
Chapter 13
Performance-Based Seismic Design
of RC Structures

Payal Gwalani and Yogendra Singh

Abstract The concept of performance-based design (PBD) is to achieve the design
of structures with a reliable understanding of the risk to life and accompanied losses
that may occur due to future earthquakes. The design methodology is based on the
assessment of a building’s performance to determine its probability of experiencing
different types of damage levels, considering a range of potential earthquakes that
may affect the building structure. The performance objectives (or damage levels)
such as immediate occupancy, life safety, or collapse prevention are used to define the
damage state of the building. Thus, the methodology enables the owner with a means
to select the desired performance goal of the building. The Indian seismic design code
(IS 1893 Part 1 [6]), like most other national codes worldwide, provides simplified
guidelines for the design of buildings intended to provide life safety performance
level of the building against a design level earthquake. However, the prescriptive
nature of these guidelines does not provide any framework to estimate the actual
intended/expected seismic performance of such buildings. This article describes the
technical basis of PBD and its application to building archetypes of moment frame
and frame-shear wall buildings. The buildings are designed using the hazard and
member design procedures of the relevant Indian codes.

13.1 Introduction

The performance of a building during an earthquake event is highly uncertain and is
dependent on many factors (seismic source properties, intensity of ground motion,
selection of structural system, configuration and proportion, quality of construction,
reinforcement detailing, building maintenance, etc.). The effect of some of these
parameters (selection of structural system, configuration and proportion, and rein-
forcement detailing) can be evaluated and controlled at the design stage. For this,
different countries have developed seismic design guidelines based on the knowledge
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of the severity of earthquakes and structure’s performance in the past events. The
current guidelines in the seismic design codes, world-over, are traditionally based
on the concept of force-based design. In this approach, each individual member
of the structural system is proportioned for strength on the basis of internal forces
developed during an elastic analysis. The inelasticity in the structure is incorporated
by the use of ‘response reduction factor’ or ‘behaviour factor’, adopted based on
some presumed inelastic energy dissipation capacity of the structure. The impact of
building damage post-earthquake is accounted for by the use of ‘importance factor’.

An effective interpretation and characterization of the damage, which occurred
in the buildings during past earthquakes (in the mid and late twentieth century),
revealed that the traditional seismic design methods could not efficaciously ensure
the expected performance of buildings during such events [31]. The use of yielding
strength (force) as the basis for design is not efficient enough, as there is no clear
relation between strength and damage [29, 30]. To overcome the limitations imposed
by the forced-based design methodology, an alternative design philosophy named
‘Displacement-based design (DBD)’ (Qi and Moehle [32]) was introduced, where-
in, translational displacement, rotation, strain, etc. are included in the basic design
criterion. A major development in this regard has been made by Priestley [30] and
his group [31] in developing a practical methodology for DBD. In this approach, the
inter-storey drifts and ductility demand are considered as governing parameters for
ensuring the desired performance.

With the advancements in the field of earthquake engineering, FEMA 273 [14]
introduced a new concept of seismic design, known as performance-based design
(PBD), which enables the designer to design a structure for any targeted perfor-
mance level. Buildings designed according to the current seismic design codes are
intended to sustain some damage under a ‘design level’ earthquake and follow a
‘No collapse’ criterion for major earthquakes. However, the prescriptive nature of
the code guidelines does not provide any framework for estimation of the actual
intended/expected seismic performance of such buildings. On the contrary, PBD is
a tool that allows the owner to set the intended performance objective (acceptable
damage level) of the buildings. In PBD procedure, a realistic estimate of strength
and ductility of the structural system is estimated, with the explicit consideration
of non-linear deformation of the members. The performance objectives (or damage
levels) are determined in terms of limits on the inelastic deformation of members
(instead of force as a damage indicator in force-based design). A non-linear static
analysis is imperative for such evaluation. Using this framework, the damage levels
of the building can be used to estimate the potential casualties and accompanied
losses using some empirical relations.

