simplified analysis
procedures that are although approximate, yet retain well-enough theoretical basis, and
can serve as an alternative to the detailed NLRHA procedure. The use of such
approximate analysis procedures can also be very handy for a rapid estimation of lateral
stiffness required to avoid certain maximum tolerable inter-story drifts. They are also
useful in situations where a relatively quicker estimation of seismic demand is required
for a large number of building structures in order to assess the seismic vulnerability and
loss estimation for a particular study area. The question of how accurately the building
response can be captured by a certain approximate analysis becomes even more rele-
vant in such cases.

Over last several decades, various studies have proposed simplifications in terms of
approximations in structural models, seismic loading, analysis methods or any com-
bination of these areas. The earlier approaches towards developing approximate
methods were based on the use of simplified structural models subjected to simplified
loading types. For the purpose of structural design, the seismic load was historically
idealized as a simple mass-proportional lateral static loading resisted by the elastic
structural model. With the developments in the areas of modal analysis and the
response spectrum analysis (RSA), the role of natural periods in controlling the seismic
demands was recognized. Soon with the development of dynamic analysis solvers and
computer programs in mid-1960s and 1970s, and with the availability of more ground
motion records, the use of detailed dynamic analysis procedures based on the direct
integration solution of the governing equations of motion was established. In the field
of structural modeling, various simplified models that were intended to capture some
specific deformational behavior with a reasonable accuracy, were also proposed. These
include, for example, the “stick models” which take into account only the shear-type
deformations, or the flexure-shear models which accounts for the interaction among the
components’ behaviors in flexure and shear respectively. An example of such
approximate models for building structures is a “shear beam-flexural beam” equivalent
continuum model (Miranda 1999). It consists of a combination of a shear beam and a
flexural beam connected with rigid links. The ratio of their stiffness is set such that the
behavior and response of the continuum model corresponds to that of the actual
building. Figure 1 shows a wide spectrum of proposed simplifications in the overall
seismic analysis process over last several decades.
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Fig. 1. Some proposed simplifications in the overall seismic analysis process

2 Nonlinear Static Analysis Procedures (NSPs)

Although the detailed nonlinear response history analysis (NLRHA) is the most
accurate procedure to determine the true nonlinear seismic demand of buildings, for
most practical cases (and especially for determining the design demands of new
structures), the response spectrum analysis (RSA) procedure is used. The RSA pro-
cedure starts with the determination of the linear elastic demands for all significant
vibration modes of the structure, which are then combined using an appropriate modal
combination rule. Considering the expected ductility of structure and the over-strength,
the combined force demands are reduced by a response modification factor (usually
denoted by R) to get the inelastic seismic force demands. For the buildings with seismic
response primarily dominated by the fundamental vibration mode (low- to mid-rise
buildings), the equivalent lateral force analysis procedure can also be applied. In this
procedure, the seismic loading is idealized as an equivalent static force pattern applied
to a linear elastic structural model. In various structural design codes and performance-
based seismic evaluation guidelines, this equivalent lateral force analysis is referred to
as the linear static procedure (LSP).

The nonlinear counterpart of the LSP is referred to as the nonlinear static procedure
(NSP) (i.e. a nonlinear structural model subjected to a static lateral loading). The most
essential component of all existing nonlinear static procedures (NSPs) is the monotonic
pushover analysis procedure. In fact, these two terms (i.e. the pushover analysis proce-
dure and the NSP) are also sometimes used interchangeably in literature. It is the key to
evaluate the quasi-static lateral inelastic response of structures. The basic principle of
pushover analysis is to subject the floors of an inelastic structural model of building (after
loaded with gravity loads) to an incrementally increasing lateral force pattern repre-
senting a simplified distribution of earthquake induced forces (Fig. 2). Subsequently, the
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Fig. 2. The basic concept of the pushover analysis