In the past two decades, the PBD procedure has undergone a significant develop-
ment (FEMA 356 [15], FEMA 440 [16] ASCE 41-17 [3]) and has adopted a proba-
bilistic framework in the last few years (FEMA P695 [17], FEMA P58 [18], FEMA
P58 [19]). In its seminal form, the design methodology is based on the assessment of
a building’s performance to determine its probability of experiencing different types
of damage levels by considering a suite of potential earthquake ground motions that
may affect the building structure in future. This article provides guidance to the
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design professionals and individuals on the implementation of performance-based
seismic design of buildings, in conjunction with the Indian codes of practice. To
illustrate this, two structural systems, a moment frame building and a frame-shear
wall building are considered. These buildings are designed and detailed using the
current Indian seismic design codes IS 1893 Part 1 [6] and IS 13920 [5]. The seismic
performance of these buildings is evaluated using non-linear static and dynamic anal-
ysis. The buildingmodels are developed and analyzed using the commercial software
ETABS (CSI [11]), which is commonly used in the design offices in India.

13.2 PBD Procedure

In this study, themethodology to evaluate the performance of buildingmodels is sepa-
rated into five stages: 1. Assessment and representation of ground shaking hazard,
2. Selection of performance objective(s), 3. Structural modelling of the building,
4. Non-linear analysis, and 5. Assessment of performance and iterative revision of
design. A brief description of each of these stages is presented here. The process of
performance-based design is briefly summarized in Fig. 13.1.

13.2.1 Assessment and Representation of Ground Shaking
Hazard

Ground shaking hazard is specified in different ways depending on the type of non-
linear analysis method used to quantify the building response. The PBD procedure
involves defining the performance objectives in terms of performance levels of the
building corresponding to different hazard levels. The hazard levels are represented
in terms of the probability of occurrence of the specified intensity in the design life
(usually 50 years). Twohazard levels—representing intensities corresponding to 10%

Fig. 13.1 Flowchart of the
performance-based design
process (FEMA P58 [18]
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probability of exceedance in 50 years (termed as Design Basis Earthquake, DBE)
and 2% probability of exceedance in 50 years (termed as Maximum Considered
Earthquake, MCE)—are most commonly used across the world. Depending on the
type of analysis, the ground shaking intensity corresponding to a chosen hazard level
is represented by either a 5% damped elastic response spectrum (uniform hazard
spectrum corresponding to a given probability of occurrence) or by a suite of ground
motions, which have to be carefully selected and scaled to represent the chosen
intensity.

13.2.2 Selection of Performance Objective(s)

Aperformance objective is themeans to quantify the building’s performance in terms
thatwill be useful to the owner/designer tomake the decision.ASCE41-17 [3] defines
discrete performance levels to evaluate the response of the building. These perfor-
mance levels, namely, (Fig. 13.2) Operational (O), Immediate Occupancy (IO), Life
safety (LS), and/or collapse prevention (CP), are defined by an appropriate accept-
able range of strength and deformation demands on the structural and non-structural
components of the structural system. The structural damage is represented by the
inelastic rotation and deformation, while the non-structural damage is associated
with the peak floor acceleration and inter-storey drift. These performance objectives
are then utilized to estimate the probable losses to life, economy, and other physical
losses to infrastructure/ community, using empirical relations. Table 13.1 summarizes
different performance levels used in the literature.

Fig. 13.2 Performance levels in performance-based design (NEHRP [25])
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Table 13.1 Different performance levels considered in the literature

Document Performance Levels

Structural Non-structural

Vision 2000 (SEAOC [35]) Fully Operational
Operational
Life Safe
Near Collapse

SEAOC [37] SP1, Operational
SP2, Occupiable
SP3, Life Safe
SP4, Near Collapse
SP5, Collapsed

NP1 (Damage Ratio 0%–10%)
NP2 (Damage Ratio 5%–30%)
NP3 (Damage Ratio
20%–50%)
NP4 (Damage Ratio
40%–80%)
NP5 (Damage Ratio >70%)

ATC 40 [4] SP-1, Immediate Occupancy
SP-2, Damage Control
SP-3, Life Safety
SP-4, Limited Safety
SP-5, Structural Stability
SP-6, Not Considered

NP-A, Operational
NP-B, Immediate Occupancy
NP-C, Life Safety
NP-D, Hazard Reduced
NP-E, Not Considered

BS EN 1998-3: [13] Damage Limitation (DL)
Significant Damage (SD)
Near Collapse (NC)

TSC [39] Ready For Use
Life Safety
Pre-collapse
Collapse

Model Code for DBSD (Calvi
and Sullivan [7])

Level 1, Serviceability
Level 2, Damage Control
Level 3, Collapse Prevention

ASCE 41-17 [3] S-1, Immediate Occupancy
S-2, Damage Control (Range)
S-3, Life Safety
S-4, Limited Safety (Range)
S-5, Collapse Prevention
S-6, Not Considered

N-A, Operational
N-B, Immediate Occupancy
N-C, Life Safety
N-D, Hazard Reduced
N-E, Not Considered

13.2.3 Structural Modelling

It is to be noted that a building has some over-strength, over and above its design
strength, due to the use of characteristic strength (95% confidence level) and partial
safety factors in loads and materials. Hence, the actual expected strength of the
building during an earthquake event is higher than the calculated design strength.
Performance assessment of building structures involves evaluating the non-linear
response of the structural model considering its expected strength (with the value of
partial safety factors= 1). In order to evaluate the non-linear behaviour of a building
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Fig. 13.3 Comparison of non-linear modelling approaches (PEER ATC-72-1) [27]

during a cyclic loading event, it becomes necessary to develop modelling strategies
that can incorporate all modes that lead to the deterioration of the structural members.
Three modelling approaches with different levels of accuracy and complexity are
available in the literature: (i) Continuum model, (ii) Distributed inelasticity model,
and (iii) Lumped plasticity model. Figure 13.3 illustrates the modelling strategy in
the three different non-linear models.

In Continuum modelling, the non-linear behaviour of the structural members
is evaluated by using finite element meshing throughout the section and length of
the members to represent both concrete and steel reinforcement bars. The use of
such explicit finite element models is mainly limited to detailed analysis of isolated
critical elements (such as beam–column joints, etc.,) due to its high complexity, time
consumption, and computational cost.

In distributed inelasticity model, several cross-sections with finite length are
considered throughout the length of the member. At these cross sections, the non-
linearity of the member is studied by discretizing the section into several fibres of
confined and unconfined concrete and reinforcing steel bar. Each fibre in the cross
section is assigned the correspondingmaterial stress–strain relationship. The number
of fibre cross-sections and their location is determined by the numerical integration
rule, which implicitly defines the plastic hinge length over which the inelasticity of
the element can occur. This model has an advantage over lumped plasticity model
as it does not restrict the inelasticity at the ends of the element, but it still requires a
very large computational capacity and computation time (though less than continuum
models). Also, it is difficult to account for flexural–shear interaction, bond-slip, and
rebar buckling and fracture using typically distributed plasticity models. However,
current research is widely based on resolving these issues [8, 9, 22, 24, 28, 33], but
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their application is limited, in particular reference to its implementation in available
commercial software packages.

Fibre elements are modelled using two different finite element approaches,
namely, displacement-based approach (e.g., Zeris and Mahin [40]) and force-based
approach (e.g.,Neuenhofer andFilippou [26], Spacone et al. [36]). The displacement-
based fibre element (DB) is based on the element’s stiffness, while the force-based
fibre element (FB) is based on the element’s flexibility. In DB element, displace-
ment interpolation functions are used, i.e., cubic and linear shape functions, respec-
tively, for the transverse and axial displacements. These assumed shape functions
are approximate representations of the actual displacement, and therefore, a number
of elements in a structural member are required to obtain the actual response [10].
These functions are then used to determine the element displacement field by inter-
polating the nodal displacements. Strain at any point in the cross section is deter-
mined by nodal displacements. The stresses are then obtained from the strains
using the material stress–strain relationship. This approach has the limitation that
the element behaviour is characterized by linear curvature and constant axial strain
fields. The non-linear curvature behaviour cannot be represented accurately. Also,
the equilibrium condition in each section may not be satisfied.