strength and stiffness properties of every structural component are updated after each load
increment to account for the reduced resistance of yielding components. This process is
continued until the structure becomes unstable or until a predetermined target displace-
ment is reached. The primary objective is to obtain the estimates of the global lateral
strength, global displacement ductility and the failure mechanism of a structure under
lateral forces induced by the earthquake ground motion. The pushover (or capacity)
curves for the structure at a global level are generated by applying this procedure to the
detailed structural models directly incorporating the anticipated nonlinearity of its
components. These pushover curves are then idealized as simplified relationships and the
expected maximum seismic deformation and other response quantities can then be
determined using any established NSP. Compared to the linear static analysis procedures,
the primary advantage of the NSPs is their ability to account for the redistribution of
internal forces as the structural components experience nonlinearity under incremental
lateral forces. This allows a clear understanding of variations in structural response and
the achievement of various limit states as the structure enters in inelastic range.
Various NSPs are based on the idea that the detailed nonlinear structural models of
buildings can be idealized as the equivalent single-degree-of-freedom (SDF) systems.
The actual pushover curves of a full structure can be idealized to represent a nonlinear
force-deformation relationship. This relationship is assigned to an equivalent SDF
system which is then expected to represent the detailed nonlinear structural model. In
other words, an equivalent SDF is “mapped” to the actual global behavior of the
detailed structural model. This concept is illustrated in Fig. 3 where an approximated
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increasing lateral load vector (capacity) curve relationship of-freedom (SDF) system

Fig. 3. The basic conversion of a detailed structural model in to an equivalent SDF system
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form of a capacity (pushover) curve is used as the governing force-displacement
relationship of an equivalent SDF system.

3 The NSPs Prescribed in Various Guidelines for the Seismic
Performance Evaluation of Buildings

The quest of simplifying the estimation of nonlinear seismic demands for practically
convenient applications (using static analysis) have resulted in the development of two
important approaches, i.e. the “equivalent linearization” and the “displacement mod-
ification”. The procedures based on the equivalent linearization approach approximate
the maximum displacement of a nonlinear SDF system by using its linear counter-
part. Their underlying assumption is that a reasonable estimate of the seismic demands
of a nonlinear SDF system can be conveniently obtained by replacing it with a modified
linear elastic model. This assumption is the basis of all equivalent linearization methods
and have remained a subject of immense research over last two decades. The properties
of the “equivalent linear” SDF system are determined such that the difference in the
dynamic responses of the equivalent linear SDF system and the actual nonlinear SDF
system is minimum. Generally, this equivalent linear SDF system is defined by a rel-
atively longer (or equivalent) natural period compared to the initial period of the actual
nonlinear SDF system, and a higher (or equivalent) viscous damping compared to the
initial inherent damping assigned to the actual nonlinear SDF system.

On the other hand, the procedures based on displacement modification approach
approximate the maximum response of a nonlinear oscillator by multiplying the dis-
placement of its elastic counterpart with a series of coefficients, each accounting for a
specific aspect of inelastic action. In the equivalent linear procedures, the determination
of likely maximum deformation of an existing structure (with a known lateral strength
and an unknown ductility capacity) requires the process to be iterative. However, the
displacement modification approach offers the convenience to be non-iterative and the
modifying coefficients depend on easy-to-determine parameters including the natural
time period, lateral yield strength factor (i.e. the lateral yield capacity normalized to the
elastic strength capacity), site conditions and the characteristics of elastic pseudo-
acceleration response spectrum. This section will provide a brief overview of different
NSPs as prescribed by various performance-based seismic evaluation guidelines.

3.1 The Capacity Spectrum Method (CSM) in ATC 40

The main NSP prescribed in the ATC 40 (1996) report entitled “Seismic Evaluation
and Retrofit of Concrete Buildings”, is based on the equivalent linearization approach
(The Capacity Spectrum Method, CSM), which was originally developed as a rapid
evaluation method for a pilot seismic risk project of the Puget Sound Naval Shipyard
for the U.S. Navy in the early 1970s (Freeman et al. 1975). In this method, the
capacity/pushover curve is converted to the “capacity spectrum” by means of
point-by-point conversion to the modal spectral coordinates. This pushover curve is
generated by subjecting the detailed nonlinear structural model to the first-mode inertia
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load vector. The base shear (V}) and roof displacement (A,,,) values on the capacity
curves are converted to the corresponding spectral acceleration (S,;) and spectral dis-
placement (S;;) values on the capacity spectrum using the Egs. (1) and (2).

Vp

Sy = 1
Wim (1)
and
Aroof
Sq=—rd 2
¢ PFld)l,roof ( )

where W is the seismic weight of the building (i.e. the sum of dead load and the likely
live loads), «; and PF; are the modal mass coefficient and the modal participation
factor for the first vibration mode respectively, and ¢, ,,, is the roof level amplitude of
the first vibration mode shape. Every point on a capacity spectrum curve is associated
with a unique spectral acceleration (S,), spectral velocity (S,), spectral displacement
(S7) and natural period (7). The seismic hazard is represented by a 5%-damped
acceleration response spectrum, which is reduced (using the expressions prescribed in
the ATC 40 report) based on the effective damping ratio of an equivalent linear system.
This reduced response spectrum is also converted to the Acceleration-Displacement
Response Spectrum (ADRS) format using Eq. (3).