In force-based fibre element, force interpolation functions (shape functions) are
used to determine the section deformations. Strain in the cross section is obtained
based on plane section remains plane assumption. Stress and stiffness are obtained
from strains using the material stress–strain relationship. The section resisting forces
are computed from the fibre stress distribution, and the stiffness matrix is obtained
from the fibre stiffness. The FB elements have an advantage over DB elements, in
that, the non-linear behaviour of members can be modelled using a single element.
This is because the force field gives the exact solution of the governing equilibrium
equations irrespective of the occurrence of plastic deformations.

In lumped plasticity model, an elastic line element is used to simulate the
behaviour of the member, while yielding is assumed to take place at generalized
plastic hinges of zero-length at the ends or other potential plastic hinge locations in a
member. The plastic hingemodelling assumption reduces the computational demand
and provides a balance between accuracy and complexity level. These models can
be easily used to calibrate and capture the observed non-linear behaviour of RC
members, i.e., from the start of yielding to the residual strength, including strength
and stiffness degradation from concrete crushing and spalling, rebar buckling and
fracture, and bond-slip. The non-linearity in lumped plasticity models can be consid-
ered by using either of the two hinge models, namely, moment-rotation hinge and
fibre-hinge.

The moment-rotation hinge models are based on the definition of phenomenolog-
ical relation of the overall force–deformation response or moment-rotation (curva-
ture) of structural members (beam, column, shear wall), as observed from the exper-
imental test results (PEER ATC-72-1 [27]. Based on various experimental results on
the cyclic behaviour of beam–column elements, various documents have proposed
the force–deformation cyclic backbone curves [3, 15, 21]. Figure 13.4 shows the
backbone curve as defined in ASCE 41-17 [3]. The first branch of the backbone
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Fig. 13.4 Force–deformation curve (backbone curve) for frame elements in flexure [3]

curve (AB) represents the elastic behaviour of the member, the second branch (BC)
represents the post-yield behaviour of themember, and the third branch (CDE) repre-
sents the post-peak behaviour of themember, where the strength of themember drops
due to strain softening and rebar buckling.

In the fibre-hinge model, fibre-monitoring cross sections are considered at the
plastic hinge locations, where the non-linearity of the member is assumed to be
lumped. The discretization of monitored sections (into fibres of confined and uncon-
fined concrete and rebars) yields an accurate response by obtaining the P-M and
P-M-M interaction of beams and columns, respectively, directly by integration of
the inelastic material response. The plastic hinge length for fibre-hinge is obtained
from empirical relations derived from experimental test results. Figure 13.5 shows
a typical discretization pattern of cross section at the fibre-hinge. The stress–strain
curve of concrete should account for the effect of confinement caused by the trans-
verse reinforcement. The cyclic response of materials can be modelled using a
suitable hysteresis model duly calibrated with relevant laboratory test data.

Fig. 13.5 Typical discretization pattern of a RC cross section at the fibre-hinge
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13.2.4 Non-linear Analysis

In order to achieve the targeted performance objectives, PBD procedure involves
estimation of the performance level of the structure. The performance of the struc-
ture can be estimated using either non-linear static analysis or non-linear dynamic
analysis.

In non-linear static analysis (NSA), the capacity curve (popularly known as
‘pushover curve’) of the building, which represents the plot between the base shear
and roof displacement, is obtained under an assumed distribution of lateral load.
The lateral load distribution is considered as an approximate representation of the
inertial forces developed in the structure under an actual earthquake loading event.
The magnitude of the lateral load is increased monotonically to identify the critical
sections (or weak links) of the building and study the failure mode. The accuracy of
the pushover analysis depends upon the selection of an ideal lateral load distribution
pattern (that can consider the fundamental and higher mode effects). It is a simplified
method that provides useful information on the yield strength, failure mechanism,
and ductility of the structure. Due to these reasons, design engineers prefer to use the
pushover analysis method. However, the method is highly dependent on the loading
vector and does not account for the record-to-record variability in the groundmotion.
Also, the method does not incorporate the biaxial effects of loading and torsional
response.