T2

S0= 4 5u(8) ©

The modified response spectrum in the ADRS format is referred to as the “demand
spectrum”. This demand spectrum is overlaid with the capacity spectrum to find their
intersection point which corresponds to a condition for which the seismic capacity is
equal to the demand imposed on the structure. This point is called the “performance
point” which is an estimate of the actual maximum displacement expected during an
anticipated earthquake. The overall process is illustrated in Fig. 4.

Various studies have identified the inherent sources of uncertainties in the use of
heavily damped (or reduced) demand spectra and the use of (effective) natural period
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Fig. 4. The overall process of the capacity spectrum method (CSM)
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corresponding to intersection of the capacity and demand spectra. It was observed that
the effective period at performance point may not be a true representative of the actual
condition of structure and may have little to do with the realistic nonlinear dynamic
response of the system (particularly for high levels of target displacement). Few studies
(Miranda et al. 2002; Chopra et al. 2003) of the displacement demands as well as
convergence issues for procedures mentioned in the ATC 40 report to determine the
intersection point. As part of attempts to overcome such limitations, several other
researchers suggested the use of inelastic response spectra (earlier proposed and applied
in several applications by Bertero et al. (1991)) as the demand spectra, instead of
reducing the elastic spectra by damping-dependent modification factors. This resulted
in better estimations of peak inelastic displacement ratio compared to the ATC 40
iterative procedures to locate the performance point (Fajfar 2000; Miranda and
Ruiz-Garcia 2002).

3.2 The Displacement Coefficient Method (DCM) in FEMA 273
and FEMA 356

An effective attempt to develop the more accurate NSPs was made by facilitating the
idea that peak inelastic displacement can be directly estimated by multiplying the
corresponding peak elastic displacement with the appropriate modifying factors. These
factors represent the mean inelastic-to-elastic displacement ratios which may depend on
the natural time period (7T), displacement ductility ratio (¢) and the lateral yield
strength. Miranda (2001) compared the results obtained by using the inelastic demand
spectra and the inelastic-to-elastic peak displacement ratios in the CSM, and concluded
that later approach provides significantly better predictions of the target displacement.

This approach is prescribed as the displacement coefficient method (DCM) in the
FEMA 273 (1997) and FEMA 356 (2000) reports. As mentioned above, it uses a series of
appropriate factors or coefficients (Cy, C;, C,, and C3) to convert the maximum dis-
placement of a linear SDF system to the maximum nonlinear displacement, which can
then be used as the target displacement for the pushover analysis to get overall seismic
demands. The modifying coefficients also depend on the characteristics of force-
deformation relationship of the idealized nonlinear SDF system (i.e. the representative
SDF governed by an idealized pushover curve). Due to its convenient application, this
approach was widely accepted and applied to various types of building structures. A brief
overview of an improved version of this method will be presented next.

3.3 Improvements in the Existing NSPs by FEMA 440

The FEMA 440 (2005) report presented a comprehensive analysis program to develop
the improved versions of both the capacity spectrum method (CSM) as well as the
displacement coefficient method (DCM). This investigation consisted of determining
the peak nonlinear displacements of a large number of SDF systems subjected to a
large number of real ground motion records. For this purpose, the SDF systems with
initial natural periods between 0.05 and 3 s, and having nine different levels of lateral
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strengths were used. They are modeled with four different hysteretic behaviors (elastic
perfectly plastic, stiffness-degrading, strength- and stiffness-degrading, and nonlinear
elastic behavior). Based on the results obtained from this comprehensive parametric
study, various improvements in both the CSM and DCM were proposed.

For the Capacity Spectrum Method (CSM), a more efficient bilinear approximation
of the pushover curve is proposed. The expressions to estimate the effective time period
and effective viscous damping (for reducing the elastic spectrum to an inelastic demand
spectrum) were also improved. Similarly, the FEMA 440 report also provided the
improved expressions for the displacement modifying coefficients for the DCM, which
were later incorporated in the ASCE/SEI 41-06 (2007) and ASCE/SEI 41-13 (2013).
The coefficient C; (from the FEMA 273 and FEMA 356 reports, accounting for the
increased displacements due to the dynamic P — A effects) was suggested to be
eliminated and replaced with a maximum limit on the normalized yield strength ratio
Ry (which is intended to account for the dynamic instability). If the lateral yield
strength of a system (normalized to its elastic strength demand) exceeds the R, a
nonlinear dynamic procedure (NDP) should be used to capture the strength degradation
and dynamic P — 4 effects to confirm the dynamic stability of the building. The next
sub-section will discuss the DCM as prescribed in the ASCE/SEI 41-06 and ASCE/SEI
41-13 in its latest form.

3.4 The NSP in ASCE/SEI 41-06 and ASCE/SEI 41-13

The Nonlinear Static Procedure (NSP) defined in ASCE/SEI 41-06 (2007) utilizes the
application of a single invariant load pattern (based on the first mode shape) to the
structure, while the target displacement is determined using the improved version of the
displacement coefficient method (DCM). An inelastic model directly incorporating the
nonlinear load-deformation behaviors of the individual components of the building is
subjected to a monotonically increasing lateral load pattern (representative of inertial
forces developed during an earthquake), until a target displacement is achieved at the
control node (usually the roof). This target displacement is intended to represent the
maximum displacement likely to be experienced during the design earthquake and is
calculated using the expression shown in Fig. 5.
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Fig. 5. The modification of the elastic spectral displacement to estimate the nonlinear peak roof
displacement (target displacement)
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The ASCE/SEI 41-06 requires carrying out the analysis to at least 150% of the
target displacement in order to encourage the engineers to investigate the likely
building performance under the extreme loading conditions that exceed the design
values. The nonlinear relationship between the base shear and lateral displacement of
the control node is then replaced with an idealized force-deformation relationship to
determine the effective lateral stiffness (K,) and effective yield strength (V;) of the
building. These parameters are used to determine the effective time period (7,) and the
normalized yield strength factor (R). These two parameters (along with a site class
factor a) are then used to finally determine the displacement modifying coefficients C;
and C,. The overall procedure is summarized in Fig. 6. For periods less than 0.2 s, the
coefficient C; is taken as the value at T = 0.2 s, while for periods greater than 1 s, the
equal-displacement approximation is assumed to hold good and C, is taken as 1,
indicating that the peak nonlinear displacement tends to remain equal to the peak linear
displacement. Similarly, for periods greater than 0.7 s, there is no significant hysteretic
effect and the coefficient C, is taken as 1. For buildings with negative post-yield
stiffness, the maximum strength ratio R, is required to be determined in accordance
with Eq. (4).
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A o —h
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where 4, is lesser of the target displacement (J7) or the displacement at maximum base
shear. While A, is the displacement at effective yield strength. & = 1+ 0.15In(T); and
o, is the effective negative post-yield slope ratio (i.e. the ratio of the negative post-yield
slope to the slope of initial line in bilinear approximation). Figure 7 graphically shows
the ASCE/SEI 41-13 (2013) expressions for the displacement modifying coefficients
Cy and C; for different values of the normalized yield strength factor (R) and the site
class factor (a).
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Fig. 7. The ASCE/SEI 41-13 relationships for displacement modifying coefficients C; and C,

4 The Multi-Mode Pushover Analysis Procedures

In this section, a summary of various studies is presented which are focused on the
enhancements and variations in currently available pushover analysis methods in last two
decades. Most of the improvements were proposed to reduce the inherent assumptions as
well as for the convenient applicability to any particular structural system. Historically,
the conventional pushover analyses are based on the use of invariant lateral load vector.
However, in recent years, relatively complex methods have also been proposed which
include for example, the use of lateral load vectors that progressively change patterns
during the analysis to account for the effect of higher vibration modes or for the changes
in the deflected shape of building. Most of such ambitious approaches are not practically
convenient to implement for the common practicing structural engineers, and therefore,
their general applicability is still a subject of research.
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4.1 A Review of Developments in Last Two Decades