The new generation performance-based design recommends the evaluation of
building performance using non-linear dynamic analysis. The method provides a
more accurate estimate of structural behaviour (compared to pushover analysis) since
the response is obtained by direct application of earthquake ground motion. Due
to the inherent variability in the nature of earthquake ground motions, NLTHA is
carried out for multiple ground motions to obtain a statistically robust output. ASCE
7-16 [2] recommends a minimum no. of 11 pairs of ground motion (i.e., a 22 GM
record set, having two orthogonal components of motion) for NLTHA. The selected
groundmotions should be representatives of the eventswith the same tectonic regime,
consistent magnitudes, and rupture characteristics as the events that dominate the
target response spectrum. Also, ground motions should match the spectral shape of
the target spectrum in the range of 0.2 TL – 2 TU , where TLand TU are the smaller
and larger fundamental periods, respectively, in the two orthogonal directions of the
building.

13.2.5 Assessment of Performance and Iterative Revision
of Design

It is necessary to assess if the designed building meets the performance objectives
targeted by the owner. For a building to comply with a chosen performance level, all
structural members must satisfy the prescriptive acceptance criteria. For structural
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members,wheremoment-rotation hinge is used to define non-linearity, the acceptable
limits are defined in terms of plastic rotation. ASCE 41-17 [3] provides these accept-
able plastic rotation limits based on updated and latest experimental test studies.
In case if distributed inelasticity model or fibre-hinge lumped plasticity model is
used to simulate the non-linear response of RC members, where plastic rotation of
members is not directly obtained, the performance can be estimated in terms of mate-
rial strain in concrete and steel. These strain limits can be obtained from relevant
experimental test results and analysis studies. Table 13.2 shows the limit values of
strains corresponding to different performance levels taken from the Turkish seismic
code [39] for beams and column members. For structural walls modelled, Akelyan
et al. [1] recommends that the maximum compressive strain in concrete and the
maximum axial tension strain in steel as obtained from distributed inelasticity or
fibre-hinge models should not exceed 0.005 and 0.01, respectively. In addition to the
member-level acceptance criteria, the global structural performance of RC buildings
can also be evaluated in terms of maximum inter-storey drift. Table 13.3 provides the
maximum permissible transient and permanent drift limits recommended by FEMA
356 [15].

In case the actual performance of the building does not comply with the targeted
objectives, the next step would be to revise the design so as to achieve the target.
Once the design is revised, the aforementioned steps are repeated again to assess the

Table 13.2 Acceptance criteria in terms of strain limit values for the concrete and reinforcing steel
for distributed plasticity or fibre models for RC beams and columns [39]

Performance level Strain limit values

Concrete Reinforcement steel

Immediate occupancy (IO) εcu= 0.0035 εs= 0.010

Life safety (LS)
εcg= 0.0035+ 0.01

(
ρs

/
ρsm

)
≤ 0.0135 εs= 0.040

Collapse prevention (CP)
εcg= 0.004+ 0.014

(
ρs

/
ρsm

)
≤ 0.0180 εs= 0.050

Note εcu = ultimate strain in unconfined concrete, εcg = ultimate strain in confined concrete, εs=
strain in reinforcement steel, ρsand ρsm = Volumetric ratio of special seismic hoops and crossties,
and transverse reinforcement, respectively

Table 13.3 Acceptance criterion in terms of maximum permissible transient and permanent drifts
[15]

Structural
system

IDR(%) for performance level

IO LS CP

Tran Perm Tran Perm Tran Perm

RC moment frame 1.0 0.0 2.0 1.0 4.0 4.0

RC moment frame with URM infills 0.1 0.0 0.5 0.3 0.6 0.6

RC moment frame with shear wall (Dual system) 0.5 0.0 1.0 0.5 2.0 2.0
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performance of the building. Hence, it is an iterative process that is followed till the
targeted performance objectives are achieved.

13.3 Design Example

In the present study, two RC buildingmodels with different structural configurations,
i.e., one with a moment frame and another one with frame-shear wall are designed to
illustrate the above-mentioned PBD procedure. These building models are designed
in confirmation with the current Indian seismic design codes—IS 1893 Part 1 [6] and
IS 13920 [5]. The results from the present study illustrate the expected performance
of the code-complaint buildings for the code-specified earthquake hazard level. The
design and analysis of the building models are carried out in the commercial building
design software ETABS 2016 [11].

13.3.1 Building Model Description

General Properties

Two 8-storey RC building models i.e., a moment frame and a frame-shear wall
building, with plan dimensions as shown in Fig. 13.6, are considered. Both the
models have a constant storey height of 3.3 m and a plinth level of 1.5 m. The
general properties of the considered buildings are presented in Table 13.4. The period
of vibration (1st and 2nd mode) and the member sizes for the considered building
models are presented in Table 13.5.

Fig. 13.6 Plan and elevation of the building models considered
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Table 13.4 General properties of considered buildings

General Design level Bare Frame designed for Gravity and Earthquake
Loads and detailed as Special Moment Resisting
Frame, according to IS 1893 Part 1 [6] and IS
13920 [5] ductile detailing provisions to avoid
shear failure and strong column-weak beam ratio
greater than 1.4

No. of storeys 8-storey

cracked section properties Considered from ASCE 41-17 [3]

Seismic Hazard Soil type Soil Type I (IS: 1893 [6])

Seismic zone Seismic Zone V (IS: 1893 [6]) (EPGAMCE = 1.5
× 0.36 g = 0.54 g)

Material Concrete Nominal (characteristic) cube strength = 40 MPa

Steel Nominal (characteristic) Yield Strength =
500 MPa

Loading Dead load Self-weight of members
Weight of slabs and floor finish
Weight of (230 mm exterior and 120 mm interior)
infill walls
Weight of 1 m high and 115 mm thick masonry
parapet wall

Live load 4 kN/m2 on corridor
3 kN/m2 on other floor areas
1.5 kN/m2 on roof

Design load combinations According to Clause 6.3.4.1 of IS 1893 Part 1 [6]

Structural
Modelling

Software used ETABS (CSI [11])

Structure
model

Space frame model

Element model 3D frame elements for beams and columns
Wide column model for shear wall
Slabs as rigid diaphragms

P-delta effects Considered in analysis and design

Table 13.5 Details and member sizes of the considered building models

Building model Period of
vibration (s)

Member sizes (mm)

X Y Beam Column Shear wall

Moment frame building 2.75 2.75 300 × 400 400 × 400
350 × 350*

–

Frame-shear wall building 1.71 1.64 300 × 400 400 × 400
350 × 350*

5000 × 150
4000 × 150

* Column size reduction after 4th floor
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Non-linear Modelling

Before non-linear modelling and analysis of the buildings, the buildings are analyzed
using the mode-superposition (response spectrum) method with an appropriate
response reduction factor (R = 5) as per IS 1893 Part 1 [6]. In analysis, an effec-
tive cracked moment of inertia of beam–columns and shear walls is considered. It is
important to consider the P-Delta effect and rigid diaphragm action of floor and roof
slabs, in the design and analysis. Finite size of beam–column and beam–shear wall
joints is also considered in the modelling. The beams, columns, and shear walls are
designed as per relevant IS codes, and detailing is performed as per IS 13920 [5] to
obtain the details of longitudinal and transverse reinforcement in each member. This
information is necessary for assigning the plastic hinges for non-linear analysis.

Lumped plasticity model is used to define the non-linearity in the elements.
Uniaxial moment-rotation plastic hinges (M3) are assigned at both ends of the beams
(at a relative distance of 0.05 and 0.95). The backbone curve (i.e., force–deformation
envelopes of beams) and the acceptable deformation limits for various performance
levels (i.e., IO, LS and CP) are obtained from ASCE 41-17 [3]. The cyclic proper-
ties of the moment-rotation hinges are modelled using an energy-based degrading
hysteresis model [11]. The details of the model can be found in the CSI [11] manual.
Further details of the modelling and calibration can be found in Surana et al. [38].
The properties of the model (f 1, f 2 and s) for ductile beams are taken from Surana
et al. [38].