The high-rise buildings may have a significant response contribution from the higher
modes as well (beside the first vibration mode), especially in force demands. Various
methods have been proposed to account for the multiple-degrees-of-freedom
(MDF) effects in the pushover analysis. These multi-mode methods use a simplified
representation of the MDF system as a combination of various elastic or inelastic SDF
systems, each mimicking the behavior of a particular vibration mode of the MDF
system. One of the earlier attempts to account for the effects of higher vibration modes
in the pushover analysis was made by Sasaki et al. (1998). In this study, a Multi-Mode
Pushover (MMP) analysis procedure is proposed to evaluate the effects of higher
vibration modes and to identify the failure mechanisms due to these effects. This
method was based on the use of capacity spectrum method (CSM) for each significant
vibration mode of an MDF system. In 2002, Chopra and Goel (2002) proposed the
Modal Pushover Analysis (MPA) procedure (as an extension of single-mode pushover
analysis) for estimating the seismic demands of buildings. The response contributions
from higher vibration modes can be considered in this procedure by applying a series of
independent pushover analyses, each using the modal inertia load pattern for a par-
ticular vibration mode. Later, a simplified version referred to as the Modified Modal
Pushover Analysis (MMPA) (Chopra and Goel 2004) was proposed in which the
response contributions from higher vibration modes are assumed to remain elastic. Jan
et al. (2004) proposed another simplified pushover analysis procedure considering
higher-mode effects. A new expression to determine the lateral load pattern (combining
the effects of first and second vibration modes) and an improved modal combination
rule was proposed. Kalkan and Kunnath (2004) proposed the Method of Modal
Combinations (MMC) based on the invariant force distributions determined by factored
combination of independent modal load contributions.

An important category of the pushover analysis methods is the one using the
adaptive lateral force vectors. Gupta and Kunnath (2000) developed a modal scaling
technique which is applied in an adaptive manner. In this procedure, the incremental
response quantities are calculated and combined using a modal combination rule.
Antoniou et al. (2002) also proposed an adaptive modal pushover method in which the
seismic loads are directly combined to define the instantaneous load patterns at each
analysis step. Vamsatsikos and Cornell (2002) presented an incremental dynamic
analysis (IDA) procedure for developing the intensity-demand curves (similar to the
pushover curves). This procedure in intended to account for all the dynamic variations
in response under a specific ground motion. However, this procedure is relatively
tedious as the repeated NLRHA procedure is required to perform for a large number of
scaled ground motion records. Attard and Fafitis (2005) introduced the optimal
multi-mode pushover analysis which uses a variant inertial load pattern determined by
updating the structure’s vibration properties at each stage of yielding. For each step, a
single optimal vibration mode shape is determined and an equivalent SDF system is
defined. The lateral force distribution determined using the modal properties of pre-
vious step is applied until the yielding occurs. The degraded stiffness and vibration
properties are determined to update the characteristics of representative SDF system,
and the process continues to next analysis step. Kalkan and Kunnath (2006) further
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proposed a pushover analysis procedure based on the Adaptive Modal Combinations
(AMC) attempting to integrate the concepts of classical capacity spectrum method, the
adaptive method proposed by Gupta and Kunnath (2000), and the modal pushover
analysis. In this method, the target displacement is estimated and updated during the
same analysis using the energy-based modal capacity curves and constant-ductility
capacity spectra, thus avoiding the requirement to estimate the target displacement prior
to the analysis. Aschheim e al. (2007) proposed a procedure requiring the repeated
application of ground motion records to nonlinear structure to match the target demand
obtained from the NSP. However, this procedure, similar to the IDA procedure, is also
tedious and offers little simplification over the detailed NLRHA procedure of a non-
linear structural model.

Poursha et al. (2009) proposed an analysis procedure referred to as the Consecutive
Modal Pushover (CMP) in which the overall response quantities are estimated by
enveloping the results of multi-stage and single-stage pushover analyses. It recom-
mends a consecutive application of invariant load vectors corresponding to the first
three vibration modes (in stages) in a single pushover analysis. The first mode forces
are applied until a predetermined roof displacement is reached. The analysis continues
with the incremental forces corresponding to the second vibration mode pattern which,
after a certain displacement, changes to the third mode pattern. The study concluded
that the roof drift and plastic hinge rotation estimates predicted by the CMP analysis
procedure are generally better compared to those obtained using the MPA procedure.
More recently, Sucuoglu and Gunay (2011) proposed a Generalized Pushover Analysis
(GPA) procedure based on conducting the pushover analyses using different general-
ized force vectors. These force vectors are determined by combining the modal forces
and is intended to represent the effective lateral force distribution at maximum
inter-story drift of the selected story. The envelope results are obtained after a series of
analyses under these generalized forces. Figure 8 summarizes the wide range of various
pushover analysis procedure available in the literature.

The adaptive pushover analysis procedures featuring the ability to adjust the
pushover load vectors during the analysis (to account for the effect of higher vibration
modes or the stiffness degradation on the story force distribution) could not grab much
attention from the practicing engineers because of inherent complexities involved in the
computer implementations of such procedures. They require the solution of eigenvalue
analysis at each load increment. This results in an increase in both the analysis time and
computational cost. On the other hand, the multi-mode pushover analysis procedures
using the invariant inertial force distributions for each mode are comparatively easier to
perform, due to their convenient implementation in various commercial software
packages for nonlinear structural analysis. Various software have completely auto-
mated the process by enabling the users to directly select the pushover load distribution
based on any calculated mode shape and the story masses.

4.2 The Modal Pushover Analysis (MPA) Procedure

The modal pushover analysis (MPA) procedure, originally proposed by Chopra and
Goel (2002), is the most well-known multi-mode pushover analysis procedure. It is
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H Multimode Pushover Analysis (Sasaki etal., 1996)

a Modal Combination for Response —a Modal Pushover Analysis (Chopra and Goel,2002)

ﬁ Modified Modal Pushover Analysis (Chopra et al., 2004 )

. X Consecutive Modal Pushover Analysis (Poursha etal., 2009)
— Consecutive Modal Pushover (CMP) —[
Modified CMP Analysis (Khoshnoudian and Kiani, 2012)

Adaptive Modal Pushover Analysis (Kalkan and Kunnath, 2006)

% Adaptive Modal Pushover (AMP) : Optimal Multimode Pushover Analysis (Attard and Fafitis, 2005)

Adaptive Pushover Procedure (Antoniou et al., 2002)

Fig. 8. A range of available pushover analysis procedures

based on the assumptions that the response of nonlinear MDF systems can be
approximately described as a superposition of responses from few significant vibration
modes, which are assumed to remain independent of each other. Although, both of
these assumptions i.e. (a) superposition of modal responses, and (b) the modal coupling
is negligible, are strictly valid only for the linear elastic systems, Chopra and Goel
(2002) have demonstrated that a reasonably accurate estimates of nonlinear seismic
demands can still be obtained using this procedure. As mentioned earlier, this proce-
dure recommends a series of pushover analyses, each using the lateral load vector with
distribution proportional to a particular vibration mode shape and story masses. The
pushover analysis is carried out for each significant vibration mode until a target value
of roof displacement (for that particular mode) is achieved. This target displacement for
each mode can be determined by constructing a representative nonlinear SDF system
for that vibration mode and subjecting it to the ground motion records. These repre-
sentative nonlinear SDF systems for each mode are modeled by the idealized forms of
the corresponding pushover curves. Once the peak inelastic displacements for each
mode are determined, they can be converted to corresponding target roof drifts and
hence, all important seismic demands (e.g. inter-story drift ratios, story shears and
overturning moments etc.) can be extracted from the pushover database at those target
roof drifts, for each mode. The individual modal response quantities are then combined
using an appropriate modal combination rule (usually SRSS, if the natural time periods
are well-separated).

For the linear elastic systems, the MPA procedure becomes same as elastic response
spectrum analysis (RSA) procedure. It is expected to provide better results compared to
the code-based NSPs due to inclusion of higher-mode effects. Various further
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simplifications in terms of convenient estimation of target displacements for each
mode, are also proposed and applied in literature. Owing to its conceptual simplicity
and convenient applicability, the evaluation of this procedure for different types of
structural systems, has remained a subject of considerable research in last decade.
Figure 9 presents a schematic overview of the modal pushover analysis
(MPA) procedure.
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Fig. 9. An overview of the modal pushover analysis (MPA) procedure (Chopra and Goel 2002)
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5 How Accurate are the NSPs? — Challenges and Issues