The non-linearity in columns and shear walls is modelled using the fibre-hinge
model. The fibre-hinge is assigned at the two ends of the element, located at the
midpoint of the plastic hinge length measured from the face of the connecting
element. At each plastic hinge location, the section is discretized into fibres for
confined concrete, unconfined concrete, and one steel fibre per reinforcing bar. Plastic
hinge length for columns is taken as half of themaximumhorizontal dimension of the
column. Plastic hinge length for the shear wall is taken from the empirical relation
given by Priestley et al. [31]. Mander’s model [23] is used for defining the stress–
strain relationship between confined andunconfined concrete. The stress–strain curve
of the steel reinforcing bar is assumed a bilinear elastic–plastic model with kinematic
strain-hardening. The performance level (IO, LS, and CP) in case of fibre-hinge
model is indicated by the strain in the extreme fibre. These acceptable values of
strains corresponding to different performance levels are taken from the Turkish
code [39]. The cyclic properties of the materials are modelled using an energy-
based degrading hysteresis model [11]. The properties of the energy hysteresis model
for concrete and steel have been calibrated for columns and shear walls using the
available experimental test results of Rodrigues et al. [34] and Dazio et al. [12],
respectively. Figure 13.7 shows the calibrated force–deformation hysteresis curves
of column specimen PB01-N09 [34] and shear wall specimen WSH3 [12]. Further
details of the calibration process can be found in Gwalani et al. [20].



322 P. Gwalani and Y. Singh

Fig. 13.7 Calibrated force–deformation response using fibre-hinge of: a column specimen PB01-
N09 [34] and b shear wall specimen WSH3 [12]

Non-linear Analysis

In the present study, both Pushover analysis and NLTHA of both the building models
are carried out. For the pushover analysis, the lateral load distribution proportional
to the fundamental mode of the building is considered. The performance point is
computed using the ‘DisplacementModificationMethod (DMM)’ specified in clause
7.4.3.3 of ASCE 41-17 [3]. For time history analysis of both the buildings, a far-
field ground motion with two horizontal components, from FEMA P695 [17] and
as shown in Fig. 13.8, is considered. The selected time history is scaled in the time
domain (i.e., using a constant scale factor) to have the same spectral acceleration as
the MCE response spectrum (corresponding to 1.5 × Z) at the fundamental period
of the building, and is applied at the base of the building. The roof displacement and
hinge pattern are evaluated to compare the results of time history with the pushover
analysis. In case of NLTHA, a Rayleigh damping model is used, with a damping
ratio of 5% assigned at the fundamental mode and the mode corresponding to 90%
of modal mass participation. It is to be noted that as per ASCE 7-16 [2], minimum
11-time histories are to be used to estimate the average response. In the present study,
only one-time history has been used for the purpose of illustration only.

13.3.2 Results

13.3.2.1 Moment Frame Building

Figure 13.9 shows the capacity curve obtained from the analysis of themoment frame
building. Since it’s a bisymmetric building, both directions have the same pushover
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Fig. 13.8 Earthquake ground motion (Chi-Chi, Taiwan earthquake (1999)) considered in NLTHA
analysis

Fig. 13.9 Capacity curve of RC moment frame building obtained from pushover analysis

curve, and only one is shown here. The figure also shows the performance point at
MCE and the performance levels IO and LS. The performance levels are obtained
from ASCE 41-17 [3]. It is important to note that ASCE 41-17 [3] specifies the
acceptable limit of rotation for each individual member, and not for the structural
system as awhole. The different performance levels on the capacity curve aremarked
by identifying the roof displacement corresponding to the pushover step, at which the
first member in the building crosses the rotation limit corresponding to the concerned
performance level. It is observed that the RC baremoment frame building designed in



324 P. Gwalani and Y. Singh

confirmation to relevant Indian codes can sustain MCE with LS performance level.
This means that the building has sufficient over-strength and ductility to survive,
without collapse (in fact with LS level of performance), the MCE (1.5 × Z) level of
ground shaking. Figure 13.10a and b show the hinge pattern of the moment frame
building at the performance point and at the last step of the pushover curve (failure
point). It is observed from the Figures that at the performance point, some beams have
hinges that cross the IO performance level, whereas failure of the building occurs due
to the formation of beam mechanism (formation of hinges in lower 4-storey beams
and formation of hinges in ground storey columns).

Figure 13.11 shows the capacity curve of the building with the performance points
obtained from NSA and NLTHA. It can be seen that there is a considerable differ-
ence in the roof displacement values obtained from pushover analysis and NLTHA.
This difference is due to the fact that pushover is an approximate static analysis
method that considers only the fundamental mode of vibration of the building and
ignores the dynamic effect of higher modes. Figure 13.12 shows the hinge pattern
at the performance point obtained from the NLTHA. A comparison of Figs. 13.10
and 13.12 highlights the difference in the performance of the building obtained
using the two analyses. In case of pushover analysis, only a few beams undergo
inelastic deformation, whereas a number of members develop plastic hinges in case
of NLTHA. Another important observation from the hinge pattern under NLTHA is
that even though the building was designed with strong columns and weak beams,
with a strength ratio of 1.4, hinges are still formed in some of the columns.

Granted the results presented here are only for a single time history, but it still
highlights that the response obtained from pushover analysis is not sufficient enough
to adequately judge the performance of the building. A number of time history
analyses should also be carried out to reliably estimate the seismic performance of
the building.

  (a) At performance point.    (b) At failure point.

Fig. 13.10 Hinge pattern of RC moment frame building obtained from pushover analysis
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Fig. 13.11 Comparison of performance points obtained from pushover analysis and displacement
from time history for RC moment frame

Fig. 13.12 Hinge pattern at
Performance Point of RC
moment frame building
obtained from the non-linear
time history analysis
(NLTHA)

13.3.2.2 Frame-Shear Wall Building

Figure 13.13 shows the capacity curves obtained from the pushover analysis of the
frame-shear wall building in the two directions. Similar to moment frame results,
the figure also shows the performance point at MCE and the performance levels IO,
LS, and CP. It is observed that frame-shear wall building designed conforming to
Indian standard codes also has an LS level performance. The same can be observed
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Fig. 13.13 Capacity curve of RC frame-shear wall building obtained from pushover analysis

from the hinge pattern at the performance point shown in Fig. 13.14. The yield in
frame-shear wall building starts with hinge formation in the shear wall. Figure 13.15
shows the hinge pattern at the last step of the pushover curve (failure point). It can
be observed that failure in case of frame-shear wall building occurs due to the failure
of the shear wall (formation of CP hinge in the shear wall). Figure 13.16 shows the
capacity curve of the building with the performance point obtained from NSA and

(a) Pushover - X              (b) Pushover - Y

Fig. 13.14 Hinge pattern of RC frame-shear building at performance point obtained from pushover
analysis
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Fig. 13.15 Hinge pattern of the RC frame-shear building at failure point obtained from pushover
analysis

(a) Pushover - X           (b) Pushover - Y

Fig. 13.16 Comparison of performance points obtained from pushover analysis and non-linear
time history analysis of the RC frame-shear wall building

the NLTHA. Similar observations as in the case of frame building can be made here
as well. Also, the hinge pattern in Fig. 13.17 shows that in case of NLTHA, a larger
number of beams show plastic hinges, and many of those show collapse. In this case
also, some of the columns develop plastic hinges, even with the strong column-weak
beam ratio of 1.40, used in the design.
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     (a) Hinge pattern in X - direction (b) Hinge pattern in Y - direction

Fig. 13.17 Hinge pattern of the RC frame-shear building obtained from non-linear time history
analysis

13.4 Conclusions

An iterative procedure of performance-based design of RC frame and frame-shear
wall buildings has been illustrated. The relevant Indian codes have been used to
estimate the hazard and design of RC components. The non-linear modelling has
been performed considering the modelling and acceptance criteria of ASCE 41-17
[3] and Turkish codes (TSC [39]. The article also provides an idea of the expected
performance of the buildings designed using Indian codes. The approach presented
is general and is applicable to any type of building. The procedure has been demon-
strated through examples of building archetypes of moment frame buildings and
frame-shear wall buildings, which are the most common representatives of contem-
porary buildings in India. A comparison of NSA and NLTHA methods of PBD has
shown that the NSA being based on the fundamental mode of structure alone is
approximate and may not provide an adequate assessment of expected performance.
On the other hand, NLTHA considering the effect of all the modes of vibrations
provides an insight into all the possible failure modes of structure, which may not
be illustrated by NSA.
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