Several studies have identified the challenges associated with the applicability and
practicality of NSPs with reference to their accuracy in predicting the nonlinear
response. The detailed nonlinear response history analysis (NLRHA) procedure is
always considered a benchmark for the comparison to evaluate how well a simplified
procedure can capture various complex aspects of nonlinearity. In some studies, the
experimental results are also used as benchmark. Compared to the linear analysis
procedures, the NSPs are considered to be less conservative and more accurate. They
also provide a valuable insight of various phenomenon (e.g. yield mechanism), which
are not possible to understand using the linear static procedures. Depending upon the
demand parameter of interest, some analysis options can provide better estimates than
others. For example, for the determination of target displacement, the NLRHA pro-
cedure applied to a SDF system (representing either a complete structure or its any
particular vibration mode) using a relatively large number of ground motions will
provide a better insight in to the uncertainty due to record-to-record variability.
However, if a reasonably accurate and quicker estimate of only the peak global dis-
placement is required, the displacement modification approach can serve the purpose
better and with great ease. The NIST GCR 10-917-9 (2010) report has identified some
of the challenges faced by the NSPs related to the nonlinear modeling. Even with
well-prepared models sophisticated enough to capture all important failure modes, the
NSPs were observed to miss various important behaviors. Various studies comparing
the results obtained from the NSPs with those obtained from the detailed NLRHA
procedure attribute the difference to a number of reasons, limitations and associated
challenges, some of which are mentioned as follows.

(a) Although all the available NSPs vary in different features including the choice of
lateral load vectors, modeling of equivalent SDF systems, and the determination
of target displacement, one common aspect is the determination of quasi-static
response of structure using the pushover analysis. It is well established that the
quasi-static response is limited in its ability to capture the complex dynamic
behavior of multiple-degree-of-freedom (MDF) structures (using a step-by-step
series of static analyses) and it cannot be considered as a substitute for the full
nonlinear dynamic response. Most code-based NSPs only consider the pushover
analysis for first vibration mode. Those considering higher modes are computa-
tionally more demanding and in some cases (e.g. for significantly yielding sys-
tems and for structures with heavily coupled vibration modes), may not be
regarded as the convenient alternative of the detailed NLRHA procedure. The
NSPs are also incapable of capturing various inelastic failure mechanisms with no
information about the dynamic characteristics of any response quantity (e.g. the
complete time history, number of cycles for fatigue analysis or the time step
corresponding to the maximum response). Moreover, the pushover procedures are
also unable to explicitly account for the dynamic P — A effects and dynamic
instability. Recently, the ASCE 41-13 (2013) has imposed a maximum limit on
the lateral yield strength (normalized to elastic demand) to implicitly account for
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the dynamic instability. Weak structures, not fulfilling this criterion, are not eli-
gible for the application of NSP.

In single-mode pushover analysis procedures, the arbitrary choice of the invariant
load patterns to represent the distribution of equivalent static seismic loads, has
also received some criticism in the literature. Various studies have evaluated the
effects of different lateral load patterns including the modal inertia pattern, con-
stant or rectangular pattern, inverted triangular pattern or other patterns prescribed
in different seismic evaluation guidelines. Ideally, the incrementally-increasing
pushover load pattern should be compatible with the resulting pattern of nonlinear
deformation. Considering this compatibility, various studies have shown that the
adaptive patterns can result in a better demand estimates compared to the invariant
patterns.

A complete structural response is always characterized by the actual hysteretic
behavior incorporating all important phenomenon including strength and stiffness
degradation, the effect of pinching (if any), residual deformations and the energy
dissipation. For the modeling and solution of equivalent nonlinear SDF systems to
get the target displacement, the NSPs are also lacking behind in this important
aspect. Although the ASCE 41-13 have considered four important hysteretic
models to derive the displacement modifying coefficients (FEMA 440), an explicit
consideration of the close-to-real cyclic behavior of a building is expected to be
more accurate compared to the approximations based on few generalized hys-
teretic behaviors. An important improvement in the multi-mode pushover anal-
yses may be the use of close-to-real hysteretic models (obtained by idealizing the
reversed-cyclic pushover curve) for modeling the equivalent SDF systems.

The multi-mode pushover analysis procedures although are considered relatively
more accurate compared to the conventional single-mode procedures, they are
also limited in their ability to capture the dynamic response variations due to the
continuously changing modal interactions during the random seismic loading.
Most of the multi-mode procedures are based on assumption that modal coupling
is weak and the response of various vibration modes can be considered inde-
pendent of each other. These procedures generally recommend to use the SRSS
modal combination rule to combine the peak modal responses which was origi-
nally used for the linear elastic systems. The adequacy of SRSS combination rule
for the nonlinear and yielding systems is questionable. This problem of modal
combination can be avoided by an approximate nonlinear dynamic procedure,
referred to as Uncoupled Modal Response History Analysis (2007) procedure. As
the name indicates, it still ignores the modal coupling in nonlinear range, however
the overall response history is computed by directly summing (in time domain)
the individual nonlinear modal response histories obtained by the direct integra-
tion solution of all the equivalent modal nonlinear SDF systems.

As mentioned earlier, the displacement coefficient method (DCM) recommends
that for structures with the fundamental period greater than 1 s, there is minimal
effect of nonlinearity on the peak displacement which can be assumed equal to the
corresponding elastic displacement (C; = 1). Similarly, for structures with the
fundamental period greater than 0.7 s, the effect of hysteresis loops is also neg-
ligible enough to ignore for practical purposes (C, =1). Both of these
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recommendations are based on the FEMA 440 investigation. The FEMA 440
report defines two different spectral ranges pertaining to the adequacy of this
well-known “equal-displacement assumption” (i.e. the first short-period range
where this assumption is valid, and the second where the inelastic peak dis-
placement is significantly higher compared to the peak elastic displacement).
However, the separating period (for both spectral ranges) of 1 s for C; and 0.7 s
for C, may not represent a wide range of structural systems with different hys-
teretic responses. Moreover, various studies have also indicated the significant
uncertainties in the values of displacement modifying coefficients in the
short-period range, since the actual inelastic-to-elastic peak displacement ratios
were found to be fluctuating rapidly at periods less than 1 s.

Most of the NSPs prescribed in seismic design guidelines and codes are not
applicable to the high-rise buildings (usually defined as the buildings with fun-
damental natural period greater than 1 s, or the buildings with significant response
contributions from the higher vibration modes). For a variety of proposed
multi-mode pushover analysis procedures in literature, usually there are no direct
recommendations available on the building types and/or structural systems for
which these procedures can be considered the most accurate.

An important area of the performance-based seismic evaluation of new and
existing buildings is the consideration of phenomena pertaining to soil-structure
interaction (SSI). The available NSPs are unable to explicitly account for such
interaction. Recently, with reference to the displacement coefficient method
(DCM), Khoshnoudian et al. (2013) computed the inelastic-to-elastic peak dis-
placement ratios for SDF systems modeled with the support conditions repre-
senting soil behavior (instead of the fixed support). This study concluded that the
equal-displacement assumption is not valid for the structures with significant
soil-structure interaction and the effects of soil flexibility are more significant for
weaker structures compared to stiff ones. In another recent study, Ghannad and
Jafarieh (2014) examined the simultaneous effects of soil-structure interaction,
foundation uplift and the inelastic behavior of superstructure on the total dis-
placement response. This study also proposed a new factor “Cy3” to account for
the SSI effects while determining the target displacement for uplifting soil-
structure systems.

Another limitation associated with the applicability of the NSPs to a wide spectrum
of structures is their inability to capture the bi-directional and torsional responses.
Relatively less research work has been done related to the improvement of NSPs
for their application to complex-natured, innovative and architecturally-advanced
structural systems (e.g. multiple towers on a single podium). Chopra et al. (2004)
version of the MPA procedure for unsymmetric-plan buildings in which, unlike an
inertial force distribution with a single force at each story level, two lateral forces
and a torque is applied at each floor for all considered vibration modes. The modal
demands contributions are then combined by the complete quadratic combination
(CQC) rule to obtain an overall estimate of the inelastic seismic demands. The
accuracy of all such attempts to account for the torsional response in the NSPs is
still a subject of research and discussion.
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6 Concluding Remarks

A review of developments, issues and challenges related to various nonlinear static
procedures (NSPs) for the performance-based seismic evaluation of existing and new
buildings, is presented. Although with the advent of latest computing tools and software
packages, the detailed nonlinear response history analysis (NLRHA) procedure is
becoming relatively easy to perform, the NSPs still retain a reasonable degree of interest
among the practicing engineers owing to their simplicity and convenient practical use.
This summary of various approaches and the code-based NSPs shows that there is no
one single method which can be considered consistently accurate as well as equally
applicable to all the structural systems. In last two decades, various studies have
identified the limitations and associated challenges in the existing NSPs and proposed
different improvements based on rigorous evaluations of various nonlinear phenomena.
Although the NSPs may not claim the accuracy and wider applications comparable to
the detailed NLRHA procedure, they are still considered a valuable tool to gain insight
in the complex nonlinear behavior and response of building structures.
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